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ABSTRACT
Effects of Osteocyte-Intrinsic TGFp Signaling in Alveolar Bone During Orthodontic Tooth
Movement
by
Jasmine Faldu

Objectives: In this study, orthodontic tooth movement (OTM) was applied to TBRIIocy”- mice
to elucidate the role of osteocyte-intrinsic TGFp signaling in alveolar bone remodeling during
tooth movement.
Methods: Osteocyte-specific TGFp receptor II knockout mice were examined to study whether
TGFp signaling in osteocytes is required for alveolar bone remodeling induced by orthodontic
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*-;Tbr2¥ group
and Dmp1-Cre”~;Tbr2™"1 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



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 1n the male Dmp1-
Cre'-;Tbr2"f group, which could be explained by the disruption of the down signaling cascade
when TGF is not functioning. 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

Al: 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-p (TGFf), 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



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 TGF[3
signaling regulates mechanosensing, RANKL and Sclerostin production, and perilacunar
remodeling (PLR) in long bones in osteocytes [7] [11] [12]. In long bones, TGF 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 TGFf signaling from these cells
may impact the surrounding alveolar bone structure and OTM.

Hypothesis: We hypothesize that defective TGFp 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.



AIM 2: To determine the extent to which loss of osteocyte-intrinsic TGF signaling affects
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-intrinsic TGFp signaling impacts
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
orthodontist’s knowledge to successfully move teeth. An orthodontist relies on human biological
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



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



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 TGFp or estrogens [27]. Furthermore, sclerostin, coded by the gene SOST, is
produced by mature osteocytes, and serves as an antagonist of the Wnt/B-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



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



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



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 TGF[ signaling in bone biology
TGEFB 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



biochemical stimuli. TGF} mediates the crosstalk between osteoclasts and osteoblasts during
bone remodeling and supports a healthy bone matrix. With its widespread influence, TGFf 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 TGF[ 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 TGF ligand is
activated through the acidic microenvironment. Once released from the matrix, the active TGFf3
loops back to signal to osteoblasts for bone formation. Therefore, the presence of TGFf 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 TGFf 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 TGFf during PLR provides
more insight into how bone quality may be impacted by changes in TGFf availability.

The work by Dr. Alliston’s team highlights the relationship between osteocyte-intrinsic
PLR and TGFp as a regulatory factor in long bones [11]. They showed that TGF signaling
controls bone quality and osteocytic PLR via repression of several key genes using a mouse
model with deletion of TGFp receptor 1. Furthermore, this group also examined effect of TGFf
on MLO-Y4 osteocyte-like cells and OCY454 osteocytes in vitro; their conclusions reinforced
the likelihood that TGFp stimulates PLR in an osteocyte-intrinsic manner. Therefore, when there
is direct inhibition of TGF signaling due to deletion of the TGFf receptor 11, there is an effect

on the osteocyte-intrinsic PLR process which ultimately affects bone quality. Specifically, the



length of the canalicular projections in the using DMP1-Cre mice, resulting in TBRIIocy-/- 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 TPRII compared to their
previous study of TPRI 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 TGFp 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 TGFp 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 TGFf} 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 TGF 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 TGFp signaling in osteocytes on

the alveolar bone remodeling process and its direct correlation to OTM. Male and female Dmp1-
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Cre*; TBRII" and Dmp1-Cre”-; TBRIIM 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], however, OTM has never been performed in TPRIlocy-/- 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 TGFp receptor II (TBRII)

was used for our experimental group. 12-week-old male and female Dmp1-Cre*~; TBRII™!
(TBRIIocy”~ mice) and Dmp1-Cre”-; TBRII" 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 I1: 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).

Composite

oy -
R Central Incisors
' 't“,
§~, :_
X i :
w

Stainless Steel
Ligature Ties

NiTi Coil Spring

Composite
Left First Molar

Maxillary Occlusal View

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 um distance with 60kV using a 166-pA 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:

B&.a: Orientation

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

desktop.

