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INTRODUCTION 

A. · STATEMENT OF THE PROBLEM 

Periodontitis is the inflammation of the supporting tissues of 

the teeth. Periodontal disease encompasses the destruction of the 

periodontal ligament and supporting alveolar bone. A major goal of 

periodontal therapy is to regenerate the lost periodontal tissues destroyed by 

the disease. Periodontal osseous grafts are one technique used to reform 

lost bone and to regenerate a functional attachment apparatus. A variety of 

types of bone grafts have been used to meet these goals. Autogenous bone 

grafts obtained from either extraoral or intraoral sources offer the greatest 

potential for success in the treatment of periodontal osseous defects. 

(Schallhorn et al., 1970; Dragoo and Sullivan, 1973). However, the ability 

to procure sufficient bone intraorally and root resorption associated with 

iliac crest source~ are defmite limitations to the use of autogenous graft 

materials (Hiatt and Schallhorn, _ 1973; Dragoo a:nd Sullivan, 1973 ). . . . 

. '' 
' 

Bone allografts from commercial tissue banks such as freeze dried 
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bone allograft (FDBA) and decalcified freeze dried bone allograft 

(DFDBA), are alternate sources of graft materials to treat periodontal 

osseous defects (Mellonig, 1996) .. The type of wound healing that occurs 

when DFDBA is used (long junctional epithelium or regeneration of a new 

attachment apparatus) is still debated. Histologic studies by Bowers et al 

(1989) compared healing of human periodontal defects with and Without 

DFDBA and found significantly more cementum,new periodontal ligament 

and new bone in the defects treated with DFDBA than in nongrafted sites. 

A more recent human study observed DFDBA to be surrounded by 

noninflamed connective tissue when placed in extraction sites, calling into 

question the value ofDFDBA as a graft material and its resorption 

characteristics (Becker et al., 1994). There are still many unanswered 

questions concerning the bone- inducing qualities of decalcified freeze

dried bone. The cellular events surrounding the osteoinductive properties of 

DFDBA must first be understood. 



4 

of growth is responsible for the continued elongation of the long bones. 

Appositional bone formation occurs in the periosteum causing an increase 

in the diameter of the long bone shafts layer by layer. Bone remodeling is 

the removal and replacement of bone throughout life. 

There are three types of bone cells that are primarily responsible for 

bone formation and resorption: osteoblasts, osteocytes, and osteoclasts. 

Osteoblasts are cuboidal cells with a single nucleus that are believed to be 

responsible for synthesis of bone proteins (type I collagen, osteocalcin, 

fibronectin, etc.) in bone matrix, control of bone mineralization, and 

signaling the resorption process by release of soluble mediators (Roodman, 

1996). When the bone matrix is deposited by osteoblasts and is then 

calcified, some of the cells become embedded in the mineralized matrix and 

are then called osteocytes. The osteocytes are interconnected by cannaliculi 

within the mineralized bone matrix and function to manufacture active 

proteins in the bone matrix and to regulate the composition of the bone 

interstitial fluid. It has been suggested that osteocytes may send chemical 

signals to osteoclasts and osteoblasts in response to mechanical loads, 

stresses, and strains (Buckwalter et al., 1996b ). 
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The primary cell of bone resorption is the osteoclast. The osteoclast 

is an extremely large multinucleated cell whose size can reach up to 100 

microns in diameter. The half- life of an osteoclast in vitro is around 6-10 

days and in vivo the life span appears to be seven weeks (Chambers, 1985). 

Osteoclasts are found in normal bone at sites of active bon.e cell activity 

such as the metaphyses of growing bone (Buckwalter et al., 1996a). 

It has proven difficult to distinguish osteoclasts from other cells, 

particularly macrophage polykaryons. Macrophages, phagocytic cells, and 

osteoclasts share many characteristics such as numerous lysosomes and 

mitochondria, common surface proteins, and strong attachment to tissue 

culture dishes. Overall, research has distinguished osteoclasts from other 

cells by their exp~ession of calcitonin receptors and ability to form 

resorption lacunae (pits) in cortical bone (Boyde et al., 1990; Chambers, 

1992). One study showed that stimulation of osteoclasts with calcitonin in 

vitro resulted in increases in cAMP production and retraction of the cell 

from the surface, thereby arresting bone resorption (Chambers, 1985). 

. The origin of the osteoclast has been a subject of controversy for 

many years. It is unclear whether the osteoclast progenitor arises from a 
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pluripotent stem cell that develops into cells of the monocyte-macrophage 

lineage, or whether the osteoclast is derived from another distinct lineage 

from the monocyte-macrophage family. Most of the evidence suggests the 

osteoclasts share a common pluripotent stem cell with other hematopoetic 

cells such as the macrophage-monocyte family (Roodman, 1996). Several 

hormones and growth factors including: 1,25-dihydroxyvitamin D3 (Liggett 

and Lian, 1994; Roodman et al., 1996), granulocyte-macrophage colony

stimulating factor (GM-CSF), and macrophage colony stimulating factor 

(M-CSF) (Hatersley and Chambers, 1990) direct these precursors down the 

osteoclast lineage and result in the fusion of the mononuclear cells to form 

osteoclasts. 

Morphologically, osteoclasts have a ruffled border with a complex 

folding of the cytoplasmic plasma membrane (Tatsuo et al., 1992). The 

area under the ruffled border is acidic which favors resorption of bone 

mineral by lysosomal enzymes ( e.g., cathepsin K, Tatsuo et al., 1992). The 

ruffled border is surrounded by a clear zone that is rich in actin filaments 

and is free from organelles. The clear zone forms a tight peripheral seal to 

the bone and serves as an attachment of osteoclasts to bone but does not 
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itself cause resorption (Chambers, 1985). This clear zone permits the 

accumulation of high concentrations of hydrogen ions and proteases 

secreted by the osteoclasts into the extracellular resorption area underneath 

the cell. The acid secretion by the osteoclasts requires a proton pump. 

Evidence suggests that a vacuolar type proton pump transports protons 

against a concentration gradient. Protons are supplied by enzymes such as 

carbonic anhydrase II (Roodman, 1996). In cancellous bone, osteoclasts 

create depressions in the bone surface referred to as Howship' s lacunae. 

The presence of mineral is necessary for the osteoclast to become active and 

begin the process of resorption (Chambers, 1985). Osteoclasts are known to 

be acid phosphatase-positive cells in bone. Tartrate- resistant acid 

phosphatase (TRAP) enzyme activity has been used as a specific marker for 

osteoclasts (Tatsuo et al., 1992). However, some laboratories showed the 

enzyme was also present in alveolar macrophages and did not correlate with 

the differentiation of bone resorbing cells in culture (Hattersley and 

Chambers, 1989). 

The mechanism by which osteoclast precursors are stimulated to 

form active resorbing osteoclasts is unknown. A number of mechanisms 
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have been proposed involving cytokines, signals from other cells, 

"substances" associated with bone resorption and the bone matrix, or change 

in the bone mineral surface (Malone et al., 1982; Mundy, 1989). 

Investigators have shown that cell- to- cell contact between osteoblastic 

cells and osteoclast progenitors is required for differentiation of the 

progenitors into osteoclasts. 

DECALCIFIED FREEZE DRIED BONE ALLOGRAFT 

Decalcified freeze- dried bone allograft (DFDBA) is widely used as 

an osteoinductive material that results in bone formation within periodontal 

defects. A variety offypes of bone allografts such as iliac cancellous bone 

and marrow, freeze-dried bone allografts, and decalcified freeze-dried bone 

allografts, available from commercial tissue banks, are being used in an 

attempt to heal periodontal defects. Decalcified freeze-dried bone allograft 

has a markedly reduced antigenic response and the risk of disease 

transmission has been calculated to be less than 1 in 8 million (Turner and 

Mellonig, 1981). One study of272 periodontal defects treated with freeze

dried bone allograft showed 63 % of the defects resulted in 50% or better 
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bone fill. Evaluation of bone fill was based on radiographs, photographs, 

and pocket depth measurements taken during both the initial surgery and at 

reentry 1 year after grafting (Sepe et al., 1978). 

