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I. INTRODUCTION 

A. STATEMENT OF THE PROBLEM 

Bone resorption and bone deposition are normally coupled processes that are 

maintained in homeostasis. In periodontal disease, these normally coupled 

processes lose their linkage and the resorption of bone dominates in the oral cavity 

causing the bone loss observed in periodontal disease. This is related to the 

inflammatory response that is produced by the body in response to the stimulus of 

periodontal pathogens. Osteoclastic bone resorption is stimulated by the 

inflammatory process, but the exact mechanism of induction of the resorptive 

process is not completely understood. In most cell cultures, osteoclastic bone 

resorption . cannot be induced without the presence of osteoblasts in the culture 

·(Owens. et al., 1996). Osteoblasts are believed to communicate with each other 

via. gap junctions to integrate and aniplify biochemical signals (Duncan and 

Turner, 1995). Osteoblasts have been theorized to function as transmitters of bone 

resorptive signals to the osteoclast (Rodan and Martin 1981). Also, osteoblasts 

have receptors for parathyroid hormone and parathyroid hormone related peptide 
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while osteoclasts do not possess these receptors (Silva et al., 1994). Therefore, 

osteoblasts seem to play a role in the induction of osteoclastic bone resorption. In 

addition, osteoblasts may induce osteoclastic bone resorption through the release 

of biochemical factors. Osteoblasts may communicate the message for the release 

of the factors that induce resorption via the gap junctions that provides intercellular 

communication. 

The goal of this study was to determine if gr~wth factors or inflammatory 

mediators alter the expression of gap junction proteins on cultured human oral

derived osteoblast cells. 
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B. REVIEW OF RELATED LITERATURE 

Gap junctions are sites where adjacent cell membranes closely approach 

each other, but where a small gap or separation exists (1-2nm) (Schwarzmann et 

al., 1981 ). These sites are .comprised of a number of homologous proteins called 

connextns. These connexins are encoded by a single gene family. Specific 

connexins are usually associated with more· than one cell or tissue. type and even 

specific cell types may express more than one connexin type (Bruzzone et al., 

1996). These connexins form a gap junction with a dodecamer of six monomers 

in the membrane of each adjoining cell which forms a channel between the two 

cells called a connexon (Unwin, 1989). This channel formed between the two cells 

by this complex protein allows for the passage of small molecules of any charge up 

to 1kDa in size and is about 1.2nm in diameter (Schwarzmann et al., 1981). 

Proteins and nucleic acids are excluded, but many second messengers and other 

small molecules such as calcium ions and cyclic AMP can pass through the 

channel (Saez et al., 1989). Cell to cell communication may be accomplished by 

these second messengers passing through these gap junctions. 

Gap junctions have also been implicated in growth control. They have been 

theorized to provide a conduit between cells for the diffusion of a intracellular 

factor such as a negative or positive growth regulator to control cell growth 

(Trosko et al., 1990). Evidence for control of cell growth is that there is an inverse 
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correlation seen between the extent of intercellular communication and the rate of 

cell growth (Lowenstein and Rose, 1992). After cellular wounding, significant 

changes in connexin expression and in intercellular communication have been 

noted in keratinocytes in vivo (Goliger and Paul, 1995). Gap junctions are not just 

thought to control growth and healing, but are implicated in the maintenance of 

homeostasis of fully.differentiated cells. Even cell nutrition can flow from cell to 

cell through gap junctions. Metabolites can flow ·through gap junctions leading to 

metabolic cooperation between cells (Hobbie et al., 1987). 

Morphologic studies with the electron microscope ·have shown that gap 

junctions exist between osteoblasts and osteocytes and between osteoblasts and 

osteoblasts (Doty, 1981). Osteoblasts are highly interconnected by gap junctions 

with a typical osteocyte (enclosed within its lacuna), having as many as 80 

cytoplasmic processes that connect with up to 12 neighboring cells. with gap 

junctions at the sites where the overlapping canalicular processes meet. (Rodan, 

1993). Gap junctions also connect superficial osteocytes to periosteal and 

endosteal osteoblasts, and junctions connect periosteal osteoblasts with 

' . 

preosteoblasts which are connected to each other (Doty, 1989). Gap junctions 

have also been closely associated with osteoclasts jn rat calvarial bone. These 

were present on the upper surfaces ·of multinucleated c·ells located in resorption 

bays and the junctions appeared to be located between the osteoclasts and the 
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overlying mononuclear cells (Jones et al., 1993). This implies one possible means 

of communication between osteoblasts and osteoclasts. 

Connexin-43 is a specific connexin that is associated with cardiac 

myocytes, uterine muscle, smooth muscle, kidney and osteoblasts and other cells 

and organs throughout the body (Schirnnacher et al., 1992) .. It has been postulated 

that these gap junctions may play a role in intercellular communication and that 

specifically connexin-43 may play a role in osteoblast intercommunication, 

especially communicating signals for differentiation and growth. In animal 

studies, gap junction expression has be-en shown to increase and decrease during 

various developmental stages and has been seen in mesenchymal cells at sites of 

bone formation before the osteogenic phenotype has been expressed (Minkoff et 

al., 1994). 