About DataViewer n
DataViewer
‘$7 Version: 1.5.6.2 64-bit
Home dir.: C:\Bruker Softwares

Copyright: © 2004-11 SkyScan, © 2012-17 Bruker microCT
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2. Select Open Dataset.
e
3. Open the folder for the scanned sample and select file types to view: Dicom files (.dem),
then step two - double click on one image. DataViewer will automatically load all the
pictures in its program.
2 ?
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4. Click on Load for 3D Viewing

"4 I> R [E [ o 7
e -

ange

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

8

— ”
2 [E] p= o ?
Image conrel

Color/ Dta range:
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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

“Attention!” popup.

Attention! X

3D rotation requires data being stored in memory.
Load it from temp buffer?

Cancel

7. Complete orientation in all three planes of space.

18



8. Once orientated properly, click View then Single Volume of Interest.

P e

how/hide VO for saving (Ctrle SNV,

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.

8




12. Pop-up dialogue “Options for saving a VOI” will appear. Select view to save:

Coronal (X-Z).
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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.

B&.b: Linear Distance of Orthodontic Tooth Movement
1. Open 3DSlicer software

> - EP0 e « H F-t- 8w -3

£8) Load DICOM Data EE) Load Data
23 1estot sicer txtensions ©) Download sample Data

# Customuze Shcer i txplore Loaded Data
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2. Select the drop down menu = SlicerMorph = Input and Output = 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

-j= O EPO @ 4+ @ F-t- B i - @e

ls.
B°
B

@ s
: JY e
bﬁv ¢ rtevest
C —> :
5. Once the microCT file deck is loaded, select Volume Rendering from the dropdown menu
Bthta -0

: 9
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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 = ¢ value
b. Subtract the “s value” for M1 from the “s value” for M2 = a value

c. Inexcel calculate: b value =SQRT((c"2) - (a"2))

(a value)
M1 to M2 distance (c value) difference
(mm) (summed linear in s plane b value (mm)
distance) of space
(mm)

d. Excel: \

e. b value * 1000 = distance of linear OTM in um
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B&.c: Volumetric Measurements
1. O

@

en the CTAn software and click on open file.

2. Find the file of interest and double click on the file to load. Select open.

%

L

Flescthoe Al mgpoted tes (b Do org o 1w, 5

Opena:  Dswet v 84 Image e 260050 pusts
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3. Scroll through the files and find the slice that shows the first speck of bone for the

furcation area.

@ Mver el
Fie View image Help

> BOO DR mAWO W
LI -

lapres retention, hetero 284 4X00mid_w 431 0kop,_w_shul-23_rec_cord000926,

Ot

Orgral

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

€ 75200t selapras retartion hetero_28d_ 30wt 4310t0p_ot skl
Fle View Image Help

@) B0 DA D40 W

Paiens
Osgral

CE=
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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

@ mover,
Fle Ve

> B0 DR D4A®O W

= [ ) o g

Paiete
6 Owrw

oE®

Set the bottom of setecton a u « /2

6. Now the top and bottom boundaries of the region of interest are selected

—a o

> BOR DA DAEO W
* | @ Faw mages

30



7. Select the next tab regions of interest preview

125 75200t relapses rebention,hetero_28d_4309mid wt4310kcpwt_shull-03.ec_cor000006T! brp - CThr

o jonc et Help
DR 480 Y | BER @ e G a 0%
Regor  riees
. =

ot et b, 254,000t 4T1.. i O
o tton, b2 AW A3 it
1 pebtnd O

st -

1

8. Scroll back to the first slice that represents the top of the region of interest.
“‘; : ;2;‘“;’5”.;;’“ ¥ Bue S f5e G- 8 0%
* W Rovmagns @ Fegons o rimet
- Iyt
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Select the square shape to define the area of interest.

