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ABSTRACT  

Effects of Osteocyte-,QWULQVLF�7*)ȕ�6LJQDOLQJ�LQ�$OYHRODU�%RQH�'XULQJ�2UWKRGRQWLF�7RRWK�

Movement 

 by  

Jasmine Faldu 

Objectives: In this study, orthodontic tooth movement (OTM) was applied to 7ȕ5,,RF\-/- mice 

to elucidate the role of osteocyte-intULQVLF�7*)ȕ�VLJQDOLQJ�LQ�DOYHRODU�ERQH�UHPRGHOLQJ�GXULQJ�

tooth movement. 

Methods: Osteocyte-VSHFLILF�7*)ȕ�UHFHSWRU�,,�NQRFNRXW�PLFH�ZHUH�H[DPLQHG�WR�VWXG\�ZKHWKHU�

7*)ȕ�VLJQDOLQJ�LQ�RVWHRF\WHV�LV�UHTXLUHG�IRU�DOYHRODU�ERQH�UHPRGHOLQJ�LQGXFHG�E\�RUWKRGRQWLF�

tooth movement forces. Male and female mice underwent OTM appliance delivery under general 

anesthesia. OTM was induced by a coil spring appliance that was ligated and bonded to the 

maxillary left first molar and the maxillary incisors. The mice underwent OTM for 14 days until 

euthanized. Then ex vivo MicroCT was used to measure OTM, bone mineral density, bone 

volume fraction, and bone to tissue volume ratio. The study included eight groups of mice: male 

and female control (CTRL), and male and female knockout (KO) in Dmp1-Cre+/-;Tbr2fl/fl group 

and Dmp1-Cre-/-;Tbr2fl/fl groups. Control mice also underwent ex vivo MicroCT and was used to 

measure bone mineral density, bone volume fraction, and bone to tissue volume ratio for 

comparison.  

Results:  

Our results shed light on some striking differences between genders as well as the properties of 

alveolar bone versus the reported properties of long bone in the literature. Non-experimental 

baseline group (no OTM) there was no statistically significant difference in bone quality between 
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genotypes within the same gender. However, at baseline there was a statistically significant 

difference in alveolar bone quality between females and males. We found utilizing orthodontic 

tooth movement linear measurements that there was a large variation in OTM in the male Dmp1-

Cre+/-;Tbr2fl/fl group, which could be explained by the disruption of the down signaling cascade 

ZKHQ�7*)ȕ�LV�QRW�IXQFWLRQLQJ��Also, in males we found a decreased BV/TV and BMD in 

alveolar bone in the OTM group compared to the gender-matched controls.  

Conclusions:  

This study furthers our understanding of the role osteocytes may play in the process of bone 

remodeling during OTM. Our preliminary data were promising and increasing the sample size 

will help support further scientific discovery and clinical applications. The OTM mouse model 

utilized in this study is reliable and reproducible for long term studies. The significant 

differences in bone quality between males and females illustrates the importance of separating 

experimental groups by sex, genotype, and phenotype, and provides potential clinical insight as 

to how males and females alveolar bone may respond differently to loads than the long bones. 

The OTM protocol in mice will continue to assist in scientific research to help us learn how to 

optimize orthodontic treatment and develop innovations in the field. 
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A: INTRODUCTION 

A1: Preface and Specific Aims 

Orthodontic tooth movement (OTM) induces an intricate biological response to yield 

bony remodeling to allow changes in the tooth position. Orthodontists rely on an understanding 

of bone biology to successfully move teeth to create esthetic smiles and healthy occlusion. Bone 

is a very dynamic organ, and it is known to be a rigid body tissue consisting of cells embedded in 

an abundant, hard intercellular material. The bone of focus for this investigation is alveolar bone 

where the dentition is housed. The integrity of alveolar bone is controlled by hormones and 

proteins secreted by hematopoietic bone marrow cells and bone cells. There are known key local 

regulators within alveolar bone such as platelet derived growth factor, insulin growth factors, 

transforming growth factor-ȕ (7*)ȕ), and bone morphogenetic proteins (BMP) [1].  

Currently, there is a consensus on the role of osteoblasts, the mesenchymal bone-forming 

cells, and osteoclasts, the hematopoietic bone-resorbing cells, in the process of bone remodeling 

during OTM. When orthodontic force is placed on a tooth, bone is produced on the tension side 

by osteoblasts and bone is resorbed on the compression side of the PDL by osteoclasts [2] [3] [4]. 

However, there is limited knowledge on the role of osteocytes, the mechanosensory cells within 

the bone, even though osteocytes account for the largest proportion of cells within the matrix of 

the bone [5] [6]. Osteocytes are a cell type that are derived from osteoblasts and are localized 

within the mineralized bone matrix. The literature suggests osteocytes play a role in tooth 

movement in response to orthodontic forces [7] [8] [9]. Osteocytes have channels or canaliculi 

within the bone matrix to allow them to communicate with cells on the surface that are not in 

direct contact. Different loads and stresses within the bone matrix are sensed by osteocytes and 
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signals are sent to surrounding osteoclasts and osteoblasts to act. The modulation of bone 

remodeling is led by osteocytes to maintain bone quality and mineral homeostasis [10].  

Foundational investigations by our group have led to the understanding that 7*)ȕ 

signaling regulates mechanosensing, RANKL and Sclerostin production, and perilacunar 

remodeling (PLR) in long bones in osteocytes [7] [11] [12]. In long bones, 7*)ȕ has been 

studied in greater detail and shown to stimulate osteocytes to increase RANKL production which 

leads to osteoclastogenesis [1] [13]. Since PLR is hard to define in long bone, which is a much 

broader and not confined environment in the human body, an avenue to learn more is by 

studying alveolar bone. A more controlled environment for OTM, which helps focus on the 

nature of the bony changes and contribute further to the study of bone biology and OTM. The 

concentration of this study is on osteocytes and how the lack of 7*)ȕ signaling from these cells 

may impact the surrounding alveolar bone structure and OTM.  

Hypothesis: We hypothesize that defective 7*)ȕ signaling in osteocytes impairs alveolar bone 

remodeling and decreases OTM rate. 

AIM 1: To develop a protocol for OTM in a mouse model. 

 In Aim 1, we will develop a design for OTM in mice. The orthodontic appliance will be 

ligated to the maxillary left first molar and both central incisors. This design will allow for 

mesial movement of the maxillary first molar. The forces used for the OTM should be consistent 

and reproducible.  