Gap junction coupling contributes to :the mechanism by which osteoblasts 

integrate and magnify extracellular signals both biophysical and hormonal. This 

was demonstrated by Donahue et al., 1995, in a study with a mutant bone cell line 

deficient in gap junctions that was much less responsive to parathyroid hormone 

than a cell line with gap junctions intact. Parathyroid hormone has been shown to 

increase the expression of connexin-43 on osteoblasts (Schiller et al., 1992). It 

has been suggested by both Duncan and Turner, 1995 and Lanyon, 1993 that gap 

junction communication facilitates integration and amplification of extracellular 

signals critical to the regulation of bo:n.e remodeling. Control of this gap junction 
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communication could be by conformational change of the gap junction proteins 

that occludes the channel or by the form~tion and degradation of the gap junctions. 

Closing of the channel can be by phosphorylation or acidification of the gap 

junction proteins (Trosko et al., 1990). The turnover of connexin-43 'in vivo and in 

cell cultures can be only a few hours (Musil et al., 1990). Since the turnover of 

gap junction proteins is so rapid, this may be the way intercellular communication 

is controlled. 

In reviewing the immunological aspects of periodontal disease and bone 

loss, many cytokines have an effect on bone development, growth and resorption. 

Interleukin-1 (IL-l) is known to be a potent stimulator of osteoclastic bone 

resorption (Gowan~.1983). Many other cytokines, growth factors and mediators 

such as IL-6,'IL-8 TGF-beta and PGE2 appear to play a role in the regulation of 

bone resorption and deposition (Offenbacher et al., 1981). 

1. Prostaglandin E2 

Prostaglandin E2 (PGE2) is synthesized from arachidonic acid (ARA), a 20 

carbon essential ·fatty acid that is normally present in mammalian . cells in a ester 

form within membrane phospholipid pools (Offenbacher et al., 1993). The 

enzyme that metabolizes the production of PGE2 is cyclooxygenase and is present 

within cells in an active state. The formation of prostaglandins is limited by the 
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amount of new enzyme present as it undergoes irreversible inactivation after 1,300 

cycles of ARA metabolism into PGE2 (Hemler et a!., 1980) .. During irtfl~mmatory 

responses, target cells such as fibroblasts, monocytes and polmorphonuclear 

leokocytes (which contain high levels of ARA and cyclooxygenase) secrete large 

amounts of PGE2 (Offenbacher eta!., 1993). 

It has been known for decades that nanomolar levels of PGE2 produce bone 

resorpt~on in vitro (Klein & Raisz, 1970). A correlation between levels of PGE2 in 

the gingival crevicular fluid and active periodontal disease has also been 

demonstrated (Offenbacher eta!., 1981). PGE2 has been postulated as a marker for 

active periodontal disease· and as possibly the primary cause of the collagen 

degradation and bone loss that occurs in periodontal disease (Offenbacher eta!., 

1993). In bone cultures, PGE2 stimulates osteoclastic bone resorption by el~vating 

cyclic AMP levels in bone, by increasing . the numbers of osteoclasts and by 

increasing osteoclast activity and motility (Chambers & Dunn, 1983). Complement 

activation can also induce bone resorption via a .PGE2 dependent mechanism 
; 

(Sandberg eta!., 1977). Osteoclasts resorb bone by the release of proteases that 

dissolve the extracellular matrix and by secreting hydrogen ion that releases the 

bone mineral. It has been shown that PGE2 increases hydrogen ion secretion of 

osteoclasts (Anderson eta!., 1986). Studies of the crevicular fluid levels of PGE2 

(which correspond to the tissue levels), demonstrate that gingival health is found at 

an average level of 20.5 ± 7 ng/ml of PG E2. while. adult periodontitis patients have 
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an average of 57.5 ± 9 ng/ml and in patients with active attachment loss a level of 

305.6 ± 56.5 is found (Offenbacher et al.~ 1986). Many studies demonstrate the 

effects of PGE2 on osteoblasts. Applied cyclic stretch to osteoblast-like cells 

(from a rat osteosarcoma cell line) produced increased DNA synthesis, collagen 

synthesis and enhanced alkaline phosphatase activity. This cyclic stretch also 

reduced the levels of PGE2 in the media. Upon addition of exogenous PGE2 to the 

media alkaline phosphatase activity decreased significantly (Nishioka et al., 1993). 

The PGE2 receptor is a small membrane-associated protein of 450 amino acids that 

is highly coupled to G proteins, which upon coupling increase intracellular cyclic 

AMP (Sibley et al., 1987). The osteoblast cell line MC3T3-EI (from newborn 

mouse calvaria) has been shown to have PGE2 receptor subtypes. Receptor 

subtypes were characterized as. follows: EPI, which promotes cell growth and 

increases intracellular calcium on stimulation, EP2 and EP4, which mediate the 

differentiation of osteoblasts and increase cyclic AMP levels, and EP3, which 

decreases cyclic AMP in the osteoblastic cells (Suda et al, 1996). Receptor 

subtype expression may explain the multiple effects of PGE2 on osteoblasts. 

