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I. Introduction 

A. Statement of the Problem and Specific Aims 

The results of histological studies have shown that remodeling of mineralized and 

non-mineralized connective tissues is an essential process for orthodontic tooth 

movement [1]. Although the cellular control mechanisms for these remodeling functions 

are unknown, several potential factors have been proposed. For example, the distribution 

of the type I collagen mRNA in the periodontal ligament (PDL) of the rat was changed 

during experimental tooth movement [2]. Also, the alteration of nerve growth factor

receptor expression was identified in the rat PDL, and was thought to be associated with 

the bone remodeling induced by orthodontic tooth movement [3]. Saito et al. [4] also 

reported that prostaglandin E (PGE) and interleukin-1 P (IL-l p) are present in the 

unstressed cat PDL, and that the application of mechanical forces to the tooth increases 

the levels of these molecules in stressed PDL cells in tension sites. Elucidation of the 

cellular control mechanisms that are active during orthodontic tooth movement may 

improve ultimately the efficacy and stability of orthodontic treatment. 

Bone remodeling is the result of a complex and coordinated series of events 

occurring in the skeletal tissues. These processes include bone resorption and bone 

formation [5]. This organized pattern of events requires coordinated actions by 

osteoblasts, osteoclasts, and osteocytes [6]. Cells of the osteoblastic lineage are pivotal to 

bone remodeling, since most chemical, mechanical, and electrical stimuli are processed 

by these cells. The osteoblasts express receptors for hormones with bone resorptive 

activity, such as parathyroid hormone (PTH) and PTH-related peptides, and then transmit 

these bone resorptive signals to the osteoclast [7]. 

This coordinated activity among bone cells implies the existence of intercellular 

communication, but the mechanisms for this communication are not well characterized. 

Intercellular communication may occur via secretion of soluble factors, direct cell-cell 

contact through cell adhesion/recognition molecules, or by metabolic and electric 

coupling at gap junctions. The presence of gap junctions between osteoblasts has been 
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identified morphologically in sections of normal bone [8,9], and in rat calvaria cells in 

culture [10]. These gap junctions have been observed between adjacent osteoblasts, 

osteoblasts and periosteal fibroblasts, and osteoblasts and osteocytic processes in sections 

of normal bone [8,9] . Also, gap junction protein called connexin 43 (Cx43) has been 

identified in normal and transformed rat osteoblastic cells [11,12] and rat osteoclasts 

[13]. 

However, very little is known about interactions involving cell-to-cell 

communication between alveolar bone cells and between PDL cells during experimental 

tooth movement. Such bi-directional cellular interactions typically occur at gap junctions 

which allow direct electrical coupling as well as passag~ of small peptides and second 

messenger molecules between adjacent cells. 
\ 

The present study is designed to characterize the mechanism by experimental 

mandibular tooth movement stimulated by supraeruption, induces a direct multi-cellular 

bone cell response. The specific aims of this study aie as follows: 1) To identifY Cx43 

protein expression in rat alveolar bone and PDL cells during experimental tooth 

movement and to identifY cells expressing the Cx43 gene in rat alveolar bone and PDL 

cells during experimental tooth movement, 2) To compare Cx43 protein expression in 

bone cells and in PDL cells that are in areas where the predominant forces are either 

tension or compression. 

Cx43 localization was determined by immunohistochemistry, and the protein 

content was quantitatively analyzed using a Metamorph Imaging Computer system. 

Molecular size of the connexin was determined by sodium dodecyl sulphate

polyacrylamide gel electrophoresis (SDS-PAGE), and Western blot analysis. Cx 43 gene 

expression was examined using a eDNA probe specific for Cx43 for in situ hybridization. 

The specificity of the Cx43 eDNA probe was determined by Northern blot analysis. 
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B. Literature Review 

1. Gap Junctions and Connexin Proteins 

Gap junctions are specialized regions of the cell membrane separated by 15 to 40 

nm. Through this space, fine connections between the cells are seen. These intercellular 

connections provide channels for bi-directional movement of small molecules 

(MW<1500) and ions including second messengers such as cAMP, inositol triphosphate, 

and Ca ++. The gap junctions provide a mechanism for direct cell-to-cell transfer of 

molecular information, but they are not permeable to macromolecules so that cells can 

preserve distinctive characteristics. This kind of intercellular communication plays a role 

in the coordination of physiological processes that take place during development, 

regeneration, proliferation and differentiation. Reduction in functional gap junctions and 

loss of heterologous communication between normal and transformed cells [14] have 

been shown to be associated with tumorigenesis. Conversely, introduction of gap 

junctions in communication-deficient tumor cells by stable transfection with eDNA 

encoded Cx43 [15] led to normalization of growth and suppression of tumorigenicity. 

Individual connexin protein can be most abundant in specific tissues, and many 

show complex stage and tissue specific changes in their expression pattern during 

development. The importance of gap junctions in development has been demonstrated in 

amphibian and mammalian embryos [16]. When antibodies to gap junction proteins were 

microinjected into one specific cell of an 8-cell Xenopus blastula, the progeny of the cell, 

which are usually coupled through gap junctions, could no longer pass ions or small 

molecules from cell to cell. Moreover, the tadpoles that resulted from such treated 

blastulae showed defects specifically related to the developmental fate of the injected cell. 

Although the progeny of such a cell did not die, they did not undergo normal 

development [17]. 

In mouse embryos, the first eight blastomeres are connected to one another by 

gap junctions. These eight cells are loosely associated with one another, and they move 
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together to form a compacted embryo. If compaction is inhibited by specific antibodies, 

then further development ceases. Compaction is inhibited if the gap junctions of 

uncompacted embryos are blocked by these antibodies. The treated blastomeres continue 

to divide, but compaction fails to occur [18]. If antisense RNA to gap junction mRNA is 

injected into one of the blastomeres of a normal mouse embryo, that cell will not form 

gap junctions and will not be included in the embryo [19]. 

Functional gap junction channels are made of two sets of six homologous 

integral membrane proteins called connexins, which are encoded by the connexin 

multigene family and are expressed in a species- and cell- specific manner [20]. Electron 

microscopy and image reconstruction have shown that in the membrane of each cell, six 

identical connexins in the membrane group together to form a transmembrane channel 

lying at the center of the oligomer. The gap junctional complex of one cell connects to 

the gap junctional complex of another cell, thus enabling the cytoplasms of both cells to 

be joined [21]. Connexins are usually named based on their molecular weights. There 

are several kinds of connexins, among them Cx26, Cx32, Cx43, Cx47, and Cx70 have 

been characterized. These connexins consist of tissue-specific polypeptides which vary 

in size from 26 kDa to 56 kDa, but have limited homology at their N-termini [22]. 

Specific connexins are expressed in more than one tissue including heart [23], brain [24], 

bone [25], liver [22], lens [26], and tooth germ [27]. Different connexins can be co

expressed in a given cell type. In hepatocytes, for example, both Cx26 and Cx32 are 

detected in vivo [28]. Topological studies indicate that each polypeptide subunit contains 

four transmembrane domains [19]. The cytoplasmic carboxy terminal sequences, which 

vary greatly in length between connexins, are the less conserved domains of these 

proteins. 

Makowski et al. [20] first proposed the model of connexin proteins. It was 

suggested that each gap junction had many identical channels with each channel being 

formed by the end-to-end interaction of two half-channels. Each half-channel was 

thought to be composed of six apparently identical 28 kDa protein subunits. [20]. More 

recent studies showed that all gap junctions do not appear to be structurally and 

functionally identical. The gap junctions from different tissues may differ in their protein 
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components [29]. For example, Kensler and Goodenough [30] demonstrated that 

myocardial gap junctions are thicker in profile than those in liver, indicating that in the 

heart either additional proteins are associated with the cytoplasmic surface or that the 

heart junctional protein is larger. 

Connexins are readily degraded during isolation by endogenous proteases and 

high pH without detergent or 6M urea [31]. Connexins can be removed completely from 

gap junctions by treatment with protease or by extraction with Triton, sarkosyl and urea 

[32] without loss of the characteristic junctional morphology of closely packed, 

hexagonal arrays of uniform particles. Connexins keep their normal junctional 

architecture after removal from membrane by detergent or protease treatment, suggesting 

that they have another, non-channel role. 