Primary outcome measures: An orthodontic appliance that can induce OTM and is stable 

throughout the 14 day experimental time period. Success criteria: Successful placement of an 

orthodontic appliance that is stable and does not interfere with the ability of the mouse to eat, 

drink, and breathe.  
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AIM 2: To determine the extent to which loss of osteocyte-LQWULQVLF�7*)ȕ�VLJQDOLQJ�DIIHFWV�

OTM rate.  

 In Aim 2, we will use the OTM model developed in Aim 1 to complete a study in mice 

with an experimental period of 14 days. OTM will be measured on microCT images. Primary 

outcome measures: Maintained placement of orthodontic appliance in vivo for 14 days using 

OTM mouse model optimized in AIM 1. Success Criteria: Observation of tooth movement on 

the left side versus the control samples supported by ex vivo microCT analysis. 

AIM 3: To assess the extent to which loss of osteocyte-LQWULQVLF�7*)ȕ�VLJQDOLQJ�LPSDFWV�

alveolar bone remodeling.  

 In Aim 3, we will use the OTM model developed in Aim 1 to complete a study in mice 

with an experimental period of 14 days. Bone mineral density (BMD) and bone volume fraction 

(BV/TV) will be measured on microCT images. Primary outcome measures: Measured the 

bone mineral density and bone volume fraction on ex vivo MicroCT in the furcation area to 

highlight changes in the alveolar bone. Success Criteria: Observation of bone remodeling on the 

left side versus the control samples supported by ex vivo microCT analysis. 

A2: Biology and Biomechanics of Tooth Movement  

Understanding the biology and biomechanics of tooth movement is the cornerstone of an 

RUWKRGRQWLVW¶V�NQRZOHGJH�WR�VXFFHVVIXOO\�PRYH�WHHWK��$Q�RUWKRGRQWLVW�UHOLHV�RQ�KXPDQ�ELRORJLFDO�

processes to take place to induce tooth movement for a healthier, stable occlusion. Orthodontic 

forces trigger a cascade of events in order to move teeth within the alveolar bone. During OTM, 

mechanical force is placed on the tooth which translates to the periodontal ligament (PDL) as 

tension or compression. This leads to extravasation of vessels, chemo-attraction of inflammatory 

cells, and recruitment of osteoblast and osteoclast progenitors [14]. The PDL is the supporting 
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anatomy that connects the tooth to the alveolar bone and is the reason tooth movement is 

possible. Collagenous fiber bundles, cells, neural and vascular components, and tissue fluids 

make up the dense fibrous connective tissue PDL structure, which is about 0.2mm wide 

circumferentially around the roots of the tooth [15]. PDL fibers are connected to the alveolar 

bone and cementum through the lamina dura. There are many cell types that play important 

roles. The focus for establishing the biology will be on osteoblasts, osteoclasts, and osteocytes 

[1]. The role of osteoblasts and osteoclasts in OTM is well known [16] [17] [18]. On the tension 

side, osteoblasts are present depositing bone, and on the compression side, osteoclasts are present 

resorbing bone. These different areas of bone building and bone destruction is what leads to bony 

remodeling.  

Although there are three phases of tooth movement established by Burstone in 1962, 

initial phase, lag phase, and post lag phase, this study focuses on the time frame that captures the 

initial phase of OTM within the first two-week period [19]. OTM is a dynamic process that can 

be explained by several proposed mechanisms. Three theories that are often referenced are the 

Pressure-Tension Theory, Bone-Bending Theory, and Biological Electricity Theory. The 

pressure-tension theory supports that the tooth can move because of the pressure and tension 

created within the PDL. Due to the difference of force in the micro-environment it alters the 

blood flow in the periodontal ligament. Therefore, there is less oxygen on the compression side 

and more oxygen on the tension side [20]. Cellular activity and differentiation can be impacted 

directly or indirectly due to these changes in the PDL leading to a cascade of molecular events. If 

the orthodontic force exceeds that of the capillary blood pressure, then tissue necrosis can initiate 

on the pressure side with limited oxygen [21]. As the blood flow reduces, some cells will 

undergo apoptosis or necrosis. These cell deaths trigger an acute inflammatory response where 
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chemokines are released into the PDL [22]. During orthodontic movement, the chemokines 

known as monocyte chemo attractant protein-1 (MCP-1) are released attracting monocytes to the 

area, which become either macrophages or osteoclasts once they exit the blood stream and enter 

the tissue [23]. The bone-bending theory established by Farrar in 1888 supported the idea that 

when an orthodontic force is applied to the tooth it is transmitted to all tissues near that force 

application. Thereby this force bends the bone, PDL, and surrounding tissues in order to induce 

tooth movement [24]. Moreover, the Biological Electricity Theory proposed in 1962 by Bassett 

and Becker supports that when the alveolar bone is under force to flex or bend there is a release 

of electric signals to the surrounding tissues [25]. These changes in electric potential around the 

bone impact the metabolic processes and result in cellular differentiation, leading to tooth 

movement. The area with electronegative charge is characterized by elevated level of 

osteoclastic activity and the area of electropositive charge is characterized by increased levels of 

osteoblastic activity [26].  

An improved understanding of bone remodeling and its role during OTM requires a 

better understanding of the molecular changes that take place to maintain bone homeostasis. 

Osteoblasts and osteocytes express RANKL which can bind to its receptor, RANK, on osteoclast 

precursors [1] [17] [2] [16]. This enables the pathway for osteoclastogenesis which leads to bone 

resorption. Osteocytes can upregulate or downregulate the expression of RANKL, which in turn 

impacts osteoclastogenesis [16]. The expression of RANKL is down-regulated by osteoblasts in 

the presence of TGFȕ or estrogens [27]. Furthermore, sclerostin, coded by the gene SOST, is 

produced by mature osteocytes, and serves as an antagonist of the Wnt/ß-catenin pathway; 

sclerostin is able to inhibit osteoblast activity and lead to increase bone resorption [6]. 

Osteoprotegerin (OPG) is a decoy receptor secreted by osteoblasts, to block differentiation of the 
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osteoclast precursor cell, which results in bone formation [1]. Therefore, a balance between 

many regulators and the RANKL/OPG ratio is a critical determinant of bone mass.  

Many of these theories were established prior to understanding and further study into the 

role of osteocytes during OTM. Although it was known that there were osteocytes embedded in 

the bony matrix, there was a lack of knowledge regarding their role in the overall process. 

