
I 
I 

i 
THE EFFECTS OF HUM~ DEMINERALIZED FREEZE-DRIED. 

BONE ON CELL PROLIFERATION AND PRIMARY RESPONSE 

GENE EXPRESSION IN CULTURED MURINE OSTEOBLASTS 

I 

I 

\ 

By 

William T. Bums, DDS 

I 
I 
I 
I 

Submitted to the Faculty of the School of Graduate Studies 
I 

of the Medical Colle~e of Georgia in partial fulfillment 
I 

of the Requ~rements of the Degree of 
. I 

Master of Science in Oral Biology I . . . 
June, 1999 



THE EFFECTS OF HUMAJN DEMINERALIZED FREEZE-DRIED 

I 
BONE ON CELL PROLIFERATION AND PRIMARY RESPONSE 

GENE EXPRESSION IN cTULTURED MURINE OSTEOBLASTS 

This thesis is submitted by William 1'. Bums and has been examined and approved by an 
l 
I 

appointed committee of the faculty of the School of Graduate Studies of the Medical 
I 

College of Georgia. 

The signatures which appear lDelow verify the fact that all required changes have 

I 
been incorporated and that the thesis has received final approval with reference to 

I . 
content, form, and accuracy of presentation. 

. I 

This thesis is therefore in partial fulfillment of the requirements for the degre~ of 

Master of Science in Oral Biology. 

Date 

- - - - - -- - - -- - - - - -- - ~~ "' 



AKNOWLEDGEMENTS 

I would like to express my sincere appreciation to the following individuals for 

their contributions, suggestions, and adtce in support of this project and thesis. 
i 

i 
I 
I 

I would first like to thank my wife, daughter and son, who have given up time 

spent with me over the last two years. I~ is difficult to understand why anyone would 
. . . I . . .· . . 

volunteer to spend so many late nights and weekends for over two years transferring 

RNA from one tube to another so that th~y can then write a paper. ~y family haS shown 

a special ability to give me their love, sabrifice, and support during one of the· most 

challenging achievements of my life. 

\ 

I 
I would next like to thank my major advisor, Dr. Norris O'Dell for his expertise, 

guidance, patience and dedication durinJ

1 

this research experie~ce. His efforts have been 

above and beyond the call of duty at all times. The understanding that he was always 

I 00% focused on providing me the best L most meaningful research experience kept 

me going during the rough periods. 

There cannot be enough said to thank my periodontic mentors for all their tireless 

efforts in support of this degree ail.d thesJ. They were availabie at all times for . 

1 . d d" . \ . consu tatlon, encouragement, an 1rect1on. 
. I 

I 
To my advisory committee, Drs. Norris O'Dell, Michael Cuenin, Frank Niagro, 

Mohammed Sharawy, and Jill Lewis, whj willingly undertook this additional. . 
I . 

·\ 

iii 



responsibility in the sake of education, I owe special thanks. The expertise, patience, 
I . 

knowledge, and support by these true educators have been outstanding. 

To my fellow residents, I would like to extend· a sincere appreciation and thanks 
I . 
I . 

for the support you gave me during this project. You all deserve a special reward for 

listening to my diatribes about my research project. 
I 

I would also like to thank pwigh~~ David Eisenhower Army Medical Center and 
. f 

. . I , 

the U.S. Army for the financial support t~ make this project a reality:·, The personnel at 

I
' . . 

~. ·~ .. 

the Clinical Inv~stigations Laboratory at ft.. Gordop have been invaluable in the 
. . :. . I 

procurement of supplies, advice and expertise. 
. . I 

I 
I 

I 
I 
I 
I 

I 
I 

iv 



TABLE OF CONTENTS 

Page 

i . -

ACKNOWLEDGEMENTS .. ~ ...........• ~ ................... ~ ........ ·............... 111 

LIST OF FIGlJRES .......... -.............. i .••••••••••••••.••••••••••••••• ~ •• ~.......... vi-vii 

LIST OF TABLES ......................... -.~ .................................... .-..... viii 

INTRODUCTION ...................... : ... : .............. .-............................ 1 

A. Statement of the Problem .. :........................................... 1 

B. Review ofthe Related Liter;attire ........ ;.·............................ 3 

MATERIALSANDMETHODS ............................................ ~....... 19 

RESULTS ........ ~ ........................... :........................................... 41 

DISCUSSION ............................... ;........................................... 61 

SUMMARY .................................. : ........................... ~............... 73 

LITERATURE CITED ..................... ~·········································· 75 

v 



~1ST OF FIGURES 

'Figure " Page 

1 CyQuant Cell Proliferation Assay Standard Curve . ....... ·.~. . . . . . . . . . . . . . . . . . . . . . . 26 

2 Representative Li~htCyler guantitation output for c-fos RNA..................... 39 
! 

3 Phase contrast photomicrowaph demonstratin~ morphology o(P4 
osteoblasts cultured in the presence ofDFDBA .. .................................. 44 

4 Bri~htfield photomicrowaph ;o(P4 osteoblasts in culture. Alkaline 
Phosphatase stainin~ ......... ·:·. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 

5 Bri~htfield photomicrowaphs ofP4 osteoblasts in culture.· Von Kossa 
stainin~. nuclear fast red counter stain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 

6 RT-PCR products for Type I Colla~en.......................................... . . . . 4 7 
'r 

7 RT-PCR products for /GF-1 . . [.................................................... . . .. 48 

8 Effects ofincreasin~ amounts \of2% Ca + DFDBA on 
proliferation of mouse osteob~asts In vitro. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 

9 
i . 

Experiment 1: Effects ofoercent residual calcium in DFDBA on proliferation 
I . of mouse osteoblasts In vitro. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 
i 

10 Experiment 2: Effects o(percent residual calcium in DFDBA on proliferation 
of mouse osteoblasts In Vitro. ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 

' ' 

11 RT-PCR analysis ofRNA fro-m osteoblasts wown in the presence of 
allowafts containin~ different' amounts ofresidual calcium...................... 54 

I 

vi 



Figure Page 

12 RT-PCR analvsis ofRNA from osteoblasts grown in the presence of 
allografis containing different amounts of residual calcium...................... 55 

13 Normalized IGF-1 Expression at 1 hour............................................. 56 

14 Relative c-fos expression - day 4 . ............ :. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . 58 

15 Relative Egr-1·expression- day 4 .................................................... 59 

vii 



·;,· 

LIST OF TABLES 

Table Page 

I. Primer Seguen~es .Used for PCR Amplification.·~ . ~·.. . . . . . . . . . . . . . . . . . . . . 36 

II. Residual Allograft Calcium Determination. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 

"\ 

viii 



INTRODUCTION 

A. Statement of the Problem: 

Periodontitis is a destructive disease ofthe·supportive tissues of the teeth (gingiva, 

periodontal ligament and alveolar bone). Brown et al. {1999) report that 15% ofthe 

population in the United States has severe adult periodontitis, and that a significantly 

higher proportion of the population have mlld to moderate periodontal disease. The 

major goals of periodontal therapy are to terminate the disease process, and to stimulate 

regeneration of the various periodontal tissues of the teeth (Mellonig,_ 1980). Here, 

periodontal regeneration is defined histologically as the formation of new cementum, and 

periodontal ligament on a previously diseased root surface, along with the formation of 

new alveolar bone (Garrett, 1996). 

Many different types of bone grafting materials have been used to facilitate bone 

regeneration. For example, autogenous bone is a pref~rred graft material for bone 

regeneration due to its higher success rate (Mellonig et al.; 1976). However, if~ 

extensive amount of bone is destroyed by severe periodontal disease, then large quantities 

of autogenous bone are needed, but may not be avai!able. Currently, demineralized 

freeze-dried bone allograft (DFDBA) is the most popular allograft used by physicians and 

dentists in attempts- to stimulate regeneration when inadequate amounts of autogenous 

1 



bone are available (Reynolds and Bowers, 1996a). DFDBA is human donor bone that 

has been frozen and demineralized in hy~ochloric acid to expose the nonmineralized 

bone matrix and associated bone inductive proteins. DFDBA is easy to obtain in large 

amounts, is safe to use, has a long shelf-life, and appears to be osteoinductive (Hosny and 

Sharawy, 1985; Hosny et al., 1987; Reynolds et al., 1996a). However~ the extent ofbone 

. regeneration in the presence ofDFDBA varies. 

One possible factor that may contribute t~ this variation is the amount of calcium 

in the DFDBA. Therefore, the purpose of the present stu~y is to co~pare cellular 

proliferation and bone formation by osteoblasts cultured in the presence of DFDBA 

demineralized t~predetermined specific residual calcium contents. Specifically, a 

cultured osteoblast model system will be used to study the effects of three different · . . 

calcium contents in DFDBA on cell proliferation· and new bone formation. These effects 

should be visible at the level of cellular mRNA production in cultured calvarial 

osteoblasts. By monitoring the changes in mRNA production of c-fos, egr-I, histone H-4, 

type-I collagen, IGF-I, and in cell proliferation, it should be possible to demonstrate the 

effects of DFDBA on osteoblast cell culture proliferation at the level of gene expression. 

Therefore, this study is designed to test the hypothesis that the amount of residual 

calcium in DFDBA samples can affect the amount of cell proliferation and the amount of 

new bone formation as reflected through,._changes in gene expression in cultured rp.ouse 

calvarial osteoblasts~ 

' /.' 
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B. . .REVIEW OF THE RELATED LITERATURE 

Demineralized Freeze-Dried. Bone Allograft (PFDBA) 

Senn (1889) used:demin~ralized bovine bone as an iodoform delivery vehicle in 
. . ' . . ' ' 

patients with osteomyelitis. Demineralized freeze-dried bone allograft (DFDBA) was 

first described as an osteoinductive and osteoconductive material for use in orthopedic 

l . bone grafting techniques by Urist. (1965). DFDBA has been shown to have 

osteoinductive proteins which induce host cells to differentiate into·osteoblasts (Sampath 

and Reddi, 1981 ). Studies carried out by Urist et al. (1982) have shown that 

4emineralization of a cortical bone allograft (DFDBA) enhances its osteogenic potential 

due to the exposure of bone inductive proteins collectively called bone morphogemc 

proteins (BMPs). The BMPs exposed by demineralization of the ·allograft bone matrix 

induce a sequential cascade consisting of chemotaxis, mitosis of progenitor cells that 

differentiate into osteoblasts, and ultimately, bone formation (Reddi, 1995). Animal 

studies have found that cortical bone is a better source for higher con~entrations of BMPs 

than cancellous bone (Mellonig, 1996). Clinically effective levels of BMPs are present in 

human DFDBA, and these BMPs have effects on mitogenesis and growth of human 

gingival fibroblasts, human periodontal ligament fibroblasts, and rat osteoblasts 

(Shigyama et al., 1995). In addition to BMPs, the particle size of the DFDBA has been 

shown to affect the formation endochondral bone. Sampath and Reddi (1984) found in an 

animal model that 44-7 4 f.l particles of DFDBA did not stimulate bone formation, while 
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74-444 J.1 particles ofDFDBA_.stimulated bone formation. Zhang et al. (1997a,b) found 

that 250-750 J.1 particles ofDFDBA stimul~ted the inost osteoihduction in both in vivo 

and in vitro model·systems. 

DFDBA has been used for over 20. years for periodontal therapy, and has been 

~hown to induce regeneration of the periodontal ligament, cementum and bone associated 

with previously diseased teeth (Carnes et al., 1999). ·The clinical results of using DFDBA 

for promoting the, regeneration ofbone ~d the supporting soft tis~ue structures ofthe 

teeth have often been very impressive. However, the extent of regeneration in 

periodontal defects is variable and unpredictable (Schwartz et al., 1996)~ Currently, the 

osteoinductive effects ofDFDBA are being debated (Becker et al., 1994; Mellonig, 

1995). Mellonig (1995) believes that cell culture studies, histological studies and clinical 

results support the osteoinductivity ofDFDBA. However, Becker et al. (1994; 1995a,b) 

have reported the lack of osteoinductive effects ofDFDBA placed in ectopic sites in 

. . 

athymic mice, around impJants in dogs, and in human extraction sites. Becker et al. 

(1995a) believe that DFDBA may be osteoconductive at best, but that it is not 

osteoinductive. Histologic studies by Becker et al. (1995a) show connective tissue . 

encapsulation ofDFDBA, or host bone growing adjacent to DFDBA with no osteoblastic 

or osteoclastic activity present on the DFDBA. Positive osteoinductive and regenerative 

·effects are· seen clinically whe~ DFDBA is used as a graftmaterial{Bowers et al., 1989; 

Mellonig, 1996). Moreover, Reynolds et al. (1996) have recently shown histologically 
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that grafted periodontal defects with retained DFDBA showed the highest amount of 

periodontal regeneration. 

There are many possible reasons forth~ variations in bone regeneration. For 

example, differences in the virulence, type and/or amount of bacteria involved in causing 

the periodontal defects may differ from person to person and from site· to site around teeth 

in the same person (Reynolds et al., 1996b). Also, the anatomical defect in which the 

DFDBA is placed, and the amount of osteoprogenitor cells available at this site may vary 

from site to site, and person to person. Since DFDBA obtained from older donors is less 

osteoinductive than DFDBA from younger donors, this could also have an impact on the 

clinical results (Shigiyama, 1995; Zhang et al., 1997; Swartz et al., 1998). -Non-

commercially prepared DFDBA used in research has been shown to be more 

osteoinductive than DFDBA prepared for commercial use (Shigyama et al., 1995). This 

decrease in osteoinductivity may be due to the radiation treatment of commercial donor 

bo~e. Combined in vitro and in vivo studies of the osteoinductivity ofDFDBA prepared 

by six different bone banks showed that the osteoinductivity of commercially produced 

DFDBA varies widely from batch to batch from the same manufacturer, and among 

DFDBA samples obtained from different manufacturers (Schwartz et al,. 1996). 

