
EXPRESSION OF CONNEXIN 43 IN ORTHODONTIC 
TOOTH MOVEMENT IN A RAT MODEL 

by 

James D. Whitehead, Ill, D.M.D. 

Submitted to the Faculty of the School of Graduate Studies 

of the Medical College of Georgia in partial fulfillment 

of the Requirements of the Degree of 

Master ofScilmce in Oral Biology 

December 

1998 



EXPRESSION OF CONNEXIN 43 IN ORTHODONTIC TOOTH MOVEMENT IN A 

RAT MODEL 

This thesis is submitted by James D. Whitehead, III, D.M.D. and has been 

examined and approved by an appointed committee of faculty of the School of Graduate 

Studies of the Medical College of Georgia. 

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

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

content, form and accuracy of presentation. 

This thesis is therefore accepted in fulfillment of the requirements for the degree 

of Master of Science in Oral Biology. 

Date 



ACKNOWLEDGMENTS 

Throughout the course of my education I have been fortunate enough to have 

been surrounded by talented people who were willing to give of themselves to help 

further my education. My experience at the Medical College of Georgia has been no 

exception. 

I would like to first recognize my major advisor, Dr. James Borke, for his expert 

supervision throughout the project. I am grateful for his knowledge about my research 

topic and his willingness to share this knowledge with me. I cannot thank him enough 

for his help and guidance in navigating this project. 

I would like to also thank a mentor and a friend, Dr. Weston Fortson, whose 

knowledge of orthodontics was critical to the development of this project and will 

provide a firm foundation on which I will practice. 

The remaining members of my thesis committee: Dr. Carl Russel~ Dr. Norris 

O'Dell, and Dr. Brad Potter, are also greatly appreciated for their interest in and support 

of my research. I could not have chosen a more helpful committee to help guide me 

through the program. 

I would also like to thank my parents for giving me the opportunity to pursue my 

dreams, and for their constant love, support, and encouragement throughout my life. It is 

through their example that I strive to succeed everyday. 

iii 



iv 

Most importantly, I would like to thank my wife, Cristina, for her truly 

extraordinary love and support. I thank her for always being at my side even when my 

dedication or affections may liave appeared focused on other pursuits. She has helped me 

keep life in perspective and I love her dearly. 



TABLE OF CONTENTS 

Page 

ACKNOWLEDGMENTS .............. .' .................................................. : .......... iii 

LIST OF FIGURES ........................................... : ..................................... vii 

LIST OF TABLES ........ 0000 .................................. oo• ............. 0000 ................ viii 

I. IN1RODUCTION .......................................................... oo ............. ool 

A. Statement of the Problem .................................................... oo.l 

B. Review of Related Literature .............. 00 ....................... 0000 ...... .3 

1. Orthodontic Tooth Movement .......................... 00 ........... .3 

2. Gap Junction and Connexin Proteins .......................... 00 ... 7 

C. Objectives and Specific Aims ........ 0000 .................................. 00.9 

II. MATERIALS AND METHODS ..................................................... oo.12 

A. Spring Design and Placement.. .... , ........................................ 12 

B. Animal Model and Tissue Acquisition ............................. 0000 .. 0013 

C. Antibody to Bone Cell Gap Junction Protein Connexin 43 and 
other Reagents .... oo• .......................................................... 18 

D. ImmunOhistOChemistry •:••••••••oo•••••••••••••: ..... ,,,,,,,,,,, .. , .. ,,,, .. ool9 

E. Quantitative Analysis of Connexin 43 Expression ....................... 20 

· F. Radiographs .............. 0000 ..................................... 00 ........ 00.21 

G. Statistical Analysis .......................................... oo .... ooooooo ...... 22. 

III. RESULTS ................................................................................. 00.24 

v 



vi 

A. Spring Retention and Tooth Movement .................................... 24 

B. Immunohistochemistry ........................................................ 24 

IV. DISCUSSION ............................................................................... 36 

V. SUMMARY ................................................................................ .43 

VI. REFERENCES OF CITED LITERATURE .......................................... .45 



LIST OF FIGURES 

Figure Page 

1 Photograph of spring in relative size to a pencil point 14 

2 Photograph of spring design in a superior view 15 

3 Photograph of spring design in a lateral view. 15 

4 Photograph spring prior to placement in rat's mouth 16 

5 Photograph of spring placed between rat's right (experimental) first 
and second molar 16 

6 Photograph of spring passive!)! in rat's mouth 17 

7 Photograph of dissected left (control) rat mandible 17 

8 Digital radiographic image of control (left) mandibular side 23 

9 Digital radiographic image of experimental (right) mandibular side 23 

10 Figure of bar chart depicting Cx43 positive osteocytes 33 

11 Figure of bar chart depicting Cx43 negative osteocytes 34 

12 Figure of bar chart depicting total cell count 35 

vii 



LIST OFT ABLES 

Table Page 

I. Number of osteoclasts expressing connexin 43 at various time 
periods on control and experimental sides ................................. 28 

II. Number of osteoblasts expressing connexin 43 at various time 
periods on control and experimental sides ................................. 29 

III. Number of osteocytes expressing connexin 43 at various time 
periods on control and experimental sides ................................. 30 

IV. Number ofbone lining cells expressing connexin 43 at various time 
periods on control and experimental sides ................................. 31 

V. Combined number of cells expressing connexin 43 at various time 
periods on control and experimental sides ................................. 32 

viii 



I. INTRODUCTION 

A. Statement of the Problem 

An understanding of the biomechanics of tooth movement requires some 

knowledge of the changes that occur in the oral tissues attached to the tooth. The results 

of these tissue changes can be seen grossly in a clinical examination, and the changes can 

be seen microscopically, as well. Orthodontic appliances deliver forces that elicit 

responses within the periodontal ligament and the alveolar bone during tooth movement. 

Although tissue reactions that occur during orthodontic tooth movement are similar to 

those seen during normal physiologic tooth movement and drift, there are two significant 

differences. First, ortj10dontic tooth movement occurs more rapidly;. therefore, producing 

more definitive tissue changes. Second, orthodontic tooth movement is often directed 

against the normal directions of physiologic tooth movement or drift. 

Orthodontic tooth movement is based on the premise that a force applied to a 

tooth will be transmitted to the adjacent, surrounding tissues, and will result in certain 

structural alterations within these tissues which in turn, allow for, and contribute to, the 

movement of that tooth. The specific changes in the bone surrounding the root of an 

orthodontically moving tooth are commonly described as resorption and deposition. 