Receptor subtype expressibn may vary with the stage of osteoblastic cell 

differentiation. PGE2 has also been demonstrated on osteoblast-like cells in 

culture to induce phosphoinositide hydrolysis, cyclic AMP production and calcium 

ion influx into the osteoblasts. (Tokuda et al, -1994). These effects_· are dose 

dependent and different dose levels produce each of the three acti:ons listed above. 
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IL-13 and IL-4 suppress the bone resorption induced by IL-l alpha in 45 Ca 

prelabeled mouse long bones. This effect is· mediated by suppressing a 

cyclooxygenase -2-dependent prostaglandin synthesis (Onoe eta/., 1996). Also, in 

this study indomethacin suppressed the IL-l alpha effect (indomethacin is a 

cycloxygenase inhibitor). This study reinforces the role that PGE2 plays in 

osteoclastic bone resorption. Parathyroid hormone is known as a bone resorbing 

hormone and in a study on its effects on human trabecular bone cultures, it elicited 

PGE2 production by the osteoblasts (Macdonald eta/., 1984). The regulation of 

insulin-like growth factor binding protein expression in fetal rat osteoblast cultures 

is by PGE2, growth hormone. and insulin-like ·growth factors (McCarthy et a/., 

1996). Insulin-like growth factors (IGF's) are locally produced anabolic growth 

factors in bone and bind to insulin-like growth factor binding proteins (IGFBP's) 

which can modify the activity of the insulin-like growth factor activity. IGFBP's 

· may delay, potentiate or inhibit the activity of IGF's. Finally Civitelli 

demonstrated that PGE2 in vitro on an osteosarcoma cell line upregulates the 

expression of connexin-43 (Civitelli et al:, 1998). These studies demonstrate that 

PGE2 has many effects on osteoblasts and their activity. 
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2. Transforming Growth Factor-Beta 

·Transforming growth factor-beta (TGF-beta) is produced by platelets, 

osteoblasts, fibroblasts and other cells (Assoian et al., 1983). TGF-beta is a 

dimeric polypeptide comprised of identical 112 amino acid subunits that are linked 

by disulfide bonds (Assoian et al., 1983). The 25 kD dimer is the biologically 

active molecule and disruption of the dimeric state causes loss of ac~ivity. TGF

beta is synthesized as a 3 90 amino acid precursor that undergoes many complex 

cleavages to change from its latent to its active state (Demyck et al., 1985). Latent 

Tq-F-beta cannot bind to TGF.;.beta receptors and has none of the activities of the 

active form (Dernyck et al.,. 1985). Active TGF-beta can ~e released by 

· e1:cidification, alkalinizatio~ or treatment with chaotropic . agents that disrupt the 

non-covalent bonds (Gentry et al.,. 1987). Serine proteases such as plasmin 

activate latent TGF -beta by cleaving within the amino terminal glycopeptide 

(Lyons et al., 1988). The active form ofTGF-beta binds to specific high affinity 

receptors found in a wide variety of cells, with a wide range of receptors found on 

cells from 2,000 to 40,000 per cell (Cheifetz et al., 1987). Three structurally 

different, glycosylated cell surface TGF- beta binding proteins classified as type 

I, type II and type III have been found (Segarini et al., 1988). No cell type has 

been found that does not express the type I receptor and that responds to 

biologically ac~ive TGF-beta (Segarini et al., 1988). Binding to the TGF-beta 
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receptor is not associat~d with kinase activity, changes in intracellular calcium or 

inositol phosphate involvement, but rather G protein coupling to the receptor is 

needed for biologic activity (Howe and Leof, 1989). TGF-beta has been shown 

to be mitogeni~ for fibr~blasts· and osteoblasts (Moses et al., 1987). Also, TGF

beta IS a potent stimulator of extracellillar 'matrix production by both fibroblasts 

and osteoblasts a11:d acts by increasing the synthesis of matrix components and by 

decreasing matrix degradation by the stimulation of the production of protease 

inhibitors and decreasing protease productio~ (Ignotz et al., 1987). 

TGF-beta is a mediator that has been shown to have multiple effects on 

bone. Primarily it is known as an enhancer of bone formation, but it also has been 

shown to inhibit the differentiation of preosteoblasts to osteoblasts (Erlebacher and 

Derynck, 1996). TGF-beta is released by osteoblasts cultured from ne.onatat 

mouse calvaria when put under a mechanical load. A twofold incre·ase over the 

normal production is seen in the span of a day. At the same time mechanical 

stimulation of this type results in an increase in bone formation and a decrease in 

bone resorption (Klein-Nulend et al., 1995). TGF-beta can also stimulate both 

. bone formation and bone resorption (Zhou et al., 1995). In a rabbit model system 

a titanium imp~ant in the tibia was used to infuse 200ng ofTGF-beta daily. In the 

first 4 weeks of the study increased bone formation was noted, but in the next 2 

weeks significant bone resorption occurred. Sawada used TGF-beta to enhance the 

healing of the midpalatal sutures .of rats undergoing palatal expansion as compar~d 
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to controls (Sawada et al., 1996). ·Dodds looked at the expression ofmRNA for 

IL- I beta, IL-6 and TGF-beta during bone maturation. TGF-beta expression was 

localized to osteoblasts apposed to bone or cartilage matrix and the intensity of 

. expression correlated with matrix secretion (Dodds et al., 1994). Therefore TGF

beta mRNA expression is most intens.e within osteoblasts .. actively. laying down 

osteoid. TGF-beta's effects appear to be primarily associated with bone 

deposition. 

TGF -beta effects the differentiation and growth of bone, and these effects 

could. be communicated through the gap junctiqn protein co~nexin~43. It has been 

demonstrated thatTGF-beta in a·transformed human osteoblast cell line in culture 

upregulates the expression of connexin-43 (Chiba et al., 1994). 

Osteoblast phenotypes can differ depending on their skeletal ·site of origin 

in the amount of growth factors they produce and the activity and amount of 

alkaline phosphatase they produce (Kasperk et al., 1995). Therefore the goal of 

this study was to determine the effects of factors . and mediators that effect the 

expression of connexin-43 (and thereby 'the intercellular communication that may 

regulate bone remodeling) on transformed cell lines and on human oral-derived 

osteoblast cultures. 