In the laboratory, the demineralization of freeze- dried bone allograft 

in hydrochloric.acid results in enhanced osteogenic potential by exposing a 

family of bone inducing agents called bone morphogenic proteins (BMP) 

· (Urist, 1965). In 1979 Urist et al. extracted what appeared to be a low 

molecular weight glycoprotein from demineralized rabbit tibia matrix, 

implanted it into rats and mice, and observed new bone formation. This 

glycoprotein was later termed BMP and today there are over 15 different 

BMPs described in the literature (Riley et al., 1996). BMP's can be 

extracted from bone matrix with 4 M guanidine hydrochloride, 6 M urea in 

0.5 M calcium chloride, or ethylene glycol in a mixed aqueous-nonaqueous 

solvent (Urist et al., 1979). The quantity of human BMP's in bone is less 

than lµg/kg (Urist et al., 1979). Therefore considerable quantities of bone 

matrix are needed to extract small amounts ofBMP's. 

BMP has been shown to stimulate new bone formation by 

osteoinduction (Urist et al., 1970). Osteoinduction is the formation of new 



10 

bone by the active recruitment of host pluripotent cells that differentiate into 

chondroblasts and osteoblasts (Cook and Rueger, 1996). Therefore, the 

therapeutic utility ofDFDBA is due to the content and diffusibility ofBMPs 

and other cytokines that interact with undifferentiated osteogenic precursor 

cells in the host bed, causing them to differentiate into active bone forming 

cells (Yang et al., 1994). A study by Kanatani et al. (1995) showed that 

BMP-2 stimulated bone resorption through direct stimulation of osteoclast 

formation and activation of mature osteoclasts. Sampath and Reddi (1983) 

showed that these BMPs can be extracted from demineralized bone matrix 

with guanidinium hydrochloride. However, after separation, neither the 

residue ( extracted bone matrix) nor the BMPs were capable of inducing 

bone formation. These two components of DBM were then recombined to 

form a bone-inducing matrix. It still remains unclear how these BMPs 

regulate bone remodeling. 

Two studies, using guinea pigs, supporting the theory of 

osteoinduction by BMP, concluded a higher osteogenic potential for 

demineralized freeze-dried bone allograft (DFDBA) compared to freeze

dried bone allograft and autogenous grafts (Mellonig et al., 1981 a,b ). 
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Numerous studies have demonstrated significant bone fill clinically(> 50%) 

in periodontal defects when grafted with DFDBA (Mellonig, 1984; 

Quintero et al., 1982). 

After Urist's discovery, the cellular process associated with ectopic 

bone formation was reported by Reddi (Reddi et al., 1976). They found that 

implantation of demineralized bone matrix resulted in an endochondral 

bone formation cascade, because of the chemotaxis, mitogenesis, and 

osteogenesis properties demineralized bone allografts (Cunningham and 

Reddi., 1992). The cascade includes ten steps: 1) chemotaxis of progenitor 

cells, 2) mitosis of mesenchymal cells, 3) differentiation of chondrocytes, 4) 

hypertrophy and calcification of cartilage matrix, 5) angiogenesis and 

vascular invasion, 6) differentiation of bone, 7) extracellular matrix 
.. 

biosynthesis and mineralization, 8) bone remodeling, 9) hematopoetic 

marrow differentiation, and 10) functional adaptation of bone. 

The induction of new bone formation can be described as the 

following: the implantation of demineralized bone matrix evokes a transient 

inflammatory phase ( day 1 ), migration and proliferation of mesenchymal 

progenitor cells (day 2-4), differentiation to chondroblasts (day 5-7), and 
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production of cartilage matrix that becomes calcified (day 11-12). After the 

cartilage becomes mineralized, it is invaded by vessels and chondrolysis 

begins. Eventually, the cartilagenous tissue is replaced by bone (Reddi et 

al., 1976). This endochondral sequence is similar to the process that occurs 

in the elongation of long bones, and in the healing fractures. Even when 

implanted in membranous bone sites, demineralized bone matrix induces 

the. endochondral sequences (Mulliken et al., 1980). 
' . . ' 

• t • ' 

.. -
The fate of demineralized bone allograft still remains a topic of 

discussion. Recently, it has been suggested that demineralized. bone matrix 
, , 

may inhibit bone formation: and is nqt resorbed (B.ecker et al., 1994). 

However, another stu~y found the potential ofDFDBA to function 

physically as a nidus for appositionai new bone growth around implants 

(Brugnami et al., 1995). Glowacki et al.(1981) showed DFDBA particles 

resorbed 4 years after graft placement suggesting a slow rate of resorption. 

Those results suggest that DFDBA may act as a scaffold for bone formation 

through osteoconduction. Osteoconduction is a process in which bone

forming cells infiltrate, proliferate, and form new bone in favorable 

environment, such as hydroxyapatite scaffolds made from coral. It has also 
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been suggested that particles ofDFDBA become remineralized (Yamashita 

and Takagi, 1992) after implantation and then are remodeled to a haversian

like bone (Yang et al., 1994). As bone matrix is formed and the graft 

remineralized, newly secreted BMP is laid down within the bone matrix and 

trapped within the matrix after it mineralizes. During subsequent bone 

turnover, these acid-insoluble proteins are then theoretically released by 

osteoclast resorption, which makes them available to induce more bone, 

thereby linking bone resorption to new bon~ formation. These studies 

conclude that the process of creeping substitution largely accounts for the 

incorporation of bone allografts. 

The procedures for preparing DFDBA vary among tissue banks and 

the degree of demineralization of the DFDBA product is not standardized. 

Briefly, the steps of processing the DFDBA include: 1) Cortical bone is 

harvested in a sterile manner within 12 hours of donor death. 2) The bone is 

cut into pieces ranging 0.5 to 5 mm in diameter and immersed irt ethanol for 

I hour. 3) The bone is then frozen, to reduce risk of disease transmission. 4) 

The cortical mass is ground to particle sizes from 250 to 800 µm. 5) The 

bone particles are de-mineralized in 0.6 N hydrochloric acid and then 
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lyophilized or freeze-dried. 

A study by Schwartz et al. in 1996, evaluated the surface areas of 

particles and the pH ofDFDBA particle suspensions from six bone banks 

using various production methods. The results showed DFDBA to differ in 

both size and ability to induce new bone formation among the commercial 

bone bank preparations. Another published study examined the effects of 

demineralized bone powder on osteoblast-like cells in culture (Shteyer et 

al., 1990). In this study, the demineralized bone powder caused an increase 

in osteoblast proliferation and alkaline phosphatase production. In addition, 

the researchers found demineralized bone powder concentrations greater 

than 10 mg/well to be cytotoxic to osteoblasts. 

Previous studies have demonstrated that calcium phosphates 

(hydroxyapatite), as normal components of bone, may hinder bone 

morphogenesis (Urist and Strates, 1970). Currently, the residual calcium 

content in human demineralized bone grafts is not standardized (less than 

5%) by the American Association of Tissue Bank Standards. A more recent 

study by Zhang et al. (1997), evaluated the effects of demineralization of 

bone powder using an in vitro assay. They showed that DFDBA possessing 
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2% residual calcium, as opposed to the 35% calcium in non-demineralized 

powder, resulted in the highest alkaline phosphatase activity levels in 

cultured human periosteal cells. Therefore, it is suggested that bone 

demineralized to an approximate level of2% residual calcium is optimally 

osteoinductive, and results in new bone formation. 