However, the literature now supports a better understanding as to how the osteocyte 

communicates with surrounding tissues in long bones. Therefore, it is critical for patient care, 

that scientific research continues to investigate bone biology through OTM and the regulatory 

factors which can impact tooth movement to make the practice of orthodontics more effective 

and efficient.  

A3: Role of Osteocytes During Orthodontic Tooth Movement 

As previously described, there are many theories for OTM that heavily rely on the actions 

and contributions of osteoblasts and osteoblasts. However, the role of osteocytes during OTM is 

not fully understood. The most notable function of an osteocyte is its mechanosensing property 

[5]. It is indeed more than a passive placeholder trapped in a lacuna with no purpose in the bony 

matrix. This means that osteocytes can detect mechanical stimuli developed from the mechanical 

loading of bones and communicate with other cells via canaliculi. These channels carry the long, 

slender cell processes through the bony matrix to allow for signaling molecules to pass and reach 

other cells [10]. This intricate network of canaliculi develops a web to make indirect 

communication between cells deeply embedded in the bone matrix possible with cells on the 

bony surface [28]. Healthy osteocytes are essential for appropriate behavior and performance of 

bone and other organs. The complex and sophisticated lacuna-canalicular network which is 

integrated within the bony matrix make up the blueprint for osteocytes to deposit and resorb 
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bone through a process known as perilacunar/canalicular remodeling [6]. Maintaining mineral 

homeostasis and bony infrastructure is in large part due to the activity of PLR as a homeostatic 

mechanism. Moreover, osteocytes have also been found to play a regulatory role between the 

expression of osteoblasts or osteoclast during bone remodeling [29]. An OTM study with 

osteocyte-ablated mice reported there was significant decrease in tooth movement since these 

mice were more resistant to bone loss, which help further define the importance of osteocytes 

during bone remodeling [7].  

During OTM, the force initiated to move the tooth first induces a stage of hypoxia. This 

is a critical initial step during OTM which signals to the surrounding cells that an event is taking 

place which requires attention. This change in oxygen levels available to the cells occurs 

concurrently with load-induced fluid flow changes. The fluid flow dynamics also act as an 

activator of signaling to the surrounding tissues. In the fluid flow hypothesis, there is a 

displacement of fluid in the canaliculi of mechanoreceptor cells, the osteocytes in bone, and 

fibroblasts in PDL, which initiates a response to the strain [30]. The application of force results 

in a cascade of steps to follow. First, at the site of the orthodontic force where the tooth is loaded 

with pressure, interstitial fluid is pushed through the canaliculi and around the osteocytes which 

puts a strain on the cell surface and extracellular matrix [21]. This pressure experienced by the 

cells starts the reaction to make an environmental change. Cellular activation at the osteocyte 

through integrins binding results in a release of intracellular molecules that modify gene 

expression. This stimulation of the osteocyte promotes signaling for differentiation of osteoblasts 

and osteoclasts to start the bone remodeling process [18] [31]. The fluid-flow shear stress created 

by the orthodontic force on the tooth to initiate movement is a key player in better understanding 
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the role of the osteocyte and bone remodeling. Since osteocytes are mechnosensing cells they 

respond to the changes in the tension and compression of their bony matrix environment.  

Stress-induced bone matrix deformation/microcrack formation and changes in fluid-flow 

shear stress within the system is one of the popular theories that support the role of osteocytes 

during OTM. When orthodontic force is applied to teeth there is a pressure placed on the alveolar 

bony matrix and that can be interpreted by the cells as a mechanical load, which was explained 

previously. This pressure results in a physical change from bone fatigue to actual microdamage 

on the side of the force. Microcracks are considered one of the first signs of change in the bony 

matrix after OTM is initiated; they are less prevalent on the tension-side than on the pressure-

side of the tooth. Verborgt et. al. reported that during bone remodeling, or bone fatigue, 

osteocytes undergo the natural death process known as apoptosis. The areas with the highest 

concentration of osteocytes that underwent apoptosis are regions of the bone with microcracks 

[32]. The apoptotic bodies released from the apoptotic osteocytes express RANKL which recruit 

osteoclasts [33]. It was noted that osteoclastic cells were found in the region of the bone fatigue 

to resorb bone and start the remodeling process [32]. The paper concludes that there is a strong 

association between microdamage of the bone, osteocyte apoptosis, followed by bone 

remodeling supported by osteoclasts. This theory supports the idea that osteocyte apoptosis plays 

an important role in the stimulation or initiation mechanism to signal osteoclasts to target bone 

resorption after fatigue-induced matrix injury [32].  

A4: Understanding the Role of TGFȕ signaling in bone biology 

  7*)ȕ is a local regulatory factor that helps maintain bone homeostasis via cellular 

migration, differentiation, proliferation, matrix synthesis, and apoptosis [34]. This cytokine 

serves to create a balance between bone formation and bone resorption through physical and 
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biochemical stimuli. TGFȕ mediates the crosstalk between osteoclasts and osteoblasts during 

bone remodeling and supports a healthy bone matrix. With its widespread influence, TGFȕ also 

acts on terminally differentiated osteocytes within the bone matrix by inhibiting osteocyte 

apoptosis, partially through a Smad3 and vitamin D receptor-dependent mechanism [35]. This 

connection to preventing osteocyte apoptosis, which recruits osteoclastic activity, illustrates the 

downstream impact TGFȕ can have on bone remodeling. This powerful cytokine can also reside 

in the bone matrix in latent form. When osteoclasts begin to resorb bone, latent TGFȕ ligand is 

activated through the acidic microenvironment. Once released from the matrix, the active TGFȕ 

loops back to signal to osteoblasts for bone formation. Therefore, the presence of TGFȕ creates a 

coupled process to maintain balance [36]. The PLR process that occurs by the osteocytes is 

required during normal conditions for mineral and collagen organization as well as after fatigue 

injury like OTM. Simpson et. el. reported TGFȕ plays a molecular role for the stability and 

survival of osteocytes from cancellous bone in a long-term culture in an ex vivo loading 

bioreactor [37]. Understanding this dynamic between osteocytes and TGFȕ during PLR provides 

more insight into how bone quality may be impacted by changes in TGFȕ availability.  