13 

C. HYPOTHESIS 

It is our hypothesis that TgF-beta will upregulate connexin-43 expression 

artd that PGE2 is a strong mediator of osteoclastic bone res~rption and this effect 

may be communicated and amplified by altering the expression of connexin-43 on 

human osteoblasts. 

D. SPECIFIC AIMS 

1. To determine if there is a correlation between the level of PGE2 and the 

level of TGF-beta exposed to human oral-derived osteoblasts and the level 

.of expression of the gap junction protein connexin-43. 

2. To determine the optimum.time and concentration of PGE2 and TGF-beta 

exposures that alter the expression .of connexin-43 in oral-derived human 

osteoblasts. 



-:· . . ·'· ,.,. .. 
;• 

: II. · · MATERIALS AND METHODS 

A. ORAL-DERIVED HUMAN OSTEOBLAST CULTURE 

Primary cultures of oral-derived osteoblasts were taken from healthy (non-

. inflamed) tissue removed during routine surgical procedures in the MCG Clinic of 

Periodontology via the method of Mailhot and Borke (Mailhot and Borke, 1998). 

Oral-derived bone explants were placed in serum free DMEM (Dulbecco's 

modified Eagle's medium) with sodium pyruvate, and 10-8M· of 1,25 

dihydroxyvitamin D3 , and 1% penicillin/ streptomycin in a sterile 50ml centrifuge 

tube. Samples were washed 4 times for 2 minutes each in 5.;.1 Omls serum free 

DMEM with constant agitation. The bone explants were crushed into smaller 

pieces with a sterile rongeurs to increase the surface area available for digestion. 

Digestion of the sample was accomplished by discarding the serum free DMEM 

and adding 3ml of crude collagenase ( 1 mg/ml) placed in a 3 7°C water bath under 

constant agitation for 20 minutes. The supernatent was carefully_removed and set 

in a centrifuge tube with an equal -volume of 20% fetal bovine serum (FBS) 

DMEM. This -process of digestion was repeated 5 times. The supernatants from 

the 3rd through the- 5th digestion Were saved and the first and second digestion 

14 
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were discarded. The supernatants were centrifuged at 20~ X g for 5 minutes and 

the supernatant was discarded. The pellet was next resuspended in 3ml. of 20% 

FBS DMEM. This was placed in a35mm dish coated with fibronectin to enhance 
• • • ' l ~ , 

cell attachment. Osseous tissue remnants from the digestion process were seeded 

onto a separate 3 5nim fibronectin coated dish with 3mls of 20% FBS DMEM. The 

dishes with bone explants were incubated at 37°C in humidified 95% air /5% C02• 

The explants were given fresh medium after 5 days with 20% FBS DMEM and 

once cell outgrowth .was noted the media was changed every 3-4 days until 

confluency was reached. Cells were then detached by trypsinization and split into 

two 25mm2 culture flasks and grown to confluency and then split into four 75mm2
. 

culture flasks. After this 2-3 month process, these osteoblasts were stored in liquid 

nitrogen at passage 3 for use in the experimental protocol. Eight oral-derived 

human osteoblasts cell cultures were developed for the experimental protocol. The 

eight patients that provided the bone explants were as follows: 

a= white male, 55 years old 

b= black female, 51 years old 

c= white female, 64 years old 

d= white male, 48 years old 

e= white male, 52 years old 

f= black female, 45 years old 
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g= white male, 52 years old 

h= white male, 4 7 years old 

B. CELL CULTURE CHARACTERIZATION 

These cell cultures were used in the experimental protocol between passage 

4 and 6. Cell cultures were characterized as being osteoblasts by staining for the 

presence of alkaline phosphatase. Also, all cell cultures were characterized by 

immunohistochemistry for the presence of the following markers for bone: 

osteqcalcin, osteonectin, type 1 collagen and connexin-43 (Figs. 1-5). . . 

Cell cultures- were grown out on 8-well_ slides and the medium was 

removed. The cells were rinsed with sterile distilled water and then allowed to air 

dry for 15 minutes. To stain for the presence o(alkaline phosphatase, 1 ml of 

FRY-alkaline phosphatase ( Si~ma, St. Louis, MO) was placed into a 15 ml tube 

to which 1ml of sodium nitrite solution was added. This was mixed gently by· 

inversion and let stand for 2 min. FRY- sodium nitrite mix was added to a 1 OOml 

bottle containing 45ml of distilled water. One ml of Naphthol was added to the 

FRY-sodium nitrite and placed in a Coplin jar and covered .with foil. A fixative 

composed of 25ml of citrate, 65ml of acetone and 8ml of 3 7% formaldehyde was 

prepared to preserve the tissue sections. The slides were fixed for 3 minutes with 

this fixative, then rinsed for 1 min in water. The sections were stained with the 
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FRV sodium nitrite solution for 15 min and rinsed for 2 min. The slides were· 

counterstained with hematoxylin for 1min, rinsed gently with distilled wate! and 

air dried (Fig. 6). 
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Characterization by immunochemistry for type 1 collagen. 
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Figure 4. Characterization by immunochemistry for osteocalcin. 
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Eight-well slides were prepared also for immunohistochemical staining for 

the other marker proteins osteocalciri, osteonectin, type 1 collagen and connexin-