The results oftha,t study suggest that a certain amount of residual 

mineralization(% Ca in the allograft) may be needed for optimal 

remodeling to a haversian- like bone. The biologic effects ofDFDBA on 

osteoclasts are uncertain, as is the level of mineral content of forming bone 

that is optimal for the osteoclasts to be stimulated. The very slow 

resorption ofDFDBA particles in vivo reported by Glowacki et al. (1981) 

suggests that the particles may contain some factor that inhibits osteoclasts. 

The data gathered on the effects of specific levels of residual calcium 

mineral in DFDBA on osteoclast activity will give a greater understanding 

of the cellular events involved in bone graft incorporation. This study will 
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use a biologically meaningful end point of calcium phosphate resorption to 

provide a more thorough· assessment of the effects of graded levels of 

demineralization ofDFDBA on the resorption activity of osteoclasts in 

vitro. 

C. HYPOTHESIS 

The experimental hypothesis is that critical levels (%) of calcium 

mineral <;ontent in DFDBA may alter osteoclast activity. Osteoclasts 

obtained· from the bone marrow taken from femurs of six month old farm 

pigs will be cultured in the presence of various preparations ofDFDBA 

containing varying amounts of residual Ca on calcium phosphate ceramic 

films and dentin slices. The effects of four specific levels ofDFDBA 

residual calcium content ( degree of demineralization) on osteoclast 

resorptive activity and TRAP- positivity will be measured. The resorptive 

activity will be determined by automated image analysis. We will use a 
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modification of the porcine osteoclast culture method described by Galvin 

et al in 1996. The nuli hypothesis is that DFDBA residual calcium levels 

have no statistically significant effect on in vitro porcine osteoclast 

differentiation or resorptive activity. 

D. SPECIFIC AIM 

To analyze the effect of four specific DFDBA residual calcium levels 

on in vitro porcine marrow osteoclast activity as measured by the number of 

TRAP-positive cells and osteoclast resorptive activity. 



MATERIALS AND METHODS: 

Experimental design 

Four experiments were conducted to test the hypothesis that residual 

calcium content in DFDBA may affect osteoclast function .. The first two 

experiments were designed to examine the rate of production of tartrate

resisant acid phosphates (1RAP) positive cells from mixed bone marrow 

cultures on prepared dentin slices. The second two experiments examined 

osteoclast resorptive activity on thin calcium phosphate (Osteologic) discs. 

In each of the experimental series, the 'positive control' was mineralized 

freeze-dried bone allograft (FDBA) with a residual calcium content of30% 

and the 'negative control' was incubation of the cultures in the absence of 

an allograft. 

Bone marrow harvest and.osteoclast culture 

Fifty to sixty pound three-week old farm pigs (Animal Dairy and 

Veterinary Sciences, Clemson University, Clemson, SC, USA) were 

handled according to the experimental protocol approved by the Animal 

18 
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Care and Use Committee (Dwight David Eisenhower Army Medical Center, 

Fort Gordon, Georgia). Department of Defense animal research regulations 

as written in Public Laws 89-544, 91-579, Animal Welfare Act and 

Amendments 99-198 and other pertinent Army regulations were also 

followed for all animal' husbandry. Pigs were euthanized by sodium 

pentobarbital whereupon long bones (femora, tibiae, fibulae, humeri, radii, 

and ulnae) were aseptically dissected and cleaned of gross adherent 

periosteum and epiphyseal cartilage. Bones were split longitudinally and 

endosteal surfaces scraped to remove both the marrow and trabecular bone 

(Figurel). Marrow was collected into an ice-cold medium comprised of 

Dulbecco's Modified Eagle's Medium (D-MEM, Life Technologies, Grand 

Island, NY, Catalog# 13000-021) supplemented with Fungiozone (Life 

Technologies), 10% fetal bovine serum (FBS) (Equitech-Bio, Inc., Ingram, 

TX), non-essential amino acids (Sigma Chemical Co., Catalog# M-7145), 

Penicillin-Streptomycin, Gentamicin (Sigma, St Louis, MO), and 1 o-s M 

1,25-(OH)2 D3 (ICN Biochemical, Aurora, OH, #154300) at pH 6.9. 

The suspension of trabecular bone and marrow cells was agitated and 

repeatedly pipetted to detach and suspend cells using a wide-barreled 



Figure 1. 

Porcine bone marrow harvest 

Long bones split longitudinally and endosteal surfaces scraped to remove 
both the marrow and trabecular bone 
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pipette. The cell suspension between the fatty layer and settled bone was 

pipetted onto 175 cm2 tissue culture flasks or into 24-well culture plates 

containing 13 mm.round plastic cover slips. Flasks or plates were then 

incubated at 3 7 °C in an atmosphere of 5% carbon dioxide in air. After 90 

minutes, non-adherent cells were removed, medium replaced, and cells 

seeded onto additional 175 cm2 culture flasks. These were cultured in 

DMEM by feedings every four days with half-volume medium replacement. 

Mature osteoclast seeding 

Cells in flasks were cultured for up to 21 days with half-medium 

changes every 48-72 hours. The non-adherent cell population from the 

initial 90-minute cultures was used to generate osteoclasts for all described 

experiments. Monitoring the cultures for 17-21 days using phase-contrast 

microscopy revealed mature polykaryons displaying unique osteoclast 

characteristics (Figure 2). 

Medium was discarded and Dispase II (Boehringer Mannheim Corp., 

Indianapolis, IN) was added to detach the cells from the flasks. The cell 

suspension was centrifuged for ten minutes at 500x gravity, the supernatant 



Figure 2. 

Photomicrographs ofporcine bone marrow cells in culture at 21 days. 

Culture consists of numerous small rounded (refractile) mononuclear cells, 
flat adherent fibroblastic or osteoblastic cells. In many instances, very large 

polykaryons possessing up to several dozen nuclei (left arrow) and well 
defined actin ring structures (right arrow) are present. 
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discarded and the resultant pellet resuspended in DMEM. The mixture was 

recentrifuged for ten minutes at 500x gravity, the supernatant was discarded 

and the pellet resuspended with the final volume necessary for cell seeding. 

Cell counts were performed using a hemocytometer and the cell population 

for seeding was adjusted to 2 X 105 cells per milliliter. One milliliter cell

suspension aliquots were inoculated either onto calcium phosphate ceramic 

discs measuring 1.2 7 cm in diameter by three millimeter in thickness 

(Osteologic discs, Millenium Biologix Inc., Kingston, Ontario, Canada) or 

onto dentin chips in 24-well plates. 

Dentin chip preparation 

Sagittal slices (5 mm. x 5 mm. x 0.5 mm.) from unerupted human 

third molar roots were produced using a high-density diamond disc with an 

Isomet saw (Buehler, Ltd., Evanston, IL, USA). That is, the slices were cut 

at right angles to the long axis of the root so that the cut surfaces were 

parallel with the direction of the dentinal tubules. Sagittal slices were 

selected to minimize dentinal tubule confusion with external resorption pits. 

The dentin slices were planed using~ combination of hand and rotary 
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instrumentation to achieve a glassy smooth dentin surface. Underlying (i.e. 

bottom) dentin surfaces were marked to avoid confusing the experimental 

(i.e. top) surface and stored in 70% ethyl alcohol. Prior to use, the dentin 

slices were hydrated in distilled water and ultrasonicated for 30 minutes, 

allowed to air dry, and then preconditioned in DMEM prior to cell seeding. 

DFDBA preparation 

DFDBA samples were supplied by a commercial source (LifeNet 

Transplant Services; Virginia Beach, Virginia). They were demineralized by 

the manufacture to three specific residual calcium mineral levels: 1.44%, 

2.41 %, 5.29% weight-percent. Non-demineralized bone powder ground to 

the same particle size was also supplied by LifeNet. That powder had a 

calchim -level of approximately 30%. Particulate bone (250 to 850 

micrometers in diameter) was exposed to 0.5 N HCl such that solubilized 

calcium phosphate salts would not neutralize the acid solution. 