Resorption of bone on the compression side of the tooth provides a path, or makes space 

available, ahead of the advancing tooth. In contrast, deposition of bone is seen on the 
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tension side of the tooth which is being moved in the opposite direction. 

The biomechanics of orthodontic tooth movement involve the production of 

pressure on the contralateral side and tension on the ipsilateral side. Cellular and 

vascular changes that accompany this distribution of forces result in bone resorption, 

bone deposition, and periodontal ligament reorganization secondary to the bony 

remodeling. Osteoclasts at the sites of pressure application resorb bone; conversely, new 

bone is produced at the tension sites by osteoblasts. The balance between the osteoclastic 

and osteoblastic remodeling changes allows the tooth to move while maintaining the 

periodontal ligament. This coordinated activity among bone cells implies the existence 

of intercellular communication; however, the mechanisms for this communication are not 

well understood. 

There is some evidence that osteoblasts and osteoclasts may communicate by 

direct cell-to-cell contact through gap junctions (Jeansonne et al., 1979; Civitelli et al., 

1993). The presence of gap junctions between adjacent osteoblasts and between 

osteocytes has been identified morphologically in normal bone (Jeansonne et al., 1979). 

A gap junction protein, connexin 43 (Cx43), has been identified in association with rat 

osteoblastic cells (Schiller et al., 1992; Schirrmacher, 1992; Donahue et al., 1995) and 

osteoclastic cells (Jones et al., 1993). In a study by Su et al. (1997), Cx4J expression 

was found in osteoclasts and periodontal ligament cells in compression zones, and 

osteoblasts and osteocytes in tension zones of the periodontal ligament. In addition, 

Cx43 mRNA was found in some bone and periodontal ligament cells (Suet al., 1997). 

This study examines changes in the amounts and distribution of Cx43 during orthodontic 

tooth movement in the rat. These experiments are based on a model system of 
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orthodontic tooth movement that result in alveolar bone changes as a result of 

compression and tension within the periodontal ligament space. 

B. Review ofRelated Literature 

1. Orthodontic Tooth Movement 

Kingsley (1880) thought that orthodontic tooth movement resulted from the 

elasticity of the alveolar bo11e. Farrar (1888) described the orthodontic movement of 

teeth as a result of the resorption and apposition of bone and the bending of the alveolar 

process. Angle (1907) claimed that the resorption of the alveolar process occurred in 

advance of the moving tooth and that deposition of bone followed behind it, and that the 

first and principle response to orthodontic force was the bending of the alveolar process. 

Breitner (1940) refuted this theory and indicated that during tooth movement, the bone 

tissue surrounding the teeth did not travel along with the moving teeth. In contrast to 

previous theories, he thought the bone was progressively reformed with entirely new 

bone (Breitner, 1940). Sandstedt (1904) initiated histologic investigations of the effects 

of orthodontic fon;es on alveolar bone. In experiments on dogs, the application of an 

orthodontic force, both weak and stro_ng, produced the deposition of bone on the tension 

side of the tooth (Sandstedt, 1904). On the pressure side, the alveolar bone was equally 

resorbed by the application of these forces. Gottlieb and Orban (1932) agreed with 

Sanstedt (1904), and discussed the effects of different amounts of force on orthodontic 

tooth movement. Sicher and Weinmann (1944) reported that human teeth moved, or 

drifted, throughout the life of an individual. They termed this process "physiological 

tooth movement" and compared it with orthodontic tooth movement (Sicher and 
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Weinmann., 1944). Current orthodontic tooth movement studies detail biochemical 

reactions related to cellular changes that induce chemical messengers and cellular and 

extracellular distortions associated with alterations in tissues' cellular electric potentials 

(Graber, 1994). Although the scope of study has progressed, the models by which bone 

physiology is studied has to a great degree remained the same. 

Investigations of orthodontic tooth movement have used a variety of animal 

models including dogs, cats, monkeys, and rats. Rats provide a cost effective and easily 

obtained model; however, methods of delivering a controlled orthodontic force in the rat 

often are not managed easily. Various methods to produce orthodontic tooth movement 

in rats have been reported. For example, Oppenheim (1911) studied the histological 

changes in the supporting tissues of rat teeth subsequent to orthodontic tooth movement. 

Nixon et a/. (1993) mesialized rat molars with suspended weights. Fixed orthodontic 

appliances cemented to rat incisors with bands soldered to an active spring have been 

used to move rat teeth (Engstrom et a/., 1988). Tooth movement was achieved by 

placing strips of rubber dam material 0.3mm ·thick between rat maxillary molars 

(Macapanpan et a/., 1954). Waldo and Rothblatt (1954) placed rubber elastics 

interproximally to induce mechanical stress in the movement of rat molar teeth. Rygh 

(1973) studied the ultrastructural changes in the periodontal ligament fibers and their 

attachment in rat molar periodontium during orthodontic tooth movement. He utilized a 

fixed appliance of constant buccal force to the rat's maxillary first molars to produce 

forces from 5 to 25 grams. Latex elastic bands have been used in many experimental 

models to move teeth (Yamasaki eta/., 1982; Ki, 1990; Fukui, 1993). In the study of cell 

kinetics of orthodontically stimulated rat periodontal ligament, Roberts and Jee (1974) 
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utilized a 0.5 mm latex elastic secured between the maxillary left first and second molars 

of rats. Similarly, Yamasaki et al. (1982) used a latex elastic of 0.25 mm thickness to 

create space between the maxillary molars of rats. Ki (1990) in an experimental rat 

model studied the load-deformation curves generated from extracting rat maxillary first, 

second, and third molars after the application of an orthodontic force. The force was 

created by stretched latex elastic bands with an average thickness of 583 ± 44Jlm that 

were placed between the maxillary right first molar and second molar (Ki, 1990). Fukui 

(1993) also used latex elastic bands inserted interproximally betWeen the right 

mandibular first and second molars. He analyzed the stress-strain curves obtained from 
• 

the roots of the rat mandibular first molars, and evaluated the changes in the mechanical 

properties of the periodontal ligament after application of the orthodontic force. Bridges 

et al. (1988) moved rat teeth with a 6mm closed coil spring anchored by 0.009-inch 

stainless steel ligature wire to the maxillary first molars and maxillary incisors. The 

spring was activated to deliver an initial force of 60 grams. Suspended extraoral weights 

attached by stainless steel ligatures to metal cleats bonded to the occlusal surface of rat 

maxillary first molars have also been used to study the effects of orthodontic tooth 

movement in bone (King et al., 1991). 