€5 T92bot_relapres retertion_hetero_28d_4300med_wt_4310t0p_wt_skull-03_rec_cord0000906 bemg - C TAn
Fle Vw lmage Ragonolintenst Help
@ B OA 480 ¥ Gue e - G a 0%
* B Ao rages @ Fegon of riwest FRectangle |
POIvor
it
[—
@ Founs
Irtespolated FOI & Polygonal
13 tepotaed I R ety
itepotied ROI T
\heteno_28_ Ietergoisied FOI 2
sewetertion_hateso_20d_4X0%md_w_471 . Irterpolated PO @ image

esterion_ hwieso_284_4X03med_wi_431_ eterpolaied AOI

itwaet

10. Select Dynamic interpolation

@5 78200t relapres retertion_hetere_28d 4300 wt A3V 0op et skull-03_ec_<o0000906 brnp - CTh
Fie View image Regenof inteest Help
@ B0 DA 48O W GUR S x® O % 828 59

* B R g @ Pegons of mesest @ Statc interpolation
Fie ™
7bot ism ko b, 20, 03, 4.3 _ tepolind O\ ® Adutne reepolsion

iriepotaied RCI
ctepolued RO
tepolued 0!
e —

e
itepolsed RO!

Apphy to wndow

5 i mages
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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.

25 W00t selapses retention_etero_28d_430mic w43 000p,wt.kush-2)_se._<or0000306 bmp - CTan
fe View Wmoge Regonofmtwes Help
> BO0 DA 480 W G0 Q 1w O & 828 0%

%] ) Ao mages @ Regers d reses

12. Scroll to

the last slice and most the position to be adjacent to the palatal root.

€ Owrs
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13. Select square again to have access to move the region of interest out of the PDL space.

Sauare regron of mtesest @ 035003500 fmem Q ums - /2

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

PDL.

O & B28 0%
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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.

€5 72bot relapse retention,hetero_18d_4305mid_wt_£310k0p_wt_skus-03,_rec_cordO0008T! bemp - CThn

Fle View image Region of Interest  Help

> B0 DA 490 W GER S x® O % B28 0%

* [ Rowmages @ Fogons of rtment

B 03500X 03500 fmm) aQ - %/

16. Then select the next tab Binary Selection. Set range for scale: 80 to 255

028 4308 wt_431000p w4

e ’
s> BQEEE® 40 v

* [ Rowmages @ Regors ot rtewes (3 By selectn

0,204 43090t _471
o 28d_4X0%mad_wa_431
o, 204_EM0med_ ot 47 €6
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HeRane@ o
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2 Shadow porection
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oEa
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17. Select Density range calibration. Set the HU units to -1000 to 9800. Click OK.

@ BEeEEEmA
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Z poston
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)
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00000000
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18. Click on File = Preferences = Histogram

a. Enter the values: 252.945 and 43

@

=6l A80 W
* [ Ronmoee @ Regon dinees (@

Fie rame

710t slremtertin, e, 284, X0t w43

e (8720 md
71 e (8710w

oEa

66.11767. Click OK.
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19. Select From Dataset
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20. Select Save histogram
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21. Select the folder to save the values from the volumetric data. Click Sav

&) BEOENEDR 480 W
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23. Select 3D analysis

apra- retention,_hetere_184_4X0rmed ot 4
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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.

) BEOEEDA 460 W

o
G W eeR &Na -
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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.

1 380500 w1999 410Mop_be_ skl e e CordN0 - Netepod -0 x

1.8665113,87.1

8762117,
8859120,87.
8956124,88.
9053128, 88.
9150131,89.
9247135,89..
9344139,89..
9441142,
9538146,90.
9635150,91.
9732153,91.
9629157,91.
9926161,92.
0023164,92.
0120168,92
€217172,93
0314175,93.
0411179,94.

HBENBRRENRERENER
°

1769230,99.6%,0.1557900, 3. 531X, 3. 941%
2.1866234,109.0%, 1.6459000, 37. 322%, 41. 662%

Mean (total):,1.706821

948, , ,
Standard error of mean:,0.0022298,,,

i 5% 1imits,,,,
P Minimn:,1.8871583,,,
Maximon: ,1.8966789, , ,

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

value into an excel spreadsheet to keep values organized per sample.