Demineralized bone matrices of variable calcium content were obtained by 

removing the bone matrix from the acid at prescribed time intervals: 45, 90, 

135, and 180 minutes. The demineralization process was monitored by 
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following the effluent solution pH, and final residual calcium levels were 

measured using a modification of the Arsenazo III calcium test (Zhang, 

1996). Demineralized bone samples were washed, freeze-dried, and stored 

at -80 ° C. Ten milligram aliquots ofDFDBA samples were weighed onto 

0.4 µm, 12 mm diameter Millicell-CM® culture plate inserts (Millipore 

Corp., Bedford, MA) and placed in the wells above the dentin slices or 

calcium phosphate ceramic thin films (Figure 3). 

Osteoclast characterization and quantification 

The reliable identification of cultured porcine osteoclasts is a critical 

initial and ongoing experimental task encompassing gross descriptive cell 

morphology, observable cell function and cell staining characteristics. Cell 

characterization parameters were strictly maintained throughout culturing 

and experimentation in order to maintain osteoclast population integrity and 

will be outlined here. 

Following marrow harvest, cells were grown in sterile plastic 

containers (175 cm2
) until a confluent cell layer was observed, usually by 

the first or second week of culture. Pre-osteoclasts differentiated and 



Figure 3. 

Millicell-CM® culture plate 

Ten mg aliquots of DFDBA samples were weighed into Millicell-CM® 
culture plate inserts (0.4 µm, 12 mm dia.) and were placed in 24-well culture 
plates. The powder was sequestered from the cells by the porous membrane. 

Any biologic effects would have to be due to soluble factors. 
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coalesced by 17 - 21 days into multinucleated cell forms with a wide range 

of size, shape, and number of intracellular nuclei. These multinucleated 

cells were characterized by tight substrate adaptation, and a well-defined 

plasma membrane with an adjacent clear zone containing actin rings. Such 

cells constituted less than one percent of the total cell culture population. 

The mature multinucleated osteoclasts also stained positively for tartrate

resistant acid phosphatase (TRAP) (Figure 4). TRAP-positive data were 

generated exclusively from dentin samples since the calcium phosphate 

surfaces of the osteologic discs are destroyed by TRAP staining solutions. 

Numerous small, round mononuclear cells and strongly-adherent stromal 

cells consistent with fibroblasts and osteoblasts were present throughout the 

cellular milieu. 

TRAP assays were performed using a commercial staining kit 

supplied by Sigma Diagnostics (Sigma Chemical Co., St. Louis, MO, 

procedure #387). Cells were fixed in 37% formaldehyde for thirty seconds 

and thoroughly rinsed in deionized water. A solution containing deionized 

water, diazotized Fast Garnet GBC Solution, napthol AS-biphosphate 

solution, acetate buffer solution, and tartrate solution was added to the 



Figure 4. 

TRAP positive cells 

Multinucleated cells from the :mature culture on the cover slips stained 
positively for tartrate-resistant acid phosphatase (TRAP) after 21 days. 
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specimens and incubated for one hour at 3 7 °C in an atmosphere of 5% 

carbon dioxide in air. Cover slips were counterstained with hematoxylin 

solution #3 (Sigma, St. Louis, MO), while dentin chips were examined 

without counterstaining. TRAP-positive cells were counted in each of the 

experimental groups at the end of the culture period using brightfield 

microscopy. 

Additional cells were also stained for a9tin ring identification in order 

to further characterize these cells as osteoclasts (Nakamura et al., 1996, 

Vaananen et al., 1995). Cells were fixed for thirty minutes in ice-cold 70% 

ethanol in phosphate buffered saline (PBS) at a pH of7.3. They were then 

rinsed three times for ten minutes each with 1 % bovine serum albumin in 

PBS (BSA-PBS), stained for 25 minutes with Oregon Green 488-phalloidin 

(Molecular Probes, Eugene, OR; 5 U/ml in BSA-PBS), washed three times 

with BSA-PBS and mounted in PBS-glycerol (1: 1 ). Actin rings were 

visualized by epi-illumination fluorescence microscopy (Figure 5). Some 

specimens were also counter-stained with 20 µg/ml propidium iodide in the 

final wash before mounting to visualize nuclei (Figure 6). 

Cells on osteologic discs were stained with 0.01 % neutral red in 



( 

30 

culture medium for one to five minutes followed by a medium change. 

Acidic vacuoles within the cells were visualized and examined using bright

field microscopy (Figure 7). Cells were also stained with· 5 µg/ml acridine 

orange in medium for fifteen minutes at 37 °C followed by a fifteen minute 

incubation in fresh DMEM (Figure 8). 

Experiment 1: 

In experiment 1, mixed cultures seeded with 2 X 105 cells/ml were 
. ' 

plated in 24 well culture plates .containing dentin slices on their bottoms. 

Suspended over the dentin slice but: separated from the slice·s by post-like 

extensions were tJ:ie Millicell'" inserts. These remainec!. sub~erged under the 

medium. There were five groups: pi-oup 1 consisted of the negative control in 

which the Millicell insert was empty; In groups 2 -4, the Millicell inserts each 

contained 10 mg ofDFDBA with residual calcium concentrations of 1.44, 2,41 

and 5.29 weight percent , respectively. Group 5 contained 10 mg of 

nondemineralized freeze-dried bone powder (30% calcium) as a positive 

control. There were 7 culture wells in each group. The cells were incubated at 

37 °C for seven to ten days in an atmosphere of5% carbon dioxide in air. The 



Figure 5. 

Oregon Green 488-phalloidin Stained Cells 

Cells were fixed, permeabilized and stained for cytoskeletal actin. Actin 
rings (arrows) and multiple nuclei within the cell were visualized by 

fluorescence microscopy using epi-illumination. 





Figure 6. 

Propidium iodide stained cells 

Specimens counter-stained with propidium iodide in the final wash 
before mounting to visualize nuclear DNA. 
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Figure 7. 

Neutral red stained cells 

Staining of cultures on Osteologic discs with neutral red reveals large, 
perinuclear, acidic vacuoles within polykaryons. Resorption of the calcium 

phosphate mineral is noticed adjacent to the cells as clear areas. 
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Figure 8. 

Acridine orange stain 

Cells were also stained with acridine orange to further demonstrate 
multiple nuclei. The nuclei are stained green. 
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medium was renewed at three-day intervals with half medium changes. Cells 

were stained for TRAP, lightly rinsed to decant unattached cells, whereupon 

attached TRAP-positive osteoclasts were observed by phase-contrast or 

brightfield microscopy and counted. The cells were counted using NIH Image 

PC software (Scion Corp, Fredrick, Md / National Institute of Health, 

Bethesda, Md). The threshold function was used to measure a specific density 

level (gray level) to designate the TRAP-positive cells for each dentin slice. 

The threshold function is used to separate an image into objects of interest and 

background on the basis of gray level. That is, the TRAP-positive cells were 

grayer than other cells. Each dentin slice was divided into five regions of 

interest top left, top. right, center, bottom left, and bottom right. The five 

regions were than combined to give a total number of cells per dentin slice 

(5X5 mm). 

Following culturing, all dentin specimens were gently washed in 

DMEM and randomly-selected dentin specimens were fixed overnight in 

4% glutaraldehyde in 0.lM sodium cacodylate buffer, dehydrated with 

ethanol, critical-point dried, and sputter-coated with gold. Specimens were 

then visualized using a scanning electron microscope (JEOL JSM-6400V, 
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JEOL Corporation). Remaining dentin chips were cleaned by a thirty

second sonication (Braun-Sonic 2000 sonicator, B. Braun) in 5.25% sodium 

hypochlorite (Clorox Company) to remove adherent cells and expose 

resorption pits. Chips were sonicated for five to ten seconds in distilled 

water, air dried, and analyzed by an interferometric microscope (WYKO 

NT-2000, WYKO Corp., Tucson; AZ) to identify the depth and distribution 

of the resorption pits. 