Formation of gap junction in vitro involves a different mechanism than is seen 

in vivo. Certain cell types, in mixed cultures, prefer to fotm homologous rather than 

heterologous gap junctions [33]. This means that the specificity of junction formation is 

often accompanied by a propensity for different cell types to congregate into separate 

domains. Extensive homologous coupling within the domains and infrequent 

heterologous coupling between cells in different domains result in the formation of 

communication compartments with well defined boundaries [34]. The compartmental 

homostasis is very important to the regulation of metabolic activities, ion fluxes and 

cellular responses mediated by low molecular weight cytoplasmic second messengers 

[35]. Gap junctional communication converts individual cells within the compartments 

into coordinated, multicellular units which provide a mechanism for segregation of 

activities at the multi-cellular or tissue level. 

The transmembrane and extracellular domains of these connexins are similar, 

suggesting that they form similar gap junction structures. However, they each also have 

unique cytoplasmic domains that may confer physiological specificity to different cells. 

Connexins have unique characteristics and functions in different tissues. In excitable 

tissues such as myocardial and neural tissues, connexins provide cell-to-cell electrical 

continuity, rapid propagation of electrical signals, and synchronization of activities. Such 

connexins are very important in supporting the coordinated contraction of myocytes 
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which allows the heart to perform as an effective pump [36]. The synchronous beating of 

cardiac myocytes in cell culture as a reflection of the transmission of electrical signals is 

presumably via gap junctional channels [37]. In nonexcitable tissue such as bone, gap 

junctions mediate the cell-to-cell traffic of molecules for the control of growth, 

embryonic development, and cellular differentiation [38]. 

Attention has been focused in recent years on the molecular structure of the 

junctional channel and its connexins, and on the role of junctional communication in the 

functional organization of cells in tissues. Recent studies have provided new insights into 

junctional structure, function, and in vitro regulation of expression of connexins [39,40]. 

The potential importance of this form of cell-to-cell interaction in proliferative and 

developmental signaling has been noted. The functional need for differential expression 

of connexins remains to be understood. Clarification of the functional roles played by 

gap junctions, particularly in developing systems, would be assisted using antibodies that 

prevent gap junction transfer mediated by particular connexins. A number of specific 

antibodies, both monoclonal and polyclonal, have been made against connexin proteins 

and connexin specific peptides, and have been used to defme connexin topology [ 4 I]. 

Specific antibodies and nucleotide probes for the connexins allow the study of connexin 

distribution, function and differential regulation of connexin expression. Connexin

specific antibodies and probes now permit recognition of putative gap junction proteins 

and their gene expression at the light microscopic and electron microscopic levels, which 

can be confirmed by immunostaining and in situ hybridization. 

2. Biochemical and Molecular Studies of Gap Junction Proteins 

The junctional channels are made of a tissue invariant, evolutionarily conserved 

16-18kDa protein. However, the formation and maintenance of active coupling also 

require one or more connexins, a family of tissue-specific proteins ranging from 26kDa to 

56kDa. Connexin was first isolated from heart tissue [18 ], and it was later identified in a 

number of other tissues and organs including kidney, brain, ovary, smooth muscle and 

some epithelia [42]. Gap junctions between different cell types may be made from 
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different membranes of a protein family that share the same structure but contain unique 

domains. Based on both RNA hybridization analyses and immunodetection studies, 

Cx43 appears to be the most abundant and widespread of the connexins thus far 

characterized [42]. The Cx43 eDNA clone was originally isolated from rat heart 

encoding a predicted polypeptide of 382 amino acids [22]. Antibody against synthetic 

oligopeptides from unique regions of Cx43, have demonstrated immunoreactivity 

characteristic of gap junctions in a variety of tissues [43]. It has been demonstrated that 

Cx43 messenger RNA expression is formed in cell cultures of many microvascular cells 

including microvascular smooth muscle cells and endothelial cells [ 44]. 

Human osteoblasts are functionally inter-connected by gap junctions. Civitelli et 

al. [45] characterized gap junction protein connexin 43 that directly mediates intercellular 

communication in human osteoblastic cells. Cx43 expressed by osteoblasts plays a major 

role in mediating intercellular communication that involves secretion of soluble factors. 

Cx43 also directs cell-to-cell contact through cell adhesion/recognition molecules, or by 

metabolic and electric coupling though gap junctions. Schirrmacher et al .[11] reported 

that Cx43 is present in the gap junctions between osteoblast-like cells from rat calvaria 

and bovine tibia. Its presence in the gap junction between osteoblast-like cells may be a 

prerequisite for an effective metabolic coupling between osteoblastic cells in an extended 

network.. Chiba et al. [ 46] found that retinoic acid and transforming growth factor-~ 

(TGF-~) enhanced Cx43 expression and gap junctional communication in a human 

osteoblastic eel! line. 

Polyclonal and monoclonal antibodies have been made from liver 26 and 32 

kDa connexins [28], heart 43 and 47 kDa connexins [47], bone 43kDa connexin [45], 

and lens MP26 and MP70 connexin proteins [26]. Immunocytochemical studies have 

shown that anti-32kDa, anti-43kDa and anti-70kDa antisera bind directly to the 

cytoplasmic surfaces of gap junctions from liver, heart, bone and lens. Thus far, cDNAs 

encoding more than ten connexins have been cloned and characterized in the rat or mouse 

genome. Among them, Cx43, named for its molecular weight 43 kDa deduced from the 

eDNA clone, is a major component of myocyte gap junctions of vertebrate heart [ 48]. 
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Recently, a number of studies were designed to examine the regulation of 

connexin expression and cell-to-cell communication in a variety of tissues. Some of 

these studies evaluated the possibility that communication among cells in tissue culture is 

responsive to regulation by the cAMP-dependent protein kinase and the protein kinase C 

signal transduction pathways [49], as well as, to regulation by phosphorylation [SO]. An 

exogenous expression system using communication-deficient cells stably transfected with 

Cx32 eDNA sequence was initially developed to provide a permanent source for 

biophysical studies [51]. In the exogenous expression system, human Cx43 was found to 

be phosphorylated predominantly on seryl residues and to a minor extent, on threonyl 

residues. This finding is consistent with a mechanism of conductance through channels 

that can be affected by Cx43 phosphorylation mediated by second messengers that 

activate cAMP-dependent protein kinase or protein kinase C, both of which are 

seryVthreonyl kinases [51]. 

3. Morphogenesis and Functional Studies of Gap Junctions in Bone and Tooth 

It has been suggested that osteoblasts are cellular intermediaries in the local 

activation of bone remodeling [8]. Such activity in a defined location is related to the 

extent of the communication between the cells, and gap junction communication between 

osteocytes may regulate the volume of bone [9]. It has been reported that gap junction 

proteins are present between macrophages and macrophagic giant cells, and they may be 

related to the process of cell fusion of preosteoclasts and osteoclasts [13]. Osteoblasts 

and osteocytes in bone matrix in vivo are connected with each other, forming a cell-cell 

network via gap junctions. It has become clear that Cx43 is a major gap junction protein 

expressed in bone of all types. 

Donahue et al. [52] characterized Cx43 distribution and expression in rat 

osteoblast-like cells, three osteosarcoma cell lines, and a continuous osteoblastic cell line. 

Hormonal regulation of gap junctions in primary cultures of these cell lines was also 

evaluated [52]. This study showed that Cx43 mRNA and Cx43 protein were present in 

all cell lines examined and PTH regulated gap junction coupling occurred in a cell-line 
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dependent manner in osteoblastic cells. These results are consistent with the findings of 

Schirrmacher eta!. [11] and Schiller et a/.[12], who found that Cx43 expressed on the 

osteoblastic cells and that PTH regulated gap junction commmunication. This evidence 

suggests that osteoblastic cells can communicate with each other via gap junctions 

composed of Cx43 [45]. The precise role intercellular communication plays in bone 

function is unknown, but gap junctions may modulate bone development and remodeling 

by coordinating the response of bone cell networks to physical or hormonal signals [53]. 

Gap junctions are aggregates of intercellular membrane channels that allow direct 

coupling between the cytoplasms of adjacent cells [54]. Such communicating junctions 

have been found between osteoblasts and between osteoblasts and osteocytes by using 

transmission electron microscopy [55]. 

Jones eta!. [13] detected gap junctions between osteoblasts and preosteoblasts, 

osteoblasts and osteocytes, and between cells within calvarial bone. They fotind that gap 

junctions closely associated with osteoclasts, and that gap junctions appeared to be 

between the osteoclasts and overlying mononuclear cells at active sites of resorption. The 

immunolabeling for gap junctions was also found associated with some osteoclasts 

resorbing bone [13]. 