T 380900t _wt_3999rmud_410M0p_ko_skull_rec |
Fle Edt Formst View Help
kT Analyser, Version: 1.18.8.8 -
Date and time,06.03.2022 17:48
Operator identity,jfaldu
| Computer name,O0FS-4F18522-SW
| Computation time,00:00:01
| Dataset, 3809b0t_wt_3999mid_41@1top_ko_skull_rec_tra_cor000
| Location,I:\Baseline Samples Data\3889_coronal\
|

Description,Abbreviation,Value,Unit

Nusber of layers,,36

Lower vertical position,,8.1560000,mm
|Upper vertical position,,8.5000000,sm
|Pixel size,,10.00000000,um

Lower grey threshold,,88

Upper grey threshold,,255

Tissue volume,TV,0.04404708,mn"3

Bone volume,BV,0.03947213, "3

Percent bone volume,BV/TV,89.61350070,%

Tissue surface,TS,0.7796991,nm"2

Bone surface,BS,0.90018218,am"2 —
Intersection surface,1.5,0.67959511,mm"2

Bone surface / volume ratio,BS/BV,22.80551131,1/mm
Bone surface density,BS/TV,20.43681703,1/mm
Centroid (x),Crd.X,1.69389232,0m

Centroid (y),Crd.Y,2.87210095,m

Centroid (2),(rd.2,8.33373943,nm

Moment of inertia (x),MMI(x),0.00087950,mm"S
Moment of inertia (y),MMI(y),0.00082232,m"S
Moment of inertia (z),MMI(z),0.00087243,mm"S

Polar moment of inertia,MMI(polar),0.00128712,mm"S
Radius of gyration (x),Gr.R(x),0.14920626,mm
Radius of gyration (y),G6r.R(y),0.14427400,mm
Radius of gyration (2),Gr.R(z),0.14860496,m
Polar radius of gyration,Gr.R(polar),0.18050060,mm
Product of inertia (xy),Pr.In(xy),-0.00001269,mm"S
Product of inertia (xz),Pr.In(xz),0.00003694,me"S
Product of inertia (yz),Pr.In(yz),-0.00014974,ne"S
Total orientation (theta),T.Or(theta),49.83111305,°
Total orientation (phi),T.Or(phi),283.08320249,°

tn1, Col1 100%  Windows (CRLF)  ANS!
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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”~; Tbr2" and
Dmp1-Cre*;Tbr2™" 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.

Female Groups
Control Dmp1-Cre”-;Tbr21
Control Dmp1-Cre*;Tbr2f

OTM Dmp1-Cre”~;Tbr211
OTM Dmp1-Cre"~;Tbr21

Male Groups
Control Dmp1-Cre”-;Tbr21
Control Dmp1-Cre*;Tbr21

OTM Dmp1-Cre”-;Tbr211
OTM Dmp1-Cre*;Tbr21

DWW oo (=
W0 (W 1|=

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”~; Tbr2"f groups and male and female
Dmp1-Cre*;Tbr2" 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”~; Tbr2" group
and the darker color bar represents the Dmp1-Cre*~; Tbr2 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 Dmpl-Cre*"; Tbr2"!" and
Dmp1-Cre”; Tbr2™ 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”~; Tbr2"f group showed higher bone volume fraction (*p<0.05) and

bone mineral density (**p<0.01) in the bone of the furcation area as seen in Figure 4. The

females in Dmp1-Cre*~;Tbr2%" group showed higher bone volume fraction (*»<0.05) and bone

mineral density (¥*»<0.05) in the bone of the furcation area as seen in Figure 5.
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Baseline Gender Comparison for Baseline Gender Comparison for
BV/TV in Dmp1-Cre*;Tbr2™ mice BMD in Dmp1-Cre”;Tbr2"" mice
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Figure 4: A. Baseline gender comparison for BV/TV in
Dmp1-Cre”; Tbr2" mice. B. Baseline gender
comparison for BMD in Dmp1-Cre”; Tbr2" mice. C.
Coronal cross-section of maxillary left side first molar at
the level of the furcation area in female Dmp1-Cre”
;Tbr2™" mice. D. Coronal cross-section of maxillary left
side first molar at the level of the furcation area in male

Dmpl-Cre”; Thr2" mice.
Female

Baseline Gender Comparison for Baseline Gender Comparison for
BV/TV in Dmp1-Cre*”;Tbr2" mice BMD in Dmp1-Cre*;Tbr2™ mice