Experiment 2: 

A second verification experiment was conducted as in the first 

experiment, but using ten replicates in each of the five groups. 

Experiment 3: 

Unlike experiments 1 and 2 that were designed to examine the 

influence of residual calcium in DFDBA on the amount of differentiation of 

osteoclasts from a mixed bone marrow culture, experiments 3 and 4 were 

designed to quantitate the resorptive activity of those osteoclasts. 
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Considerable effort was expended in attempting to quantitate 

resorption pits in dentin using both SEM and interference microscopy. The 

problem was that the resorption pits were nonuniform in depth and often 

were difficult to visualize from variations in surface roughness of dentin by 

either microscopic technique. 

During the development of these techniques a new method for 

quantitating the resorptive activity of osteoclasts became available 

commercially (Osteologic discs, Milienium Biologix Inc., Kingston, 

Ontario, Canada). These discs contain a thin film (1 µm thick) of calcium 

phosphate on top of an optically clear glass. When osteoclasts resorb 

through the thin opaque film of calcium phosphate, a optically clear region 

of high contrast against the background is created to greatly simplify 

subsequent image analysis of the results of resorption. 

DFDBA's residual calcium effects on osteoclastic activity was 

measured by placing Osteologic discs in the bottom of24-well culture 

plates, with Millicell inserts containing 10 mg of powder suspended above 

them. Experimental and control groups were similar to the previous studies 

with three sets of osteoclast cultures each in the control and four 



38 

experimental groups incubated for ten days. Cell cultures were observed 

daily by phase contrast microscopy and evaluated for the appearance of 

large, multinucleated cells possessing a dense actin band inside the margins 

of their cytoplasm as a means of monitoring cell line integrity (Figure 9). 

Thin calcium phosphate Osteologic films are manufactured by vertically 

dipping quartz plates into hydroxyapatite particulate suspension followed 

by a sintering process in air at 100°C for one hour. The sintering procedure 

results in the creation of an adherent calcium phosphate film, approximately 

one micrometer in thickness, on an underlying quartz plate (Figure 10). 

Osteologic discs with attached osteoclasts were cleaned of cells by soaking 

in Clorox (5.25% sodium hypochlorite) for five minutes, rinsed with 

distilled water and air dried. The discs were scanned by an automated 

resorption reader (Microst, Millenium Biologix Inc., Kingston, Ontario, 

Canada) and results provided as a percentage of the area resorbed by 

osteoclast activity from twenty random fields per disk. 



Figure 9. 

Photomicrographs of mature cells seeded onto an Osteologic substrate. 

Cell cultures observed daily by phase contrast microscopy and evaluated for 
the appearance of multinucleated cells. Some cells are large with multiple 
nuclei and others are small with few nuclei. Resorption of the thin layer of 

calcium phosphate mineral is demonstrated as a clear zone that lacks 
granularity. 
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FigurelO. 

Osteologic discs 

Cell suspension was inoculated onto calcium phosphate films placed in 24 
well culture plates. The dimensions of the disc is 1.27 cm in diameter and 3 

mm in thickness. 
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Experiment 4: 

The previous experiment was repeated using five replicates instead of 

three. The method of this experiment was the same as in experiment 3, 

including culture times. 

STATISTICAL ANALYSIS 

The one-way analysis of variance (ANOV A) and the Student

Newman-Keuls statistical tests were used to compare and contrast the 

number of TRAP cells and the amount of surface resorption patterns among 

five groups in each experiment. 



RESULTS 

Experiment 1: 

Experiment 1 was done to determine if partially demineralized 

DFDBA influenced the rate of differentiation of TRAP-positive cells from a 

mixed marrow culture on dentin slices. The results shown in Table I clearly 

indicated that DFDBA had an inhibitory effect on the number of cells that 

differentiated into TRAP-positive cells, the magnitude of which was 

strongest in the most demineralized powder. The 1.44%, 2.41 %, 5.29% 

residual calcium level groups and FDBA experimental groups produced 

mean osteoclast cell number of2.0, 13.1, 30.3, and 29.3 respectively, while 

the control had a mean of 69. 7 (Table I / Figure 11 ). One-way analysis of 

variance (ANOV A) was utilized to determine if there were any significant 

differences among the experimental groups greater than that which would 

be expected by chance alone. The analysis_ indicated that there was a highly 

significant (p<0.0001) difference among the groups. 

The Student-Newman-Keuls test was used to permit multip~e 
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comparisons of the statistical significance among the test and control groups 

to identify which groups were significantly different. All of the groups 

containing the bone powders had fewer TRAP-positive cells than the 

negative control group (p< 0.0001). The 5.29% residual calcium and the 

FDBA groups were not statistically different from each other, but did show 

statistically significantly more cells than either the 2.41 % or the 1.44% 

residual calcium experimental groups. All other groups were significantly 

different from one another. However, the control group displayed 

significantly more cells (mean= 69.7) than did any of the experimental 

groups. These data are summarized in bar graph form in Fig. 11. Bright

field microscopic views are shown in Figure 12. 

Experiment 2: 

The experiment to evaluate the influence of different degrees of 

demineralization ofDFDBA on the rate of differentiation of TRAP-positive 

cells from mixed marrow cultures incubated on dentin discs was repeated in 
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experiment 2. The 1.44%, 2.41 %, 5.29% residual calcium level groups and 

FDBA experimental groups produced mean numbers of TRAP- positive 

cells of 17.9, 15.1, 18.1, and 6.8 respectively; while the control had a mean 

of39.5 cells {Table II/ Figure 13). One-way ANOVA revealed a highly 

significant difference in the number of TRAP-positive cells among the 

groups (p< 0.0001). 

Using the Student-Newman-Keuls test to measure for significance in 

the number of trap-positive cells between test and control groups, found that 

the control group (no bone powder) produced significantly more cells (39.5) 

than did any of the experimental groups. The 1.44%, 2.41 % and 5.29% 

residual calcium test groups were not statistically different from each other. 

The FDBA experimental group shows significantly fewer cells than did all 

other experimental and control groups. Thus, both of these experiments 

demonstrated that the presence of mineralized or demineralized bone 

powder inhibited the rate of differentiation of TRAP-positive cells from 

mixed marrow cultures. The next question was what is the influence of 

these demineralized bone allografts ·on the resorptive function ofTRAP

positive cells when they were incubated on the Osteologic calcium 
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phosphate substrates 

Experiment 3: 

The 1.44%, 2.41 %, 5.29% residual calcium level groups and FDBA 

experimental groups produced mean osteologic disc surface resorption of 

1.63, 2.30, 1.23, and 1.17 respectively, while the control had a mean of 1.03 

(Table III/ Figure 14). One-way analysis of variance (ANOVA) was 

utilized to determine whether the mean value between the experimental 

groups might be greater that that which would be expected by chance alone. 

That analysis indicated that there was a significant (p<0.0301) difference 

among the groups. The 1.44% and 2.41 % residual calcium level groups 

were not statistically different from one another, but had significantly 

higher surface resorption than the 5.29%, FDBA, and control groups. The 

latter groups were not significantly different from each other as determined 

by the Student-Newman-Keuls test. 