Schwartz et al. (1996) further suggest that the variation in clinical results may be due to 

the lack of a standardized method tq prepare demineralized freeze-dried bone. Potentially, 
'~-· .- - -

a lack of standardized methods of dem~neralizing DFDBA. could result in more or less 

demineralization of the graft material, and subsequent variations in the amounts ofBMPs 
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exposed in DFDBA. Schwartz et al. (1996) suggest that all DFDBA be. tested for 

osteoinductivity before distribution to clinicians. However, at present, there are no tissue 
. . . . . 
. . 

banks that assay each allograft' lot for ost~oinductivity prior to distribution to researcher 

and clinicians. 

Recent research with DFDBA in animal models and osteoblast cell culture 

systems has been directed at ·developing an inexpensive and easy method of evaluating 

the osteoinductivity of each batch of commercially produced DFDBA (Huang et al., 

1988; Shteyter et al., 1990; Schwartz et al., 1996; Zhang et al., 1997a,b; Carnes et al. 

1999). Shteyer et al. (1990) utilized well-differentiated and poorly differentiated rat 

osteosarcoma cells to study the effects ofDFDBA on cell proliferation and in alkaline 

phosphatase expression .. They found that 38-53 Jl particles ofDFDBA produced 

consistent increases in proliferation and alkaliqe phosphatase expression. Zhang (1996) 

and Zhang (1997a,b) developed and evaluated a method to more predictably demineralize 

DFDBA. A technique was developed to prepare and demineralize_ DFDBA to specific 

levels of residual calcium content. Osteoinductivity ofDFDBA was measured in an 

animal model and correlated with bone· formation in an in vitro cell system to show that 

the in vitro system could measure osteoinductivity. Various amounts ofDFDBA were 

implanted in in muscle pouches in athymic mice ·and evaluated at four ·and eight weeks 

for remineralization as an index of osteoinductivity. Similarly, they placed DFDBA onto 

human periosteal cells in T-25 flasks with aMEM containing 2% FBS. Cell proliferation 

and alkaline phosphatase production were evaluated at day 5 (Zhang et al., 1997a). They 
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reported that flask lots of 5 mg/25 cm2 and 10 mg/25 cm2 ofDFDBA stimulated the_ 

maximum osteoinductivity as measured by increases in-remineralization and alkaline 

phosphatase production. DFDBA in amounts greater than 10 mg/25 cm3 decreased 

alkaline phosphat~se production. The correlation between the in vivo mineralization and 

in vitro alkaline phosphatase was high. 

Utilizing the same experimental design, the effects of residual calcium content, 

particle size and donor age on proliferation and alkaline phosphatase expression were_ 

evaluated (Zhang et al. 1997b ). DFDBA again had no effect on proliferation, but 

DFDBA with 2% residual calcium did cause significant increases in alkaline phosphatase 

expression at five days and in remineralization in vivo at four weeks. DFDBA with 

either greater or lesser than 2% residual calcium showed decreased alkaline phosphatase 

production while freeze-dried bone allograft (FDBA) showed minimal effects on alkaline 

phosphatase production. The 50-750 J.l particles ofDFDBA containing 2% residual 

calcium had the greatest osteoinductive effect (increased alkaline phosphatase expression) 

in vitro. DFDBA from donors yo"Qnger than 50 years of age showed increased 

osteoinductivity (Zhang et al., 1997); Based on the.se findings, they postulated that there 

is an optimum demineralization level !hat exposes the maximum- ru;nount of BMPs while 

retaining some calcium to act as nucleation sites for remineralization. -The standardized 

process for preparing DFDBA to a specific level of demineralization used in the Zhang 

studies was developed in conjunction with LifeNet, an American Association of Tissue . ' ~ . 

Banks (AATB) certified tissue bank. 
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Carnes et al. (1999) developed a calvarial osteoblast cell line using mice 

. transgenic for the SV 40 T -antigen to investigate osteoinductive potentials of DFDBA · 

and BMP-2. All cell proliferation experiments were run in media containing a-minimal 

essential medium (aMEM) with 7% fetal bovine serum (FBS). They found no effect on 

proliferation by DFDBA. However, BMP-2 caused increased cell proliferation. When 

BMP-2 was added to DFDBA, the DFDBA negated the effect ofBMP-2 on cell 

proliferation. They attributed this to adsorption of the BMP-2 to the DFDBA making it 

unavailable to the osteoblasts. They compared the effects of the allograft/BMP culture 

system to implantation of the same allograft into the thorax of transgenic mice. 

Remineralization of the DFDBA was seen, but no new bone formation was noted. Carnes 

et al. (1999) concluded that no comparison could be made between the study models, and 

that verification ofDFDBA osteoinductivity by histology will still need to be done in 

animal model systems. 

Osteoblast Culture Models: 

A primary goal of any bone research is to a~d to our understanding of the biology 
\ 

ofbone cells in·the living organism (Marks and Popoff, 1988). However, understanding 

the function of an individual bone cell is complicated by the following factors: 1) bone is 

. a mineralized tissue making study and isolation of individual cells difficult, 2) bone cells 

often have heterogenous functions, 3) bone cells occur mixed with other connective tissue 

cells~ 4) no method has been developed which can differentiate osteogenic stem cells· 
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from determined osteoprogenitor cells or osteoblasts, etc., (Marks and Popoff, 1988) .. 

Due to these and perhaps other factors, several simpler systems have been developed to 

study individual bone cells. 

One type of system for studying bone cells involves the sequential enzymatic 

digestion and culture of osteoblasts derived from calvarial or periosteal tissues (Owen et 

al., 1993). Enzymatically harvested calvarial cells have been used in osteoblast studies 

for many years, and are the most extensively studied primary osteoblast culture cells 

(Rodan and Noda, 1991). Primary osteoblast cell cultures similar to this are widely used 

and universally accepted as a tool in bone biology (Majeska, 1996). Two advantages of 

this system include the vast body of information available on the use and manipulation of 

this system, and the fact that these cells can support the progressive development of bone 

tissue organization (Rodan and Noda, 1991; Pockwinse et al., 1992). The major 

disadvantage of this system is .that it contains a heterogeneous popu1ation of cells capable 

o{reacting to stimuli by expressing variations'in morphology, proliferation indices, 

protein expression and gene expression (Wong and Cohn, 1974; Bellows et al., 1986; 
l 

Marks and Popoff, 1988; Pockwinse et al., 1992:; Liu et al., 1997). Wong et al. (1974) 

. . 
examined cells obtained from each digest of a sequential enzymatic digestion and culture 

of mouse calvarial osteoblasts. They found that cells from digest number one appeared to 

express a fibroblast phenotype. Cells from digest number two appeared to have 

fibroblasts. and osteoblasts early in the study, but the fibroblasts appeared to over grow 

the osteoblasts by the 14th day~ Cells obtained from digests 3 and 4 appeared to have an 
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osteoblastic phenotype. Osteoblast cell cultures ~sed in the 2nd or 3rd passage have been 

shown to h~ve a majority of cells eXhibiting the osteoblast phenotype, and appears to be 

useful inthe study of ceil differentiation and function (Ecarot-Carrier et al., 1983; 

Gerstenfeld et al., 1987). Primary and frozen primary cell lines are known to exhibit 

phenotypic drift when passaged numerous times (Majeska et al., 1981; Bellows et al., 

1990). Therefore, it is suggested that all cell studies should be conducted at the same 

passage to minimize phenotypic drift.· 

The Clinical Investigation Laboratory at Fort Gordon in conjunction with the 

Medical College of Georgia developed .an experimental model based on a primary 

osteoblast culture using cells harvested from the calvaria of 24-48 hr old mouse pups· 

(Bisch, 1994; Raez, 1997; Rouse, 1998). This model system is a modification of the 

harvesting· technique described by Luben et al. (1976). For this model system, there are 

no obvious differences between primary osteoblast cultures and frozen primary osteoblast 

cultures for the expression of alk~line phosphatase, specific marker mRNAs, and 

possession of receptors-for estradiol, progesterone, IL_..:1J3, and IL-6 (Raez, 1997). 
' ' - ' 

. Studies of o'steoblast cell cultures obtained from (etal rat calvaria and human fetal 

tissues sh<?w that osteoblasts go through three distinct stages to form bone nbdules 

(Bellows et a1.,.1986; Stein and Lian, 1993;.Liu et al., 1994; Harris etal., 1995). 

Microscopic study ,of osteoblast cultures indicates a transition from a uniform distribution 
. . I ; . . . . . 

of cuboidal osteobla'sts to multilayered clusters of smaller cells with a pronounced 

orientation towards 1;10dules ofbone that have formed in vitro (Pockwinse et al., 1992). _ 
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Bellows et al. (1986) described cells in a similar osteoblast cell culture that ranged from 

spindle-shaped to polygonal in shape during the early stages, and that reached confluence 

by day 6. In a study by Wong and Cohn (1974), large cells with highly convoluted 

borders consistent with an osteoblast phenotype, rapidly over grew the spindle-shaped 

cells seen early in the culture. Gerstenfeld et al. (1987) noted that cultured osteoblasts 

grew in clumps and became multilayered throughout the culture well as is consistent with 

the known osteoblast pheotype. 

Cell proliferation is-the first stage that osteoblasts-pas~ through on the path to 

forming bone nodules. It is a period ofhigh mitotic activity characterized by high levels 

of gene expression associated with celLgrowth (c-myc, c-fos, and c:iun), -~d with cell 

cycling (histone H4) (Stein et al., 1996): The cell cycle-regulated histone genes are 

selectively expressed during t~e S-phase of the 9ell cycle i~ order to· support DNA . 

replication (Stein et al., 1996). Histone gene expression is necessary for cell 

proliferation, and the up-regulation of histone mRNA coincides· with increased cell 

proliferation. Studies using fetal rat osteoblast cell cultures have shown that histone H4 

is up-regulated in the initial proliferating osteoblast culture, and is down-regulated at t~e 

start of extracellular matrix formation (Owen et al., 1993). Down-regulation of histone 

H4 expression is consistent with the transition of the osteoblast from a less differentiated 

state to a more highly differentiated· state (Owen et al., 1993). 

The second stage of osteoblast maturation is the matrix formation stage (Stein et. 

al., 1996). During the time period of days 10-20, Type-I collagen, other extracelhdar 

matrix proteins, and non-protein matrix components are deposited to produce osteoid 
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which is ready for mineralization. High levels of fibronectin and alkaline phosphatase 

production characterize this second stage of osteoblast maturation (Stein and Lian, 1993) . 

.Alkaline phosphatase is a membrane-associated enzyme that is produced in high 

levels in osteoblasts; and, it has long been recognized as a marker for osteoblast 

differentiation (Whitson et al., 1983; Rodan and Noda, 1991). Alkaline phosphatase is an 

enzyme that has been highly conserved in evolution. High levels of alkaline phosphatase 

are believed to be important for biomineralization,· and a lack of this enzyme leads to 

severe abnormalities of skeletal development (Rod·an and Noda, 1991). AP-1 sites are. 

~own to be present in the promoter region of alkaline phosphatase, and may be affected 

by the binding of c-Fos and c-J~1n to-~hese sit~s (McCabe et al., 1995). In a rat calvarial 

. osteoblast culture, alkaline phosphatase .mRNA expr~ssion is jncreased greater than ten-
. . 

. ' '. 

fold following the d_oWn--regulation of cell proliferation. This- sigri.als the start of the . 

extracellular matrix formation during osteob~ast differentiation (Owens et al.~ 1993)~ 

Alkaline phosphatase expression was down-regulated when the culture entered the 

mineralization phase of devel~pment. . Studies on the inhibition of osteoblast cell 

proliferation show that the cell culture prematUrely enters the extracellular matrix 

formation stage, and that an accelerated rise in the expression of alkaline phosphatase is 

seen (Stein and Lian, 1993). Studies which have delayed the mineralization stage of 

. osteoblast development show that alkaline phosphatase production remains elevated and 

is not down-regulated until mineralization is allowed to occur (Stein 'et al., 1996). Beck 

et al. (1998) showed that down-regulation 'of alkaline phosphatase caused mouse MC3T3-

E1 osteoblasts to differentiate to a mineral-secreting cell phenotype. 



13 

The third stage of osteoblast maturation is the mineralization stage. This stage 

occurs from approximately day 20 onward, and is characterized by high levels of 

osteocalcin and osteopontin production (Stein et al., 1996). Studies of osteoblast cultures 

show that this stage occ~s only after the clown-regulation of alkaline phosphatase 

. -
product~on (Stein et al., 1996). Stimulation o(alkaline phosph~tase production prevents · 

the progression of osteoblasts to the mineralization stage of development.. In an in vitro 

histologic study of rat osteoblasts, Bellows ·et al. (1986) showed that minerali~ed nodules 

form in cultures;. and that these nodule .have the same characteristics as bone. 
. ' ' . ~" 

Interestingly, a recent study that used in ·situ immunocytochemistry and poly( A) 

PCR to examine the phenotypic and genotypic expression of individual osteoblasts found 

that even adjacent morphologically indistinguishable osteoblasts had differences in 

protein expression, and that gene expression was characterized by extensive plasticity 

(Liu et al., 1997). 