McKeag (1929) proposed a specific initial force value of 2 oz. per tooth for the 

orthodontic movement of teeth. Schwarz (1932) evaluated various magnitudes of 

orthodontic force applied to dog teeth. Oppenheim (1942) described the effect of a 

continuous force on tooth movement. He suggested that inte~ttent light forces 

administered over long periods of time produced the best orthodontic results. Moyers 

and Bauer (1950) suggested that the ideal orthodontic appliance should operate over a 
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distance of less then 0.2 mm with a force of 15 to 25 g. Smith and Storey (1952) studied 

the distal movement for maxillary cuspids in orthodontic patients. The optimum range of 

force on the tooth-to-bone interface, which produced the maximum rate of tooth 

movement, was approximately 150 to 200 g (Smith and Storey, 1952). Currently, it is 

commonly accepted that forces delivered to individual human teeth need to be of a light 

and continuous nature. This force ranges between 15 and 150 g depending upon which 

tooth is to be moved (Proffit, 1993). 

The forces applied to rat teeth have vaned among studies even when the same 

method of tooth movement was performed. There is no consensus for the amount of 

force for rat tooth movement, like there is for human tooth movement. Latex elastic 

bands inserted interproximally between molars deliver forces of 14 (Fukui, 1993) to 156 

g (Ki, 1990). Engstrom's appliance delivered 50 g of force to open space between the 

central incisors ofrats (Engstrom, 1988). 

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

force being delivered through the periodontal ligament from the root of the tooth to which 

the force is applied. Compression of the periodontal ligament by the tooth root is 

generally associated with alveolar bone resorption. Partial compression of the 

periodontal ligament is followed by degenerative changes and migration of osteoclasts 

into the region. Also, an increase in the number of macrophages and fibroblasts is 

associated with the increased osteoclast activity which, with time, resultsin the resorption 

of alveolar bone with subsequent tooth movement. Forces applied to a tooth that produce 

tension and stretch of the periodontal ligament are generally associated with new bone 

formation. Alterations in patterns of cellular differentiation and division, as well as, 
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increases in cell recruitment and cell functions are associated with increases in tension 

produced .in areas surrounding a tooth opposite the direction of movement. The events 

involved with tension and compression, therefore, require the regulation of bone cell 

growth, differentiation, and junction at the molecular, cellular, and tissue level. The 

mechanisms responsible for the transduction of ligamenta! tension or compression to the 

molecular, cellular and tissue interactions involved in bone resorption and formation have 

been studied extensively but remain largely unknown. 

2. Gap Junctions and Connexin Proteins 

Gap junctions are specialized regions ·of the cellular membrane where adjacent 

cells are separated by only 15 to 40nm. Through this space, fine connections serve as 

communication channels that provide pathways for bi-directional movement of small 

molecules (MW<1500) and ions, including second messengers such as cyclic adenosine 

monophosphate (cAMP), inositol triphosphate, and Ca++ between adjacent cells. The gap 

junctions provide the anatomic pathway for a 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 participates in the 

coordination of physiological processes that take place during development, regeneration, 

proliferation, and differentiation (Graber, 1994; Civitelli, 1995). 

The gap junction's channels are formed by a number of homologous proteins 

called connexins, that are encoded by a gene family (Makowski, 1988). Electron 

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

identical conmixins combine 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 
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of another cell, thus enabling the cytoplasms of both cells to be joined (Makowski, 1988; 

Unwin, 1989). Connexins are usually named according to their molecular weight. There 

are at least twelve connexins, of which connexins 26, 32, 43, 47 and 70 have been 

characterized. These connexins consist of tissue specific polypeptides which vary in size 

from 21kDa to 70 kDa (Beyer eta/., 1987). Specific connexins are expressed in more 

than one tissue, including heart (Rook, 1988), brain (Yamamoto eta/., 1990), bone (Jones 

eta/., 1993), liver (Beyer eta/., 1987), lens (Kister eta/., 1988) and tooth germ (Pinero et 

a/., 1994). Also, within a single cell more than one kind of connexin protein may be 

involved in gap junction formation (Nicholson eta/., 1987). . . 

Certain cell types in mixed cell cultures prefer to form homologous rather than 

heterologous gap junctions (Pinero et a/., 1994). This ineans that the specificity of 

junction formation is often accompanied by a propensity for different cell types to 

classifY into separate domains. Extensive homologous coupling within the domains, and 

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

communication compartments with well defined boundaries (Pitts et al, 1985). The 

compartmental homeostasis has far-reaching importance for cell processes including the 

~egulation of metabolic activity, ion fluxes and cellular responses mediated by low 

molecular weight cytoplasmic second messengers (Bennett eta/., 1991). Gap junctional 

communication converts the individual cells within tlie compartments into coordinated, 

multi-cellular units that provide a mechanism for segregation of activities at a multi-

cellular or tissue level. 

The cDNAs cloned from both rat and human sources have been used to identifY 

different gap junction proteins. So far, cDNAs encoding for more than 10 connexins 
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have been cloned and characterized in the rat or mouse genome, and among them is 

connexin 43 (Yanceny eta/., 1989). Civitelli eta/. (1993) characterized the gap junction 

protein, Cx43, that was originally identified from rat heart, as a mediator of direct 

intercellular communication in human osteoblastic cells. Moreover, human osteoblasts 

are functionally inter-connected by gap junctions and Cx43 expressed by osteoblasts 

plays a major role in mediating intercellular communication (Civitelli eta/., 1993). 

A number of studies have examined the regulation of connexin expression and 

cell-to-cell communication in a variety of tissues. Donahue et a/. (1995) 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 evaluated. Cx43 messenger ribonucleic acid 

(mRNA) and protein were present in all cell lines examined, and parathyroid hormone 

(PTii) regulated gap junction coupling occurred in a cell-line dependent manner in 

osteoblastic cells (Donahue eta/., 1995). These results were consistent with the findings 

of Schirrmacher et al. (1992) and Schiller et a/. (1992), who found that Cx43 was 

expressed on osteoblastic cells and that PTH regulated gap junction communication. 

This evidence suggested that osteoblastic cells can communicate with each other via gap 

junctions composed ofCx43. 