The entire experiment was then repeated to re-evaluate the influence 

between the degree of demineralization ofDFDBA on the resorptive 

activity in Experiment 4. 
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Experiment 4: 

This study was unable to confirm the modest but significant effect of 

DFDBA's residual calcium on osteoclast resorption on calcium phosphate 

discs found in experiment 3. The mean percent resorption of 1.06%, 1.96%, 

0.84%, and 1.26% for the 1.44%, 2.41%, 5.29%-residual calcium DFDBA, 

and FDBA groups respectively, were not significantly different although, as 

in experiment 3, the 2.41 % calcium group exhibited the highest resorptive 

activity. The control (no bone) group had a mean percent of disc resorption 

of 1.02 (Table IV/ Figure 15). A one-way analysis of variance found that 

the differences between mean experimental groups are not great enough to 

exclude the possibility that the difference may be due to random sampling 

variability (P=0.1535). 

Experiment 3 and 4 data were combined to further examine these 

results (Table V, Figure 16). The two experiments were essentially the 

same, except cells were harvested from two different pigs. In the combined 

data set, the mean resorption in the control, 1.44%, 2.41 %, 5 .29% DFDBA, 

and FDBA groups were 1.03¼, 1.27%, 2.09%, 0.98%, 1.23% respectively. 

One-Way Analysis-of-Variance detected a difference in the mean values 
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among the groups that is statistically significant (P = 0.0065). The 2.41 % 

residual calcium group produced statistically greater surface resorption than 

the control group (no bone), the 1.44% and 5.29% residual calcium groups 

and positive control (FDBA) groups, while all other comparisons were not 

statistically different from each other (Figure 16). Microscopic views of the 

osteologic discs with cells and without cells are represented in Figure 17. 



Table I: Effects of degree of demineralization of DFDBA on the 

rate of differentiation of TRAP-positive cells from a mixed marrow 

culture when grown on dentin: Experiment 1 

Demineralized Freeze-Dried Bone Allograft 

NoBom 1.44% Ca 2.41% Ca 5.29% Ca FDBA 

58 0 18 35 30 

60 7 11 25 40 

70 0 13 37 20 

65 3 15 40 25 

80 0 9 20 35 

75' 4 11 25 30 

80 0 15 30 25 

Mean 69.75a 2d 13.14° 30.29b 29.29b 

Standard Deviation 

N 

8.39 2.64 2.87 6.99 6.23 

7 7 7 7 

• Superscript letters identify groups that are significantly different at p<0.0001 

using the Student-Newman-Keuls test. Groups with same letters are not 

significantly different, while groups with different letters are significantly different. 

The percentage values for the DFDBA represents residual calcium-content 

FDBA = freeze-dried bone allograft (mineralized) 

7 
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Figure 11. 

Effect of different degrees of demineralization ofDFDBA on the rate 
of development of TRAP-positive cells from mixed marrow cultures grown 
on dentin slices. Different superscript letters indicate significant differences 
at p < 0.0001. FDBA = freeze-dried bone allograft 
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Figure 12. 

Representative samples of TRAP positive cells on dentin slices 
cultured with various residual calcium concentration. Numbers of cells were 

counted by averaging five regions of each dentin slice 
(5 mmx 5 mmx 0.5 mm). 
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Mean 

Table II: Effects of the degree of demineralization of DFDBA 

on the rate of differentiation of TRAP-positive cells from mixed 

marrow cultures when grown on dentin: Experiment 2 

Decalcified Freeze-Dried Bone Allograft 

No Bone 1.44% Ca 2.41% Ca 5.29% Ca FDBA 

59 18 11 16 14 

54 21 15 20 5 

45 20 21 19 5 

60 22 9 28 6 

44 33 10 28 7 

37 12 27 15 8 

26 18 12 20 7 

20 12 10 10 4 

32 12 20 10 4 

18 11 16 15 8 

39.50" 17.90b 15.10b 18.10b 6.B0C 

Standard Deviation 15.45 6.76 5.93 6.31 2.94 

N 10 10 10 10 10 

* Superscript letters identify groups that are significantly differe~t at p<0.0001 

using the Student-Newman-Keuls Test. Groups with same letters are not 

significantly different while groups with different letters are significantly different. 

The percentage values for DFDBA indicates the residual calcium content. 
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Figure 13. 

Effects of different degrees of demineralization ofDFDBA on the rate 
of development of TRAP-positive cells from mixed marrow cultures grown 
on dentin slices. Different superscript letters indicate significant differences 
at p < 0.0001. 
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Mean 

Standard Deviation 

N 

Table Ill : Effects of degree of demineralization of DFDBA 

on the resorptive activity of TRAP-positive cells on 

osteologic substrates: Experiment 3 

Decalcified Freeze-Dried Bone Allograft 

No Bone 1.44% Ca 2.41% Ca 5.29% Ca FDBA 

0.7 1.5 2.9 1.5 1.8 

1.3 1.6 1.8 0.9 0.5 

1.1 1.8 2,2 1.3 1.2 

1.03b 1.63a,b 2.30a 1.23b 1.17b 

0.31 0.15 0.56 0.31 0.65 

3 3 3 3 

• Superscript letters identify groups that are significantly different al p<0.0301 

using the Student-Newman-Keuls Test. Groups with same letters are not 

significan~ly different while groups with different letters are significantly different. 

The percentage values for DFDBA indicates the residual calcium content 

FDBA = freeze-dried bone allografl (mineralized). 
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Figure 14. 

Graph represents effect of residual calcium in DFDBA on resorbtion 
of Osteologic discs by TRAP-positive cells. Different superscript letters 
indicate significant differences at p< 0.03. 
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Mean 

Standard Deviation 

N 

Table IV : Effects of degree of demineralization 

of DFDBA on the resorptive activity of TRAP-positive 
cells on osteologic substrates : Experiment 4 

Decalcified Freeze-Dried Bone Allograft 

No Bone 1.44% 2.41% 5.29% FDBA 

1.5 1.3 3.2 0.6 3.1 

0.5 1.1 0.8 1.2 0.5 

0.8 0.5 2.2 0.9 0.8 

1.1 1.9 1.3 0.8 1.1 

1.2· 0.5 2.3 0.7 0.8 

1.02 · 1.06 1.96 0.84 1.26 

0.38 0.59 0.93 0.23 -.1.05 ·, 

' 
5 ' 5 5 5 5 
. . . 

• All groups were not statistically different from each other using the 

Student-Newman-Keuls test. 
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Figure 15. 

Graph represents effect of residual calcium in DFDBA on resorbtion 
of osteologic discs by TRAP-positive cells. The same superscript letters 
indicate the lack of significant differences among the groups (p< 0.05). 
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N 

Mean 

tandard Deviation 

TABLE V 

Pooled·cata (Experiment 3 and 4) 

Percent Resorbed Area on Osteologic Discs 

by Porcine Marrow Cells 

Decalcified Freeze-Dried Bone Allograft 

No Bone 1.44% Ca 2.41% Ca 5.29% Ca FDBA 

8 8 8 8 8 

1.ooa 1.28b 2.08b 0.98b 1.23b. 

0.35 0.54 0.79 0.31 

• Superscript letters identify groups that are significantly different at p<0.0065 

using the Student-Newman-Keuls Test. Groups with same letters are not 

significantly different while groups with different letters are significantly different. 

FDBA = freeze-dried bone allograft (mineralized) 

0.87 
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Figure 16. 

Graph represents pooled data from experiments 3 and 4. 
Different superscript letters indicate significi!,nt differences at p< 0.05. 
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Figure 17. 