Primary Response Genes: 

Cellular prolifyration and differentiation are generally initiated by an interaction 

between extracellular factors and specific cell surface receptors (McMahon and Monroe, 

1992). The biochemical changes result in activation signals which must cross the nuclear 

envelope and alter the expression of genes encoding proteins that cause tissue-specific 

functional responses. These genes are called cellular immediate early genes or primary 

response genes (PRGs ). A characteristic of these genes is that no protein synthesis is 
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required to initiate transcriptional induction (McMahon and Monroe, 1992). It appears 

that signaling stimuli induce post-translational modifications of preexisting regulatory 

proteins to induce PRG induc~ion. Promoters are regulatory regions for genes that 

typically span a few hundred to several thousand base pairs of DNA. Regulatory 

elements of various kinds act as bin4ing sites for the transcription factors of primary 

response genes that are located tiu:oughout these promoters (Wray, 1998). Subsets of 

PRGs have been identifi~cl, many ~f which aie proto-oncogenes _that encode transcription 

factors, and are directly responsive to gro~h and differentiation factors_ (Herschman, 
.•·, 

1991). The_ transcription factors (proteins) of these PRGs are able to propagate the 

activation of downstream secondary/function-related genes. The proto-oncogenes, c-fos 

and c-jun, are two such PRGs .. Th.erefore, examination ofc-fos mRNA expression should 

provide evidence ·or the earliest effects of DFDBA on gene expression in our cultured 

mouse calvarial osteoblast system . 

. Proto-oncogenes encode proteins with three main sites of action: the cell surface 

membrane, the cytoplasm, and the nucleus (Angel et al., 1988). The c-Fos and c-Jun. 

proteins are members of a multi-family of transcription factors known to include c-Fos, 

Fos B, Fra-1, Fra-2 and c-Jun, Jun-B, and Jun-D (McCabe et al., 1995). The binding of 

these proteins to Activator protein-1 (AP-1) sites may affect the binding of factors. 

necessary for activities that contribute to basal and hormone-stimulated gene expression . · . . -

(McCabe et al., 1995). AP-1 sites are present in the promoters of several osteoblast-

specific genes, including alkaline phosphatase, osteocalcin, collagenase and Type-/ 

collagen (Onyia et al., 1995). The proto_-oncogenes, c-fos and c-jun, _are genes requisite 
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for activation of proliferation (McCabe e{ al., 1995) These genes are key molecules in the 

development of osteoblasts and osteoclasts whose inappropriate expression is linked to 

significant bone diseases (Angel.and K~n, 1991). Inactivation of both protein products 

with anti-Fos or-.an~i-Juil family antibodiesstops the entry of Swiss _3T3 cells (fibroblasts) 

into the cell proliferation cycle. lnactiv.ation ·ofc-Fos partially decrea~es the. number of 

cells entering the proliferative cycle, while antibodies to the Jun family greatly decreases 

the number of cells entering the cell cycle (Kovary and Bravo, 1991 ). Both c-fos and c

jun produce prot~~~s~hich form heterodimers,that bind to AP-1 sites located in the 

promoter sequences of many bone specific genes (McCabe et al., 1995). C-fos and c-jun 

have been found to be expressed in higher amounts during osteoblast proliferation in 

vitro, and they may suppress osteocalcin expression (Stein and Lian, 1993). Varga et al. 

(1996) have'shown that c-fos and c-jun mRNAs are nearly undetectable in osteoblasts in 

serum-free med~a. However, addition of epidermal growth factor (EGF) stimulated 

increased c-fos/c-jun mRNA expression. C-Fo~ has been shown to be associated with 

regions of fetal bone that have the highest growth potential {Dony and Gruss, 1987). The 

expression of c-Fos can be modified by parathyroid hormone plus vitamin D and Jun, and 

also IGF-1 plus Jun (McCabe et al., 1995). Over expression of c-Fos in transgenic mice 

. results in marked bone abnormalities (McCabe et al., 1995). Also, inhibition of c-Fos 

expression in mice results in abnormal bone development (Stein and Lian, 1996). 

Egr-.1 is a PRG that displays c-fos-like induction kinetics (Sukhatme 

et al., 1988). Fetal mice have been shown to have high levels of egr-1 expression in 

developing ·bone with egr-I being up-regulated during cell proliferation (Fang et al., 



16 

1995). Egr-1 transcription factor acts similar to c-Fos to bind to gene promoter 

sequences and affects "downstream" gene transcription (Fang et al., 1995.) Typically, 

Egr-1 induction is several-fold greater than that seen for c-fos (Sukhatme et al., 

1988). 

Reverse Transcriptase- Polymerase Chain Reaction (RT-PCR): 

The presence of a gene in a cell does not mean that a gene is being actively 

expressed. However, gene expression can be measured by an analysis of mRNA 

expression. Northern blots can work well for the quantitation of large amounts of RNA, 

but cannot be used for the study of small amolints of RNA (Alwine et al., 1977). 

However, RT-PCR is a powerful tool for the sensitive analysis ofmRNA expression that 

can be used to analyze mRNA even at the smgle cell level (Freeman et al., 1999). The 

initial step in RT-PCR is the generation of a single copy of complementary DNA (eDNA) 

from a single strand o_fmRNA~ Primers for RT-PCR should be designed to flank an 

intron to assess DNA contamination. DNA contamination would be noted by a change in 

the expected product size. RT-PCR without reverse transcriptase is used as a control for 

DNA contamination for primers that do not flank an intron. The RT step is the source of 

most of the variation seen in a quantitative RT-PCR study (Freeman et al., 1999). The 

enzyme utilized in this step is very sensitive to salt levels, alcohols and phenols 

remaining from the RNA isolation. PCR follows_. the RT reaction. PCR builds DNA 

product molecules from the eDNA template formed by the RT reaction. The generation 

of DNA product increases at a logarithmic rate until late in the reaction when the rate of 
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product formation plateaus. Small errors in RT-PCR can be greatly amplified by this 
I '' ~ • • ' I ; 

exponential amplification process and careful techn.lque and adequate controls are 

necessary. 

Internal standards such as the glyceralde-3-phosphate dehydrogenase gene 

(GAPDH) are frequently used as an endogenous standard to control for differences in 

reaction efficiencies or amounts of initial product (Freeman et al., 1999). In the 

exponential phase of amplification, theoretically every DNA is denatured, bound by 

primer and copied (Freeman et al., 1999). In the plateau phase, different amounts of 

initial RNA can give similar amounts of product in the plateau phase because they 

proceed until the supply of a reagent is exhausted (Freeman et al., 1999). The eDNA 

amplification products are measured by "endpoint analysis" or "real-time" monitoring of 

product formation (Freeman et al., 1999). Endpoint analysis evaluates total product at the 

end of a reaction, whereas real-time analysis monitors product formation as the reaction 

proceeds. Endpoint analysis techniques are difficult to use for quantitative PCR because 

they measure formed product in the plateau phase of the PCR reaction. 

The most accurate measurement occurs in the exponential phase through "real-

time" monitoring. Witter et al. (1997) described a technique to monitor real-time data 

using The Light Cycler. This machine utilizes rapid cycling PCR with an ~ntercalating 

fluorescent dye (SYBR Green) which fluoresces when bound to double stranded DNA 

each time it forms during the amplification process. This allows the rapid analysis of 

product formation in the early portion of the PCR reaction before limiting concentrations 

of reactants slow the process. No standard has been set to identify what is a significant 



. MATERIALS AND METHODS 

All~ graft Materials: 

DFDBA demineralized to three specific residual levels of calcium and FDBA 

containing 100% residual calcium were prepared for this study by a commercial tissue 

bank (LifeNet, 5809 Ward Court, Virgingia Beach, Virginia 23455). The tissue bank 

reported the residual calcium contents of the above graft materials as follows: 1% Group, 

39 year old male donor, DFDBA demineralized to 1% residual calcium; 2% Group, 38 

year old male donor, DFDBA demineralized to 2% residual calcium; 3% Group, 39 year 

old male donor, DFDBA demineralized to 3-5% residual calcium content; and FDBA 

Group, 39 year old male donor, undemineralized bone particles containing 100% residual 

calcium. Graft materials from all groups c~e from different individual donors. All 

allograft materials were prepared to a particle size range of250-750 j.lm. 

Residual calcium content was verified by Dr. G.M. Whitford's laboratory at the 

Medical College of Georgia, using an ion specific electrode with a sensitivity limit of 

about 10-6 mol/L (1j.lmol/L). The DFDBA samples containing 1%,2% and 3% residual 

calcium, and the FDBA sample were ashed in a muffle furnace at 600°C overnight. Prior 

to calcium· level determination the calcium in each sample was concentrated into a 

smaller volume for more accurate detection using the hexamethyldisiloxane (HMDS) 

diffusion technique as modified by Whitford and Reynolds (1979). The following is a 

description of the basic technique. Two ml of fluoride-free water were placed into the 

19 



20 

bottom of a nonwettable diffusion dish. A known volume of calcium standard or known 

weight of bone ashed bone samples were added to the water in replicate diffusion dishes·. 

The base trap, which consisted 5 drops (50) J.Ll of0.05 NNaOH, was placed on the inside 

of the top portion of the dish. The inside edge of the lid was sealed to the bottom with· 

vaseline. Two ml of3.0 NH2S04 satur~ted w~_th IfMDS were-added to the bottom by 

syringe through a small hole previously place into the lid of the trap._ The hole was 

immediately sealed· by Vaseline. The HMDS-saturated acid was prepared in advance by 

adding.lOml ofHMDS.to 500 ml of-3.0 NH2S04 in a separatory funnel and shaking 

vigorously for 5 minutes. The diffusion trap was allowed to sit overnight. The top was 

then removed and 25.).1.1 of0:;2Q ~acetic· acid was. added t~ the sodium hydroxide trap to 

form an acetate buffer solution with a pH of 4.8. The final volume of the solution was 

brought to 75 J.Ll by the addition offluoride-free·water. This technique was repeated for 

each standard and sample, th~n analyzed by a calcium ion probe (Orion, Model 94-09A). 

Primary Cell Culture Preparation: 

This animal-use experimental protocol was reviewed and approved by the Animal 

Care and Use Committee, Dwight David Eisenhower Army Medical Center, Fort Gordon, 

Georgia. All animal husbandry and handling were in accordance with the laws and 

regulations concerning the use of animals in biomedical research within the Department 

of Defense as required by Public Laws 89-544, 91-579, 94-279, and 99-198 {The 

Animal Welfare Act and Amendments), Department of Defense Directives, -Army 

regulations and published Health Services Command policy. 
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The phenol red-free minimum essential medium (MEM) formulation used in the 

present study was deyeloped by·Raez, (1997). The medium is composed of phenol-red 

free Dulbecco's Modified Eagle Medium (DMEM, Life Technologies, Grand Island, 

NY), supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Equitech-Bio, 

Inc., Ingram, TX), non-essential amino acids (Sigma Chemical Co, St. Louis, MO), 5000 

units ofPenicillin G plus 5 mg/ml of Streptomycin, 7.5% NaHC03 (Sigma), 10 mM 

HEPES, 0.1% sodium pyruvate, 0.5 mg/ml Gentamicin (Sigma), 0.0125 mg/ml fungizone 

(Life Technologies), 10-8 M 1,25-dihydroxyvitamin D3 (ICN Biochemical, Aurora, OH). 

This formulation ofMEM was designated DMEM. 

DMEM was utilized to maintain cells during calvarial harvest, during ·culture to 

passage 2, and after thawing during culture to passage 4. For experiments 1, 2 and 3, 

passage 4 cells were plated and allowed to attach at 37°C for 12 hr. The DMEM 

previously described was supplemented with 50 IJ.g/ml L-ascorbic acid (Sigma) and 10 

mM J3-glycero-phosphate (Sigma). This medium was designated DMEM+. 

Calvaria were obtained from newborn mice after cervical dislocation. The pups 

were 12-48 hr old, when removed from timed pregnant females (Mus musculus- Hsd: ICR 

[CD-lR®], Harlan Spraque Dawley Company, Indianapolis, IN) .. Calvaria were harvested 

using sterile techniques and materials throughout the collection process. Ninety-nine 

calvaria were collected surgically, the soft tissue and periosteum were removed and the 

bones were then placed in DMEM. The cleaned_calvaria were minced with sharp scissors· 

to form a suspension. This suspension was centrifuged for five minutes at 700 x g. The 

pellet was resu~pend~d in 4 ml of 0.05% collagenase (Worthington Biochemical Corp., 
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Freehold, NJ), and the supernatant was discarded. The suspension was placed in a 30 ml 

beaker, with a stir bar, ,covered with alun1in~ foil, and g~ntly stirred for 20 min on a 

Coming stir plate·. The supernatant containing the freed bone cells was decanted, placed 
. . 

in a 15 ml plastic test tube with 10 ml of DMEM, and centrifuged for seven min at 680 x 

g. 

The supernatant was discarded ~d the pellet was resuspended in 10 ml ofHBSS 

(HBSS, Life Technologies, Grand Island, NY). After centrifuging for seven min at 680 x 

g , the supernatant was discarded and the resulting pellet was resuspended in 4.2 ml of 

DMEM. This suspension was brought to a total volume of 4.5 ml DMEM. This 

suspension was then gently layered on 4.5 ml ofFicoll-Paque (Pharmacia Biotech, 

Uppsala, Sweden). Four sequential digests were. performed in this manner, resulting in 

four 15 ml test tubes with cell suspension on Ficoll-Paque. 