C. Objectives and Specific Aims 

The objective of this study is to characterize the mechanism by which stress, 

applied to bone during orthodontic movement of rat teeth, is transduced into a directed 

multi-cellular bone cell response. The working hypothesis is that this force transduction 
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involves a mechanism that involves the upregulation and expression of Cx43, a gap 

junction protein found in bone cell networks, and through which bone cells are 

functionally coupled. This hypothesis is based on in vitro studies that showed an increase 

in the expression of Cx43 in cultured osteoblasts affected the number, structure and 

permeability of functional gap junctions (Donahue et al., 1995); and, on studies of 

experimental tooth movement in a supraeruption rat model (Su et al., 1997). These 

studies suggested that an increase in Cx43 expression during times of mechanical bone 

stress may facilitate cell-to-cell communication and help facilitate the bone cell and tissue 

response to loading. 

Additional objectives of the proposed study are to address the following questions 

in bone biology: 

I. Is the application of mechanical stress related temporally to the upregulation of 

connexin 43? 

2. Are the observed changes in the distribution of osteoblasts, osteoclasts, and 

osteocytes following the application of mechanical stress related spatially and 

temporally to the observed upregulation of connexin 43? 

To meet the objectives of the proposed studies, our Specific Aims are to: 

I. Design an orthodontic appliance that is easily placed in the mouth of the rat, and that 

is not dislodged by the rat over the course of the experiment. 

2. Place springs between rat mandibular first and second molars that deliver a force of a 

predetermined magnitude in order to create clinically relevant orthodontic tooth 

movement. 
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3. Document the type and degree of tooth movement associated with the appliance 

employed. 

4. Utilizing immunohistochemistry document changes in expression and distribution of 

connexin 43 associated with tooth movement over time. 
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II. MATERIALS AND METHODS 

A. Spring Design and Placement 

A spring of a closed helical loop design was constructed from .018" 

stainless-steel wire (Oscar, Inc., Indianapolis, Indiana )(Figure I). Figures 2 and 3 depict 

a superior and lateral view of a spring respectively. The; animal's right mandibular 

molars served as the experimental teeth while the contralateral molars served as the 

control teeth. Springs were placed between the mandibular right first and second molars, 

and were designed to ·engage the buccal and lingual embrasures between these teeth 

(Figure 4). The helical portion of the spring rested sub lingually in the edentulous area 

between the first molars and the incisors (Figure 5). Preliminary testing of the spring was 

conducted with a Vitrodyne VIOOO Universal Tester (Chatillon, Greensboro, North 

Carolina). The results indicated that lmm of activation would deliver approximately 50 

grams of force to the interproximal regions of the first and second molars. Also, 

preliminary studies witli this design showed that the spring could be: inserted and 

removed from an anterior approach, and that the rat did not attempt to dislodge the spring 

over the time period required for the proposed studies (Figure 4 and 5). 

Thirty customized uniform springs were constructed. Testing of the individual 

springs was conducted on a Vitrodyne VIOOO Universal Tester to determine the force 

delivered by each appliance. Each spring was placed as previously described while the 

animal was anesthetized (Figure 6). The rats were anesthetized using a rodent anesthesia 

mixture: Ketamine HCI ISOmg (IOOmg/ml) at l.Sml, Xylazine HCI30mg (200mg/ml) at 
12 
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1.5ml, Acepromazine 5mg (10mg/ml) at 0.5ml for a total of 3.5ml. The administered 

dosage was 0.5- 0.7ml/kg intramuscular. 

After spring placement, each animal was observed until it regained consciousness 

and then returned to the animal care facility. The rats were allowed to function normally 

·while springs were in place. The rats were euthanized in groups of six at 6, 12, 24, 48 

and 72 hours. Individual springs were retrieved after the dissection of each mandible 

(Figure 7). 

B. Animal Model and Tissue Acquisition 

Thirty, female, retired breeder, Sprague Dawley rats were obtained and 

maintained in an environmentally controlled animal facility in the Department of 

Graduate Studies at the Medical College of Georgia. The rats' weight ranged between 

291 and 379 grams. Animal use was approved by the Human Assurance Committee 

(Approval#: 95-09-014). The rats were acclimated to a 12:12 hours light-dark cycle and 

a constant temperature of 21°C. The animals received food and water ad libitum and 

were cared for by Lab Animal Resource personnel. 

The rats were euthanized by an anesthetic, a ketamine cocktail, overdose. The 

tissues were fixed by perfusion with an intracardial injection of 4% formalin in 0.1 M 

cacodylic buffer at 6, 12, 24, 48 and 72 h after spring placement. The mandibles were 

surgically excised from each rat and sectioned sagitally between the mandibular central 

incisors. All soft tissue was removed from each jaw bone (Figure 7). For each animal, 

the right mandibular half served as the experimental side 
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Figure 1: Relative size of spring 
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Figure 2: Superior view of spring 

Figure 3: Lateral view of spring 
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Figure 4: Placement of spring between right mandibular first and second molar 

Figure 5: Spring after placement 
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Figure 6: Anesthetized rat prior to spring placement 

Figure 7: Dissected left (control) mandible 
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and the left mandibular half served as the control. Each sectioned mandible was stored 

separately in 4% formalin in 0.1 M cacodylic buffer. Digital radiographic images of the 

mandibles were obtained during this storage period and prior to demineralization. 

The mandibular tissues were then demineralized in EDTA decalcification fluid: 

41.3 gm disodium EDT A, 4.4 gm NaOH (pellets), and 1000 ml distilled water (pH 7.0-

7.4; 330-340 mOsm, EDTA cone. 4.13%). The mandibles were stored in solution and 

refrigerated for six weeks. The solution was changed every 2 days. Demineralization 

was determined to be complete by radiographic comparisons of pre- and post

demineralization radiographs. 

The tissue sections were dehydrated using ascending grades of ethanol and 

cleared in xylene using a tissue processor. After infiltration with a paraffin/xylene 

mixture, the tissues were embedded in paraffin. Paraffin sections were then cut at 

approximately 5-10 ~-tm on a microtome. The sections were made sagitally through the 

molars from the mesial of the first mOlar to the distal of the third molar. The sections 

were mounted on aminoalkysilane coated slides for immunohistochemical ·staining. 

C. 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 provided by Dr. Zhongyong Li, in the 

Department of Orthopaedics, College of Medicine, at Pennsylvania State University. The 

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

determined by Su eta/. (1997). Avidin-biotin-peroxidase kits for immunohistochemistry 
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were obtained from Vector Laboratories (Burlingame, California). All other reagents 

were purchased from Sigma (St. Louis, Missoun). 