The mineralization of a tooth is dependent upon the transport of calcium or other 

metabolites, which are important in odontogenesis. During mineralization, numerous 

intercellular junctions are formed in both ectodermally and ectomesenchymally derived 

tissues which include ameloblasts. Ameloblasts and odonto blasts are highly polarized 

cells that secrete and form the calcified tissues, enamel and dentine, respectively. The 

ordered arrangement of matrix in enamel and dentine suggests that both types of cell 

exhibit a high degree of organization and cell communication. Gap junctions have been 

demonstrated between the cells in the developing tooth germ by transmission electron 

microscopy [56]. Ameloblasts and odontoblasts are connected by three kinds of 

intercellular junctions. One type of intercellular junction is the gap junction which is 

responsible for intercellular co~unication. The other types of junctions are 

desmosomes and tight junctions which contribute to cell adhesion. Intercellular junctions 

control the transfer of ions and small molecular metabolites between cells. 
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Sasaki and Garant [57] investigated the gap junctions in the papillary cells of 

the rat enamel organ. No enzymatic activity was found in the gap j~ctions, and the gap 

junctions continued to function as a means of cell-to-cell communication prior to 

endocytosis. Papillary cells are regarded as functionally active cells in transcellular 

mineral transport during the maturation of enamel [58]. Therefore it can be speculated 

that the internalization of the gap junctions in the papillary cells may be related to the 

control of the absolute amount of ion-communication at the cellular level in the enamel 

organ. 

Pinero et al. [27] identified gap junction protein Cx43 in rat tooth germ. They 

found that Cx43 immunostaining was strong in the odontoblast layer and in the epithelial 

components of the enamel organ including the area of the proximal and distal junctional 

complexes of the ameloblast layer, stratum intermedium, stellate reticulum, and outer 

enamel epithelium. Both the epithelial and ectomesenchymal components of the 

developing tooth express Cx43 channels in a way that intercellular channels provided by 

the gap junctions allow sharing of ions and small metabolites. Using this type of gap 

junction communication, the tooth germ can maintain gradients of ions and small 

metabolites that may be related to the differentiation of the developing tooth [59]. 

Kagayama et al. [60] recently demonstrated that various parts of the tooth germs 

of one-day-old rats showed positive immunoreaction with an anti-Cx43 antibody. An 

extensive distribution of Cx43 was present in the stratum intermedium and the 

subodontoblastic layer. Also, the Cx43 was expressed by the inner enamel epithelium, 

preameloblasts and preodontoblasts on cell surfaces facing the interface between the 

dental papilla and the inner enamel epithelium. 

Cx43 appears earliest in the stratum intermedium which is the layer considered 

to be essential to enamel formation [61]. The Cx43 epitope is present in the cells of the 

subodontoblast layer which in the developing tooth contains a basal region of 

odontoblasts and mesenchymal cells [62]. The extensive Cx43 expression in both the 

stratum intermedium and the subodontoblastic layer suggests that gap junctions play an 

important role in amelogenesis and dentinogenesis. 
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4. Experimental Tooth Movement 

Saito et al. [3] demonstrated nerve growth factor-receptor (NGFR) expression 

in the rat PDL during experimental tooth movement NGFR is associated with the 

regeneration of nerve fibers, and is a useful marker for identifying the neurons distributed 

in dental tissues [63]. The alteration ofNGFR expression in the rat PDL is associated 

with the active remodeling of periodontal tissues. When prominent remodeling of the 

alveolar bone was proceeding, several nerve fibers with NGFR-imrnunoreactivity were 

adjacent to resorptive lacunae in alveolar bone. These observations are consistant with 

other reports on the distribution of NGFR-positive nerves in the PDL that were 

associating with tissue remodeling evoked by experimental tooth movement [61]. Saito 

et al. [4] also demonstrated increased staining for PGE and IL-l~ in PDL cells in areas of 

tension. They assumed that PDL cells are capable of synthesizing PGE in response to 

applied mechanical stress and PGE increased the synthesis of IL-l~ and by producing of 

factors that enhance bone resorption in vitro. 

Nakagawa et al. [2] found that the density of cells expressing a positive signal 

of the type I collagen mRNA appeared to be much greater on the tension side than the 

compression side during experimental tooth movement. Type I collagen is the principal 

component of the intercellular matrix of various connective tissues including the PDL, 

which is composed of fibrous connective tissues, occupies the space between the 

cementum and alveolar bone, and supports the tooth in the alveolar socket. Mechanical 

stress evokes biochemical and structural responses in a variety of cell types [64]. 

Periodontal fibroblasts also actively synthesize and degrade collagen in response to 

mechanical stress [65]. The pattern of gene expression in the cells of the PDL also 

changed with experimental tooth movement. However, a relatively low signal was 

observed in the compression side. This phenomenon revealed a very close relationship 

between mechanical stress and gene expression of type I collagen. 

Grieve et al. [66] examined the levels of resorbing mediators PGE and IL-l~ in 

gingival crevicular fluid (GCF) during human orthodontic tooth movement. They found 
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that IL-l~ levels were increased at one and 24 hours with peak PGE levels at 24 and 48 

hours after-activation. In contrast, when animals were treated with prostaglandin 

inhibitors, osteoclastic activity and the rate of tooth movement were significantly 

decreased [67]. Potential sources ofPGE and IL-l~ during movement include cells 

associated with both the PDL and alveolar bone, such as fibroblasts, macrophages, 

osteoblasts and osteoclasts. Following mechanical stimulation, insulin-like growth factor 

I (IGF-I) mRNA expression in rat osteocyte is also increased [68]. This evidence implies 

a role for the osteocyte and IGF-I in the osteogenic response of bone to mechanical 

stimulation. 

Warshawsky et al. [69] established an animal model to study the expression of 

the plasma membrane Ca ++ pump in relation to the osteoclast. Supraeruption of rat 

molars was used in this model as a means of encouraging bone apposition and resorption. 

Ca ++ pump protein was found along the cell membranes of the rat osteoclast during 

experimental tooth movement. TheCa++ pump presence was linked in a time-dependent 

manner to increased physiologic drift of the mandibular molars. The presence of a Ca ++

Mg ++-A TPase pump in osteoclasts implies that Ca ++ pump may play a role in regulating 

the intercellular calcium concentration of the osteoclasts as well as their surrounding 

microenvironment. Other studies showed indicated that the Ca ++ pump protein is present 

in the cell membranes of human osteoblast-like cells as well [6]. It is hypothesized that 

in bone cells this protein may play a role in calcium regulation. Also, this protein may be 

a part of an osteoblastic mechanism for the control of bone mineralization, as well as for 

the maintenance of low intercellular calcium. 

5. Orthodontic Tooth Movement and Significance of the Proposed Study 

The present study involves the characterization of a mechanism by which a 

physiologic force, when applied to bone, simulates orthodontic movement of tooth, 

induces a directed multi-cellular bone cell response. During successful orthodontic tooth 

movement, osteoclasts of the alveolar bone are stimulated to resorb bone from the socket 
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wall on the pressure side of the moving tooth [70]. At the same time, remodeling of the 

collagen fibers occurs on the tension side of the tooth , and is associated with bone 

deposition on the socket wall without changing tooth structure [70]. 

Orthodontic tooth movement causes changes in alveolar bone as a result of 

compression or tension being transmitted to the PDL by the tooth root. Compression of 

the PDL by the tooth root is generally associated with alveolar bone resorption. Increases 

in the number of macrophages and fibroblasts are also associated with osteoclastic 

activity of the PDL and the recruitment of more osteoclasts. In contrast to the side of the 

tooth under compression, stretching of the PDL on the opposite side of the tooth is 

associated with new bone formation. Cellular differentiation and division, as well as 

increases in cell recruitment and cell function, are associated with the increases in tension 

produced on the side of the tooth opposite to the direction of movement. The 

orchestration of events on both sides of the tooth, therefore, requires the regulation of 

bone cell growth, differentiation and bone remodeling at the molecular, cellular and tissue 

levels. 

In bone, the process of mechanotransduction can be divided into four distinct 

steps: 1) mechanocoupling, 2) biochemical coupling, 3) transmission of signal, and 4) 

effector cell response [71]. In the transmission of signal, osteoblasts, osteocytes, and 

bone lining cells may act as sensors of mechanical signals and communicate the signal 

through cell processes connected by gap junctions. These cells also produce paracrine 

factors that may signal osteoprogenitors to differentiate into osteoblasts and attach to the 

bone surface. Insulin-like growth factors and prostaglandins are possible candidates for 

intermediaries in signal transduction [70, 72]. 