7KH�ZRUN�E\�'U��$OOLVWRQ¶V�WHDP highlights the relationship between osteocyte-intrinsic 

PLR and TGFȕ as a regulatory factor in long bones [11]. They showed that TGFȕ signaling 

controls bone quality and osteocytic PLR via repression of several key genes using a mouse 

model with deletion of TGFȕ receptor I. Furthermore, this group also examined effect of TGFȕ 

on MLO-Y4 osteocyte-like cells and OCY454 osteocytes in vitro; their conclusions reinforced 

the likelihood that TGFȕ stimulates PLR in an osteocyte-intrinsic manner. Therefore, when there 

is direct inhibition of TGFȕ signaling due to deletion of the TGFȕ receptor II, there is an effect 

on the osteocyte-intrinsic PLR process which ultimately affects bone quality. Specifically, the 
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length of the canalicular projections in the using DMP1-Cre mice, resulting in 7ȕ5,,RF\-/- bone 

showed a reduction of 50% compared to the WT mice. Also, the canalicular network was 

retracted and visibly rounded relative to the WT samples. These findings also showed that there 

was an even greater impact on PLR gene expression with deletion of TȕRII compared to their 

previous study of TȕRI ablation. These changes to the PLR communication and inability to 

regulate bone homeostasis leads to an increase in trabecular bone mass due to the lack of bone 

resorption. There was no change in cortical bone mass and thickness. They concluded through a 

fracture toughness test that TGFȕ regulates bone quality in an osteocyte-intrinsic manner, 

specifically through extrinsic toughening mechanisms that limit crack growth when the bone is 

under stress or fatigue [11]. 

Disrupting TGFȕ signaling has a profound impact on the bone quality and studying this 

pathway and interacting effectors further can help uncover more therapeutic targets to recalibrate 

bone homeostasis, such as after OTM is completed. Thus, understanding how TGFȕ regulates 

alveolar bone quality in an osteocyte-intrinsic manner can open doors to new treatment. 

The purpose of the proposed experiments was to increase our understanding of the 

molecular mechanisms involved in bone remodeling induced by orthodontic forces. Establishing 

the role of osteocyte TGFȕ signaling in OTM may help in the development of new, innovative 

approaches to control tooth movement outcomes.  

B: Materials and Methods 

B1: Background  
This study aimed to investigate the impact of defective 7*)ȕ signaling in osteocytes on 

the alveolar bone remodeling process and its direct correlation to OTM. Male and female Dmp1-
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Cre+/-��7ȕ5,,fl/fl and Dmp1-Cre-/-��7ȕ5,,fl/fl littermate controls underwent general anesthesia and 

were subjected to single-sided orthodontic treatment in the right left quadrant. Untreated mice 

that did not undergo OTM were used for the control group. In the experimental group, the 

maxillary left side had an orthodontic NiTi spring ligated and bonded from the first molar to both 

maxillary incisors. Treatment lasted 14 days, a time frame previously established to be effective 

in studying OTM [38]. A widely utilized mouse OTM model was mirrored for this study [39] [7] 

[9] [38]��KRZHYHU��270�KDV�QHYHU�EHHQ�SHUIRUPHG�LQ�7ȕ5,,RF\-/- mice. At the completion of the 

study the mice were humanely euthanized as per IACUC protocols, and tissue samples were 

harvested for further analysis. OTM can be studied in many different animal species, but mice 

were chosen due to their natural dentition landscape. Mice have one maxillary incisor in each 

quadrant and 3 molars separated by a long span or diastema (approximately 7mm) This natural 

distribution of teeth and edentulous space allows for OTM to be mimicked as it would be in a 

human moving teeth in the mesial/distal direction.  

B2: Funding 
Funding for this project was provided by the American Association of Orthodontics 

Foundation and the National Institutes of Health (NIH) under the leadership of Dr. Christine 

Hong.  

B3: Sample Size 
A power analysis was performed using conservative assumptions and based on data from 

prior studies by our group and others. We used the mean and standard deviation according to the 

type of assay from previous studies as well as previously performed OTM studies for the power 

calculation. Most OTM studies performed on mice required a sample size of n = 6-9 to detect 
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significant differences in the craniofacial skeleton [11] [39] [40].  For OTM in vivo studies, 

power analysis using G*Power 3.1 shows >80% probability in detecting a difference between 

genotypes and sex with a two-sided alpha level of 0.05 and a sample size of 9 mice, yielding an 

effect size of dz=1.3. Using fewer animals does not allow us to detect a difference that would be 

clinically relevant, which we discuss later in this thesis.  

B4: Subjects 
A transgenic mouse line with osteocyte-specific deletion of TGFȕ receptor II (TBRII) 

was used for our experimental group. 12-week-old male and female Dmp1-Cre+/-; 7ȕ5,,fl/fl 

�7ȕ5,,RF\-/- mice) and Dmp1-Cre-/-; 7ȕ5,,fl/fl littermate controls (CTRL) were divided into four 

groups: Control (CTRL) and Experimental (OTM) including both cre- controls and cre+ mutant 

mice for each sex. Control groups did not undergo OTM but underwent the same sedation and 

received the same post-surgical soft gel diets. The OTM group had an orthodontic appliance 

applied to the maxillary left side only. All mice were euthanized at 14 days with CO2 

asphyxiation and their maxillae were harvested, hemisected, and fixed in 10% buffered formalin 

for MicroCT analysis. The protocol was approved by the University of California, San Francisco 

Animal Research Committee. 

B5: Sedation and Pain Control 
Prior to surgery and orthodontic appliance placement, mice were anesthetized by 

intraperitoneal injection of ketamine (87mg/kg) and xylazine (13mg/kg). 200uL Ketamine 

(100mg/mL) + 160uL Xylazine (20mg/mL) + 640 uL Saline = 1 mL stored at 4C. 120-150 uL of 

the 1 mL was used for IP injection per mouse (for adult mice 20g, anesthetized for 1.5-2 hours). 
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Although the procedure was non-invasive and bleeding was minimal, the mice were also 

administered SR Buprenorphine (1.3 mg/mL) injected pre-operatively IP for analgesia.  

B6: Orthodontic Appliance Treatment  
The mouse maxilla consists of two central incisors and three molars on the right and left 

sides. Since mice have maxillary incisors with long and curved roots, these teeth were able to 

serve as absolute anchorage units for this experimental set up. 

 
 
 
 
 
 
 
 
 
 
Figure 1: This sagittal cross-section of MicroCT data of 12 week control mouse skull illustrates the robust nature of 
the maxillary incisor tooth root. The crown to root ratio for the incisors is favorable to induce OTM. 