43 (see figures 1-5). The medium was removed from the slides and the slides 

were fixed in 37% formaldehyde. Slides w~re placed in 2 changes of PBS for 3 

minutes each, and then placed into Antigen Retrieval Citra (Biogenex, San 

Ramon, CA) in a jar which was then placed into a shallow dish containing water 

and placed into a 95°C oven for ·30 min and let cool for 15 min. Slides were 

washed for 3 m~n in PBS, and 3% hydrogen peroxide was placed on the slides for 

5 min to block endogenous peroxidase activity. Slides were again rinsed for 3 min 

in PBS and placed in a humid chamber. To block non-specific binding of the 

secondary antibody 10 mg/ml of bovine serum albumin (BSA) was applied for 1 

hour. Then the primary antibody to the specific marker protein was applied for 1 

hour. The primary antibodies to osteocalcin, osteonectin and type I collagen were 

produced in mouse and the primary antibody to connexin-43 produced in rabbit. 

The slides were then rinsed with PBS and then incubated with a biotinylated 

antibody corresponding to the species of the primary antibody for 30 min (Vector, 

Burlingame, CA). Slides wer~ ~gain rinsed in PBS and incubated fot 30 minutes 

· in ·ABc reagent (Vector#PK-400 Sta~dard Vectastain) .. Again the slides were 

rinsed with PBS and then incubated with diaminobenzidine tetrahydrochloride 

(DAB) (peroxidase substrate solution) for 2-10 min and watched for the 

development of ·brown stain under the· micro,scope.- Once the appropriate color 
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change was noted, the slides were rinsed with PBS and counterstained with 

Mayer's hematoxylin for 3 min and then rinsed with sterile deionized water. The 

slides were dipped in 0.1% ammonium hydroxide solution and washed in distilled 

water for 3 min. Slides were dehydrated by one 3 min wash in 95% ethanol, two 3 

min washes in 100% ethanol and two 3 min washes in xylene. Slides were then 

coverslipped with Accumount (Baxter). 

C. WESTERN BLOT 

A Western blot of cell homogenates from each cell culture was run to detect 

for the presence of connexin-43. A comparison to known molecular weight 

markers was used to determine if there would be crossreactivity of the anti

connexin-43 polyclonal antibody to any proteins other than connexins. A SDS

PAGE gel (7 .5%) was run with 25 ug samples as determined by BCA protein 

assay (Pierce, Belvedere, IL) against equal protein samples of known molecular 

weight markers (Laemmli, .1970). The gel was run to completion in an electrode 

buffer composed of a Tris base (0.025 M at a pH 8.3), 0.192 M glycine, and 0.1% 

sodium dodecyl sulfate. After the proteins had been separated, the gel was 

transferred to nitrocellulose membrane in a transfer buffer of 25mM Tris base, 

192mM glycine and 20% v/v methanol. The transblot sandwich was placed with 

the nitrocellulose towards the anode and run at a constant .voltage of 60v in cold 
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room and the nitrocellulose membrane was immunostained at completion (Tobin, 

et al., 1975). The nitrocell~lose membre1:ne was rinsed in PBS (pH 7.4) for 5mih. 

The membrane was incubated for 5 minutes ill. 3% hydrogen peroxide and then 

rinsed for 5 min in PBS. The nitrocellulose membrane was incubated for 1 hour in 

68ul of normal goat serum diluted in 5ml PBS with gentle shaking. The solution 

was poured off and incubated with ·J :750: dilution of rabbit polyclonal antibody to 
( . 

connexin-43 in PBS. The membrane was washed 2 x 5min in PBS-Tween-20 

(0~05%). Th~ membrane was incubated for 30 min in 1:200 biotin conjugated goat 

anti-rabbit antibody. The membrane was washed 2 x 5min in PBS-Tween and then 

incubated in avidin-biotin-peroxidase complex (ABC reagent) in 2.5ml PBS. The 

membrane was washed 2 x 5min and 1 x 10 min in PBS-Tween. The 

nitrocellulose membrane was incubated from 10 seconds to 20 minutes with DAB 

substrate in 1 Oml PBS and with 25 ul hydrogen peroxide , (30%) added. The 

staining reaction was stopped by the addition of deionized-distilled water after 

appropriate color change was noted. · The Western blot stained clearly for 

connexin-43 with minimal evidence of cross reactivity with other proteins 

congruent with the level of 43,000 molecular weight protein (Fig. 7). 
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Figure 7. Western blot for connexin 43. 
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D. EXPERIMENTAL PROTOCOL 

Cells were detached from flasks and counted with a Coulter counter and 

plated into 12 well plates at 1x 105 cells per well. Cells were grown in 20%FBS

DMEM to 90% confluency and then were grown for 24 hours in· 0.5% FBS

DMEM. The cells were then grown in serum-free DMEM for either 12 or 24 

hours with exposure to TGF-beta or to PGE2• Cell wells were run in duplicate 

with 2 wells expo~ed to only serum-free DMEM, 2 wells exposed to 1ng/ml of 

TGF-Beta, 2 wells exposed to 5ng/ml ofTGF-beta and 2 wells exposed to 10ng/ml 

of TGF -beta per individual cell line. The same protocol was followed with PGE2 

with 2 wells exposed to serum-free DMEM, 2 wells exposed to 20ng/ml, 2 wells 

exposed to 80ng/ml and 2 wells exposed to 300ng/ml. After treatment, cell wells 

had media removed and were rinsed with PBS and a homogenization soluti<?n 

(10mM Tris-HCL, pH 7.4, 0.5mM dithiothreitol, 1mM EDTA, 5mM 

benzamidine) was added to each well. The cells were removed by mechanical 

scraping and stored individually. at -70°C. 