The mechanism responsible for the transduction ofligament tension or 

compression to the molecular, cellular and tissue level involved in bone resorption and 

formation are largely unknown. The present study is designed to better characterize this 

mechanism. We hypothesize that this transduction takes place via a mechanism 

involving the expression of Cx43, a gap junction protein found in bone cell networks and 

the PDL. Through the expression ofCx43, bone cells and the cells of the PDL are 

functionally coupled. No published studies describe connexin expression during 
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orthodontic tooth movement. In the present study we determined the distribution of Cx43 

protein and its gene expression in rat mandibular teeth undergoing experimental tooth 

movement. 

An experimental tooth movement animal model mimicking orthodontic tooth 

movement was used to test our working hypothesis [69]. The gap junctions are known to 

provide a mechanism for the direct cell-to-cell transfer of molecular information which 

could presumably orchestrate the events of bone modeling occurring at the molecular 

level. The data obtained from the present study suggest that the regulation of the 

synthesis, or the breakdown of gap junctional protein Cx43 is related temporally or 

spatially to the experimental movement of teeth. The results of this present study 

suggest that Cx43 may be involved in a mechanism of transduction of physical forces to 

molecular bone modeling that plays an important role in the orthodontic movement of 

tooth. 
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II. Materials and Methods 

A. Animal Model and Tissue Acquisition 

An animal model for orthodontic tooth movement was established by Dr. 

Warshawsky et al. in 1991 [69]. The present study used tissue sections from a previous 

study and were kindly provided by Dr. Warshawsky. The following is a description how 

the rats used in this previous study [69] were subjected to experimental tooth movement, 

and how the histological sections used in the present study were previous prepared. 

Twenty Sprague Dawley rats were obtained at approximately 35 days of age (125-

150 grams body weight) and maintained in an environmentally controlled animal facility 

with a 12:12 hours light-dark cycle and a constant temperature of21 °C. The rats 

underwent a 7-day acclimatization after arrival. The right maxillary first molar of each 

rat was extracted to cause supraeruption and drift of the opposing mandibular molars. 

Rats were then sacrificed via ether overdose at 0, 6, 12, 24, and 48 hours after extraction 

and perfused intracardially with 4% formalin in 0.1 M cacodylic buffer. The left 

mandibles from the same animals served as control. All animals were given deionized 

drinking water ad libitum during the experiment. The maxillae were dissected free and 

the molars removed en bloc along with a coronal section through the growing end of the 

mandibular incisor. This area contains secretory ameloblasts which serve as a positive 

control for the inununohistochemical technique. The tissues were then demineralized in 

EGTA in 0.1 M cacodylic buffer at4°C for 5 days. Demineralization was judged 

complete by taking X-rays before and after demineralization of the sections. 

Demineralized sections were rinsed in cacodylic buffer overnight and stored in 75% 

alcohol before embedding. 

The tissue sections were dehydrated using ascending grades of ethanol and then 

embedded in paraffin. Sections of the molars 3-4 J.Lm thick were taken beginning coronal 

to the bifurcation of the middle and distal roots of the first molar roots. Six sections were 

taken at this level (cervical), and the block was then cut 100 J.!m apical to the first 
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sections and six more sections were cut (middle). The tissue sections from the middle 

level just below the bifurcation of the tooth were used in our studies (Fig.1 ). The blocks 

were further cut 100 J.Lm deeper and a third set of six sections were cut. The sections 

were mounted on po1y-L-lysine coated slides for immunostaining and in situ 

hybridization. 

B. Antibody to Bone Cell Gap Junction Protein Cx43 and other Reagents 

Polyclonal antibody prepared to a synthetic peptide corresponding to the amino 

acid sequence 346-363 of rat Cx43 was kindly provided by Dr. Henry Donahue (Penn 

State University). The preparation of Cx43 was described by Beyer et al. (22). The 

antibody was used to detect gap junction proteins at an optimal concentration of 1 :200 as 

determined in our laboratory. 

Avidin-biotin-peroxidase kits for immunohistochemistry and Western blotting, 

and reagents for labeling and detecting of eDNA probes were obtained from Vector 

laboratories (Burlingame, CA). The total RNA Isolation Kit was purchased from 

Ambion Inc. (Austin, Texas). Restriction enzymes was obtained from USB (Cleveland, 

OH). All the other reagents were purchased from Sigma (St. Louis, MO). 

C. Immunohistochemistzy 

The sections to be used for gap junction protein Cx43 localization were stained 

using the avidin-biotin-peroxidase technique ofHsu et al. (73) as modified by Borke et 

al. (74). The paraffinized sections on poly-L-lysine coated slides were heat fixed at 55°C 

for 2 hours , deparaffmized in limonene for 2x5 min and rehydrated in descending 

concentrations of ethanol before pretreatment with target retrieval solution (DAKO Corp. 

Carpinteria, CA) at 95°C for 20 min. Endogenous peroxidase activity was blocked by 

incubating with 3% hydrogen peroxide in PBS for 5 min. Non-specific binding of 

antibodies was blocked by exposing the sections to 50 mg/ml bovine serum albumin. 
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Polyclonal anti-Cx43 antibody was used to detect Cx43 at a dilution of 1:200. After anti

Cx43 application, sections were incubated in a moist chamber at 4 oc for 18 hours 

followed. Following PBS washing tissue sections were incubated in biotinylated anti

rabbit IgG diluted 1:200 in PBS for 30 min at room temperature. The sections were then 

incubated at room temperature in avidin-biotin peroxidase complex (ABC kit) for 30 min 

and rinsed with PBS for 3 min. Antibody-bound peroxidase was visualized by exposing 

the sections to diaminobenzidine (DAB) (Sigma) for 2-10 min in buffer containing 0.03% 

hydrogen peroxide pH 7.4. In this technique, hydrogen peroxide in the presence of DAB 

serves as the substrate for a peroxidase molecule which is attached to an avidin

containing complex. This complex is linked to the secondary antibody, which in turn is 

linked to the site of antibody binding. This peroxidase molecule reduces the DAB 

substrate to produce a brown precipitate over the area of the tissue containing Cx43. 

After DAB exposure, the sections were counterstained with hematoxylin, dehydrated in 

ascending concentrations of alcohol to xylene, and coverslipped with Permount. The 

stained tissues were examined with a light microscope (Olympus, Tokyo). Sections used 

for image analysis were not counterstained with hematoxylin after DAB staining. 

Control experiments were carried out omitting the primary antibody only. 

Sections of rat heart that contain Cx43 were used as positive controls. Additional 

sections were stained with hematoxylin and eosin (H&E) to aid in the identification of 

tissue morphology. 

D. In Situ Hybridization 

The probes were labeled for in situ hybridization using the Vector Laboratories 

photoactivatable biotin labeling technique (Vector laboratories, Burlingame, CA). 

Briefly, this procedure involves the combining of equal volumes ofPhotoprobe Biotin 

(Vector Laboratories, Burlingame, CA), and the eDNA probe (less than 1 j.tg/j.tl, total 

reaction volume 10 j.t1) and allowing it to react on ice under UV light from a mercury 

lamp for 15 min. Labeled probe was separated from unbound biotin by extraction with 
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100 J.!l ofO.lM Tris-HCL pH 9.5 and 100 J.!l of2-butanol. The upper phase was 

discarded and labeled probe was precipitated from the lower phase by adding 0.75 J.!l of 

4.0 M NaCl and 100 J.!l ethanol and cooling at -20°C overnight. The result of this 

reaction was the labeling of our probes with biotin. 

Paraffin embedded tissue sections for in situ hybridization were deparaffmized in 

limonene and rehydrated through a graded series of ethanols to water. The sections were 

pretreated with target retrieva solution at 95°C for 20 min to improve access to target 

sequences. Tissue sections were incubated first in a buffered avidin solution (Vector 

Laboratories) and then in a biotin solution (Vector Laboratories) for 20 min each to block 

the remaining biotin binding sites on the avidin. Tissue sections were allowed to 

equilibrate in prehybridization buffer containing 50% formamide, SxSSPE, 2xDenhardt's 

solution, 0.1% SDS, and 100 J.lg/ml of denatured salmon sperm DNA for one hour prior 

to hybridization. 