D. Immunohistochemistry 

The tissue sections used for gap junction protein Cx43 localization were stained 

by means of the avidin-biotin-peroxidase technique (Hsu eta/., 1981) modified by Suet 

a/. (1997). The paraffinized sections on aminoalkylsilane coated slides were heat fixed at 

55°C. The sections were then deparaffinized in limonene for 2 changes at 5 min each. 

Each section was then rehydrated in descending concentrations of ethanol at 100% for 

two changes for 3 minutes and one change at 95% for 3 min. The tissue was rinsed and 

then placed in Target Retrieval Solution (DAKO Corporation, Carpinteria, CA) at 95°C 

for 20 min. After cooling, the slides were rinsed with phosphate-buffered saline (PBS), 

pH 7.4, and endogenous peroxidase activity was blocked by incubating with 3% 

hydrogen peroxide for 5 min. Non-specific binding of antibodies to tissue sections was 

blocked by exposing the sections to IO mg/mL bovine serum albumin (BSA) for I h. 

Polyclonal anti-connexin 43 antibody was used to detect Cx43 at a dilution of I :200. 

After the application of anti-cx43 antibody the sections were incubated in a humid 

chamber for I h. Following a PBS wash, the tissue sections were incubated at room 

temperature for 30 min in biotinylated anti-rabbit IgG diluted in PBS. After a PBS wash, 

sections were incubated in an avidin-biotin-peroxidase complex reagent (ABC) for 30 

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

exposing sections to a peroxidase substrate solution of diaminobenzidine (DAB) for 25 

min in PBS containing 0.03% hydrogen peroxide. With this technique, hydrogen 
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peroxide in the presence ofDAB serves as the substrate for a peroxidase molecule that is 

attached to an avidin-containing complex. This complex is linked to the secondary 

antibody, which in tum is linked to the site of antibody binding. This peroxidase 

molecule reduces DAB substrate to produce a brown precipitate over the area of the 

tissue containing Cx43. After DAB exposure, the sections were rinsed with ammonia 

water, counterstained with Mayer's hematoxylin, dehydrated in ascending concentrations 

of 100% ethanol to xylene, and coverslipped with Accumount (Baxter, MacGaw Park, 

Illinois). 

Positive controls consisting of pup rat heart containing Cx43 were processed 

under' identical conditions. Negative control specimens were processed under identical 

conditions while omitting the primary antibody. 

E. Quantitative Analysis ofConnexin 43 Expression 

Mounted histologic slides were chosen from each specimen. Selection of slides 

was based on which mounting most accurately represented the intact first molar and its 

surrounding mesial and distal crestal bone. · The slides processed for 

immunohistochemistry were viewed using an Olympus BX-40 microscope (Olympus 

America, Inc., Melville, New York). After examination, the microscopic images were 

photographed on Ektachrome 64 slide (Eastman-Kodak Company, Rochester, New York) 

film with an Olympus PM-20 photographic system mounted on the Olympus microscope. 

Images were photographed at two objective magnifications, 4X and 40X. With the 

exception of magnification, all other microscope and camera settings remained constant. 

Six images from each rat were acquired. For each rat, two images were taken at 4X 
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(Figures 8 and 9). One image was made for each side of the mandible for orientation of 

the first molar to the surrounding bone. At 40X, four images were taken for each rat. 

These images consisted of one photomicrograph for each of the following: mesial crestal 

bone of the left first molar, distal crestal bone of the left first molar, mesial crestal bone 

of the right first molar, and distal crestal bone of the right first molar. In each of the 40X 

images, only the most crestal portion of bone adjacent to the first molar and PDL was 

selected. The images were viewed with a slide projector. The images were projected to a 

dimension of 46cm x 70cm. From the projected image, a 216mm x 270mm area was 

selected. The criterion for the selected sample area was the most crestal portion of bone 

with a contiguous PDL. The same criterion was applied to both the mesial and. distal 

crestal bone of each sample. All cells present within the sample dimensions were 

counted. The counted cells consisted of osteoclasts, osteoblasts, osteocytes, and borie 

lining cells. Osteoclasts, osteoblasts, and osteocytes were further delineated and 

characterized as positive or negative for Cx43 staining. Bone lining cells were only 

counted for the PDL surface of the crestal bone and ignored if present on the gingival 

surface of crestal bone. A definitive nucleus had to be present in order for the cell to be 

counted. The same examiner counted all samples. 

F. Radiographs 

Following mandibular dissection and storage in formalin, both the right and the 

left mandibular sections were radiographed (Gendex Corporation, GX-DC, Des Plaines, 

Illinois) utilizing a standardized jig. Radiographic exposure settings were 15 rnA, 60 

kVp, and 8 impulses. The radiographic images were digital and obtained utilizing direct 
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digital technology (Schick Technologies, Inc., Long Island City, New York). Each 

mandibular section was suspended by a taut rubber band (ORMCO® Z-pak elastics, 

3/16", 3 1/2 oz., ORMCO Corp., Glendora, California) running meisodistally with the 

buccal segments and parallel to the occlusal plane. The molars were oriented with the 

occlusal plane parallel and long axis perpendicular to the radiation source. The source, 

object, and target distances were standardized with a mounting jig. The focal point to 

target measured 200mm and the object to target distance measured 10 mm. These 

measurements and orientations were consistent for each image. All images were saved in 

Tagged Image File (.TIF) format. 

G. Statistical Analysis 

The data were analyzed using multivariable analysis of variance. Each rat was 

considered a unit of analysis with repeated measures. One side of the mouth was 

experimental and the other control. The sides were split into tension and compression for 

each side. On the control side, there was actually no tension or compression but the 

anatomical sites matched the experimental side. Thus, the test of interest within the 

analysis of variance was the interaction of anatomical location (tension, compression) and 

treatment (control, experimental). There was concern about the normality of the data so 

various exploratory methods and rank transformations were applied. The exploratory 

methods included Box plots and scatter diagrams. The selected level of significance was 

0.05 (SAS Institute, 1989). 
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Figure 8: Digital radiographic image of control (left) mandibular side 

Figure 9: Digital radiographic image of experimental (right) mandibular side 



III. RESULTS 

A Spring Retention and Tooth Movement 

The double-helical designed springs delivered a force with a mean slope of 32.1 ± 

5.3 g!mm. The lOth and 90th percentiles were 25.8 and 38.5, respectively. The fit of each 

linear.regression equation was assessed using R-squared. The 5th percentile ofR-squared 

was 0.92 and the minimum was 0.84. Thus, on average, linear fits were excellent. 

With only one exception, each rat's spring remained between the experimental 

mandibular first and second molar the entire length of the study. In the 48-hour 

treatment group, the spring of rat #20 was not present at the time of termin~tion. All 

other springs remained in place and were intact until the end of the observation. 