 
To minimize the movement of the maxillary left incisor, it was joined with the right incisor with 

bonding resin material [38]. Since there is a natural anatomic space between the incisors and 

posterior molars, these teeth made an ideal set up to mimic OTM through an edentulous space by 

moving the maxillary first molar mesially. A key factor to consider in this OTM mouse model is 

the placement of the appliance on the incisors since they will continuously erupt. Due to this 

anatomic feature, the appliances were checked for the first 5 days after surgery and then every 

third day to ensure the incisors were not interfering with the appliance. If any interferences were 

present, the lower incisors were trimmed 1-2 mm using a ligature cutter.  

The orthodontic appliance used in this study was designed to protract the maxillary first molar 

mesially with a 3±5 gram light force [41]. The NiTi closed-coil spring (Ultimate Wireforms, 
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Bristol, Connecticut, USA) was attached to the first molar and both central incisors using a thin 

.008 inch stainless steel ligature wire (Ultimate Wireforms, Bristol, Connecticut, USA) 

[42](Figure 2).  

 

Figure 2: Schematic on the right and in-vivo on the left of the orthodontic appliance with all the components: ligature ties, coil 
spring, composite, and bonding material. 

The mouse maxillary first molar has a natural undercut on its distal interproximal surface, which 

helped to maintain appliance securely under the contact. Also, a retention groove was made 

using a high-speed handpiece on the incisors distal proximal surface about .5mm from the 

gingival margins at a depth of .5mm to help secure the anterior ligature wire, highlight by two 

dark gray half-circles in Figure 2. Additional stability was achieved by adding the bis-GMA 

composite resin after self-etching primer (Transbond Plus, 3M Unitek, Monrovia, CA) and light 

cured into the retention grooves of the anterior teeth and the mesial-lingual surface of the 

maxillary first molar to secure the wire.  

B7: MicroCT Protocol 
Animals in all groups underwent ex vivo MicroCT imaging at Day 14 after euthanasia. 

Imaging was performed at the UCLA Core Center for Musculoskeletal Biology and Medicine 

(CCMBM) MicroCT core using Scanco VivaCT40 (Scanco Medical, Bruttisellen, Switzerland) 
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for animal imaging as previously performed by our group and Scanco MicroCT50 (Scanco 

Medical, Bruttisellen, Switzerland) for specimen imaging [43]. The non-experiemental mouse 

groups with no OTM were also scanned to control for potential effects of radiation on bone 

homeostasis and quality. For ex vivo scanning, the heads were scanned at an image resolution of 

10 µm distance with 60kV using a 166-µA x-ray source and a 0.5mm aluminum filter, 0.3 degree 

rotation per seconds. To ensure scan consistency, a calibration phantom of known geometry (a 

dense cylinder) was included for each scan.  

B8: MicroCT Protocol and Analysis 
After scanning the mice skulls and acquisition of the MicroCT data files, the images were 

reoriented on each 3-dimensional plane using Bruker Software DataViewer V1.5.6.2 to align the 

palate parallel to the transaxial plane. We established a step-by-step protocol for each parameter 

of analysis:  

B8.a: Orientation  

1. Obtain the Bruker Software DataViewer V1.5.6.2 and save the software the C:/ of the 

desktop.  
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2. Select Open Dataset. 

 
 
3. Open the folder for the scanned sample and select file types to view: Dicom files (.dcm), 

then step two - double click on one image. DataViewer will automatically load all the 

pictures in its program. 

 

 

1

2
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4. Click on Load for 3D Viewing 

 
 
 

5. It will first check dataset integrity and then load images.  

 
 
 
 
 
 



 18 

6. Right-click on mouse and control on the keyboard to manipulate the imaging in all three 

planes of space: level occlusal plane of molars horizontally, level palatal suture vertically, 

and align all three places of space to be perpendicular to each other. Press OK for 

³Attention!´�popup.  

 
 

7. Complete orientation in all three planes of space.  
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8. Once orientated properly, click View then Single Volume of Interest.  

 
 
9. Manipulate the blue box that appears with right click on the mouse at the corners of the box 

to highlight the region of interest: maxillary left molars. 
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10. Once the selection for the volume of interest is done, click Actions.   

 
 
 
11. Click 6DYH« and then 6HOHFW�D�9,2�WR�6DYH«� 
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12. Pop-XS�GLDORJXH�³2SWLRQV�IRU�VDYLQJ�D�92,´ will appear. Select view to save:            

Coronal (X-Z). 

 
 
 
13. 6HOHFW�D�GHVWLQDWLRQ�IROGHU�IRU�WKH�QHZ�³UHJLRQ�RI�LQWHUHVW´�ILOH�WR�EH�VDYHG E\�FOLFNLQJ�³«´.  
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14. Now that the file is saved in the coronal view it can be opened in the 3D-Slicer software in 

order to analyze the linear tooth movement distance between the molars; it can also be 

opened in CTAn for volumetric analysis.  

B8.b: Linear Distance of Orthodontic Tooth Movement 
1. Open 3DSlicer software  
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2. Select the drop down menu Æ SlicerMorph Æ Input and Output Æ ImageStacks 

 
 

3. Select Browse«�and double click on one file in the folder of interest  
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4. Change the spacing numbers to 0.01mm in all three planes of space.  
a. Output Volume: (Create new volume)  
b. Region of interest: (Full volume) 
c. Quality: full resolution 

 
5. Once the microCT file deck is loaded, select Volume Rendering from the dropdown menu 

 
 
 

a 
b 

c 



 25 

6. In the Display section, select preset: CT-AAA 
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7. In the upper right box, the volume rendering will appear. Zoom in on the image until it is large 

enough to visualize clearly. Then, select Markups. Select this caption twice to create two 

markup points, one for each molar of interest.  

 
8. Left click on the mouse to rename the points M1 and M2, which will represent the points for 

height of contour on the first molar and second molar.  
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9. Use the scroll bars to move through the slices of the microCT in all three planes of space to 

find the height of contour on the first molar and second molar. Once located put the marker at 

that point desired. Record your points in a separate excel sheet to calculate the OTM distance 

as follows:  

a. Summed linear distance: highlight both point M1 and M2, right click, summed linear 

distance measure = c value  

b. Subtract the ³V�YDOXH´ for M1 from the ³V�YDOXH´ for M2 = a value  

c. In excel calculate: b value =SQRT((c^2) - (a^2)) 

d. Excel:  

e. b value * 1000 = distance of linear OTM in um  
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B8.c: Volumetric Measurements  
1. Open the CTAn software and click on open file.  