Biotinylated eDNA probes at concentrations ranging from 1-3 ng/ml were applied 

to the tissue sections in the same solution and denatured along with the target sequences 

by placing the slides on a 90°C heating block for 5 min. Prehybridization buffer 

containing biotin labeled PUC-8 plasmid without the biotinylated eDNA insert was 

applied to the same sections as a negative control. The tissue sections were transferred to 

a humid chamber and allowed to react overnight at 3 7°C. After incubation, the tissue 

sections were washed at 48°C for 30 min in a stringent wash solution containing 2xSSC 

and 0.5% SDS. After the stringent wash, the sites of binding of the biotinylated rat 

eDNA probe to specific tissue mRNA sequences were incubated in a streptavidin

peroxidase solution at room temperature for 30 min. Following washing in PBS, the sites 

of hybridization of the eDNA probe to specific tissue mRNA sequences were visualized 

by covering sections with a 0.05 M DAB and 0.03% hydrogen peroxide solution for 2-10 

min until a brown colored reaction product developed. Sections were counterstained with 

Mayer's hematoxylin before dehydrating and mounting for microscope examination. 
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100 1-11 ofO.lM Tris-HCL pH 9.5 and 100 1-11 of2-butanol. The upper phase was 

discarded and labeled probe was precipitated from the lower phase by adding 0.75 1-11 of 

4.0 M NaCl and 100 1-11 ethanol and cooling at -20°C overnight. The result of this 

reaction was the labeling of our probes with biotin. 

Paraffin embedded tissue sections for in situ hybridization were deparaffmized in 

limonene and rehydrated through a graded series of ethanols to water. The sections were 

pretreated with target retrieva solution at 95°C for 20 min to improve access to target 

sequences. Tissue sections were incubated first in a buffered avidin solution (Vector 

Laboratories) and then in a biotin solution (Vector Laboratories) for 20 min each to block 

the remaining biotin binding sites on the avidin. Tissue sections were allowed to 

equilibrate in prehybridization buffer containing 50% formamide, SxSSPE, 2xDenhardt's 

solution, 0.1% SDS, and 100 11g/ml of denatured salmon sperm DNA for one hour prior 

to hybridization. 

Biotinylated eDNA probes at concentrations ranging from 1-3 ng/ml were applied 

to the tissue sections in the same solution and denatured along with the target sequences 

by placing the slides on a 90°C heating block for 5 min. Prehybridization buffer 

containing biotin labeled PUC-8 plasmid without the biotinylated eDNA insert was 

applied to the same sections as a negative control. The tissue sections were transferred to 

a humid chamber and allowed to react overnight at 37°C. After incubation, the tissue 

sections were washed at 48°C for 30 min in a stringent wash solution containing 2xSSC 

and 0.5% SDS. After the stringent wash, the sites of binding of the biotinylated rat 

eDNA probe to specific tissue mRNA sequences were incubated in a streptavidin

peroxidase solution at room temperature for 30 min. Following washing in PBS, the sites 

of hybridization of the eDNA probe to specific tissue mRNA sequences were visualized 

by covering sections with a 0.05 M DAB and 0.03% hydrogen peroxide solution for 2-10 

min until a brown colored reaction product developed. Sections were counterstained with 

Mayer's hematoxylin before dehydrating and mounting for microscope examination. 
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E. Western Blot Analysis 

1. Tissue Preparation 

Five male Sprague-Dawley rats of 35 days of age (100-150g body weight) were 

obtained. The rats were anesthetized using ether overdose and sacrificed at the age of 35 

days (the same age as the rats sacrificed at 48 hours after extraction of upper first molar). 

Mandibular bone was dissected out. Portions of mandibular bone containing first, second 

and third molars and surrounding bone tissues were isolated. These portions were 

immediately frozen in liquid nitrogen at -196°C, and subsequently freeze-dried at -35°C 

under vacuum. The freeze-dried tissue was stored at -70°C until processed for gel 

electrophoresis. 

2. Polyacrylamide Gel Electrophoresis 

The freeze-dried tissues of roots and surrounding bone tissues were homogenized 

on ice using an OMNI 1000 tissue homogenizer (OMNI International, Waterbury, CT). 

The homogenization was performed in 1ml of PBS pH 7.4 containing 0.5 mM 

dithiothreitol (DTT), 1 mM EDTA, and 0.5 mM benzamidine for 60 sec in 12-sec bursts. 

Total protein content of the homogenate was determined by the bicinchoninic protein 

assay (BCA) (Pierce, Rockford, IL). The protein content of each homogenate was 

equilibrated. Each homogenate with equal concentration of protein was denatured by 

heating in a boiling water bath (100°C) for 5 min in the presence of 50 mM Tris-HCl pH 

6.8 containing 5% ll-mercaptoethanol, 2% SDS, 10% glycerol, and 0.0025% 

bromophenol blue. Ten micrograms of each sample were loaded in each well of 10% 

SDS-PAGE gels prepared by the method ofLaemmli [75]. 
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phase was transferred to a fresh tube, mixed with one starting volume ofPhenoiiCHC13 

solution #2, and then placed on ice. Sedimentation at 10,000 to 12,000g for 5 min was 

performed again. The aqueous phase was transferred to a fresh RNase-free vessel and 

mixed with a starting volume of isopropanol at -20°C for 1 hour. After centrifugation at 

10,000 to 12,000g at 4°C for 15 min, the RNA pellet was resuspended in about 50 to 100 

J.Ll ofO.l mM EDTA in RNase-free deionized water per 100 mg of starting material with 

intermittent vortexing and heating at 70°C for 3 min. At this point the RNA preparation 

could be used for Northern blot analysis. The concentration of RNA in the samples was 

determined by absorbance at 260 nm. Samples were normalized by reprecipitating the 

appropriate volume for each sample, and the precipitates were subjected to Northern blot 

analysis. 

2. Northern Blot Analysis 

Twenty to 40 J.Lg of total RNA were subjected to a denaturing 

agarose/formaldehyde gel. Total RNA from rat heart was used as a positive control. The 

running buffer contained lxMOPS ( 20 mM MOPS, 2mM Sodium Acetate, 10 mM 

EDTA). The sample loading buffer contained 1xMOPS, 6.66% formaldehyde and 50% 

formarnide. The formaldehyde gel was made by dissolving 1% agarose in DEPC water, 

followed by adding 6.66% formaldehyde and 1xMOPS. Each sample aliquot was 

suspended in 20 J.Ll of sample loading buffer and heated to 65°C for 15 min after which 

2.0 J.Ll ofRNase free dye (25% bromphenol blue) was added. The constituents were 

mixed and loaded onto the gel apparatus. The electrophoresis was done at 40V for 4 

hours. 

After the electrophoresis, the gel was soaked and rocked in 20xSSC at room 

temperature for 30 min. The total RNA on the gel was blotted by capillary action onto 

Nylon membranes (MICRON Separations INC, Westboro, MA). The RNA was then 

fixed to the membrane by U.V. crosslinking. The Cx43 eDNA probe (1.3kb) was a gift 

from Dr. Z. Li, and Dr. H.J. Donahue (Department of Orthopedics, College of Medicine, 

21 



Penn State University, Hershey, PA) [77]. The eDNA fragments were radiolabeled with 
32P dA TP using a random prime DNA labeling method. Approximately I 0 7 cprnlml of 
32P was used. The membranes were prehybridized at 426C for 2 hours in 50% 

formamide, O.IM NaP04, SxDenhardt's, SxSSC, 0.2% SDS and !50 !J.g/rnl freshly 

denatured herring sperm DNA. Hybridization was initiated by the addition of the eDNA 

probe and continued at 42°C overnight. The blot was washed in 2xSSC at room 

temperature for 20 min, re-washed in 2xSSC, 0.1% SDS at 42°C for 20 min, followed by 

two 20- minute washes at 42°C in 0.2xSSC, 0.1% SDS. Transcripts were detected by 

autoradiography (Kodak XAR, Eastman Kodak company, Rochester, NY) after exposing 

the section at -70°C for 30 hours. 