Tooth movement was documented radiographically and verified by experimentor 

visually. Twenty-nine (29) rats exhibited tooth movement and one rat (#20) showed no 

indication of tooth movemen~. The amount of space created in all positive subjects was 

limited to the diameter of the wire of the spring. Figure 8 is a representative radiographic 

digital image that depicts a hemisectioned mandible from the control (left) side where no 

spring was placed. Figure 9 demonstrates an experimental (right) mandibular section 

where a spring was placed for 24 h and a subsequent space was created. 

B. Immunohistochemistry 

24 
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The· .expression of Cx43 was studied in histologic sections of rat mandibles at 

different time periods after placement of an active spring between the right mandibular 

first and second molars. Certain histologic sections were lost during the cutting of the 

specimens. Any histologic sections missing in part or whole for each specimen was 

excluded from the study. 

Immunohistochemistry with polyclonal anti-Cx43 antibody showed that bone, 

PDL and pulp tissue ceiis testing positive for Cx43 were stained brown. The tissue 

sections failed to show consistent tension and compression effects at any observed time 

point. There was no statistical difference between the number of positive (stained) and 

negative (unstained) ceiis in comparing the experimental group to the control group at 

each time point in areas of compression and tension. 

Table I shows the means for the number of Cx43 positively stained osteoclasts in 

the various experimental and control groups. There were no statistical differences found 

between the control groups and the experimental groups at 6, 12, 24, 48 and 72 h for 

osteoclasts testing positive in areas of compression. In addition, there were no statistical 

differences found between the control groups and experimental groups for positively 

stained osteoclasts under tension at the same observation points. Furthermore, Table I 

reveals no significant statistical difference between the control and experimental groups 

for negatively stained osteoclasts, at any of the time points, for areas under compression 

or tension. 

Table II shows the mean number of Cx43 positively stained osteoblasts in the 

various experimental and the control groups. Unfortunately, the 24-hour group was the 

only group that had both experimental and control values that could be compared 
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statistically. There was no statistical difference found between the experimental group 

and the control group for positively stained osteoblasts under tension or compression for 

this 24-hour observation period. All osteoblasts detected in the 6, 12, 24, and 72-hour 

groups were positive. There were no sections; therefore, no osteoblasts to be analyzed in 

' the 48-hour observation group. 

There was an increased number of osteocytes counted per sampled area when 

compared to the numbers ofosteoclasts•and osteoblasts counted individually. Despite the 

' increased cell count shown in Table ill, there were still no statistically significant .· 

differences found betw~en the positively stained osteocytes for the experimental groups 

and control groups for tension and compression at all time points. Furthermore, there 

was no statistical difference found between experimental groups and control groups for 

negative, unstained, osteocytes for compression and tension at 6, 12, 24, 48, and 72 h. 

There was however a trend in the data worth noting which is depicted in Figure 11. 

There was an increase in the number of negatively stained osteocytes found in the tension 

side at every time point, except the 48-hour experimental group (Figure 11 ). 

Table IV depicts the mean number of bone lining cells observed within the 

sampled area. Again, there was no statistical difference found between the means of the 

control and experimental groups under compression and tension. This remained true for 

the bone lining cells at all observed time points. 

Finally, the total number of cells for the sample area was counted. There was no 

statistical difference found between the control sides and the experimental sides at all 

time points. As depicted in Table V, the findings for the total number of cells per time 

point on the compression side compared to the tension side reflects the previous findings. 
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There was no statistical difference between the two. Despite there not being a statistical 

difference between the total number of cells counted, it is worth noting that there was a 

definite trend detected in the data (Figure 12). Figure 12 graphically demonstrates that 

there was an increase in the total cell count on the tension side at every observation 

except the control 72-hour group. 
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Table IT. Number of osteoblasts expressing connexin 43 at various time periods on 
control and experimental sides. 

Connexin43 Connexin43 
Positive Negative 

Time (hrs) Mean SD Mean SD 
6 Control Compression 

Tension 0.33 0.58 

Experimental Compression 
Tension 

12 Control Compression 
Tension 

Experimental Compression 
Tension 0.25 0.50 

24 Control Compression 
Tension 0.40 0.89 

Experimental Compression 
Tension 0.20 0.45 

48 Control Compression 
Tension 

Experimental Compression 
Tension 

72 Control Compression 
Tension 

Experimental Compression 2.33 2.08 
Tension 1.00 1.00 
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Table III. Number of osteocytes expressing connexin 43 at various time periods on 
control and experimental sides. 

Connexin43 Cohnexin43 
Positive Negative 

Time (hrs) Mean SD Mean SD 
6 Control Compression 6.33 2.52 10.00 5.29 

Tension 6.00 3.46 20.67 10.60 
' 

Experimental Compression 7.33 8.08 5.67 1.53 

Tension 8.33 11.02 10.00 3.61 
12 Control Compression 0.50 0.58 6.25 2.22 

Tension 1.75 2.06, 8.50 3.70 

Experimental Compression 0.25 0.50 10.50 4.43 
Tension ·2.00 1.83 13.75 6.90 

24 Control Compression 3.00 . 3.32 8.80 6.46 
Tension 1.20 1.79 13.40 7.73 

Experimental Compression 5.40 5.27 7.20 5.76 
Tension 4.20 6.26 7.80 8.04 

48 Control Compression 4.00 3.46 5.00 3.61 
Tension 3.00 2.65 10.67 3.79 

Experimental Compression 4.00 1.73 8.33 4.62 
Tension 5.33 7.57 7.67 2.52 

72 Control Compression 3.33 2.31 7.00 3.61 
Tension 1.67 1.53 15.33 5.69 

Experimental Compression 2.33 4.04 7.67 6.65 
Tension 0.67 1.15 10.67 6.81 



Table IV. Number of bone lining cells expressing connexin 43 
at various time periods on control and experimental sides. 

Time (hrs) Mean SD 
6 Control Compression 9.67 3.21 

Tension 11.33 12.06 

Experimental Compression 8.33 5.03 
Tension 5.67 4.62 

12 Control Compression 0.25 0.50 
Tension 4.25 1.71 

Experimental Compression 5.25 2.75 
Tension 4.00 2.94 

24 Control Compression 6.20 3.83 
Tension 4.40 2.61 

Experimental Compression 7.20 6.14 
Tension 10.00 4.30 

48 Control Compression 8.00 1.00 
Tension 4.33 3.21 

Experimental Compression 6.33 1.53 
Tension 8.33 1.53 

72 Control Compression 12.00 7.00 
Tension 5.33 0.58 

Experimental Compression 5.33 1.53 
Tension 7.67 2.52 
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Table V. Combined number of cells expressing connexin 43 at 
various time periods on control and experimental sides. 