Osteoclast resorption on Osteologic discs 

Brightfield micro graphs of calcium phosphate thin films showing regions of 
resorption of calcium phosphate. Left micrograph shows discs with cells 
and the right after cells were removed by NaOCl. · 
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DISCUSSION 

Demineralized freeze-dried bone allograft (DFDBA) is an extensively 

tested allograft used for the treatment of adult periodontitis with excellent 

results over nearly twenty-five years. Placing DFDBA in periodontal 

osseous defects has been shown to result in regeneration, as evidenced by 

reformation of cementum, periodontal ligament and bone on a previously 

diseased root surface (Bowers, 1989 a,b,c). However, various authors have 

reported varying degrees of osteoinductivity ( ability to induce new bone 

formation) among the commercial bone bank preparations (Schwartz et al., 

1996). This variability may be due to denaturation of growth factors during 

production of the DFDBA or during its sterilization. It has been postulated 

that the percent residual calcium may be one of the factors involved in the 

osteoinductive potential ofDFDBA. In 1997, Zhang showed that bone· 

demineralized to 2.2 percent residual calcium was optimal for the induction 

of new bone formation. Similar results have been reported by Urist in a 

study using New Zealand rabbit bone (Urist, 1970). Urist 
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found that low yields of new bone were produced in implants of partially 

demineralized bone grafts and high yields in implants of nearly or 

completely demineralized matrix. Although it has been 30 years since Urist 

first described the process of bone induction from decalcified bone matrix 

the exact mechanism of how it takes place still is not clear. 

Bone formation is a complex, coupled process involvinginteractions 

between osteoblasts and osteoclasts. The influence of different degrees of 

calcium mineral content ofDFDBA on osteoclast activity has not been 

studied. In this study, an in vitro cell culture model was explored as a 

means of assessing the influence of residual calcium in DFDBA on the 

development and activity of osteoclasts. The osteoclast phenotype has been 

variously defined in vitro as cells possessing multiple nuclei (Piper et al., 

1992), tartrate-resistant acid phosphatase (TRAP) (Drexler et al., 1994) and 

other characteristics. The use of bone marrow from animals as a primary 

culture of mixed cell populations, for approximately 3 weeks provided a 

source of active, mature osteoclasts that resorb mineralized substrates in 

vitro and permitted the study of factors affecting osteoclast resorption and 

development. 
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Experiments I and 2 were designed to determine the influence of the 

different degrees of demineralization ofDFDBA on the rate of 

differentiation of this mixed marrow population, into TRAP-positive cells. 

DFDBA's containing specific levels of residual calcium were prepared by 

Lifenet Tissue Bank. Residual calcium levels were independently confirmed 

by calcium ion electrode measurements of ashed, solubilized residue from 

each DFDBA preparation (Bums, 1999). The results of the calcium ion 

electrode measurements were in close agreement with the values provided 

by LifeNet. Since TRAP is a late appearing enzyme in osteoclast 

development, the cell count at the end of the culture period represented a 

more differentiated osteoclast population. Both mononuclear and 

multinuclear TRAP-positive cells·on dentin slices were counted. The dentin 

slices were analyzed at a specific image density threshold using NIH image 

software, to outline TRAP-positive cells. This threshold was then applied to 

all specimens equally for comparison. Measuring the number of cells at a 

certain gray level is an easier and more accurate method than arbitrarily 

counting the cells by the naked eye. One of the problems with 

densitometric techniques, is the difficulty in determining what density or 



63 

gray level to set to outline all the cells of interest. Cells that were not 

TRAP-positive may have been counted or not counted due to the threshhold 

settings. Also counting problems did arise when osteoclasts were 

contiguous because the cell boundaries cannot be seen. That is, the method 

does not distinguish between large vs small cells. 

The results of experiments 1 and 2 showed consistently more TRAP

positive cells in the negative control group cultured without any allograft. 

Thus, both experiments demonstrated that the presence of mineralized or 

demineralized bone graft inhibited the differentiation of TRAP-positive 

cells from mixed marrow cultures. The fewer number of TRAP-positive 

cells in the presence of mineralized or demineralized powder could have 

been due to any number of effects. Perhaps the grafts absorb a critical 

growth factor from the medium that is necessary for differentiation of 

osteoclasts. Alternatively, the powders may slowly release a soluble factor 

that inhibits differentiation of progenitor cells into osteoclasts. It is 

theoretically possible that the powders released a soluble chemotactic factor 

that increased cell migration off of the dentin substrates. Only TRAP

positive cells on the dentin were quantitated. 
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By placing the graft in Millicell-CM"' culture plate inserts, which 

suspended the graft material in the wells above the dentin slices or calcium 

phosphate ceramic thin films, we were able to prevent the graft from 

contacting the cells or the mineralized substrate. Thus, these experimental 

results suggest that there are soluble growth and/or differentiation factors in 

DFDBA, which become dissolved in the media. There may be growth 

factors in the media produced by the mixed cell population that modulate 

both the proliferation and differentiation of osteoclasts. These include 

macrophage colony stimulating factor, Interleukin- I b, Interleukin- 6, 

Interleukin-11, and tumor necrosis factor. Certainly 1,25-dihydroxyvitamine 

D, PGE-2 and PTH are important hormones in the differentiation of 

osteoclasts. In the current study, DFDBA may actually bind these factors or 

hormones especially the most demineralized bone powder, with the more 

mineralized powd~r causing less binding. 

Another variable that needs to be considered is the differences in the 

densities of the bone powder. Fully mineralized bone powder has a density 

of about 2.1 g/cm3
• Fully demineralized bone powder has density of about 

1.1 g/cm3
• If the amount of growth modulating factors that dissolve from the 



65 

bone matrix are proportional to the amount of organic material in the 

powder, then 10 mg of mineralized powder would contain half as much 

such material as an equal volume of completely demineralized powder. The 

graded, partially demineralized powders would fall in between those 

extremes. 

Another explanation of the results from the first two experiments 

could be related to the amount of demineralized bone graft in the wells. 

Previous studies have shown that there is a dose-response curve with 

growth factors such as BMP's in culture (Sampath et al., 1992). They 

described an in vitro dose-response study where 5 and 10 mg of 

demineralized bone matrix (DBM) proved to be the optimum dose for an 

osteoblast cell culture and 20, 30, and 40 mg of DBM showing an inhibitory 

effect. The inhibitory effect of high dose DBM could come from its growth 

factor components. (Hauschka et al., 1988). Based on these studies, it may 

be suggested that the biologic activities of DBM exhibit dependencies on 

the amount of DBM used. This may be associated with too much or too 

little BMP or the presence of inhibitory agents at higher DBM 

concentrations. The inhibitory effect of the bone powder preparations on the 
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number of TRAP-positive cells in experiments 1 and 2 may have resulted 

from inhibitory concentrations of growth factors released. from the bone 

materials. Conclusions drawn from the data of experiments 1 and 2 should 

be interpreted with caution due to the apparent conflicting results between 

experiment 1 and 2 in the groups other than the no bone group. 

Experiments 3 and 4 were designed to evaluate the influence of these 

demineralized bone powders on the resorptive function of mature, 

functioning porcine osteoclasts. The results from experiment 3 showed 

DFDBA with a residual calcium level of 2.41 % produced the greatest 

osteoclastic resorptive activity as measured by the loss of the calcium 

phosphate film. This statistically significant effect was not reproduced iri 

experiment 4, but showed a similar trend of greatest surface resorption in 

the 2.41 % residual calcium group. However, when the data of experiments 3 

an.d 4 were pooled, the 2.41 % residual calcium group generated the greatest 

surface resorption (p< 0.0065). 

Thin film calcium phosphate ceramics have been used as a culture 

substrate for active, resorbing osteoclasts (Davies et al., 1993). These 

substrates serve as a convenient nice alternative to thin slices of dentin or 
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bone, which are laborious to produce (Jones and Boyde, 1993) and also 

require highly skilled personnel. The use of synth~tic thin films also 

eliminates the potential biohazards associated with mineralized substrates 

prepared from bone or dentin. The resorption lacunae created on the 

synthetic films are similar in morphology, although larger, than their 

equivalents on biological hard tissue slices. Evidence of resorption during 

culture is depicted by the appearance of optically clear areas where the 

mineral has been removed from the underlying quartz (figure 17). It is 

interesting to note that osteoclasts of various sizes are involved in resorption 

of the ceramic thin films. Since these cells could not resorb the underlying 

quartz, it is assumed that continued resorptive activity led to lateral 

expansion of the lacunae by the migrating cells. Thus one criticism of this 

technique is that it may reflect osteoclastic resorption plus spreading rather 

than simply measuring resorptive function. 