G. Quantitative Analysis ofCx43 Expression 

The slides processed for immunohistochemistry were viewed and photographed 

using a Zeiss Axiomat Photomicroscope. PDL cells were examined using a Hamamatsu 

Microscope Video camera C 2400 on a Zeiss Axiophot microscope and an image-

1/Metamorph Imaging Computer System (Universal Imaging Corporation, West Chester, 

PA). Images were acquired randomly from tissue sections. Edges of the sections were 

avoided. Microscope illumination intensity and magnification, video camera sensitivity, 

and gain and offset settings remained constant during acquisition of images. Five images 

each from PDL of experimental and control sections were acquired and both tension and 

compression sides were outlined and measured for gray level. We did not select the areas 

from the bone tissues because individual cell types were not identified in sections without 

counterstain. Each image was outlined manually and digitized by the program to yield 

light intensity levels ranging from 0 (black) to 255 (white). The light intensity per 

outlined area was recorded and logged directly in the Excel program for further analysis. 

Ten measurements from each animal (5 for tension sides and 5 for compression sides) 

were obtained. Tissues from a total of 16 experimental and 4 control animals were 

analyzed at 48, 24, 12, 6, and 0 hours after upper first molar was extracted. 
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H. Statistical Analysis 

Most of the studies !ended themselves to multigroup comparisons. Three factors, 

time, tension vs compression and experimental groups vs control groups, affect the 

expression of Cx43 of experimental tooth movement. Differences among groups were 

analyzed by the multivariate repeated measures ANOV A with the significance level set at 

P<0.05. If statistical significance was present these data were subjected to a univariate 

analysis of variance and the Newman-Keuls' procedure with the significance level set at 

P<0.05. 
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ill. Results 

A. Immunohistochemistry 

The expression of connexin 43 was studied in histologic sections of rat mandible 

at different time periods after extraction of the opposing maxillary first molars. 

Immunohistochemistry with polyclonal anti-connexin 43 antibody shows that bone, PDL 

and pulp tissues have unique characteristics with the antibody to Cx43. The tissue 

sections showed apparent tension and compression effects 12 hours after the opposing 

teeth were extracted. These effects included a change in the appearance of osteoclasts in 

the PDL. There are distinct differences in the distribution of the protein and the staining 

intensity between areas of tension and areas of compression resulting from the unimpeded 

supraeruption. Figure 2 is a representative photomicrograph of an anti-Cx43 stained 

horizontal tissue section that shows the general appearance of the zone of compression. 

Figure 3 is a photomicrograph of the same area as seen in figure 2 and clearly 

demonstrates the positive staining of osteoclasts ( ++++ ), and cells of the periodontal 

ligament ( +++ ). In contrast, figure 3 and figure 4 are photomicrographs that show 

osteocytes near the compression zone that appear to be unstained or weakly stained (0 to 

+ ). Figure 6 is a photomicrograph of a horizontal section that was reacted with anti

Cx43. This section is representative of the general appearance of the tension zone. 

Figure 7 shows a higher magnification photomicrograph of the same area as seen in 

figure 6. It demonstrates the positive staining of osteoblast(++++), and osteocytes 

( ++++ ). Odontoblasts within the root are also stained in this area, but does not appear as 

intensely stained ( ++) as the odontoblasts adjacent to the zone of compression. The cells 

of the PDL appear weakly stained compared with the same cells in the compression zone 

( + ). Figure 8 is a very high magnification micrograph of the same area as in Figures 6 

and 7, and shows strong staining of both osteoblasts (++++)and osteocytes (++++). The · 

imunohistochemical results are summarized in Table I. 
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Figure 5 is a low magnification micrograph of a horizontal section that was 

reacted with anti-Cx43 antibody. The general appearance of both the tension and 

compression zones are seen. Figure 9 is a low magnification photomicrograph of a similar 

section as seen in figllre 5 without anti-Cx43 antibody. It shows the general appearance 

of both the tension and compression zones. There are no positively stained cells on both 

the tension and compression sides of the negative control. 

Figure 10 is a photomicrograph of the mesial side of a root in a control section of 

rat mandible from which no opposing molar was extracted. The PDL cells are 

homogeneously stained with anti-Cx43. The staining intensity of the PDL cells is lighter 

than those ofPDL cells in the experimental sections. Figure 11 is a higher magnification 

photomicrograph of the PDL tissue in a control section showing positive staining of 

osteoblasts, where they constitute a cellular layer over the bone surface. Figure 12 is a 

photomicrograph of the distal side of a root in a control section stained with anti-Cx43, 

also where no opposing molar was extracted. This photomicrograph also shows the PDL 

cells homogenously stained. The staining intensity in these sections is lighter than in the 

experimental sections. Figure 13 is a higher magnification photomicrograph of bone 

tissue in a control section showing uneven staining of osteocytes. Some osteocytes are 

positively stained with anti-Cx43, however, some osteocytes are not. 

Table 1. Distribution of Cx43 forty-eight hours after extraction 

Osteoblast Osteoclasts Odontoblasts PDL 
Osteocytes 

Compression ++++ ++ 
Zone 
Tension ++++ ++++ 
Zone 
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Immunohistochemistry with polyclonal anti-Cx43 antibody also shows that 

distinct differences in the distribution of Cx43 exist in 48-hour groups after extraction 

compared with controls. 

B. Western Blot 

To confirm that our anti-connexin 43 antisera was detecting a molecule of the 

appropriate size (molecular weight) for the Cx43 gap junction protein subunits, we 

analyzed tissue homogenates by Western blot analysis (Figure. 14). Homogenates of rat 

mandibular bone were applied to 10% sodium dodecyl sulfate polyacrylamide gels, 

transferred to nitrocellulose membranes, incubated with antibody, and visualized using 

avidin-biotin-peroxidase system. The Western blot analysis demonstrates that gap 

junctions in rat mandibular bone are composed of Cx43 protein subunits. A distinctive 

protein band is seen on the membrane which demonstrates an apparent molecular weight 

of 43 kDa. This band represents a molecular weight consistent with the molecular weight 

ofCx43 determined in other rat tissues and in other species [43]. Other lighter staining 

bands may result from endogenous or experimentally produced tissue proteolysis. 

C. Connexin 43 Protein Quantification 

Quantification of the decrease in light transmission through the rat PDL due to the 

brown reaction products from localized Cx43 proteins is presented in Table 2. At all time 

points except for 6 hours, there was a significantly greater (P<0.001) density of reaction 

products (indicated by decreased light transmission) in both tension and compression 

sides of periodontal ligament of mandible during experimental tooth movement (Fig. 15). 

The density of reaction products was less at the short time (less than 6 hours). No 

significant difference of density was found between tension sides and compression sides 

(P<0.07) in response to the tooth movement , however, the mean values at 24 hrs and 48 

hrs were over 10 units less for compression versus tension values. 
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Table 2. Quantification oflight transmittance (inverse of density) in Cx43 stained 

regions of tension and compression sites for groups of control and experiment, at five 

time periods after tooth extraction.+ 

Time Periods 

6hr Site Ohr 6hr 12 hr 24hr 48 In 

Control 184.3±10.3 178.1±11.6 177.7±14.2 173.2±12.5 183.6±9.6 

Experiment Tension 181.8±13.1 170.0±17.7 153.4±17.7* 133.4±16.9* 

Compression 186.7±9.4 166.9±16.4 156.9±17.7* 143.5±20.1 * 

+ Values are means± SD (average density of gray level) for 4 to 5 subjects. 

* Stastiscally significant difference compared to control (P<0.001). 

D. In situ Hybridization 

140.7±14.9 

151.9±19.9 

Hybridization of Cx43 eDNA with Cx43 mRNA was seen in the PDL and 

alveolar bone cells of the rats during experimental tooth movement. The cell types in the 

alveolar bone and the PDL that showed hybridization with Cx43 probe included 

osteoblasts, osteocytes (+t+) (Fig.16,17), and osteoclasts (+t+) (Fig.18), and cells of 

PDL including fibroblasts ( ++) (Fig.19). There was focal hybridization for Cx43 in the 

pulpal cells, including odontoblasts (++)and pulpal fibroblasts(++) (Fig 20,21). 

Transcripts ofCx43 mRNA were also detected in gingival epithelial tissue(++) 

(Fig.22,23). A meaningful comparison of Cx43 mRNA expression on the tension and the 

compression sides ofPDL after experimental tooth movement could not be made because 

some teeth sections fell off the slides after the extended treatment required for in situ 

hybridization. 