Time !'hrsJ Mean SD 
6 Control Compression 26.33 6.02 

Tension 40.00 22.52 

Experimental Compression 22.33 1.53 
Tension 25.33 13.05 

12 Control Compression 9.00 3.16 
Tension 16.50 3.70 

Experimental Compression 17.75 2.63 
Tension 22.25 6.40 

24 Control Compression 18.80 7.40 
Tension 20.60 8.47 

Experimental Compression 20.00 7.91 
Tension 24.00 7.11 

48 Control Compression 18.00 4.36 
Tension 22.00 3.46 

Experimental Compression 20.33 0.58 
Tension 23.00 5.29 

72 Control Compression 24.33 10.26 
Tension 23.33 6.66 

Experimental Compression 18.33 1.53 
Tension 21.67 5.03 
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Figure 10. Expression ojCx43 Positive Osteocytes at 6, 12, 24, 48, and 72 hours. 

Compression Control - Light Blue 
Tension Control- Dark Blue 

Compression Experimental - Red 
Tension Experimental- Gray 

Comp Tens Comp Tens Comp Tens Comp Tens Comp Tens Comp Tens Comp Tens Comp Tens Comp Tens Comp Tens 
Con Con Exp Exp Con Con Exp Exp Con Con Exp Exp Con Con Exp Exp Con Con Exp Exp 
6 hrs 6 hrs 6 hrs 6 hrs 12 hrs 12 hrs 12 hrs 12 hrs 24 hrs 24 hrs 24 hrs 24 hrs 48 hrs 48 hrs 48 hrs 48 hrs 72 hrs 72 hrs 72 hrs 72 hrs 

w 
w 



25.0 

Figure 11. Expression ofCx43 Negative Osteocytes at 6, 12, 24, 48, and 72 hours. 
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Figure 12. Total number of cell counted at 6, 12, 24, 48, and 72 hours. 
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IV. DISCUSSION 

The present study characterized a rat tooth movement model. For this model, it 

was hypothesized that specific areas of the rat mandible supported teeth that were 

subjected to orthodontic forces would exhibit remodeling of the PDL and alveolar bone. 

This reorganization is believed to involve gap junctions, the structural domains through 

which electrical transmission, and ionic and metabolic interchanges between cells are 

thought to be mediated. This study focused on a major ~tructural protein of bone cell gap 

junctions, Cx43. 

It was hypothesized that this study would demonstrate an increase in cellular 

communication, and expression of Cx43 after the placement of an orthodontic force. The 

results were in contrast to previous studies that have shown that mechanical loading of 

bone leads to an increase in cell-to-cell communication by way of gap junctional proteins, 
. 

specifically Cx43 .. It has been shown that osteocytes, and to an even greater degree, 

osteoblasts, respond to physiological stresses that induce cell proliferation (Mikuni-

Takagaki et a/., 1996). Vascular tissues respond to changes in the mechanical forces 

imposed on them with changes in vasomotor ·tone and structural remodeling. These 

responses involve intercellular communication; therefore, Cowan et a/. (1998) 

investigated the regulation of gap junction proteins including Cx43. They concluded that 
. . 

both mechanical stress and fluid shear stress caused increased expression of the gap 

junction protein Cx43 (Cowan eta/., 1998). Another study examined whether stretch, an 

anabolic stimulus for osteoblasts, modulated direct intercellular communication in these 
36 
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cells (Ziambaras et a/., 1998). Cyclic stretch increased gap junctional communication 

between osteoblastic cells by modulating intracellular localization of Cx43. Following 

the application of orthodontic forces to a tooth, the alveolar bone and PDL tissue fluids 

are shifted within these tissues, allowing distortion of cells and matrices, and gradually 

stimulating 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 

PDL fibroblasts, alveolar bone cells, and cells in walls of blood vessels. These cells are 

stimulated to increase the 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 (Shih and Norrdin, 1986). It has been demonstrated that remodeling is 

regulated by interactions between local and systemic factors in various cell types. 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. 

It was hypothesized that the present study would demonstrate 

immunohistochemical localization of Cx43 in periodontal tissues in the rat mandibles 

during experimental tooth movement. This would suggest a close association between 

Cx43 and the response of alveolar bone cells and PDL cells to orthodontic forces in vivo. 

This hypothesis was based in part on a previous study (Su et al., 1997) that reported 

increased Cx43 protein expressed by osteoclasts and periodontal ligament cells in 

compression zones, and by osteoblasts and osteocytes in tension zones of the periodontal 

ligament. In the present study, cellular staining demonstrated the presence of Cx43 in 

these samples. However, there was no statistical evidence to link an increase in cellular 

staining with the application of orthodontic force. In the present study, there was not an 
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increase in the number of stained cells at any designated time points. At all time points 

there were no increases in the riumbers of stained cells on the experimental sides 

compared to these of the same area of the control sides. In addition, the distribution of 

Cx43 positive cells was apparently the same on the tension side as on the compression 

side in response to the tooth movement. 

However, there were several trends, although not statistically significant, that 

should be discussed. As demonstrated in Figures 11, there was an increase in the number 

of negative, unstained, osteocytes under tension compared to compression at 6, 12, 24, 

and 72 h, but not at 48 h. Similarly, Figure 12 shows an increase in the total number of 

cells counted on the tension side compared to the compression side at 6, 12, 24, 48 h, but 

not at 72 h. This is an interesting finding because the observations were documented in 

the control, as well as, the experimental side. There were no forces placed on the control 

side yet increases were seen as in the experimental side in which there was a force 

placed. The utilization of the terms compression and tension when referencing to the 

control are for the comparison of anatomical areas between control and experimental 

sides. No orthodontic forces were placed on the controls, thus no iatrogenic compression 

or tension existed. These increases would be expected where a force has been applied, · 

therefore, it is surprising in the control. One possible explanation is that the increase 

represents a normal histologic finding of the distribution of cells in the rat mandible that 

are under tension and compression associated with the normal, mesial drift of teeth, and 

not related to the exogenous, orthodontic forces. Another possibility is that the 

placement of the orthodontic appliance on the opposite side of the mandible resulted in 

changes in the chewing habits of the rats. This could have introduced a new array of 
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forces on the control side. These engaging findings, although not statistically significant 

in this study, present an interesting trend that warrants further investigati~n. 