Each well sample was assayed for total protein using the BCA protein 

assay (Pierce Inc., .Rockford 11.). The protein assay was read for ·color change by 

recording absorbance in a spectrophotometer set at a wavelength of 562 nm. A 

standard curve was established with known, concentrations of bovine serum 

albumin protein as standards. Experimental samples were standardized for protein 

at 25ug per sample.· The samp~es were transferred to nitrocellulos~ membrane on 
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a slot blot apparatus and stained via the avidin-biotin technique. 

Staining of the nitrocellulose membrane was accomplished by rinsing the 

membrane for 5 min in PBS (pH7.4) at room temperature, then incubating the blot 

. . 
for 5 min in 3% H20 2 in PBS. The blot was rinsed in PBS for 5 min and 

incubated with 1:750 dilution of normal goat serum in PBS for 1 hour with gentle 

shaking. This solution was .poured off and 1:750 dilution of rabbit polyclonal anti-

connexin-43 antibody/ PBS was incubated for 1 hour. The blot was washed 2 X 

5min with PBS-0.05% Tween-20. The blot was incubated with a 1:200 dilution of 

biotin conjugated goat anti-rabbit antibody for 30 minutes. The blot was washed 2 

X 5 min with PBS-Tween. The blot was incubated with the avidin-biotin-

peroxidase complex for 30 min, then washed 1 X 10 min and 2 X 5 min with 

PBS-Tween. The blot was incubated with DAB substrate for 10 seconds to 20 min 

and the reaction terminated with deionized water after appropriate color change 

was. determined. 

E. SLQT BLOT ANALYSIS 

Data were obtained from the slot blots by scamiing the blot with a HP Scan-

Jet 5p scanner. The data was processed using the UTHSCSA Image Tool image 

analysis software. The blot image was then processed from a color to a gray scale 

and the individual blots were analyzed fot density on a scale from 1 -255. 
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Background readings from each blot were taken in triplicate, averaged and 

subtracted from the raw data to get ~ final reading for each slot blot. 

F. DATAANALYSIS 

Due. to the large range of values, data analysis was accomplished by 

converting the raw numbers to their natural logarithm. A_ two-way analysis of 

variance for the 12 hour PGE2 data, (or the 24 hour PGE2 data, for the 12 hour 

TGF-beta data and for the 24 hour TGF-beta data was calculated to interpret the 

data. A Kruskal-Wallis one-way analysis of variance on ranks was performed for 

each cell culture. 



III. RESULTS 

A. EFFECT OF TGF-BETA ON CONNEXIN-43 EXPRESSION ON 

HUMAN ORAL-DERIVED OSTEOBLAST CELLS. 

Experiments were designed to determine the effects of TGF -beta on 

connexin- 43 expression on human oral-derived osteoblast cells. The results after 

12 hours with exposure to TGF-beta were not statistically significantly different 

from control. Of statistical significance was the baseline expression of connexin-

43 without TGF-beta exposure. Using the Tukey test, of the 8 cell lines used a-h, 

it was found that the b cell line differed in the level of connexin-43 expression 

from cell lines a, c, f, and g. A large variability of connexin-43 expression was 

noted between individual osteoblast cell cultures. On Figure 8, the range of initial 

connexin-43 expression is from 1.75-3.4 reading of the natural log of the density. 

The results seen after 24 hours exposure to TGF-beta were similar to the 12 hour 

results. No statistically significant changes were seen in connexin-43 expression 

·with TGF-beta exposure, but again differences were seen in expression of 

connexin-43 by individual cell lines in the same pattern as in the 12 hour treated 

28 
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FIGURE 8. Connexin~43 expression in individual cell lines after 12 hour 

exposure to TGF -beta. 

Initial expression of connexin-43 had a range from 1. 7 5 to 3 .4 for 

controls with no evident trend after 12 hour exposure to TGF-beta at 

varying concentrations except for a narrowing of the range of 

connexin-43 expression from 2.2 to 3 .1. 
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cells .(see Figure 9). The overall trend for TGF-beta at 24 hours was no change 

with a mean loge connexin-43 expression at control of 2.58 and at lOng of 2.55 

(see· Figure 10). The TGF~Beta 24 hour treatment did display a trend towards 

upregulation of connexin-43, with a mean log e connexin-43 level of 2.97 after 

exposure to lOng TGF-beta versus a mean level of 2.8 for the control (see Figure 

11). 

B. . EFFECT OF PGE2 ON CONNEXIN-43 EXPRESSION ON HUMAN 

ORAL-DERIVED OSTEOBLAST CELLS. 

Experiments were desigried to determine the effects of PGE2 on connexin- · 

· 43 expression on human oral-derived osteoblast cells. The results after 12 hours 

exposure to PGE2 showed a significant interaction between the expression of 

connexin-43 and the concentration of PGE2 to which the cells were exposed. The 

p value of 0.004 was noted with a· two-way analysis of variance. Then for each 

individual cell line a Kruskal-Wallis one-way analysis of variance was performed 

with a p value of 0.162 obtained showing no statistical significance. . The 

individual p values for each cell line ranged from a p value of 0.0~7 for cell line b 

to 0.648 for cell line d. A significant difference in connexin-43 expression was 

noted in cell line c in the expression at baseline from the expression at SOng and at 

300ng with the level of connexin-43 expression being downregulated. In Figure 
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FIGURE 9. Connexin-43 expression in individual cell lines after 24 hour 

exposure to TGF -beta. 