Transcripts ofCx43 mRNA in chicken myocardium(++++) (Fig.24) were used as 

positive controls. No expression of Cx43 mRNA was found in the rat PDL located in 

mandibles processed with PUC-8 plasmid as the negative control (-) (Fig.25). 
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E. Northern Blot 

To assess the specificity of the 1.3 kb Cx43 eDNA probe for Cx43 mRNA in rat 

mandibular bone, 20-40 J.Lg of total RNA were isolated from rat mandibles and analyzed 

by Northern blot analysis. RNA from rat heart was used as a positive control. A 3.1 kb 

mRNA species was found in mandibular bone (Fig.26, lane, B,C). Tills band size is the 

same size as that of the Cx43 mRNA in rat heart (Fig. 26, lane A). These results are 

consistent with those ofLavson and other studies [44]. As expected, the hybridization 

signal from the rat heart was much stronger than that from rat mandibles. 
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Figure 1. Drawing of a horizontal section through the mandible showing teeth and 

supporting tissues. The arrow indicates the distal movement of the teeth. The section at 

the bottom represents the right mandible 48 hours after the opposing first molar was 

extracted. The section at the top represents the control where no extraction was 

performed. 
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Figure 2. Compression zone in an experimental section of rat mandible stained with anti

Cx43, 48 hours after opposing first molar was extracted (62.5x). 

Figure 3. Higher magnification photomicrograph of the same area as in figure 2 shows 

positive staining of osteoclasts (CL), and periodontal ligament cells (P), but negative 

staining of osteocytes (CY) with anti-connexin 43 (125x). 

Figure 4. Photomicrograph of the same area as in figure 3 shows positive staining of 

osteoclasts (CL) and negative staining of osteocytes (CY) with anti-connexin 43 (500x). 

Figure 5. Photomicrograph of a horizontal section stained with biotinylated anti-Cx43 

antibody, 48 hours after the opposing first molar was extracted (31.5x). 

Figure 6. Photomicrograph of the tension zone in an experimental section of rat mandible 

stained with anti-Cx43, 48 hours after opposing first molar was extracted (62.5x). 

Figure 7. Photomicrograph of the same area as in figure 6 shows positive staining of 

osteoblasts (BL), odontoblasts (OD), and osteocytes (CY), but weaker staining of 

periodontal ligament cells (P) with anti-Cx43 (125x). 

Figure 8. Photomicrograph of the same area as in Figure 6 shows positive staining of 

osteoblasts (BL), and osteocytes (CY), with anti-Cx43 (500x). 

Figure 9. Photomicrograph of a horizontal section stained without first antibody as 

negative control, 48 hours after the opposing first molar was extracted (31.5). 
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Figure 10. Photomicrograph of the mesial side of a root in a control section of rat 

mandible stained with anti-Cx43. No opposing molar was extracted (125x). 

Figure 11. This photomicrograph of PDL tissue (P) in a control section of rat mandible 

shows positive staining of osteoblasts (BL), where they constitute a cellular layer over the 

bone surface (500x). 

Figure 12. Photomicrograph of the distal side of the root in a control section of rat 

mandible stained with anti-Cx43, where no opposing molar was extracted (125x). 

Figure 13. This photomicrograph of bone tissue (B) in a control section shows some 

osteocytes (CY) positively stained and some osteocytes negatively stained with anti-Cx43 

(500x). 
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Figure 14. Western blot analysis of rat mandible proteins stained with polyclonal anti

connexin 43 antibody, showing major band at 43,000Da. 
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Connexin 43 Quantification 
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Figure 15. Graphic representation of co.nnexin 43 expression on PDL at different time 

periods. The expression of connexin 43 in both tension and compression sides is 

significantly increased in experimental tissue sections (p<0.001) for groups of 12, 24, and 

48 hours after opposing teeth extraction. 
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Figure 16. This photomicrograph is the in situ hybridization with biotinylated eDNA 

probe for Cx43 in rat mandibles. A strong positive signal was seen in most bone cells 

hybridized with the biotinylated eDNA probe for Cx43 (125x). 

Figure 17. This photomicrograph is the same section as in figure 16 showing positive 

staining of osteoblasts (BL), which are located on the surface of bone tissue and 

osteocytes (CY) which are trapped within bone tissue (500x). 

Figure 18. This photomicrograph is the same area as in Figure 16 showing positive 

staining of an osteoclast (CL) where osteoclast has engulfed a foreign body (500x). 

Figure 19. This photomicrograph is PDL tissue hybridized with biotinylated eDNA 

probe for Cx43. It shows a strong signal in the fibroblasts (FB). Note that at the edge of 

the PDL, an osteoclast (CL) was also positively stained (500x). 

Figure 20. This photomicrograph is pulpal tissue. It shows a strong positive signal on 

some odontoblasts and pulpal fibroblasts (125x). 

Figure 21. This photomicrograph is the same area as in figure 20 showing a strong 

positive signal on most of odontoblasts (OD) and pulpal fibroblasts (500x). 
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Figure 22. This photomicrograph is gingival epithelial tissue. A strong positive signal is 

seen in the epithelial cells, but only a weak signal is seen in the connective tissues (125x). 

Figure 23. This photomicrograph is the same area as in figure 22 showing that most of 

the epithelial cells (EP) were positively stained with the biotinylated eDNA probe for 

Cx43 (500x). 

Figure 24. This photomicrograph is chicken heart tissue as positive control. A strong 

positive signal is seen in the myocardial cells hybridized with biotinylated eDNA probe 

for Cx43 (500x). 

Figure 25. This photomicrograph is the rat mandible processed with PUC-8 plasmid as 

the negative control. No stained cell was seen in the entire tissue section. 
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Figure 26. Autoradiogram of a Northern blot from samples of total RNA ( 40 ~-tg/lane) 

from rat mandibles hybridized with the 32P-labeled eDNA probe (1.3kb) for connexin 43. 

Lane B and C: mandibular bone cells; Lane A: heart tissue as positive control. 

Arrowheads mark the migration of ISS and 288 ribosomal RNA. 
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new bone 

Figure 27. Schematic illustration for suggested signal transduction pathways after 

mechanical stimulus. The mechanical signal is transmitted through the osteocytic 

network (Oc), via gap junctions, to the bone lining cells (BLCs). The BLCs release 

paracrine factors, which could be prostaglandins (PGs) or insulin-like growth factors 

(IGFs) that stimulate osteoprogenitor cells to divide and differentiate into presteoblasts 

(preObs). The preosteoblasts continue to differentiate into osteoblasts (Obs) which attach 

to the bone surface and produce new bone matrix [72]. 
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IV. Discussion 

The immunohistochemical localization of Cx43 to specific areas in rat mandibles 

during experimental tooth movement suggests that Cx43 may be closely associated with 

the response of alveolar bone cells and PDL cells to orthodontic force in vivo. The 

intensity of cellular staining of Cx43 is connected with the level of Cx43 protein in the 

examined cells. The Cx43 epitopes observed in the present study were more abundant in 

the PDL after 12 hours of experimental tooth movement than in the same areas of control 

group (Fig. 15), and the distribution of Cx43 is apparently different in the tension side 

and compression side of the PDL in response to tooth movement (Fig.2-4,6-8, Table 1). 

Following the application of orthodontic forces to a tooth, the alveolar bone and 

PDL tissue fluids are shifted within and from these tissues, allowing distortion of cells 

and matrices, and gradually straining nerve fibers and their endings. Neuropeptides 

stored in these nerve endings are then readily released and interact with adjacent target 

cells. Target cells are primarily in the walls of blood vessels, and in PDL fibroblasts, and 

alveolar bone cells. These cells are stimulated to increase levels of intercellular second 

messengers such as Ca ++,cAMP, and cGMP that have been shown in vivo and in vitro to 

mediate bone remodeling activities, particularly resorption [78]. It has been 

demonstrated that remodeling is regulated by interactions between local and systemic

factors in various cell types [5]. The level of expression of Cx43 protein in the cells of 

alveolar bone and PDL correlates with the degree of cell-to-cell coupling. Therefore, 

these data provide strong evidence that Cx43 is a protein that is involved in gap junction 

formation and intercellular coupling in both alveolar bone and PDL cells. 

Gap junctions are the structural domains through which electrical transmission 

and ionic and metabolic cooperation between the cells are thought to be mediated. In this 

study, a rat tooth movement model has been characterized and shown to undergo tissue 

remodeling in which the PDL and alveolar bone tissue become reorganized. The skeletal 

tissue presents several interesting features in terms of the potential roles for gap junction 

proteins. The main physiologic processes, bone resorption and formation, are enacted by 
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specific but strictly cooperating cell types, osteoclasts and osteoblasts, respectively. The 

gap junctions exist between adjacent osteoblasts, osteoblasts and osteocytes, and between 

osteocyte processes, thereby establishing intercellular electrical and chemical coupling 

[8,9]. 