The four tubes with cell suspensions were centrifuged at 650 x g for 50 min at 

21 °C. The resulting huffy coat was then collected from each of the tubes, pooled, and 

resuspended in 14 ml ofHBSS, and centrifuged at 200 x g for seven min. The 

supernatant was discarded and the pellet was resuspended in 4 ml ofDMEM. Twenty-

five J.ll of suspension were removed and mixed with 75 J.ll oftrypan blue (Sigma). 
' . 

Hemocytometer (Fisher Scientific, Norcross, GA) evaluation at 1/4 dilution suggested a 

cell count (of viable cells) of 7.2 x 106 total cells from .the harvest. 

Additional DMEM was placed into the suspension to yield a total of 6 ml. Three 

150 cm2 tissue culture flasks were seeded with 2.4 x 106 cells/flask ( 2 ml of suspension). 

The total volume of media was brought to a volume of 50 ml addition ofDMEM. Flasks 
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were then placed in an incubator at 37°C in an humidified atmosphere of95% air and 5% 

One-half volume media (DMEM) changes were conducted every fourth day in the 

primary culture. The six cultures had reached confluence by day 6 and the first passage 

was conducted. Medium was removed, and 6 ml of collagenase per flask (2.4 U/ml; 

Grade II, Boehringer-Mannheim, Mannheim, Germany) were added. The flasks were 

maintained at 3 7°C for 20 min. The flasks were agitated, and the detached cells washed 

in HBSS and c~ntrifuged at 680 x g for 5 min. The supernatant was poured off, and the 

pellets were resuspended in DMEM. Cells were reseeded onto tissue culh:ITe flasks (150 

cm2
) at two times the original surface area (9- 150 cm2 flasks) and placed into the 

incubator. 

The first passage cells grew to confluence by day 7, and the second passage was 

~onducted as previously described. Tissue culture flasks-(150 cm2
) were seeded at three 

times the surface area of the first passage, resulting in 27 flasks. 

Frozen Cell Culture Technique: 

The second passage cells _grew to confluence on day 7, and the cells were 

prepared for freezing.· The cells were removed using collagenase and centrifugation as 
I 

described previously. The pellets were then resuspended ·in 25% FBS and 75% Cell 

Freezing Medium ( comp~sed ofDMEM with 8. 7% dimethyl sulfoxide [DMSO] and 

methylcellulose; Sigma Cemical Co) at a cell concentration of approximately 3 X 106 

cells/mi. Thirty-seven freezer cry~vials were filled with 1 ml ~of cell suspension, 
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positioned in freezing vessels (Nihon Freeze Company Ltd., Tokyo, Japan) and frozen. 

The cryovials were frozen at a temperature of -80°C over the course of 24 hr. The 

cryovials were then placed in liquid nitrogen for long term storage at -150°C. 

A second calvarial harvest was conducted as described above and produced 30 

cryovials of cells for subsequent use. 

CyOuant Cell Proliferation Assay Standard Curve: 

Fluorescence standard curves for known cell· densities were generated using the 

CyQuant Cell Proliferation Assay (Molecular Probes, Eugene, OR). This assay consists 

of a lysis buffer and a proprietary intercalating fluorescent dye (SYBR Green). SYBR 

Green dye exhibits strong fluorescence enhancement when bound to double-stranded 

DNA and stimulated with excitation at 485 run. 

A cryovial of frozen cells was thawed and plated in a 150 cm2 flask with DMEM. 

The cell culture was taken to the 4th passage. The cells at the 5th passage were treated 

with 6 ml of collagenase to release the cells as described previously. The cells were 

resuspended in a total of 4 ml ofDMEM and serial dilutions were prepared with the 

following cell densities: 50,000 cells, 40,000 cells, 30,000 cells, 20,000 cells, 10,000 

cells, 5,000 cells, 2,500 cells, and 0 cells (cells/200 J.Ll). These serial cell dilutions were 

then plated onto ninety-six well plates (Linbro 96 flat-bottom multiwell plate, Flow · 

Laboratories, Inc., McLean, VA). Eight wells were seeded at each cell density in 96-well 

plates and then immediately placed in the freezer. One hour later, the 96-well plates were 

thawed to room temperature and analyzed using the CyQuant assay. 
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CyQuant reagent was prepared according to manufacturer's directions. The 

supplied concentrated, cell lysis, buffer stock solution was diluted 20-fold in distilled 

water. The CyQuant-GR stock solution was also diluted 400-fold with the diluted cell 

lysis buffer into a plastic container, which was wrapped with foil to protect from light 

exposure. Exactly 200 J.!l of the CyQuant-GR solution was added to each well, and the 

fluorescence of the samples was measured (excitation at 485 nm with 20 nm bandwidth 

filter and emission at 530 nm with 25 nm bandwidth filter; CytoFluor 2300 Fluorescence 

Measurement System, Millipore Corp., Bedford, MA). Dilutions of the original assay 

celllysates at a 1: 10 ratio (20 J..Ll cell lysate mix to 180· J.!l CyQUANT -GR working 

solution) were also prepared and fluorescence measured as previously described. 

Fluorescence was plotted versus cell:number to establish standard curves (Figure 1). 

Determination of Allo.graft Volume for Cell Proliferation Studies: 

One cryovial of osteoblasts was thawed to room temperature and grown to 

passage 4 and released from the flask as previously described. Four replicates of 2.5 x 

10-4 cells per study group were placed in each 24-well plate (Linbro 24 flat-bottom 

multiwell plate, Flow Laboratories, Inc., McLean, VA) and allowed to attach at 37 C for 

12 hr. Five plates were prepared for S~time points in the culture: day 0, 7, 14, 21, and 28. 

_Ten mg ofDFDBA prepared to~% residual calcium were placed into a 20 ml 

sterile beaker and 10 ml ofDMEM+ were added. The beaker was then sonicated for 30 

sec to immerse the allograft material. The DMEM+ was then poured off leaving a moist 

mass of allograft material. Fol1f replicate wells per 24 well plate received 0.4 cm3
, 2.0 cm3 



Figure 1. 

CyQuant Cell Proliferation Assay Standard Curve. 

Serial dilutions of 4th passage osteoblasts were plated onto 96-well plates in-the following 
dilutions: 50,000 cells, 40,000 cells, 30~000 cells, 20,000- cells, 10,000 cells, 5,000 cells, 

2,500 cells, and 0 cells ( cells/200J..Ll). The cells were then frozen for 1 hour and cell 
numbers were determined using the CyQuant Assay. 

Values are means of 6 wells per group; bars are standard deviations, and actually fall on 
the data points. 

Y -axis is the mean fluorescence units value. 
x~axis is mean number of osteoblasts .. 
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and 15.0 cm3 per 1.8 cm2 well ofDFDBA _containing 2% residual calcium. These 
. . 

volumes correlated to a dry weight ofOA5 mg, 2.36 mg and 13,56 mg, respectively. The 

graft materiai was placed into each well using a sterile endodontic retrofilling amalgam 

carrier (K-G Retrofilling Amal~am Carrier, Item #248.25 21J7,'Union Broach Corp). · 

The cultures were incubated at 3 7°C, with one-half volume media (DMEM +) 

changes ·every 4 days. For each time-point, the 24-well plate was removed from the 

incubato~, medium poured off, wrapped in plastic wrap and placed in -80°C freezer for 

subsequent analysis. 

The 24-well plates were thawed to room temperature, and CyQuant reagent was 

prepared according to manufacturer's directions. 1.715ml of reagent were added to each 

well, and the fluorescence of the samples (excitation at 485 nm with 20 nm filter and 

emission at 530 nm with 25 nm filter; CytoFluor 2300 Scanner) was detemiined. Mean 

cell number was plotted versus each condition to visualize cell proliferation. Dilutions of 

the original assay celllysates at a 1: 10 ratio (20 p.l cell lysate mix to 180 IJ.l CyQUANT-

GR working solution) were also prepared and fluorescence measured as previously 

described. 

Experiment 1: Cell Proliferation in the presence ofDFDBA and FDBA: 

Two cryovials of osteoblasts were thawed to room temperature, grown to passage 

4 and released from the flask as previously described. Four replicates of2.5 x 104 cells 

per study group were placed in each 24-well plate (Linbro 24 flat-bottom multiwell plate, 

Flow Laboratories, Inc., McLean, VA). Five plates were prepared for 5 time points in the 
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culture: days 0, 7, 14, 21, and 28. Three plates were prepared for mRNA harvest at time 

0, 1 hr, and day 4. One plate was prepared for alkaline phosphatase staining on day 21 

and one plate was prepared for Von Kossa staining on day 14. The cells were allowed to 

attach for 12 hours and then either DFDBA prepared to three specific levels of residual 

calcium content (1 %, 2%, and 3%) or FDBA was added to the culture. 

DFDBA prepared to three specific levels of residual calcium content (1 %, 2%, 

and 3%) and FDBAwere divided into the following groups for placement into culture: 

Control Group, osteoblasts only; 1% Ca ++ Group, osteoblasts plus DFDBA containing 1% 

residual calcium; 2% Ca ++ Group, osteoblasts plus DFDBA containing 2% residual 

calcium; 3% Ca++Group, osteoblasts plus DFDBA containing 3-5% residual calcium; and 

FDBA Group, FDBA containing 100% residual calcium. 

Ten mg of each DFDBA group and FDBA were placed into individual20 ml 

sterile beakers and 10 ml of DMEM+ were added to each. Each beaker was then 

sonicated for 30 sec to immerse the. allograft" materiaL The DMEM+ was then poured off, 
. . . 

leaving a moist mas~ of allograft material. Four replicate wells per plate received 0.4 cm3 

of o.ne of the graft materials. The-graft materials (0.4·cm3
) were placed into each well 

using a sterile endodontic retrofilling ~algam carrier 

Cultures were incubated at 37°C, and half the media (DMEM+) changed every 4 

days. For each time-point, tli~ 24-well plate ~as removed fr~~ the incubator, medium 

poured off, wrapped in plastic wrap and placed in -80°C freezer for'analysis.at the end of 

the prolifera~ion study. 

When the cell proliferation time course syudy was completed, the plates were 
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prepared for cell proliferation analysis. Twenty-four well plates were thawed to room 

temperature, prepared and analyzed as previously described. Mean cell number was 

plotted against each condition to visualize cell proliferation. Dilutions of the original 

assay celllysates at a 1: 10 ratio (20 J.Ll cell lysate mix to 180 J.Ll CyQUANT -GR_ working 

solution) were also prepared and fluorescence was measured as previously described. 

Experiment 2: Cell Proliferation in the presence ofDFDBA and FDBA: 

The cell proliferation time course was repeated and analyzed with cells from a 

second cell harvest as described in Expreiment 1. 

Osteoblast Phenot)lle Characterization: Von Kossa Stain: 

The Von Kossa staining technique is a metal substitution reaction. The Von Kossa 

method is used to demonstrate the presence of calcium in mineralized nodules of cell 

cultures. Silver is substituted for calcium, forming a metallic salt with the anion of the 

" 
calcium salt. The silver salt that results is then reduced to metallic silver in the presence 

of bright light. A sodium thiosulfate rinse is used to remove excess silver nitrate, leaving 

distinct, darkly stained nodules (Thompson, 1966; Putt, 1972). One 24-well plate frorri 

Experiment 1 and one 24-well plate from Experiment 2 were prepared as previously 

described. Plates were cultured for 21 days under the conditions previously described 

and then stained to analyze mineralized n~dule forrilation. 'Medium was poured off the 
., 

24-well plate. Then the cells in each i~dividual well were rinsed with P;BS and fixed in 

one rill of absolute ethanol per well (Fisher Scientific) for one min. One ml of a 5% 
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silver nitrate solution (Fisher Scientific) was then placed into each well, and the plates 

were placed under UV light for 20 min for a total amount of energy of 3.6 J/cm2 (UV 

Stratalinker 1800, Stratagene, LaJolla, CA). The cells were then rinsed with deionized 

water, and one ml of 5% sodium thiosulfate· solution was placed in each well for two min. 

This step was followed by a second rinse in deionized water. Then the cells were 

counterstained for five min in nuclear fast red solution.. The nuclear fast red stain was 

prepared by adding 0.1 J.tg nuclear fast red to 100 ml of 5% aluminum sulphate under 

heat, and then adding thymol after filtering (obtained from Department of Pathology, 

DDEAMC). The wells were rinsed with deionized water, air-dried and evaluated 

microscopically for the presence of black nodules characteristic for mineralization of the 

extracellular matrix. The cells were photographed at 24 times original magJ#fication 

using an inverted microscope (Nikon Diaphot 300 inverted microscope, Tokyo) 

connected to a color video camera (Sony 3CCD Color Video Camera model DXC-

960MD, Tokyo). Images were evaluated on a desktop computer using the Scion Image 

software program (Scion Corporatio~, NY). 

Osteoblast Phenotype Characterization: Alkaline Phosphatase Assay: . · 

Cells were examined for the presence of alkaline phosphatase using a 

commercially available test kit (Alkaline Phosphatase, Sigma Diagnostics, St. Louis, 

MO). Osteoblasts were seeded onto 24-well plates, allograft materials added, and plates 

incubated as in Experiment 1. The plates were removed on day 14 for alkaline 

phosphatase staining. Cells in each well were fixed for 30 sec in a citrate-acetone-
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formaldehyde solution. The cells .were then rin~ed with distilled ~ater, and stained for 15 

-min at room temperature, in the dark, with a diazonium salt solution (sodium nitrate I fast 

red violet alkaline solution I naphthol 6-bromo-2-hydroxy-3-naphthoic acid-2-methoxy 

anilide phosphate, AS-BI, solution). A second rinse with distilled water was performed, 

and the cells were counterstained with hematoxylin for two min. A final rinse with tap 

water was made,. and the plate was air-dried. The presence of red dye (indicating the 

presence of the enzyme alkaline phosphatase) in the cytoplasm of the osteoblasts was 

evaluated microscopically. The cells were photographed at 24 times original 

magnification using an inverted microscope (Nikon Diaphot 300) connected to a color 

video camera (Sony 3CCD). Images were evaluated on a desktop computer using the 

Scion Image software program (Scion Corporation). The plate prepared for alkaline 

phosphatase staining on day 21 in Experiment 2 was evaluated using the same technique. 