  
 

2. Find the file of interest and double click on the file to load. Select open. 
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3. Scroll through the files and find the slice that shows the first speck of bone for the 

furcation area.  

 
 

4. Use the file Z position and subtract 0.2mm to find the first slice for the region of interest. 

Right click on that slice and select Set the Top of Selection 
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5. From the Top of Selection and subtract 0.35mm to find the slice for the region of 

interest. Right click on that slice and select Set the Bottom of Selection   

 
 

6. Now the top and bottom boundaries of the region of interest are selected  
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7. Select the next tab regions of interest preview  

 
 

8. Scroll back to the first slice that represents the top of the region of interest. 
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9. Select the square shape to define the area of interest.  

 
 

10. Select Dynamic interpolation 
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11. Shrink the square region of interest to be 0.35 by 0.35 mm. Position the square adjacent 

to the palatal root and be sure to note the square is not in the PDL space of the palatal 

root or distal root.  

 
 

12. Scroll to the last slice and most the position to be adjacent to the palatal root.  
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13. Select square again to have access to move the region of interest out of the PDL space.  

 
 

14. Move the region of interest to adjacent to the palatal root and make sure it is not in the 

PDL.  
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15. Scroll through all the samples to make sure the region of interest is not within the PDL of 

the root.  

 
 

16. Then select the next tab Binary Selection. Set range for scale: 80 to 255
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17. Select Density range calibration. Set the HU units to -1000 to 9800. Click OK. 

 
 
 

18. Click on File Æ Preferences Æ Histogram 
a. Enter the values: 252.945  and 4366.11767. Click OK.
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19. Select From Dataset  

 
20. Select Save histogram
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21. Select the folder to save the values from the volumetric data. Click Save  

 
 

22. Select the next tab Morphometry 
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23. Select 3D analysis   

 
 

24. Keep the Basic Values checked. Click Continue
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25. In the pop-up dialogue box 3D Analysis Results, select the save histogram icon.  

 
 

26. Select the folder desired and Save the results
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27. Find the value for BMD under the selection, listed as the mean. Enter this value into an 

excel spreadsheet to keep values organized per sample. 

 
 

28. Find the value for BV and BV/TV under the selection, listed as the mean. Enter this 

value into an excel spreadsheet to keep values organized per sample. 
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B9: Statistical Analysis  
  Statistical evaluation was performed with the program GraphPad Prism (V9.3.1). Data 

was expressed as means and standard deviations for each group and subjected to two-way 

ANOVA followed by a Tukey test for multiple comparisons among the Dmp1-Cre-/-;Tbr2fl/fl and 

Dmp1-Cre+/-;Tbr2fl/fl groups (p=0.05). Gender comparisons tested with unpaired T-test (p= 0.05) 

for each parameter.  

C: RESULTS  

C1: Final Sample Size 
Table 1: Breakdown of samples included in the statistical analysis.   

n Female Groups n Male Groups 
8 Control Dmp1-Cre-/-;Tbr2fl/fl 7 Control Dmp1-Cre-/-;Tbr2fl/fl 
3 Control Dmp1-Cre+/-;Tbr2fl/fl 3 Control Dmp1-Cre+/-;Tbr2fl/fl 
3 OTM Dmp1-Cre-/-;Tbr2fl/fl 8 OTM Dmp1-Cre-/-;Tbr2fl/fl 
5 OTM Dmp1-Cre+/-;Tbr2fl/fl 3 OTM Dmp1-Cre+/-;Tbr2fl/fl 

C2: MicroCT Analysis Results 
 All mice in the study remained healthy and had a slight increase or maintained body 

weight throughout the 14-day experimental period. Prior to comparing samples with OTM, non-

experimental samples were analyzed. Our non-experimental groups will be referred to as 

baseline samples for the male and female Dmp1-Cre-/-;Tbr2fl/fl groups and male and female 

Dmp1-Cre+/-;Tbr2fl/fl groups. These graphs in Figure 3 represent baseline samples that did not 

undergo any OTM or anesthesia. The lighter color bar represents the Dmp1-Cre-/-;Tbr2fl/fl group 

and the darker color bar represents the Dmp1-Cre+/-;Tbr2fl/fl group. There is no statistically 

significant difference in bone quality between genotypes within the same gender as seen in 

Figure 3. 
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Figure 3: Graphical representation of 
the baseline groups split by male and 
female for Dmp1-Cre+/-;Tbr2fl/fl  and 
Dmp1-Cre-/-;Tbr2fl/fl groups. No 
statistically significant findings were 
noted.  

 

Comparisons of the baseline mice were done within the same genotype between genders. 

The females in Dmp1-Cre-/-;Tbr2fl/fl group showed higher bone volume fraction (*p�����) and 

bone mineral density (**p����1)  in the bone of the furcation area as seen in Figure 4. The 

females in Dmp1-Cre+/-;Tbr2fl/fl group showed higher bone volume fraction (*p�����) and bone 

mineral density (*p�����) in the bone of the furcation area as seen in Figure 5.  
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Figure 4: A. Baseline gender comparison for BV/TV in 
Dmp1-Cre-/-;Tbr2fl/fl mice. B. Baseline gender 
comparison for BMD in Dmp1-Cre-/-;Tbr2fl/fl mice. C. 
Coronal cross-section of maxillary left side first molar at 
the level of the furcation area in female Dmp1-Cre-/-

;Tbr2fl/fl mice. D. Coronal cross-section of maxillary left 
side first molar at the level of the furcation area in male 
Dmp1-Cre-/-;Tbr2fl/fl mice. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: A. Baseline gender comparison for BV/TV in 
Dmp1-Cre+/-;Tbr2fl/fl mice. B. Baseline gender 
comparison for BMD in Dmp1-Cre+/-;Tbr2fl/fl mice. C. 
Coronal cross-section of maxillary left side first molar at 
the level of the furcation area in female Dmp1-Cre+/-

;Tbr2fl/fl mice. D. Coronal cross-section of maxillary left 
side first molar at the level of the furcation area in male 
Dmp1-Cre+/-;Tbr2fl/fl mice. 

The OTM rate was also compared between the two genotypes with respect to the gender. 