There are many possible explanations that can be given for not obtaining the 

expected results. To our knowledge this was the first time this model had been used for 

experimental tooth movement in a rat. A number of aspects of the experimental model 

should be reevaluated. These areas include, but are not limited to, appliance design, 

histologic bone sectioning techniques, sample size, and tissue-to-slide adherence 

preparations. 

Our spring design was successful in many respects. The design delivered the 

desired amount of force; was easily placed and removed by the operator, and was not 

easily dislodged by the rat. Of the thirty springs placed, only one dici not remain in place. 

However, there was one major disadvantage of the spring design. The spring fully 

expressed it's potential prior to the end of the 6-hour time point. Since the design of this 

project new appliance designs have been utilized that deliver a more continuous force 

over a greater possible distance. In the current study's design, the springs' force potential 

was rapidly and completely expressed prior to the end of the first ·timed observation 

period. Ashizawa et a/. (1998) studied new bone formation in the alveolar wall 

surrounding the root during the initial stage of experimental tooth movement in the rat 

utilizing an appliance that does not have this limitation. A fixed, closed coil-spring 

appliance was constructed for mesial movement of the right maxillary first molar. A 

metal band with a hook of stainless-steel wire of0.014 inch diameter was attached to the 

maxillary incisors, and a square metal plate with a stainless-steel, closed coil spring of 

8.0 mm initial length was fixed to the right first molar with a-ethylcyanoacrylate cement. 
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The anterior end of the coil was then connected to the hook on the maxillary incisor band 

(Ashizawa eta/., 1998). With this new design, the spring would be shorter than the space 

between the incisor and molar, and subsequently, would be active until the molar's 

movement allowed the coi~ to become passive. This would provide more than adequate 

room for expression of molar movement over time. Considering the experiments short 

time constraints, all observations being less than 72 h, this design would allow for 

virtually unlimited mesial molar movement and space creation as opposed to the present 

study's design in which space opening was limited to the width of the O.Dl8 inch 

diameter stainless-steel wire. In addition, a mesializing force would be delivered on the 

first molar and no forces would be delivered on the second and third inolars. In the 

current design a mesializing force was placed on the first molar but a distalizing force 

was placed on the second and third molars. The thin septal bone found between the first 

and second molar experienced tension on both the mesial and distal surfaces. With the 

new design, compression and tension could be analyzed on a single molar. rather than the 

shared septal bone of the first and second molar. 

An additional spring design could be a modification of the double-helical 

appliance used in this study. With the current design, the space created could only be as 

large as the wire diameter, 0.018 of an inch. A design such as a wedge could be used to 

increase space between the molars during activation. Again, this would allow for an 

ever-increasing space between the teeth over a· designated time period. With this 

modified design, all previous appliance advantages such as ease of placement and 

retrieval and fabrication can be retained. These aforementioned appliance designs are 

solutions to the problem of not being able to deliver a light and continuous force with an 
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· appliance whose potential is fully expressed within the stUdies designated time frame. 

These appliances might allow for a better evaluation of tooth movement over time. 

Two critical processes, cutting of bone with the microtome and slide tissue 

preparation and preservation, might have had detrimental influences on the studies 

results. The technique utilized for cutting the specimens must first be addressed. When 

the mandibles were prepared in paraffin, they were not oriented consistently in the same 

plane for cutting. This caused the tissue samples to be sliced in various planes that 

influenced the ability to accurately compare the samples. Also, samples were lost when 

bone fell out of the paraffin while being cut. Secondly, many sections had to be deleted 

from the sample because the tissue floated off the slide during processing. 

Ashizawa et a/. (1998) used a chronological, lead-labeling technique to 

quantitative bone formation in the alveolar walls of rat maxillary first molars. With this 

technique, similar lead-labeling patterns were found in the cervical, middle, and apical 

regions of the various specimens; however, the sites and volumes of new bone formation 

differed from the cervix to the apex. In our study, the most crestal bone at the cervix of . 

the tooth was selected for evaluation. However, Su et a/. (1997) reported greater cellular 

activity in the bone at the apex of the rat teeth. More significant results might have been 

obtained if the cellular activity at the apex had been evaluated. In the current study a 

"tipping" force was delivered with an orthodontic appliance. A tipping force will result 

in two compression zones, one at the crestal region and one at the apical region. 

Focusing on the most crestal bone, and neglecting the bone cells at the apex, could be an 

additional explanation for the lack of data to support the hypothesis. 
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. With the consideration of these new ideas, I feel this experiment could yield 

findings more in line with previous studies and our initial expectations. Although the 

present results were not statistically significant, valuable information was gained for 

improving the design of the orthodontic appliance used in the rat model. Further studies 

should be conducted to clarify the role of gap junctional communication during 

orthodontic tooth movement. 



V. SUMMARY 

The present study was designed to examine the effect of orthodontic tooth 

· movement on the expression of a gap junction protein, connexin 43, in a rat model. 

While the control and sequence of cellular and subcellular events that result in 

orthodontic movement remain largely undetermined, some means of intercellular 

communication in response to force is required. Gap junctions provide a method of 

transfer of cellular signaling molecules with a molecular weight <1500. It was 

hypothesized that gap junctions, which are known to provide a means of communication 

between cells, might mediate the ·cellular reactions which result in tooth movement 

subsequent to the application of force. 

The spring designed for this study was successfully used to separate the right first 

and second molar teeth of thirty, female, retired breeder, Sprague Dawley rats. Image 

analysis of stained sections of the rat's mandibles revealed the presence of connexin 43 in 

osteoclasts, osteoblasts, osteocytes and bone lining cells in areas of compression and 

tension. Data were analyzed using multivariable analysis of variance with the selected 

level of significance set at p<0.05. No statistically significant difference between 

experimental and control sides with respect to the presence of connexin 43 in osteoblasts, 

osteoclasts, osteocytes, or bone lining cells were identified at any time point. However, 

there were several trends, although not statistically significant, that were identified. 

43 
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There was an increase in the number of negative, unstained, osteocytes under tension 

compared to compression at 6, 12, 24, and 72 h, but not at 48 h. Similarly, there was an 

increase in the total number of cells counted on the tension side compared to the 

compression side at 6, 12, 24, 48 h, but not at 72 h. These findings warrant further 

investigation in order to clarifY the role of gap junctional communication during 

orthodontic tooth movement. 

- . 
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