Cell Cultures for mRNA Extraction: 

The 24-well tissue culture plates were seeded and allograft materials added to 

each well as described in Experiment 1. Each plate was incubated under the conditions 

previously described. Cells were harvested for mRNA collection at time 0, day 1, and 

day 4, day 7, day 14 and day 21. 

RNA Isolation: 

Osteoblast RNA was harvested' at culture time-points of time 0, day 1, day 4, day 

7, d~y 14, and day 21. Total RNA from each test group was extracted.and isolated using 
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acid-guanidium thiocyanate-phenol-chloroform. Medium was removed and cells were 

lysed directly in the culture well by adding 0.2 ml ofTRizol reagent (Life Technologies, 

Grand Island, NY) per well. The TRizol reagent was allowed to act for 5 min at 30°C to 

permit the complete dissociation of the nucleoprotein complexes. The lysates were 

passed several times through a pipette, and alllysates from the four sample wells from 

each group were pooled into one 0.8 ml sample. Phase separation was achieved by 

adding 0.16 ml of chloroform and vortexing each tube. All tubes were then centrifuged at 

12,000 x g for 15 minutes at 2°C. The .colorless upper aqueous phase containing the RNA 

was removed by sterile 1ml pipette and placed in a clean tube. RNA was precipitated by 

mixing the RNA phase with 0.4 ml of isopropyl alcohol, incubating for 10 min at 30°C 

and followed by centrifugation at 10,000 x g at 2°C for 10 min. The supernatant was then 

poured off, le~ving a visible gel-like pellet. The RNA pellet was washed with 0.8 ml of 

7 5% ethanol and after vortexing, was centrifuged at 7,500 x g for 5- min at 2°C. After 

pouring off the ethanol, the pellet was air-dried for 10 min, and was dissolved in 0.2 ml 

ofRNase-free Tris buffer (Tris-HCL, pH 7.6). Samples were then frozen at -80°C for 

later use. 

Removal of DNA Contamination from RNA Samples: 

100 J.ll samples of each RNA were mixed with 11 J.ll of restriction enzyme buffer 

B (6 mM Tris-HCL, 6 mM MgC12, 50 mM NaCl, and 1 mM DTT at pH 7.5; Promega, 

Madison, WS, Lot# 4502606) and 1 f..ll ofDNAase I, RNase-Free (Ambion, Inc., Austin, 

TX, Lot# 332) for a total volume of 112 J.ll. The mixtures were then incubated for 30 
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min.at 37°C. RNA was extracted from this mixture by extraction utilizing Trizol reagent 

as previously described. Two f..ll of a previously prepared glycogen reagent solution were 

added prior to the addition of the isopropanol in the Trizol protocol sequence, to enhance 

RNA precipitation. The glycogen reagent solution consisted of 80 f..ll of 0.5 M EDTA (pH 

8.0), 120 f..ll of nuclease-free water and 1 Jll of molecular biology grade glycogen (20 

mg/ml, Boehringer, Mannheim). The remaini~g steps of the extraction process were 

unchanged from those previously described. ·Each sample then underwent aRT -PCR 

reaction using GAPDH primers (with and without reverse transcriptase) to test for DNA 

contamination (Figure 11 ). 

Quantitation of RNA in Samples: 

The amounts of RNA harvested and still present ·after the DNA decontamination 

process in each sample were determined using a fluorescent nucleic acid stain for RNA in 

solution (RiboGreen RNA quantitation kit, Molecular Probes, Inc., Eugene, OR). A IX· 

strength TE (Tris-EDTA; 10 mM Tris-HCl and 1 mM EDTA at pH 7.5) working solution 

was prepared by diluting the concentrated buffer 20-fold with nuclease-free water. 

Stand~d curves were prepared first utilizing the supplied ribosomal R,NA standard at an 

initial concentration of 100 J..lg/ml. Serial dilutions of the standard RNA sample, 

RiboGreen reagent and volume of the TE working solution were prepared to produce a 

high-range standard curve with final RNA concentrations in RiboGreen assay from 20 
:'•'' . 

ng/ml to 1 J..lg/ml (~d ~ bl~) .. A low-r~ge standard curve with RNA concentrations · 

from 50 ng/ml to 1 ng/ml (and a bl~) was also prepared. Samples were placed in 96- . 
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well flat-bottom plates (Linbro). Fluorescence of the samples was measured using a 

fluorescence microplate reader and standard fluorescein wave lengths (excitation 485 nm 

and emission 530 nm). RNA samples were analyzed in a similar manner using 1 J.Ll of 

RNA sample, 99 J.Lls of the TE working solution and 100 J.Lls of the RiboGreen reagent. 

RNA samples were diluted in RNase-free Tris buffer {Tris HCL, pH 7.6) to equal 

amounts based on the results of the RNA quantitation. 

Reverse Transcriptase-Polymerase Chain Reaction Protocol (RT-PCR): 

Reverse transcription was performed under the following conditions: 5.0 mM 

MgC12, 0.5X PCR buffer II, diethylprocarbonate (DEPC) treated water, 0.5 mM dNTPs, 

0.5 U/ J.Ll RNase inhibitor, 1. 75 U/J.Ll MuL V reverse transcriptase, and random hexamers 

at a final concentration of 1.75 J.LM. (GeneAmp RNA PCR Kit, Perkin Elmer/Roche 

Molecular Systems,l~ranchburg, New Jersey). Reagent tubes were kept cool during 

processing' by placing all tubes in aluminum sample holders in an 'icebath container. 

Samples were pla~ed in MicroAmp reacti~n tubes (Perkin Elmer) and inserted into a 

thermocycler (GeneAmp PCR System 2400, Perkin Elmer/Roche Molecular Systems, 

Branchburg, NJ) .. Reverse transcription was facilitated by a·· single cycle consisting of 15 

min at 42°C (For eDNA template generation), 5 min at 99°C (to terminate the reaction) 

ending with 5 min at 5°C. Samples prepared for semi-quantative analysis were prepared 

by doubling the RT reagents and sample to achieve a final volume of20 J.Ll. 

The polymerase chain reaction was utilized to amplify the eDNA products· 

resulting from the reverse transcription. For each one J.Ll volume of eDNA product, a 
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master mix of the following reagents w'as added: 1 mM MgC12, 0.5X PCR buffer IT, 

DEPC treated DI water and 1.25 U/1 00 Jll AmpliTaq DNA polymerase. Primers for use 

in this experiment were designed by Dr. Frank Niagro, Clinical Investigations Division, 

Eisenhower Army Medical Center utilizing the software program Gene Runner (Hastings 

Software, Hastings, NY), and were synthesized by Genosys Biotechnologies, Inc., The 

·Woodlands, TX (Table I). Forward and reverse primers were prepared from 100 JlM 

concentrates by adding 5 J.tl of each primer to 90 Jll ofDI water. The PCR master mix 

contained 1.0 Jll of the primer master mix. 

RT products that were to undergo semi-quantitative analysis, were split evenly, 10 

Jll each, into two Microamp tubes and PCR reagents added to each tube as described 

previoulsy. 

Thermocycling for polymerase chain reaction consisted of 2 min at 95°C as the 

initial melting step. This step was followed by a touchdown cycling program of 30 

cycles of 5 sec, and annealing step starting at 65° C and decreasing by 0.5°C for 5 sec, 

72°C for 5 sec, finally ~nding with 30 sec at 72°C. The products were stored in tightly 

capped vials at room temperature ~d analyzed by using gel electrophoresis. 

Agarose Gel Electrophoresis: 

Two percent agarose gels for electrophoretic separations were prepared using 

Tris- Boric Acid, EDTA Buffer (0.089 M Tris-borate, 0~089 M boric acid and 0.002 M 

EDTA [TBE], Fisher Biotech, Fair Lawn, NY) and agarose (Fisher Biotech). Two gm of 

agarose per 100 ml of0.5X TBE buffer were·brought to a boil and held until the agarose 
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Table l 

Primer Sequences Used for PCR Amplification 

Gene Gene Sequence 5'-3'(Forward) Product LightCycler 
Bank 3'-5' (Reverse) Size (bp) Mgcr 

Accession Concentration 
# 

GAD PH M32599 CCGGTGCTGAGTATGTCGTG 597 3mM 
GAGGACGCTGAAGTTGTCGT 

HistoneH4 J00422 ATGTCTGGCAGAGGAAAG 266 1mM 
GCGATACCTACACCACAT. 

Histonem X02621 · CAAGGCCCAGAAGAAGGAC 316 1mM .. 
CAGTGGTTCATGTGGTCGAGG 

c-fos J00370· GCAGACTGAGATTGCCAATC 525 3mM 
" GACTGAGGAAGGGTTCGAC 

Egr-1 L33779 ACTGGAGGAGATGATGCTGC 450 3mM 
CGAAGTAGCAGAAGGAGACG 

IGF-1 X04480 CTGGACCAGAGACCCTTTG 266 1mM 
GTAATGTTTCTACCCGTAAAG 

Type-1 U08020 CTGCTGGTGAGAAAGGATC 554 1mM 
Collagen .CCAGTAGCACCGAAGAGA 

Osteocalcin LZ4431· CCAGACCTAGCAGACACATG 422· 1mM 
GAAGTACAGGITCGTCCTcc· 

Osteopontin X12697 GACCATGAGATTGGCAGTG 484 1mM 
GTTAGCAGGGATGTCAGcr 

The above primers were used for PCR reactions. A primer master mix was created by 
adding 5 pi each of the forward and reverse primer to 90 pi, of DEPC treated DI water. 
1 pi of the primer master mix was added to the PCR master mix. Magnesium Chloride 
(MgCI-) concentrations were standardized at 1.5 mM MgCl- for RT-PCR. Magnesium 
Chloride concentration were optimized for primers used in Quantitative PCR (Light· 
Cycler) reactions. 
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dissolved. The solution was allowed to cool in a 60°C water bath and then 100 ml was 

poured into a 15cm2 gel tray. 

Gels were placed horizontally in a bath of 0.5X TBE buffer for gel 

electrophoresis. Sample buffer (6X) consisted of0.25% bromophenol blue and 30% 

glycerol in H20. One f.!l of loading buffer and five f.!l of each sample were mixed and 

pipetted, under buffer, into the wells present in the gels. Gels electrophoresis was 

conducted an 80 rilAmp constant current for approximately 2.5 hr (BioRad Subcell GT 

bath and Bio Rad Power Pac 300). After electrophoretic separation, DNA was stained 

using SYBR Green 1 nucleic acid gel stain (Molecular Probes), for 45 min at room 

temperature. Product bands were visualized with an optical scanner recording 

fluorescence emission at 520 nm with an excitation wavelength of 497 nm (Storm 860 

Optical Scanner, Molecular Dynamics, Sunnyvale, CA). A Semi-Quantitative analysis 

ofiGF-I was based on pixel density data generated by the optical scanner and Image 

Quant software (Molecular Dynamics). PCRproduct for the test p~iners for IGF-I was 

normalized to GAPPH product produced from the saine RT reaction (Figure 12). 

Quantitative RT -PCR: 

Batch eDNA copies .were made from .purified RNA preps using a commercially 

available kit (GeneAmp RNA PCR]Gt; PE Biosystems, Foster City, CA). Briefly, 3 f..ll 

of purified total RNA (36-78 ng) were incubated for 15 min at 42°C in a 20 f..ll reaction 

mixture containing 10 mM Tris-HCl; pH 8.3; 50 mM KCl; 5 mM MgC12; 1 mM each of 

dATP, dCTP, dGTP, and dTTP; 1 Unit ofRnase inhibitor; 2.5 Units ofMuLV reverse 
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transcriptase, and 2.5 J.LM random hexamer oligodeoxynucleotides. Reactions were 

terminated by incubating at 99°C for 5 min and held at soc until extracted. Five J.ll of 

Strataclean™ resin (Stratagene, La Jolla) were added and the mixture mixed by 

vortexing. The mixture was centrifuged at 13,000 x g for 5 min and the supernatant 

carefully decanted to a clean micro tube. The extracted eDNA prep was stored at -20°C 

for later analysis. 

One J.Ll of extracted eDNA was subjected to PCR amplification in a LightCycler™ 

model LC24 (Idaho Technology, Inc., Idaho Falls, ID) in a 10 J.Ll reaction mixture 

containing 50 mM Tris-HCl; pH 8.3, 500 J.tg/ml bovine. serum albumin, 200 mM each 

dNTP, 1:30,000 dilution of SYBR Green I (Molecular Probes, Eugene, OR), 0.05 U/J.Ll of 

Thermus aquaticus DNA polymerase (from GeneAmp RNA PCR kit), 11 ng/ul of 

TaqStart™ antibody (Clontech, Palo Alto, CA), 5 J.LM each primer, and MgC12 at a 

concentration optimized for each primer pair (see Tables I). Standard curves for 

quantitation were established for each amplification run by including reaction cuvettes 

with known starting quantities (copy number) of purified PCR products (specific product 

.) 

for each primer pair). Serially diluted standards and unknowns were simultaneously 

amplified using the same PCR master mix. Correlation coefficients for each plotted 

standard curve were assessed to determine levels of confidence in the calculated values 

for the unknowns in each amplification run (Figure 2). 