The range of connexin-43 expression for the controls was 2.4 to 3.3. 

A trend towards upregulation of expression was noted for most of 

the cell lines at lOng ofTGF-beta exposure except for cell line f and 

g. 
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FIGURE 10. Connexin-43 expression in individual cell lines after 12 hour 

exposure to PGE2• 

The range of c.onnexin-43 exposure for controls was 2.2 to 3.8. 

Individual cell lines showed trends of upregulation or 

downregulation of connexin-43 expression. Cell line c trended 

downward while cell line b trended upward. 
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FIGURE 11. Connexin-43 expression in individual cell lines after 24 hour 

exposure to PGE2• 

The range of connexin-43 expression for controls was 1.7 to 3.05. 

Most cell lines trended downward after exposure with 2, cell 

lines trending towards upregulation of connexin-43 expression (b 

and e). 
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12, the range of initial expression of connexin-43 was 2.2- 3.8 for density reading 

log e. The mean log e connexin-43 expression at 12 hours for PGE2 was 2.91 for · 

control versus 2.81 at 300ng PGE2 (see Figure 13). For the PGE2 treatment at 24 

hours, no statistical correlation was noted between treatment dosage and connexin-

43 expression (see Figure 14 and 15). The mean loge connexin-43 expression was 

2.26 for control versus 2.21 at 300ng of PGE2• Statistically significant differences 

in baseline levels of connexin-43 expression were noted between cell line g and a, 

b, c, and d and between cell line h and b, c, and d. A large variability in connexin-

43 expression was noted for the individual cell lines. 
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FIGURE 12. Mean connexin-43 expression of 8 cell lines after exposure 

for 12 hours to TGF -beta. 

The mean values of connexin-43 expression displayed no trends 

·with the mean value of controls at 2.58 and for 1 Ong of TGF-beta 

at 2.55. 
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FIGURE 13. Mean connexin-43 expression of 8 cell lines· after 24 hour 

exposure to TGF -beta. 

The niean connexin-43 expression of controls· was 2.8 with the 

mean value at 10 ng ofTGF-beta at 2.97 showing a trend towards 

upregulation of connexin-43 expression. 
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FIGURE 14. Mean connexin-43 expression of 8 cell lines after exposure for 

12 hours to PGE2• 

The mean connexin-43 expression for controls was 2.91 with the 

mean value at 300ng ofPGE2 was 2.81. 
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FIGURE 15. Mean connexin-43 expression of 8 cell lines after 24 hour 

exposure to PGE2• 

The mean conexin-43 expression of control was 2.26 \:Vith the 

expression at 300ng of PGE2 at 2.21 showed no change in 

expresston. 
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IV. DISCUSSION 

Periodontal disease causes a disruption of the normally coupled processes 

of resorption and deposition of bone. ·The body produces an inflammatory 

response to periodontal pathogens. This inflammatory response produces 

cytokines, kinins and arachidonic acid metabolites that induce osteoclastic bone 

resorption. The specific mechanism that induces osteoclastic bone resorption has 

not been fully elucidated. Osteoblasts have been theorized to send chemical 

messengers to osteoclasts to induce bone resorption (Rodan and Martin, 1981). It 

has also been demonstrated that osteoblasts possess receptors for parathyroid 

hormone, a hormone that induces osteoclastic bone resorption, while osteoclasts do 

not possess parathyroid hormone receptors (Silva et al., 1994). Osteoblasts 

communicate through gap junctions via second messengers to integrate and 

amplify biochemical signals (Duncan and Turner, 1995). 

Therefore, osteoblasts appear to be needed in order for . osteoclastic bone 

resorption to occur, and the osteoblasts signal each other via gap junctions whose 

increased or decreased expression on the cell surface regulates or controls 

coinmunication. 

47 



48 

In the present study, we investigated the expression of cortnexin-43 on 

human oral-derived osteoblasts because it is known that bone from different ·sites 

in the body can express different phenotypes (Kasperk et al., 1995) .. The bone 

resorption seen in periodontal disease may be coordinated and controlled through 

gap junction_ expression, and studying human oral-derived bone connexin-43 

expression is more relevant than studying a ·transformed human cell line or an 

animal model system. To ensure that t}J.e cell cultures that were being used were 

osteoblasts and not fibroblasts or other similar cells, the cultures were 

characterized by the presence of marker proteins. Osteocalcin or bone matrix Gla 

protein is exclusively found in-bone tissue and teeth and comprises.10-20% of the 

non-collagenous protein in bone (Sato et r;Ll., 1998). Osteocalcin is a small 

gamma-carboxylated protein that binds calcium and inhibits mineralization and is 

secreted by osteoblasts into the extracellular matrix (Sato et al., 1998). · In this 

study the bone cell cultures were characterized for the ·presence of osteocalcin 

· , with imunochemical staining. 

Another marker protein for bone is type I collagen, which makes up 97% of 

the collagenous protein in the extracellular m_atrix of bone (Sato et al., 1998). The. 

cell cultures also were positive for type I collagen using specific antibody in 

immunochemical staining. 