-
o

BMD (glcm®)

Female Male *p<0.05

Figure 5: A. Baseline gender comparison for BV/TV in
Dmp1-Cre™; Tbr2™" mice. B. Baseline gender
comparison _for BMD in Dmp1-Cre*"; Thr2"" mice. C.
Coronal cross-section of maxillary left side first molar at
the level of the furcation area in female Dmp1-Cre™
;Thr2™" mice. D. Coronal cross-section of maxillary left
side first molar at the level of the furcation area in male
Dmpl-Cre™; Tbr2"! 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”; Tbr2" groups
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for females (120.68 & 14.12 um) and for males (138.11 + 26.41 um) illustrated a much smaller
range of tooth movement compared to Dmp1-Cre™~; Tbr2¥ groups for females (141.07 £+ 61.31
pm) and males (186.81 + 112.22 um). 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™-

;Tbr2¥ group, which can be due to the defective TGFp signaling that makes bone remodeling

unpredictable, since the process is dysregulated.

Female OTM Distance Male OTM Distance

*okk
300 — 300+ ek ns
— 0 Dmp1-Cre’-;Tbr2¥® = Dmp1-Cre”-;Tor2
E %Kk NS Bl Dmp1-Cre*;Tor2" g Bl Dmp1-Cre*"Tbr2"
® 200 © 200
o o
: E g
B R7
©
S 100 = 100-
-
() o
0- 0- ek o
CTRL OTM p<0.001

CTRL o™

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*;Tbr2" group had slightly greater bone volume fraction and bone mineral density

compared to the Dmp1-Cre”~;Tbr2"1 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*-;Tbr2 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.
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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”~;Tbr2 (**5<0.01) and Dmp1-Cre™~;Tbr2" groups (***p<0.001). 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

alveolar bone quality after TGF signaling is impaired in osteocytes. At baseline 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"-; Tbr21

groups compared to Dmp1-Cre”~; Tbr2™"1 group potentially due to the dysregulation of TGFp

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. TGF mediates the crosstalk between
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 TGFp has during osteogenesis focusing on cortical and trabecular
bone [44] [45] [36] [46]. Xu et. el. highlights TPRII 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 TGF[ signaling.
Therefore, this study used a genetic model of osteocyte-specific deletion of TBRII to show how
the loss of osteocyte-intrinsic TGFp signaling affects the 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 pum) and male (+26.41 pm) Dmp1-Cre”-;Tbr2"" 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™~;Tbr2" group (+112.2 um) can
potentially be supported by the unpredictable reaction of alveolar bone remodeling (Figure 6).
Since osteocytes are not functioning properly with lack of TGFf signaling, 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
results can be expected since the downstream influence of TGFp signaling on bone remodeling is

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*"
;Tbr2" mice illustrated females have a higher bone volume fraction and bone mineral density.
Dole et. al. shared sexual dimorphism is present in TGFf’s regulation of osteocyte PLR activity,
which helps support these findings. The loss of osteocyte-intrinsic TGFp signaling affects the
skeleton of male, but not female, mice in homeostatic conditions of long bones [49]. These
findings indicate that female mouse bones do not depend on osteocytic TGFp signaling for
maintaining bone mass and quality. Our observations support that osteocyte-intrinsic TGFf3
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*;Tbr2"1 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-intrinsic TGFf signaling disruption, 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*;Tbr2™" M 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-intrinsic TGFp signaling is disrupted. Increasing the sample
size of the male and female Dmp1-Cre™~;Tbr2"® 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*;Tbr2? 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.
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G: CONCLUSIONS

1.

Preliminary data is promising and increasing the sample size will help support further
scientific discovery and clinical applications.
Orthodontic tooth model used in this study with a NiTi coil spring is reliable and

reproducible for long term studies.

. Larger range of orthodontic tooth movement in the Dmp1-Cre*;Tbr2% groups compared

to Dmp1-Cre”-;Tbr2f group can be due to the dysregulation of TGFp signaling
downstream resulting in variable bone remodeling.

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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