Quantitative data were normalized to the cellular housekeeping gene, 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). One J.ll samples from each eDNA 

preparation (different eDNA preps were made for each experimental group to be 



. Figur,e 2. 

Representative LightCyler quantitation output for c-fos RNA. 

Data presented include SYBR Green I fluorescence versus cycle number (top right) and 
the log of fluorescence versus cycle number (bottom right). The LightCycler software 
calculates a "noise band" line based on a best fit of the initial reaction kinetics 
(fluorescence data) to an exponential curve. The log of the fluorescence increase at the 
point where each data. set crosses the "noise band" is a linear function and the cycle 
number at which the curve intersects the "noise band" is a called a crossing point. 
Crossing points for the known standards (serially diluted specimens with known numbers 
of DNA template.s) are plotted versus the log of the concentration of those standards in a 
standard curve (bottom left). The value for each unknown specimen is calculated from 
the standard curve and presented as a concentration value (top center). Correlation 
coefficient (error) for the standard curve is included for the assessment of confidence in 
each data set. 
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compared) were assayed for relative levels of GAPDH mRNA. Levels of other evaluated 

RNAs were adjusted relative to one another according to the relative GAPDH levels in · 
. . 

each eDNA prep. Data were piotted relative to the Control Group specimens which were 

arbitrarily set to a value of 1 (Figure 2). 



Results 

Residual Calcium Levels of Graft Materials: 

Pieces of demineralized freeze~dried bone allograft with three different specific of 

residual calcium contents, and freeze-dried bone allograft were obtained from LifeNet 

Tissue Bank. DFDBA was supplied in the three different residual calcium content 

groups: 1% residual calcium, 2%residual calium, and 3-5% residual calcium. FDBA was 

supplied with 23% resid:ual calcium which is 100% of calcium contained in the original 

allograft. The reported residual calcium amount in each of the graft materials was 

measured with a calcium ion sensitive probe in order to verify that graft materials 

contained the residual calcium levels reported by the manufacturer (Table IT). For these 

verification measurements, FDBA was used as a positive control. The calcium to . . . 

phosphorus ratio for each graft material was used as an internal control. The theoretical 

calcium:phosphor~us ratios of analyzed bone grafts is approximately 2:1, and the actual 

calcium:phosphorus ratios fell at or near this theoretical value. 

Osteoblast Characterization: 

Osteoblast-like cells were harvested. from the calvaria of one-day-old mouse pups. 

Cells were grown to second passage and frozen for subsequent use as described in the 

Materials ~d Methods. The frozen cells were thawed and grown to the fifth passage _for 

use in this study. Characterization of the cultured cells was done to verify 

41 
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Table II 

Residual Allograft Calcium Determination 

1%Ca+DFDBA 1.66 .69 2:1 2.41_:1 
2%Ca+DFDBA 2.04 ~83 2:1 2.46:1 

3.,5% Ca + DFDBA 4.37 2.07 2:1 2.11:1 
FDBA 23.41 10.6 2:1 2.21:1 

The percentages of residual calcium and residual phosphate were determined for the 
various DFDBA and FDBA·samples used in this study. These values are compared to the 

reported residual calcium levels and the theoretical Ca:P ratio of 2:1. 
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osteoblast phenotypic qualities. Light microscopic visualization. of the harvested 

cellsrevealed polygonal shaped cells consistent with the described osteoblast in vitro 

phenotype (Figure 3). Alkaline phosphatase expression was seen in all cell groups 

( Figure 4). In vitro mineralization nodules were noted after staining with Von Kossa 

stain (Figure 5). Although not quantified, the FDBA group appeared to exhibit a higher 

number of mineralization noqules at 21 days (Figure 5). RT /PCR analysis of cellular 

RNAs revealed Type-/ collagen expression and IGF-1 expression, both of which are 

consistent with the reported osteoblast phe~otype (Figures 6 and 7). 

Graft Aliguot Volume Determination: · 

Two cell proliferation studies were done with osteoblasts from different cell harvests 

to determine the amount of graft material needed to stimulate cell proliferation in the 24-

well culture plates used in this study. Demineralization of the graft material is a surface 

effect. Therefore, DFDBA was placed into 1.8 cm2 wells (containing 25,000 osteoblasts) 

per well by volume rather than by weight. Osteoblasts were exposed to the following 

volumes of2% DFDBA: 0.4 cm3/1.8 cm2 well, 2.0 cm3/1.8 cm2 well, and 15.0 cm3/1.8cm2 

well. Both 0.4 cm3 and 2.0 cm3 DFDBA aliquots were found to produce proliferation at 

two weeks. However, the optimum amount of DFDBA appeared to range between 0.4 

cm3/1,8 cm2 well and 2.0 ~m3/1.8 cm2 well (Figure 8). Based on these results and those 

by Zhang et al. (1997b), the volume 0.4 cm3/1.8 cm2 well was chosen as the volume of 

allograft to use for the cell proliferation and RNA experiments in the present study. 



Figure 3. 

Phase contrast photomicrograph demonstrating clusters of P4 osteoblasts cultured in the 
presence ofDFDBA. 

Individual cells appear flat in two dimensions but are actually polygonal in shape, 
· (arrows). 

Day 4, 0.4 cm3 2% Ca ++ DFDBA aliquot per 1.8 cm2 well. 
(Original magnification x 24) 
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Figure 4. 

Brightfield ph~toinicrograph of P4 osteoblasts in culture. 

Alkaline phosphatase staining. 
Arrow indicates positive (red) alkaline phosphatase sta~n 

Day 14, control. 
(Original magnification x 40) 
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Figure 5. 

Brightfield photomicrographs of P4 osteoblasts in culture. 

Von Kossa staining, nuclear fast red counter stain. 
Blue arrows indicate mineralization nodules. DFDBA particles are noted at the top and 

left sides of photomicrograph B. 
(Original magnification x 24) 

A. Day 21, control osteoblasts, no graft material. 

B. Day 21, osteoblasts plus 0.4 cm3 2% Ca++ DFDBA. 

C. Day 21, osteoblasts plus 0.4 cm3 FDBA. 
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B. 
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Figure 6. 

RT-PCR products for Type I Collagen~ 
. . . . 

Type I Collagen specific RT-PCR product of RNA extracted from osteoblasts cultured in 
the presence ofno graft, 0.4 cm3 2% Ca++ DFDBA or 0.4 cm3 FDBA.per 1.8 cm2 well. 

. r . . 

Samples from time 0, 1 hour, day 1, day 4, and day 21. 
Separated electrophoretically on 2% agarose gel. 

Note: Type I Collagen product is 554 bp as expected. 

M. 1 kilobase DNA ladder. 
1. Control osteobla&ts, no graft, time 0. 
2. Control osteoblasts, no graft, 1 hr. · 
3. Osteoblasts plus 2% Ca ++ DFDBA, 1 hr. 
4. Osteoblasts plus FDBA, 1 hr. 
5. Control osteoblasts, no graft, day-1. 
6. Osteoblasts plus 2% Ca ++ DFDBA, day-1. 
7. Osteoblasts plus 0.4 cm3 FDBA, day-1. 
8. Control osteoblasts, no graft, day 4. 
9. Osteoblasts plus 2% Ca ++ DFDBA, day 4. 
10. Osteoblasts plus 0.4 cm3 FDBA, day-4. 
11. Control osteoblasts, no graft; day-21. 
12. Osteoblasts pl~s 2% Ca++ DFDBA, day-21. 
13. Osteoblasts plus FDBA, day-21. 
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517 bp 



Figure 7. 

RT-PCRproductsfor /GF-1. 

IGF-I specific RT-PCR products of RNA extracted from osteoblasts cultured in the 
presence of no graft, 0.4 cm3 2% Ca ++ DFDBA or 0.4 cm3 FDBA per 1.8 cm2 well. 

Samples from time 0, 1 hour, day 1, day 4, arid day 21. 
Separated electrophoretically on 2% agarose gel. 

M. 1 kilobase DNA ladder. · 
1. Control osteoblasts, no graft, time 0. 
2. Control osteoblasts, no graft, 1 hr. 
3. Osteoblasts plus 2% Ca++ DFDBA, 1 hr. 
4. Osteoblasts plus FDBA, 1 hr. 
5. Control osteoblasts, no graft, day-1. 
6. Osteoblasts plus 2% Ca ++ DFDBA, day-1. 
7. Osteoblasts plus 0.4 cm3 FDBA, day-1. . 
8. Control osteoblasts, no graft, day-4. 
9. Osteoblasts plus 2% Ca ++ DFDBA, day 4. 
10. Osteoblasts plus 0.4 cin3 FDBA, day-4. 
11. Control osteoblasts, no graft, day-21. 
12. Osteoblasts plus 2% Ca++ DFDBA, day-21. 
13. Osteoblasts plus FDBA, day-21. 
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Figure 8. 

Effect of increasing amounts of 2% Ca ++ DFDBA on proliferation of mouse osteoblasts in 
vitro. 

Osteoblasts were grown to day 14 and cell numbers determined with CyQuant Assay. 
Values are means of 4 wells per group; bars are standard deviations. 

Group 1 - Yellow: control osteoblasts. 
Group 2- Blue: 0.4 cm3 DFDBA per 1.8 cm2 well. 
Group 3 -Green: 2.0 cm3 DFDBA per 1.8 cm2 well. 
Group 4- Orange: 15.0 cm3 DFDBA per 1.8 cm2 well. 
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·Experiments I and 2 Cell Proliferation in the presence ofDFDBA or FDBA: 

The.effects of the various levels of residual calcium in. the freeze-dried bone allograft 

materials on osteoblast proliferation were examined in two separate cell proliferation 
(,]). 

studies, experiments I and 2, each utilizing cells from different cell harvests (Figures 9 

and I 0). Experiments I and 2 contained the following groups: I) osteoblasts only 

(control), 2) osteoblasts plus I% Ca++ DFDBA, 3) osteoblasts plus 2% Ca++ DFDBA, 4) 

osteoblasts plus 3-5% Ca ++ DFDBA and 5) osteoblasts plus FDBA. Osteoblasts were 

seeded at 25,000 cells/1.8 cm2 well on 24 well plates for I2 hr in DMEM+ and allowed to. 

attach at 37°C. 0.4 cm3 aliquots ofDFDBA and FDBA were then placed into the 

appropriate wells. Cells were maintained by one-halfvolume ofDMEM+ media change, 

every four days. Cells were allowed to grow for up to 28 days with replicate plates ·being 

harvested on days 0, 7, I4, and 28 for analysis. 
' 

No significant differences in cell proliferation were seen among osteoblasts 

exposed to DFDBA containing the different amounts of residual calcium at any time 

point in Experiments I and Experiment 2. Therefore, data for all DFDBA groups within 

each experiment were pooled and compared to the control osteoblasts and osteoblasts 

plus FpBA groups. The total cell proli_feration in ·Experiment 2 was 2~fold greater than 

the total cell proliferation seen in Experiment I (Figures 9 and I 0). Although the total 

cell proliferation numbers from each study differed, the results from both proliferation 

' 
studies showed similar statistically significant trends (Figures 9 and I 0). Osteoblasts 

exposed to DFDBA exhibited statistically significant proliferation when compared to 

either osteoblasts ~lone, or to osteoblasts plus FDBA. Osteoblasts grown in the absence 



Figure 9. 

Experiment 1: Effects of percent residual calcium in DFDBA on proliferation of mouse . 
osteoblasts in vitro. 

Osteoblasts were grown to day 14 and cell numbers determined with CyQuant Assay. 
Data from all 3 residual calcium DFDBA groups were pooled. Each group was 

significantly different from each of the other groups. Values are mean of 12 wells for the 
DFDBA group and 4 well~ for the control and DFDBA groups; bars are standard 

deviations. 

Control osteoblasts - Yellow 
Osteoblasts plusDFDBA- Blue 
Osteoblasts plus FDBA - Green 
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Figure 10. 

Experiment 2: Effects of percent residual calcium in DFDBA on proliferation of mouse 
osteoblasts in vitro. 

Osteoblasts were grown to day 14 and cell numbers determined with CyQuant Assay. 
Data from all 3 residual calcium DFDBA groups were pooled. Each group was 

significantly different from each of the other groups. Values are mean of 12 wells for the 
DFDBA group and 4 wells for the control and DFDBA groups; bars are standard 

deviations. 

Control Ost~oblasts -Yellow 
Osteoblasts .plus DFDBA- Blue 
Osteoblasts plus FDBA - Green 
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of allograft exhibited significantly less proliferation than osteoblasts exposed to DFDBA, 

and they exhibited significantly more proliferation than osteoblasts exposed to F:pBA. 

Osteoblasts exposed to FDBA exhibited significantly less proliferation than did the 

control osteoblasts or the osteoblasts exposed to DFDBA. 