Following orthodontic tooth movement, osteoclasts in the alveolar bone are 

stimulated to resorb bone in the wall of the alveolar on the compression side of the 

moving tooth. Osteoblasts, as well as macrophages and fibroblasts, appear to play a 

critical role in controlling the activity of the osteoclasts. PTH has been shown to act 

through an intermediate target cell to cause bone resorption [79]. Cytokines, act on local 

biochemical mediators, and may interact directly or indirectly with bone cells. Cytokines 

can evoke the synthesis and secretion of numerous substances by target cells, including 

PGE and IL-IP [4],and a variety of growth factors [3] . PGE is a potent stimulator of 

bone resorption, and was implicated in vivo as a mediator of the effect of compression on 

osteoclasts during orthodontic tooth movement [80]. We found that osteoclasts and 

fibroblasts expressed Cx43 on the compression side, but osteocytes did not, which may 

imply that gap junctions link these cells, and provide channels for bi-directional 

movement of a variety of bone reabsorbing factors involved in bone remodeling. Twelve 

hours or more after experimental tooth movement, Cx43 expression was significantly 

increased in experimental groups when compared to control groups (Fig.15). The 

elevation of expression of Cx43 in response to tooth movement means that more Cx43 

proteins are expressed on the osteoclasts and fibroblasts in order to communicate with 

each other. At the same time, all kinds of soluble factors produced by mediator cells 

need to pass gap junction to activate bone resorption. This result is in agreement with 

previous data that showed that Cx43 are associated with some osteoclasts at active sites 

of resorption [13]. 

In response to experimental tooth movement, osteoblasts, osteocytes and 

odontoblasts are positively stained with anti-Cx43 antibody on the tension sides of the 

PDL of rat mandible. PDL cells are also stained in the same area. Periodontal fibroblasts 

actively synthesize and degrade collagen in response to mechanical stress [65]. The 

pattern of gene expression in the cells of the PDL is also changed during experimental 
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pattern of gene expression in the cells of the PDL is also changed during experimental 

tooth movement, and the PDL appears to contain a subpopulation of cells with osteogenic 

potential. Roberts and Chase [81] reported that PDL cells respond to orthodontic force 

by increased proliferation and differentiation into osteoblasts. In response to tooth 

movement, Nakagama et al. [ 2] reported increased collagen expression and higher signal 

production on the tension side than on the compression side of experimentally moved 

tooth. The gap junctions link the fibroblasts and osteoblasts during active bone 

formation. In the present study, the expression of Cx43 protein was significantly 

increased in PDL in response to tooth movement, suggesting that remodeling of PDL 

during experimental tooth movement was closely associated with the expression of Cx43. 

Cx43 expression is apparently different in osteocytes on the tension side 

compared to the compression sides in response to tooth movement. Since osteocytes are 

completely embedded within the calcified bone, they are in an optimal position to sense 

and transduce mechanical forces that are applied to the bone. Gap junctions on the 

cytosolic processes may allow the osteocytes to transmit these signals to the cells on the 

endosteal and periosteal surfaces, and therefore direct the architectural remodeling of the 

bone during experimental tooth movement. Our results show that immunostaining of 

osteocytes with anti-Cx43 antibody is expressed on the tension side. This implies that 

these cells form an intercellular three-dimensional network throughout the matrix, where 

they are strategically placed both to respond to changes in strain and to disseminate 

information to surface cells of the osteoblastic lineage via canalicular processes and 

communicating gap junctions in order to further participate bone formation. 

Gap junction intercellular communication among osteoblasts at the bone surface 

may allow the coordinated activity of the osteoblasts to secrete bone proteins upon which 

mineralization can occur in the bone formation phase of the bone remodeling cycle. 

Additionally, cell signals generated by the stimulation of local cells by paracrine or 

autocrine factors can be transmitted to more distal osteoblast or osteocytes via the gap 

junction network [Fig.27]. 

Since the rate of tooth movement is intimately associated with bone remodeling 

activities, a better understanding of specific biochemical pathways in the process of bone 
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remodeling may provide the key to predicting how teeth respond to mechanical force. 

Several approaches have provided evidence that bone formation is induced in vivo by 

mechanical stimulation. There are two suggesting pathways by which a signaling sensor 

cell can propagate a biochemical signal to an effector cell to increase osteogenic activity 

after a mechanical stimulus. First, active osteoblasts on the bone surface can sense 

mechanical strain, and then act as effector cells to increase bone formation. The 

observation that osteoblast-like cells increase expression and production of matrical 

proteins in response to mechanical stretch supports this first possible pathway [82]. 

Second, osteocytes and bone-lining cells are responsive to mechanical loading in vivo 

[83], and have the ability to communicate with other bone cells through an extensive 

network of cellular processes connected by gap junctions [13]. Since osteocytes and bone 

lining cells cannot proliferate or produce substantial amounts of new bone matrix, it is 

possible that communication of the strain stimulus exists which involves communication 

of a biochemical signal from nonproliferative, strain sensing cells to osteoprogenitor cells 

and osteoblasts through paracrine factors (Fig.27 ). The potential intercellular signals 

generated by the tooth movement may be transmitted throughout the osteoblast-osteocyte 

network in bone to direct the bone remodeling process. 

Cx43 mRNA was expressed in various areas ofrat mandible (Fig.16-23). 

Unfortunately, much of the tissues being studied fell off of the slides during the multiple 

steps involved in in situ hybridization, so we could not make quantitative comparisons of 

Cx43 mRNA expression between experimental sections and control sections. Similarly, 

we could not compare the transcript of the Cx43 gene on the tension sides with that 

expressed on the compression sides in response to the tooth movement. But it was 

apparent that Cx43 mRNA is expressed in the PDL, alveolar bone cells including the 

osteoblasts, osteocytes and osteoclasts, and epithelial cells. 

Cx43 is the most abundant member in the connexin family of proteins. It has 

become clear that Cx43 is a major gap junction protein expressed in osteoblastic cells 

and osteocytes [8, 9]. The Western blot and the Northern blot analyses showed that the 

staining of a protein of 43 kDa and a transcript of3.1 kb for Cx43 in mandibular bone 

cell homogenates parallels the cardiac Cx43 protein and Cx43 mRNA. This study has 
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also shown· that gap junctions between fibroblasts contain by connexin which composed 

of Cx43. There is evidence showing that the fibroblast has a key role in the remodeling 

of the PDL during physiologic tooth movement by dissolution and reformation of 

collagen fibers , thereby permitting tooth movement [65]. Further studies should be 

conducted to clarify the role of gap junctional communication during orthodontic tooth 

movement. 
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V. Summary 

In an attempt to test the hypothesis that Cx43 expression is closely associated 

with bone remodeling, we examined Cx43 and its gene expression in rat mandibles 

during experimental tooth movement using immunohistochemistry, in situ hybridization, 

and Western and Northern blot analyses. 

The gap junction protein Cx43 was found to be expressed in osteoclasts and PDL 

cells on the compression side, as well as in the osteoblasts, osteocytes and odontoblasts 

on the tension side of the tooth alveolus. The protein content ofCx43 was increased in 

bone undergoing remodeling in response to tooth movement Cx43 mRNA expressed in 

several areas of rat mandible. Cx43 mRNA expression was found in the alveolar bone 

osteoblasts, osteocytes and osteoclasts, and in the PDL and epithelial cells. The Western 

blot and the Northern blot analyses showed staining of a protein and transcript of the 

Cx43 from rat mandibular bone cell homogenates similar to the staining patterns of 

cardiac Cx43 protein and Cx43 mRNA. 

The results of this study support the hypothesis that gap junctional protein Cx43 

plays a role in inducing alveolar bone remodeling during experimental tooth movement. 

Gap junctions between cells may provide channels whereby mechanical forces on bone 

are sensed and transmitted to a network of bone cell to coordinate their activities in either 

the formation or the resorption of bone. It is also possible that ionic messengers such as 

Ca++, or small molecular messengers, such as cAMP, PGE or IL-1~, may pass from cell 

to cell through gap junctions to coordinate bone cell regulation. Stimulation of Cx43 

expression by specific ionic or small molecular messengers in bone cell cultures may 

provide additional information about alveolar bone remodeling during orthodontic tooth 

movement. 
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