3 samples needed to be excluded due to distal molar breakage during spring removal for 

microCT scan and were not included in Table 1. The control represents the group of mice that 

did not receive the orthodontic appliance, therefore the distance between the first and second 

molar is plotted as zero (Figure 6). Our results for OTM distance for Dmp1-Cre-/-;Tbr2fl/fl groups 
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for females (120.68 ± 14.12 ȝm) and for males (138.11 ± 26.41 ȝm) illustrated a much smaller 

range of tooth movement compared to Dmp1-Cre+/-;Tbr2fl/fl groups for females (141.07 ± 61.31 

ȝm) and males (186.81 ± 112.22 ȝm). Although there is no statistical difference in OTM rate 

between the two genotypes, you can see the large variation in OTM in the male Dmp1-Cre+/-

;Tbr2fl/fl group, which can be due to the defective TGFȕ signaling that makes bone remodeling 

unpredictable, since the process is dysregulated. 

Figure 6: Graphical representation of orthodontic tooth movement linear measurements between genotypes when split by gender. 

 

When comparing bone quality within the same gender for two different genotypes there was no 

difference calculated in bone volume fraction or BMD in females. The findings showed that the 

Dmp1-Cre+/-;Tbr2fl/fl group had slightly greater bone volume fraction and bone mineral density 

compared to the Dmp1-Cre-/-;Tbr2fl/fl group for both control and OTM groups as seen in  

Figure 7. In males, there was a decreased bone volume fraction and BMD in the OTM groups 

compared to the controls for both genotypes. The OTM Dmp1-Cre+/-;Tbr2fl/fl group showed the 

least amount of BV/TV and BMD highlighted in Figure 8.  
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Figure 7: Female control and OTM groups comparison between genotypes for bone quality.  

 

Figure 8: Male control and OTM groups comparison between genotypes for bone quality.  

 
The gender comparison within the same genotype of mice that experienced OTM yielded a 

statistically significant difference in the bone quality for bone volume fraction in both Dmp1-

Cre-/-;Tbr2fl/fl (**p����1) and Dmp1-Cre+/-;Tbr2fl/fl groups (***p���001). The female mice have 

higher bone volume fraction and BMD compared to males in both genotypes following 14 days 

of OTM (Figure 9).  
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Figure 9: Graphical comparison of BV/TV and BMD between genders within the same genotype after 14 days of orthodontic 
tooth movement.  

 Overall, the summary of the findings shed light on the differences between gender 

DOYHRODU�ERQH�TXDOLW\�DIWHU�7*)ȕ�VLJQDOLQJ�LV�LPSDLUHG�LQ�RVWHRF\WHV��$W�EDVHOLQH there was no 

statistically significant difference in bone quality between genotypes within the same gender. 

However, at baseline there was a statistically significant difference in alveolar bone quality 

between females and males. OTM measurements had larger variation in Dmp1-Cre+/-;Tbr2fl/fl 

groups compared to Dmp1-Cre-/-;Tbr2fl/fl group potentially due WR�WKH�G\VUHJXODWLRQ�RI�7*)ȕ�

signaling. In males, there was a decreased BV/TV and BMD in alveolar bone in the OTM group 

compared to control for both genotypes.  
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D: DISCUSSION 
 Orthodontists rely on a homeostasis between bone resorption and bone formation to make 

changes to tooth position. However, once orthodontic treatment is completed, being able to 

maintain final tooth position is still challenging. The importance of understanding the 

mechanisms of OTM and alveolar bone remodeling to increase efficiency of tooth movement 

and decrease treatment time is another challenging issue in orthodontics. Gaining a further 

understanding of the molecular mechanisms at play during alveolar bone remodeling is a step 

towards innovative therapies to address these obstacles. 7*)ȕ�PHGLDWHV�WKH�FURVVWDON�EHWZHHQ�

osteoclasts and osteoblasts during bone remodeling and supports a healthy bone matrix, and 

osteocytes help in the regulation of these processes [6] [8] [11] [13]. There are many studies that 

support the important role 7*)ȕ has during osteogenesis focusing on cortical and trabecular 

bone [44] [45] [36] [46]. Xu et. el. highlights 7ȕRII is critical for osteogenic progenitor cell 

proliferation and differentiation during postnatal alveolar bone formation [47]. This study 

provides insight and support as to how bone quality was impacted with loss of 7*)ȕ signaling. 

Therefore, this study used a genetic model of osteocyte-VSHFLILF�GHOHWLRQ�RI�7ȕ5,, to show how 

the loss of osteocyte-LQWULQVLF�7*)ȕ�VLJQDOLQJ�DIIHFWV�WKH�alveolar bone during OTM.  

In order to establish an OTM model to study, we utilized the mouse OTM models highly 

regarded in the literature [7] [9] [38] [39] [48]. Kirschneck et. al. concluded that to induce 

reliable OTM in mice beyond 7 days, a NiTi coil spring is the method of choice. They shared, in 

comparison to an elastic module for tooth separation, the insertion of a NiTi coil spring was 

more time-consuming and technically demanding, but best for long-term experiments. Since this 

study was a 14-day period to establish tooth movement of the first maxillary molar, it was 

critical to use a reliable method that induced tooth movement continuously. Despite the setbacks 
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of the NiTi coil spring appliance explained by Kirschneck there are many benefits of this 

approach compared to the elastic module. Once the elastic module is no longer compressed and 

the teeth move, it falls out of the mouth and does not retain the OTM achieved [48]. We were 

able to maintain a NiTi coil spring appliance in the mice for 14 day period for the samples 

analyzed in this paper with the similar approach used by many [7] [8] [9] [38]. The NiTi coil 

spring appliance was held securely in place with stainless steel ligature ties on both the first 

molar and central incisors to ensure mechanical retention. We also added 0.5mm grooves with a 

high-speed handpiece on the distal side of both central incisors for the ligature tie to stay 

securely in place. To help ensure the appliance could withstand mastication, we added bonding 

agent and composite to each tooth to serve as secondary retention. This model allowed us to 

successfully induce OTM in the mice for a 14-day period.  

Our baseline OTM linear measurements data was comparable to those found in the 

literature [38]. The maxillary first molar moved mesially with a small range in our female 

(+14.12 ȝP��and male (+26.41 ȝP� Dmp1-Cre-/-;Tbr2fl/fl mice (Figure 6). This data helps support 

the OTM model used in this study and illustrates how OTM can be reproduced in a reliable way. 

Interestingly, our range for OTM distance in Dmp1-Cre+/-;Tbr2fl/fl group (+������ȝP��FDQ�

potentially be supported by the unpredictable reaction of alveolar bone remodeling (Figure 6). 