RNA Analysis: 

An initial screening of gene expression was performed for, c-fos, histone H-4, 

histone H2b, type I collagen, GAPDH, osteopontin, osteoca/cin and /GF-1. RNA 

samples were screened at time 0, 1 hr, day 4, day 7, day 14 and day 21. We utilized RT

PCR, follo.wed by gel electrophoresis, and computerized image analysis to analyze the_ 

RNA. The results showed that c-fos expression varied with no significant differences 

between any test groups. Histone H-4 and histone H2b showed continuous gene 

expression at all time points with no significant differences .. between any groups (Figure 

11 ). Type-I collagen showed strong expression at all time points in all samples (Figure 

6). The osteop9ntin arid osteoca/cin PCR products were noted to have· an· incorrect 

product size compared to the predicted product size (not shown). Based on these 

screening results, further studies were limited to IGF-I and GAPDH expression at one hr 

and day 4. IGF-I gene expression was increased significantly-by exposure of osteoblasts 

to 3% Ca++ DFDBA at 1 hr when compared to all other groups (Figure 12,13). /GF-I 

expression was reduced significantly in the 2% Ca ++ DFDBA group at one hr when 

compared to all other groups. IGF-I expression was reduced significantly in the FDBA 

gioup at 1 hr when compared to all groups. The /GF-I expression in the control group· 



Figure 11. 

RT-PCR analysis of RNA from osteoblasts grown in the presence of allografts containing 
· different amounts of residual calcium. 

RNA extracted from osteoblasts in culture with 2% Ca + DFDBA and FDBA. 
Primers used for GADPH, Histone H2b, and Histone H4. 

Samples from time 0 and 1 hour. 
Separated electrophoretically on 2% agarose gel. 

M. 1 kilobase DNA ladder 
1. Control osteoblasts, time 0. 
2. Control osteoblasts, 1 hour. 
3. Osteoblasts plus 2% Ca+ DFDBA, 1 hour. 
4. Osteoblasts plus FDBA, 1 hour 

- indicates no reverse transcriptase 
+ indicates reverse transcriptase 
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Figure 12. 

RT-PCR analysis of RNA from osteoblasts grown in the presence of allografts containing 
different amounts of residual calcium. 

RNA extracted from osteoblasts in culture with 1% Ca++, 2% Ca++, 3% Ca++ DFDBA and 
FDBA. 

Primers used for IGF-1 and GAPDH. 
GAPDH primers for internal controls. 

Samples from time 0 and 1 hour. 
Separated electrophoretically on 2% agarose gel. 

M. 1 kilobase ladder 
1. Control osteoblasts, time 0. 
2. Control osteoblasts, 1hr .. 
3. Osteoblastsplus 1% Ca++DFDBA, 1 hr. 
4. Osteoblasts plus 2% Ca ++, 1 hr. 
5. Osteoblasts plus 3% Ca ++, 1 hr. 
6. Osteoblasts plus FDBA, 1 hr. 
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Figure13. 

·Normalized IGF-1 Expression at.] hour. 

Cultured osteoblasts exposed to allograft containing specific levels of residual calcium. 
Samples taken at 1 hr. 

Blue - Control osteoblasts. 
Purple - Osteoblasts plus 1% Ca ++ DFDBA. 
Green - Osteoblasts plus 2% Ca ++ DFDBA. 
Yellow- steoblasts plus 3% Ca++ DFDBA. 
Orange - Osteoblasts plus FDBA . 
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and 1% Ca ++ DFDBA group were reduced significantly at one hr when compared to the 

3% CA++ DFDBA group. /GF-I expression in the control group and 1% Ca++ DFDBA 

group at one hr were increased significantly when compared to the 2% Ca ++ DFDBA 

group and to the FDBA group. However, comparison of the IGF-I expression of the 

control group and in the 1% Ca~. DFDBA showed no significant difference. The 
' ., . ' 

' . . . ' ' 

GAPDH gene was constituitively expressed in all groups which allowed if to be used as a 

normalizing control ; 

Primary Response Gene Expression: 

The effects of differ~nt amounts of residual calcium ~~ bone graft materials on 

osteoblasts at the level of gene response were examined via rapid cycling RT -PCR. This 

technology became available late in the study. Rapid cycling can detect low copy 

numbers of DNA during the early log phase of the polymerase chain reaction 

amplification. A fluorescent dye bound to double stranded DNA allows the fluorimetric 

detection of PCR products as each copy is formed. This provides a more sensitive 

analysis of the initial amounts of eDNA present in each sample at the start of the PCR 

reaction when all reactants are not rate limiting optimum levels. Based on initial data 

from this study and a review of the literature, the c-fos and egr-/primary response genes 

that are known to be responsive to bone morphogenetic proteins were selected for study. 



Figure 14. · 

Relative c-fos expression - day 4. 

Osteoblasts exposed to allograft containing specific levels of residual calcium. 
RNA samples taken at day 4. 

Control osteoblasts - Green 
1% Ca ++ DFDBA group- Blue 
2% Ca ++ DFDBA group- Dark Blue 
3% Ca ++ DFDBA group- Purple 
FDBA group - Yell ow 
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Figure 15. 

Relative Egr-1 expression- day 4. 

Osteoblasts exposed to allograft containing specific levels of residual calcium. 
RNA samples taken at day 4. 

Control osteoblasts - Green 
1% Ca ++ DFDBA group - Blue 
2% Ca ++ DFDBA group- Dark Blue 
3% Ca ++ DFDBA group- Purple 
FDBA group - Y ell~w 
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RNA expression for c-fos was significantly (10-fold) up-regulated at day 4 in osteoblasts 

exposed to FDBA when compared to all other groups (Figure 14). RNA expression for 

egr-l was significantly (40-fold) up-regulated at Day 4 in osteoblasts exposed to FDBA 

when compared to all other groups (Figure 15). 



DISCUSSION 

Periodontal disease is due to a pathologic bacterial insult that results in damage to 

host tissues that ends in the loss ofthe supporting strucnp-es ofthe teeth (periodontal 

ligament and bone) and often the teeth themse~ves. The ability to, treat and retain teeth is 

a ·,quality of life issue on both a practical and psychological level. Demineralized freeze-

dried bone allograft (DFDBA) preparations have been used for over two decades in 

periodontics to enhance the r~generation of the. periodontal support apparatus (Reynolds 
. . 

and Bowers, 1996a) to provide afunctional and esthetic outcome. 

The exact mechanism of action ofDFDBA on periodontal tissues is still not 

known. There have been many theories proposed on how DFDBA stimulates 

osteoinductivity. DFDBA may release BMPs that stimulate proliferation and 

differentiation of osteoblasts (Urist et al1965). DFDBA demineralized to specific 

residual levels of calcium could act as nucleation sites for remineralization (Zhang et al. 

1997a). Osteoblasts have calcium-like sensing receptors that could potentially detect 

changes in calcium released or adsorbed by DFDBA or FDBA (Kantanani et al., 1991; 

Leis et al., 1994; Brown and Harris, 1996). DFDBA may act to increase surface area and 

adsorb growth factors, which would change the healing environment in either a positive 

or negative way (Carnes et al., 1999). One important concept is that high numbers of 

DFDBA particles may cause decreased cell proliferation in vitro which may have 

implications in the clinical arena (Zhang et al., 1997). 
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Histologic studies have-shown that DFDBA can stimulate regeneration ofthe 

periodontal ligament, cementum and bone (Bowers et al., 1989). However, the clinical 

use ofDFDBA has resulted in successful but unpredictable regenerative results (Becker, 

1994; Mellonig, 1995). There are many possible variables which may result in 

differences in the regenerative potential ofDFDBA, for example: donor age, allograft 

preparation and sterilization, particle size, and BMP content of the material. Allograft 

osteoinductivity should be verified prior to clinical use (Schwartz et al., 1996). However, 

commercial tissue banks only provide the donor age and the particle size of the allograft, 

and do not provide verification of a~lograft osteoinductivity to the basic scientist or the 

clinical practitioner. 

DFDBA preparation by the tissue banks appears to be a critical, and potentially 

the most manageable step in providing a graft material with a predictable level of 

osteoinductivity for patiert~ treatment. The ability to standardize the residual calcium 

content of DFDBA provides control of one variable in allograft processing. 

Standardizing the residual calcium content may provide benefits beyond standardizing the 

amount of calcium in the allograft. For example, potential benefits include optimum 

exposure ofBMPs and prevention ofBMP denaturation. Additionally, residual calcium 

could act as nucleation sites for remineralization (Zhang et al., 1997b ). 

A tissue bank prepared the DFDBA (demineralized to three specific contents of 

residua!" calcium) and FDBA used in the present study. The residual calcium contents of 

all allografts used in this study were evaluated by calcium ion sensitive probe. Our 

results indicated that the residual calcium content for each of these materials fell into the 
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ranges reported by th~ tissue bank (Tabl~ II); Previous s~dies ~ave verified the residual 
. ' 

calcium content of allografts using the Arsenazo III calcium assay (Zhang, 1996). 

However, by using the HMDS calcium ion (Ca+) concentration technique, the calcium ion 

probe can be sensitive to 1 J.Lmol/L Ca +, and is a much more sensitive technique than to 

the Arzenazo III assay. Therefore, the confidence that th~ tissue bank can produce 

DFDBA with the desired residual calcium levels remains high based on our results. This 

controlled demineralization process, developed by Zhang (1996), may also decrease or 

eliminate the variability of the-tissue bank processing techniques on the osteoinductivity 

ofDFDBA. 

The mouse calvarial cells that were cultured for this study exhibited an 

osteoblastic phenotype, di~playing many of the morphological, histological, 

histochemical, and gene expression characteristics previously reported for osteoblasts 

(Pockwinse et al., 1992; Stein and Lian, 1993). Light microscopic observation of the cell 

cultures over time showed that the cell morphology progressed as described previously 

(Pockwinse et al., 1992). The cell morphology ranged from spindle-shaped to polygonal 

during the early stages and reached confluence by day 6 which is in agreement with 

Bellows et al. (1986). Spindle-shaped cells appeared early in our cultures and were 

rapidly over grown by large cells with highly convoluted borders consistent with the 

osteoblasts as described by Wong ~d Cohn (1974)(Figure 3). Also, the cells in the 

present study grew in clumps and became multilayered throughout the culture well,. 

which is similar to the osteoblasts described previously by Gerstenfeld et al. (1987). 
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The osteoblast cells in this study produced Von Kossa stainable mineralized 

nodules at day 21 (Figure 5). The ability of these cells to produce mineralized nodules is 

consistent with an in vitro osteoblast phenotype seen in other primary cell cultures (Stein 

and Lian, 1993). While not quantified in the present study, it was noted that cells 

exposed to FDBA for 21 days, appeared to form more mineralized nodules that_i either the 

cells that were exposed to DFDBA or the control cells (Figure 5). Since this is a cross-

. sectional observhtion of in vitro mineralization and not a longitudinal study of 

mineralization, few definitive conclusions can be made from this finding. However, the 

formation of mineralized nodules by osteoblasts in vitro is consistent with a shift in these 

cells from a proliferative state to a more differentiated state (Stein and Lian, 1993). This 

qualitative finding that FDBA appeared to stimulate more nodule formation at day 21 is 

consistent with the finding that osteoblasts exposed to FDBA for 21 days showed less 

proliferation than both the control osteoblasts and the cells exposed to DFDBA. A 

· possible explanation is that the cells exposed to FDBA were stimulated to undergo further 

differ~ntiation at an earlier stage in culture. 

The osteoblast cells in this culture system exhibited positive alkaline phosphatase 

staining (Figure 4) which is a known characteristic of osteoblasts (Whitson et al., 1983). 

In the present study, alkaline p~osphatase expression was used to verify an osteoblastic 

phenotype. No attem?twas made to use changes :in alkaline phosphatase expression to 

measure the effects of DFDBA or FDB.A on the .osteoblast culture. However, a 

quantitative alkaline phosphatase protein assay similar to that used by Zhang et al. 



65 

(1997) may hav~ provided useful information on the effects ofDFDBA and FDBA on 

mouse osteoblasts in vitro. 

The results from the present study showing that the cells in our model system 

produce mRNA for Type-I Collagen and for IGF-1 (Figures 6 and 7) along with 

previously reported -findings (Stein and Lian, 1996) strongly support our contention that 

the cells in this study exhibit an osteoblastic phenotype. 

. The osteoblasts in our study exhibited relatively low of cell proliferation rates and 

less of a tendency to progress to a more differentiated phenotype. This is in contrast to 

many other studies utilizing primary calvarial osteoblasts in studi~s of cell proliferation 

and differentiation (Owen et al., 1990; Aubin et al., 1993; Stein and Lian, 1993; Liu et al., 

1993). In these studies, osteoblasts more predictably progressed to a more differentiated 

state with marked cell proliferation during the 14 day culture period. It should be noted 

that the cells in the present study were harvested from 24-48 hr old mouse pups while 

cells from the previous studies were harvested from fetal rats at 21 days gestation (Owen 

et al., 1990; Aubin et al., 1993; Stein and Lian, 1993; Liu et al., 1993). The cells 

harvested in the pres-ent study may be of a more mature phenotype than those used in the 

previous studies .. This suggestion is related to the level of differentiation at the time of 

harvest of the cells in these studies. This is consistent with unpublished eel~ receptor 

\ 

expression data (Niagro, 1998). These unpublished data indicate that these osteoblasts 

have a more osteocytic than osteoblastic receptor expression. Therefore, cells of a more 

differentiated phenotype would be- expe_cted to have a decreased potential for proliferation 

based on the results of previous studies reported in the literature. -
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The effects of using different volumes ofDFDBA (at 3 different residual calcium 

levels) on cell proliferation were evaluated in Experiment 1. FDBA has a density of 2.1 

gm/cm3 while DFDBA has a density of 1.1 gm/cm3
• Placi:ng FDBA ·and DFDBA by 

weight would result in less FDBA being placed into wells when compared to DFDBA. 