The mechanism responsible for the clinical use ofDFDBA when 

placed in the body is that the material can induce endochondral bone 

formation (Reddi et-al., 1976), most probably due to the presence ofBMP's 

in these materials (Urist, 1979). However, when implanted within 
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periodontal osseous defects (intramembranous defects) it is nofknown if the 

graft induces endochondral or intramembranous bone formation. BMP's 

are believed to be associated with the insoluble, noncollagenous proteins 

associated with the collagen matrix of the bone matrix. The observation in 

this study, that the nondemineralized (FDBA) bone graft showed reduced 

osteoclastic activity, may be due to the fact that growth factors· such as 

BMP's were bound or covered by the minerals, while demineralization 

matrices could release BMP's. In the same manner, the 1.44% residual 

calcium powder may have produced less osteoclastic activity due to 

prolonged acid treatment during demineralization of the bone causing 

denaturation of the BMP's and loss of activity. There may be a fine line 

between demineralizing bone matrix sufficient to expose all of the BMP's 

without denaturing them. The demineralization process may also activate 

degradative enzymes that can destroy the biologic activity of the growth 

factors. 

Additional factors must be considered when interpreting the results of 

this study. Zhang demonstrated that demineralization of bone allograft 

containing a range of particle sizes resulted in variable levels of 
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demineralization. The particle size of the grafts obtained from Life-Net 

Tissue Bank ranged from 500 to 800 microns. This was the size range 

determined to be optimally osteoinductive (Zhang et al., 1997). Smaller 

bone particles are more extensively demineralized than larger bone 

particles. Thus, within the residual calcium samples received, the percent 

residual calcium for each group represents an average level of 

demineralization. 

Another factor that may have influenced the biologic activity of the 

powders is that the demineralization represents surface demineralization 

rather than total demineralization, which would theoretically leave a core of 

nondemineralized bone matrix in the center of the graft particles. If the 

culture media is slightly undersaturated with respect to calcium phosphate, 

the residual mineral may slowly dissolve, permitting a slow, sustained 

release ofBMP's compared to a faster release from completely 

demineralized matrix. The DFDBA should have been analyzed for calcium 

at the end of the prolonged incubation period to see if it was lower than it 

was at the beginning of the experiment. Ideally, the amounts ofBMP's 

released by the various powders would have been interesting to measure. 
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It has been suggested that the release of growth factors (e.g. BMP's) 

from DFDBA relies in part on resorption of the material itself. Previous 

reports have indicated that DFDBA becomes remineralized following 

implantation, and it is the calcified material which promotes recruitment of 

monocytes and macrophages as well as mesenchymal cells (Block and 

Poser, 1995). Therefore, this hypothesis suggests that resorption ofDFDBA 

is required for release of bone inductive proteins and subsequent 

osteogenesis. However, DFDBA is frequently not fully resorbed for a long 

period of time when used clinically, thereby potentially altering the release 

and activity of the BMP's. Schwartz et al (1998) reported that addition of 

5-20 µg ofrhBMP-2 to inactive DFDBA induced new bone, which was 

subsequently turned over by osteoc!ast activity. In that study, rhBMP-2 not 

only enhanced bone formation but appeared to enhance the resorption of 

DFDBA. This suggests that BMP's may also have a role in regulating 

resorption. It may be important that DFDBA have enough BMP's to induce 

osteogenesis without producing prolonged inhibition of osteoc!ast 

recruitment and differentiation. Had too much BMP been added, the 

osteoclastic activity might have been inhibited so long that the bone could 
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not turnover and mature. The findings of this study further suggest one 

reason for the wide variation in clinical results when DFDBA is used, is 

because they lack adequate quantities or activity of bone inductive proteins. 

It can be speculated from the present study that soluble growth 

factors released from DFDBA into the media either act directly on 

osteoclasts or indirectly through activation of other cells such as osteoblasts 

- to produce factors that stimulated osteoclast resorption. However, a current 

study by Carnes (1999) showed that the same DFDBA used in this study 

prevented osteogenic differentiation of an osteoprogenitor cell line from 

transgenic mice. That author concluded that cell culture assays may not be 

appropriate to measure bone inductivity ofDFDBA because it may not 

release soluble factors in vitro. 

It is important to emphasize that the data in the current study should 

not be construed to suggest that the percent of residual calcium is the sole 

determinant of osteoinductivity. The results of Zhang et al. (1997) results 

indicated that 2.2 % residual calcium was optimal for inducing bone 

formation. Their conclusion was based on using in vitro assays examining 

alkaline phosphatase activity of human periosteal cells as well as in vivo 
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assays examining calcium uptake. However, that study did not verify that 

they were examining osteogenic differentiation of the cells specifically, nor 

did they compare their in vivo calcium uptake with quantitative histologic 

evidence of bone induction. These investigators interpreted increases in 

calcium content in the DFDBA when implanted intramuscularly in athymic 

mice to be osteoinduction without examining the sites histologically. The 

increase in calcium could have been due to dystropic calcification of 

surrounding connective tissue. Can calcium uptake alone be relied on as a 

marker of osteoinduction? Can remineralization ofDFDBA occur in the 

absence of bone formation? These are some of the questions thafneed to be 

answered in future research on the osteoinductive ability ofDFDBA. 



Summary 

The primary objectives of this study were: I) To develop a culture of 

osteoclasts from porcine marrow cells, 2) To analyze the effect of four 

specific DFDBA residual calcium levels on the number of TRAP-positive 

cells derived from in vitro porcine marrow cultures and to evaluate the 

influence of different residual calcium levels ofDFDBA on osteoclast 

resorptive activity. 

The results of the study indicated that 2.41 % residual calcium in 

DFDBA produced the greatest osteoclast resorptive activity from a mixed 

cell population cultured from porcine bone marrow. The study design is 

unique because the graft material was suspended in wells above the dentin 

slices or calcium phosphate ceramic thin films thereby preventing the graft 

from contacting the cells or the mineralized substrate. This implies either 

soluble factors are released from the graft to the medium or medium factors 

were _absorbed by the powder. The stimulation of osteoclast resorptive 

activity by DFDBA in vitro may provide a beneficial effect by increasing 

73 
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the resorption of the graft thereby releasing more bone inductive proteins 

and induction of osteogenesis. Bone graft demineralized to 2.41 % residual 

calcium may provide a balance between exposure of optimum amounts of 

growth factors without denaturing them. 

A higher yield of TRAP-positive porcine osteoclasts was present 

when cultured without an allograft. The inhibition of differentiation of 

TRAP-positive cells from this mixed cell population by presence of 

mineralized or demineralized DFDBA may indicate factors released into the 

medium or absorption of essential nutrients necessary for osteoclast 

differentiation. That may be desirable to promote osteogenesis during early 

healing periods but, if sustained, may interfere with subsequent bone 

maturation. 

At the present time, commercial bone banks that provide DFDBA to 

the dental practitioner do not verify the osteoinductive capacity of their 

bone grafts. The variability in the clinical outcome when using DFDBA as 

a regenerative material is most likely due to a multitude of factors 

including: donor age, processing and sterilization protocols used by the 

different bone banks, and particle size. The residual calcium content in 
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DFDBA is one potential variable that may need to be standardized among 

the commercial bone banks. As new bone allografts are introduced, 

understanding the cellular events surrounding bone grafts will give more 

predictable clinical results. Additional studies need to be done to further 

verify the need for standardizing the residual calcium content in DFDBA . 
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