The osteoblast cultures immunostained positively for the presence of 

osteonectin, which makes up 15% of . the non-collagenous prote~n · in the 
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extracellular matrix of bone and is expressed only by osteoblasts and te.eth (Horton· 

et al., 1980). The cell cultures were also characterized for the presence of 

connexin-43, which is found in bone and other organ systems via immunochemical 

staining with a specific antibody (Schirrmacher et al., 1992). 

Alkaline phosphatase is an enzyme that is found in bone and is a tetrameric 

glycoprotein fourtd on the surface of osteoblast cells and serves as a marker for 

bone turnover (Horton et al., 1980). The cell cultures stained positively for the 

presence of alkaline phosphatase. Negative controls were included to ensure that 

our staining methods were specific for the marker proteins and these negative 

controls did not stain the cultured cells. The cultured cells expressed these marker 

proteins known to be identified with osteoblasts and our negative control proved 

the staining was not indiscriminate. 

TGF-beta (5ng/ml at 6, 12 and 24 hours) in a transformed human osteoblast 

· cell line (SV-HFO) upregulates connexin-43 expression significantly (Chiba et al., 

1994). In the present study TGF-beta showed a tren~ towards upregulation of 

connexin-43 at 12 hours, but no statistically significant changes in gap junction 

expression were noted. The SV-HFO cells are transformed human fetal 

osteoblastic cells and may differ in t~eir sensitivity to TGF-beta from _mature· 

human oral-derived osteoblasts. This difference could also be due to the fact that 

.there was a lot of variability in the baseline expression of connexin-43 in the 

human oral-derived osteoblast cell cultures. Significant differences were noted 
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between different cell cultures in the . expression of connexin-43 for the control 

groups. In the PGE2 24 hour experiment, the baseline expression of connexin-43 

in cell line g was significantly different from cell lines a, b, and d and cell line h 

was significantly different from. b, c, and d. In the TGF -beta 12 and 24 hour 

experiments, the control expression of connexin-43 differed ·significantly from 

cell line b and cell lines a, c, f, ·and g. Initial or baseline expression of connexin-43 

in these human oral-derived osteoblasts demonstrated great variability. It has 

been demonstrated previously that osteoblast phenotypes differ from different 

skel~tal sites of origin (Kasperk et. al., 1995). The osseous explants came from 

both the mandible and the maxilla, which may differ· in their phenotype and . 

possibly in their gap junction expression. Also these osseous donors varied in age 

and gender and thereby hormonal status, which could affect gap junction 

expression. All the studi~s cited, that show differences in gap junction expression 

were performed on human transformed cell lines or cell cultures of animal origin. 

Finally, if a larger number of cell cultures had been used, statistically signific~nt 

changes may have been detected. 

Exposure of an osteosarcoma cell line to PGE2 in vitro upregulates the 

expression of connexin-43 (Civitelli et al., 1998). In Civitelli's study, the 

con~entration of PGE2 used to induce connexin-~3 expression was 1mM, while 

the concentration used in the present study was 0.85 mM. Thus, the Civitelli 

group used a higher concentration than the highest level of PGE2 used in this 
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study. This difference may account for the lack of change in connexin-43 

expression observed here. No statistically significant change was seen in the 

human oral-derived osteoblast cells after exposure to PGE2• The levels of PGE2 

used in this study correlated with gingival health (20 ng/ml), with the. average 

levels found in adult periodontitis patients (80ng/ml), and with the levels found in 

sites with active disease (300ng/ml). Levels as high as 1663 ng/ml have been 

found in rapidly progressing periodontitis (Offenbacher et al., 1993). The level of 

PGE2 found in rapidly progressing periodontitis was not used in this study, and 

that level may have altered expression. PGE2 is known to have biphasic effects on 

bone. In low doses it has been observed to increase bone formation while in 

higher doses it has been found to enhance bone resorption (Kawaguchi et al., 

1995). These effects are also modulated by the stage of differentiation of the 
. . 

osteoblasts and by cortisol levels (Kawaguchi et al., 1995). It is possible. that the 

levels of PGE2 in this study were homeostatic between initiating formation and 

resorption of bone and thus did not effect connexin-43 expression. Another study 

with parathyroid hormone demonstrated that different osteoblastic cell lines 

responded differently to stimuhltion with PTH. PTH upregulated the expression of 

connexin-43 in proliferating and maturing osteoblastic cell lines, but did not effect 

expression in nondividing differentiated osteoblasts (Schiller et al., 1997). The 

cell cultures used in the present 'study may have resembled the nondividing 

differentiated osteoblasts used in Schiller's study. The results found could also be 
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due to the variability of the cell cultures, their different sites of origin, t~e small 

number of cell cultures used or age or gender differences between the cell cultures 

used. A larger study wit4 more cell lines and with explants from the. same skeletal 

site from patients with similar hormonal status may demonstrate connexin-43 

expression· differences with the actions of growth factors or inflammatory 

mediators. 

The mechanism of communcation from osteoblast to osteoclast is still unclear, but 

gap junction communication between osteoblasts seems to play a role in the 

signaling of bone deposition or resorption processes. Further study of gap 

junctions and their role in communicating resorptive or formative signals in bone 

may elucidate ways to alter this comunication and thereby alter di~ease processes 

like periodontal disease. 



V. SUMMARY 

The specific a1ms of this study were to determine the connexin-43 

expression changes in human oral-d.erived osteoblasts after treatm,ent with TGF

beta for 12 and .24 hours and after treatment with PGE2 for 12 or 24 hours. No 

statistically significant changes were noted. This could have been the result of the 

variability between the individual cell lines in their connexin-43 expression. 
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