This weight discrepancy could potentially affect the results seen in this study. Therefore, 

we decided to place DFDBA and FDBA into wells based on volume. We found that 0.4 

cm3 2% Ca++ DFDBA/1.8 cm2 well and 2.0 cm3 2% Ca++ DFDBA/1.8 cm2 well stimulated 

the best proliferative response (Figure 8). Based on these results and previous reports 

(Zhang et al. 1997a,b), a volume of0.1cc/1.8 cm2 well was chosen as the volume of . . 

allograft to use in our study. It was interesting to note that using higher volumes of 

DFDBA decreased proliferation, which supports similar findings by Zhang et al. 

(1997a,b). Sampath et al. (1984) found that BMPs have a growth response relationship 

when added to fibroblast cell cultures. Hauschk:a et al. (1988) proposed that the 

inhibitory effect of large numbers ofDFDBA particles on cell proliferation in vitro may 

be caused by the growt~ factors (BMPs) contained in the DFDBf\. If high particle 

numbers of D~DBA particle do in fact cause decreased osteoblast proliferation in vivo, 

then the ~se·oftoo much DFDBA dliD,ng regenerative therapy could be detrimental to the 

final clinical outcome. This may mean that an inactive agent, which would act as a 

spacer, may need to be a(.ided to DFDBA to allow the the optimum n~ber ofDFDBA 
. . 

particles and BMPs that stimulate osteoinductivity to be placed into a periodontal 

intrabony defect. This would be clinically relevant since periodontal intrabony defects 

are filled by volume. 
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To my knowledge, this is the first in vitro study to place DFDBA and FDBA by 

volume instead of weight. Possible reasons for increased amounts DFDBA ·content 

causing decreased cell proliferation include contact inhibition, faster stimulation of cells 

to a more differentiated phenotype, or cytotoxicity (Zhang et al., 1997). Addit~onally, 

DFDBA and FDBA may act by adsorption of growth factors or media components, as 

well as, by the release of calcium or growth factors. 

Osteoblasts from two separate cell harvests were evaluated for proliferation when 

exposed to either DFDBA of three specific residual calcium contents, or to FDBA. 

Cultured osteoblasts without graft material served as a negative control, while FDBA was · 

used as a 100% residual calcium content control. 

Osteoblasts exposed to DFDBA with either 1%, 2%, or 3% ca++ residual calcium 

content did not show any significant differences among these groups for proliferation in 

experiments 2 or 3. DFDBA with either 1%, 2%, or 3% Ca++ residual calcium content 

appear to have the same effect on proliferation. Therefore, the data from all of the 

DFDBA groups were combined for statistical analysis. Osteoblast cultures exposed to 

DFDBA, regardless of the residual calcium content, showed. small but significant 

increases in cell proliferation in this study (Figures 9 and10).: In contrast, osteoblasts 

cultured with FDBA exhibited a significant decrease in cell.proliferation when compared 

to cultures with DFDBA, or cultures without graft materials. 

Our results are consistent with the increased cell proliferation stimulated by 

DFDBA in rat osteosarco~a cells at day 2 (Huang et al., 1988) and on days 2-5 (Shteyer 
' . . . ' . 

et al., 1990). Our re~ults differ fr~m those of Zhang et al. (1997) who found no 
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significant effect ofDFDBA on cultured human periosteal cell proliferation~ One 

possible reason for the difference in these results may be related to the use of a periosteal 

explant cell line versus the use. of a enzymatically harvested calvarial cell line. Our 

results also differ from Carnes et al. (1999) who found no effect ofDFDBA on cell 

proliferation in cultured transgenic mouse calvarial cells. Carnes et al. (1999} used 10 mg 

2% Ca++ DFDBA/1.8 cm2 which is approximately 22-fold higher than the amount that we 

used in our study. The amount used by Carnes et al. (1999) is similar to the amount 

found by Zhang et al. (1997a,b) to produce decreased osteoinductivity, and to the amount · 

in the present study that produced a decrease in cell proliferation. 

Additionally, the use oft 0% FBS in the media in this study ·must be addressed 

when comparing our res~lts to those ofprev1ous ~tudies. FJ3S has been shown to be 

necessary for osteoblast proliferation. However, previous studies· using similar culture 
•r :., 

models have used serum free or lo"Yer levels of FBS than the 10% FBS used· in this study 

(Zhang et al., 1997a,b; Carnes et al., 1999). These previo,us studies found no significant 

osteoblast prolifer~tion when expo,sed tq DFDBA .. Minimal, or no FBS may render the 

osteoblasts incapable ~f responding to proliferative stim~li from the DFDBA. FBS 

contains many hormones and growth factors, therefore, the inclusion of 10% FBS in our 

media may have had a more potent effect on cell proliferation than the DFDBA or FDBA 

graft materials. However, our similar results in two cell proliferation studies are 

consistent with a positive proliferative effect by DFDBA, and a negative proliferative 

effe~t by FDBA which is seen even in the presence of 10% FBS. 
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The results from Experiments 1 and 2 in the present study showed similar 

proportional changes in cell proliferation when exposed to DFDBA or FDBA. However, 

Experiment 2 showed twice as much total cell proliferation when compared to 

Experiment 1 (Figures 9 and 1 0). · The amount of cell proliferation seen in Experiment 1 

is similar to the levels of cell proliferation seen in the preliminary determinat!on of the 

allograft vol~e to be used for testing in this study (Figures 8 and 9)~ This suggests that 

the cells in Experiment 2 may have had a different level of phenotypic differentiation 

than the cells in Experiment 1. Enzymatically harvested calvarial osteoblasts contain a 

heterogeneous population of cells ranging from stem cells through pre-osteoblasts to fully 

differentiated osteoblasts (Bellows et al., 1990). Potentially, a less differentiated 

osteoblast cell may have been stimulated to proliferate in Experiment 2. However, the 

effects ofDFDBA and FDBA on the·two groups of cells from the two separate cell 

harvests were consistent. This sugges.~s that we are seeing the true effects ofDFDBA and 

FDBA on cell proliferation and not differences due ~lm.ply to level of differentiation. 

Gerie expression for type-I collagen was found to be strong from one hr through 

day 21 in all groups (Figure 6). This represents a slower progression to a more 

differentiated osteoblast cell type than was seen is studies using fetal rat calvarial cells 

(Stein and Lian, 1993). Histone H4 mRNA expression .is increased in proliferating cells 

and histone H2b mRNA should be increased in cells which are more differentiated 

(Onyia et al., 1995). In the present study, histone H2b and histone H4 expression were 

consistently, but variably expressed ·from one hr to day 21. These findings may indicate a 

heterogeneous cell population with cells in different stages of cell differentiation. Liu et 
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al. (1997) using in situ irinnunocytochemisty and poly(A)-PCR have shown that 

morphologically identical cultured osteoblasts exhibit a heterogeneous protein phenotype 

and the repertoire of gene expressed and their levels of gene expression varied-markedly 

between individual osteoblasts. They suggest that the in vitro osteoblast phenotype is not 

a unique phenotype and that not all mature osteoblasts are functionally identical. The 

consistent type-/ collagen and histone H 4 gene expression noted in this study support the 

interpretation of the cell proliferation dat~ tha:t the effects of DFDBA/FDBA are not 

simply due to th~ ·cells in the two experiments being at different levels of differentiation. 

While statistically significant IGF-I ffiR.l\fA increases were seen, the relative 
. . 

. . . ' 

importance of the small difference i~·equivocal. These changes appear small, 0.33 to 3-

fold changes in mRNA expression (Figure 13). Many articles in the literature consider. 

changes more on the magnitude of 10-fold increases'in-mRNA expression to be 

significant (Freeman et al.,.1999). IGF-I expression is up-regulated in osteoblast cell 

cultures undergoing proliferation (Conover, 1996). The1GF-I mRNA data are not 

consistent with the cell proliferation results seen .in this study. Based on the cell 

proliferation results, IGF-I gene expression would be expected to increase in all the 

DFDBA groups instead of in only the 3o/o ca++ DFDBA group as seen in this study. RT-

PCR is a technique sensitive experimental tool. Stringent control techniques were used to 

allow detection of small mRNA changes. The failure to show physiologically significant 

changes in /GF-I expression may be due the small amount of initial template mRNA or 

measurement of product ·forme4 in the plateau phase of the reaction. Further studies 

using protein assays for /GF-I and /GF-I binding proteins in conjunction with analysis of 



the change in /GF-1 mRNA expression in the early exponential phase ofPCR may 

provide more convincing proof of the significance of change of /GF-i mRNA expression 

upon exposure to DFDBA and FDBA. 
J 

The ability to monitor PCR product formation in the more accurate exponential 

phase of the reaction became available late in this study. The ability of The Light Cycler 

thermocycler technique to rapidly analyze product formation during the PCR reaction has · 

great potential (Freeman et al., 1999). The significant increase in the expression of the 

primary response genes c-fos and egr-1 at one hr in the FDBA group are very interesting. 

The c-fos mRNA expression 'Yas increased 10-fold and egr-1 mRNA expression was 

increased 40~fold l?y FDBA when compared to all groups at one:hr{Figures 14 and15). 

Incr~ased · c-fos mRNA expression by itself doe.s not indicate a probable increase in cell 

proliferation. Analysis of c-jun mRNA expression would need to be done since the c-Fos 

protein must bind th~ c-Jun prot~in to form a heterodimer capable of stimulating the AP-1 

promoter and cell proliferation (Angel and Karin, 1991). ·The increase of c-fos mRNA 

expression could be consistent with an early increase in cell proliferation in the FDBA 

group. This might result in an early entry into a more differentiated state with a 

concomitant decrease in cell proliferation similar to that seen in the FDBA group at 14 . 

days. Early stimulation by FDBA of osteoblast proliferation followed by differentiation 

would be consistent with the observation of increased nodule formation in the FDBA 

group at Day 21 when compared to all other study groups. A study with earlier and more 

frequent cell proliferation samples might have detected such a shift in cell proliferation. 
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The increased egr-I mRNA expression seen in the FDBA group at one hr is 

consistent with the c-fos mRNA expression results. Sukhatme et al. (1988) found that 

increased egr-I induction was· see1:1 when c-fos ~A increased, and that the egr-I 

induction was several fold .greater than that seen for c-fos. Our results are similar in that 

th~· egr-i ·mRNA expression was 4 fold greater than the c-fos mRNA expr.~ssion .. 

Increased c-fos and egr-I expression at one hr appear to be consistent with the 

decreased proliferation and increased mineralized nodule formation seen in osteoblasts 

exposed to FDBA at day 21. IGF-I expression does not appear consistent with any other 

findings in this study. While the cells in this study phenotypically resemble osteoblasts, 

they appear to pass more slowly through the well known stages of proliferation and 

differentiation. DFDBA was found to stimulate more proliferation than FDBA and 

osteoblast controls, while FDBA caused decreased proliferation compared to osteoblast 

controls. However, differences in proliferation based on specific levels of residual 

calcium were not shown. 

Based on the findings of the present study, we propose that DFDBA stimulates 

increased osteoblast proliferation, and that FDBA may stimulate an increase in cell 

proliferation at an earlier time (1 hr) t~an DFDBA. This could result in the osteoblasts in 

the FDBA group differentiating at an earlier time point with a resultant decrease in cell 

proliferation at 14 days. 



SUMMARY 

The cells in this study exhibited a morphology and phenotype consistent with 

osteoblasts. For example, cells in this study showed positive alkaline phosphatase 

expression and formation of mineralized nodules. A qualitative observation was made 

that cells exposed to FDBA exhibited increased mineralized nodule formation at 21 days 

when compared to all other groups. Additionally, expression of genes consistent with 

osteoblasts (c-fos, egr-1, type-I collagen and /GF-1) was noted. 

Osteoblasts exposed to DFDBA in varied amounts by volumes showed 

differences in proliferation. 0.4 cm3 2% Ca++ DFDBA and 2.0 cm3 2% Ca++ DFDBA 

were found to increase cell proliferation, while 15.0 cm3 2% ca++ DFDBA stimulated less 

cell proliferation. 

Osteoblasts exposed to DFDBA exhibited significantly more proliferation than 
1 

either the control osteoblasts, or ostyoblasts expose4 to FDBA. Osteoblc~.sts exposed to 

FDBA exhibited significantly less cell proliferation than control ~steoblasts or osteoblasts 
'• . 

exposed_ to· DFDBA. While cell proliferation in all DFDBA groups was ·significantly . 

increased, no significant differences on cell proliferation were found between the 1%, 

2%, or 3% ca++ grp~ps. 

Semi-quantative analysis of histone H2b, histone H4, and type-I collagen gene 

expression detected no significant changes in these genes over the course of the study. 

1GF-i gene expression using semi-quantative analysis was found to be significantly 

73 
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increased in the 3% Ca++ group when· compared to.all other groups. IGF-1 expression in 

the FDBA group was significantly_ decreased when compared to control; 1% Ca ++, and 

3% Ca++ groups and was significantly increased over the FDBA group. IGF-1 expression 

in the 2% Ca++ group was significantly decreased in comparison to all other groups. 

While these changes in gene expression appear statistically ·significantly different, they do 

not appear physiologically significant according to standards established in the literature. 

Quantitative analysis of c-fos gene expression up-regulated 1 0-fold at 1 hr in the 

FDBA group when compared to all the other groups. Egr-1 expression at 1 hr, was up-

regulated 40-fold when compared to all other groups. 

CONCLUSION 

We conclude that in this in ·vitro-murine osteoblast model: 1. DFDBA stimulates 

significant increases in osteoblast proliferatio~, ~· _FD~A significantly decreases 

osteoblast proliferati~n and sigllificantly increase·s· PRG expression consistent with a 

change to a more differentiated osteoblast phenotype. 
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