Since oVWHRF\WHV�DUH�QRW�IXQFWLRQLQJ�SURSHUO\�ZLWK�ODFN�RI�7*)ȕ�VLJQDOLQJ, there is no 

homeostasis reached within the bone remodeling process. This can lead to a larger range of 

reaction to the orthodontic force induced through the NiTi coil spring application. Variability of 

UHVXOWV�FDQ�EH�H[SHFWHG�VLQFH�WKH�GRZQVWUHDP�LQIOXHQFH�RI�7*)ȕ�VLJQDOLQJ�RQ�ERQH�UHPRGHOLQJ�LV�

disrupted especially during this non-homeostatic condition [11] [49].  
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At baseline comparison between the genotypes showed no significant difference in 

BV/TV or BMD (Figure 3). Baseline comparison of male to female bone quality in Dmp1-Cre+/-

;Tbr2fl/fl mice illustrated females have a higher bone volume fraction and bone mineral density.  

Dole et. al. shared sexual dimorphism is present LQ�7*)ȕ¶V�UHJXODWLRQ�RI�RVWHRF\WH�PLR activity, 

which helps support these findings. The loss of osteocyte-LQWULQVLF�7*)ȕ�VLJQDOLQJ�DIIHFWV�WKH�

skeleton of male, but not female, mice in homeostatic conditions of long bones [49]. These 

findings indicate WKDW�IHPDOH�PRXVH�ERQHV�GR�QRW�GHSHQG�RQ�RVWHRF\WLF�7*)ȕ�VLJQDOLQJ�IRU�

maintaining bone mass and quality. Our observations support that osteocyte-LQWULQVLF�7*)ȕ�

impacts alveolar bone in a sexually dimorphic manner. Our findings of sexual dimorphism are 

present in both homeostatic condition and during OTM, which is inducing minor injury to the 

PDL area and bone to induce bony change (Figure 9). This created an environment that is not 

balanced and relies on the bone remodeling process to regulate. Our OTM groups of Dmp1-

Cre+/-;Tbr2fl/fl genotype illustrates bone volume fraction and bone mineral density is statistically 

(***p<0.05) higher in females than males (Figure 9). Due to intrinsic gender differences in bone 

quality and response to osteocyte-LQWULQVLF�7*)ȕ�VLJQDOLQJ�GLVUXSWLRQ, the sample groups needed 

to be separated into male and female groups as we did in this study. Although this decreased the 

overall sample size used for statistical evaluation, these findings are more accurate than 

combining the genders with different bone qualities into one group. Combining sample groups 

with different genders can potentially drastically skew results.  

The gender differences we noted in alveolar bone are the opposite of findings in the 

literature for long bones [50] [51] [52]. Differences in  BV/TV and BMD were statistically 

significant (***p<0.05) between male and female, with females exhibiting greater bone qualities. 

Yao et. al. noted when studying the tibia, which is a long bone, that male mice had inherently 
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more bone volume than genotype-matched female counterparts with corresponding increases in 

bone biomechanical strength [50]. They shared that the structure and geometry in bone growth, 

pubertal growth changes, and bone mechanical properties differed in males and females leading 

to these findings. Ko et. al. also found skeletal unloading diminishes bone quality in the tibia and 

fibula, leading to an increase in bone fracture risks, particularly in females [51]. The gender 

differences we see in this study for the alveolar bone are the opposite in long bone.  

Alveolar bone and long bone respond differently to loading and unloading forces. Other 

bones in the body resorb or narrow under tension and widen or build under compression. This is 

in accordance with the long bone viscoelastic and anisotropic properties [53]. Depending on the 

direction the force is applied to the long bones there is a specific response. Alveolar bone 

responds with the opposite reaction. Under tension alveolar bone apposition occurs with the help 

of osteoblasts and under compression the area attracts osteoclasts which resorb the bone [1] [14] 

[19] [21] [17] [2] [16].  

It is interesting to point out that when alveolar bone and long bones are compared within 

the same mouse, like the study by Chen et. al. it was found that there was no evidence of 

extensive bone loss in alveolar bone compared to the appendicular skeleton found when 

comparing aging rats and young, ovariectomized rats. There was clear evidence of 

osteopenia/osteoporosis in the long bones, but transverse microCT sections through the maxillary 

alveolar bone did not show the same diminishes in bone properties [54]. This opens the avenue 

for future studies of these mice to compare areas of cortical bone and trabecular bone to alveolar 

bone in the Dmp1-Cre+/-;Tbr2fl/fl mice. 
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E: FUTURE DIRECTIONS  
There are many future directions this study can launch into. Analyzing these samples for 

histological changes and molecular mechanisms will allow us to deeper understand the changes 

that are taking place once osteocyte-LQWULQVLF�7*)ȕ�VLJQDOLQJ is disrupted. Increasing the sample 

size of the male and female Dmp1-Cre+/-;Tbr2fl/fl mice will help increase the power of clinical 

relevance. Also, considering the use of in vivo MicroCT to scan at different stages of tooth 

movement such as Day 3 and Day 7 without sacrificing samples to learn more about the bone 

remodeling phases. Further explore gender differences specific to alveolar bone compared to 

long bones, which can help guide therapeutic decisions in the future. Develop targeted therapy at 

the level of molecular mechanisms that can influence relapse and retention with our knowledge 

of OTM mouse model established here. 

F: LIMITATIONS  
 There was difficulty in breeding an abundant number of Dmp1-Cre+/-;Tbr2fl/fl mice for 

orthodontic appliance placement. An increased sample size would help draw stronger 

conclusions for clinical relevance. Three samples needed to be excluded due to first molar 

breakage during spring removal for microCT analysis. The high level of technical skill needed to 

properly place the orthodontic appliance requires training and practice to create consistency. 

There were also challenges in forward momentum due to the COVID-19 pandemic and 

consequent clinic and lab closures.  

 



 53 

G: CONCLUSIONS  
1. Preliminary data is promising and increasing the sample size will help support further 

scientific discovery and clinical applications.  

2. Orthodontic tooth model used in this study with a NiTi coil spring is reliable and 

reproducible for long term studies.  

3. Larger range of orthodontic tooth movement in the Dmp1-Cre+/-;Tbr2fl/fl groups compared 

to Dmp1-Cre-/-;Tbr2fl/fl JURXS�FDQ�EH�GXH�WR�WKH�G\VUHJXODWLRQ�RI�7*)ȕ�VLJQDOLQJ�

downstream resulting in variable bone remodeling.  

4. Significant differences in alveolar bone quality between males and females compared to 

long bones properties highlighted in the literature illustrates the importance of separating 

experimental groups by genotype and phenotype. 
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