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ABSTRACT
The Effects of Osteocyte-Intrinsic TGF-3 Signaling in Alveolar Bone During Orthodontic Tooth
Movement
by
Albert Ngo
Orthodontics is a specialty of dentistry that focuses on the correction of malpositioned teeth and
jaws through dentofacial orthopedics. Thus, a critical understanding of tooth movement,
retention, and relapse is crucial for clinical practice and treatment advancements for our patients.
The foundation of orthodontic tooth movement (OTM) and relapse must be studied at the cellular
level, by examining the role of osteocytes, the key cell present in bone. Many studies have
explored the mechanisms underlying OTM and relapse but have focused more on the roles of
osteoclasts and osteoblasts. Recent studies are now investigating osteocytes and unveiled that
these cells are integral in mechanical-sensing in bone. On the molecular level, one of the
pathways that is warranting further investigation is TGF-f signaling in osteocytes with respect to
orthodontic tooth movement. Studies showing that osteocytes directly remodel their
perilacunar/canalicular matrix suggest that TGF-8 controls bone quality through this remodeling
as well. TGF-B has also been shown to stimulate osteocytes to increase RANKL production,
ultimately leading to osteoclastogenesis in long bones. The aim of this study was to determine
the extent to which osteocyte-intrinsic TGF-8 signaling in alveolar bone affects orthodontic tooth
movement rate and alveolar bone remodeling. We employed TBRIlocy-/- mice to examine the
mechanism of TGF-f signaling in osteocytes. TBRIlocy-/- and control littermates underwent
OTM for 14 days through a spring assembly mesializing the upper left first molar. MicroCT

scanning was used to measure factors such as orthodontic tooth movement rate, bone volume,



bone mineral density, alveolar bone height, root length, and root volume. The goal of this project
was to analyze osteocyte function during orthodontic tooth movement and understand its
mechanism so that we can safely and efficiently move teeth while reducing dental relapse
potential afterwards. Thus, we can spark future clinical applications in orthodontic treatment and

efficiency.
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1. INTRODUCTION
1.1 Preface

Orthodontics is a specialty of dentistry that focuses on the correction of mal-positioned
teeth and jaws through dentofacial orthopedics. Thus, a critical understanding of tooth
movement, retention, and relapse is crucial for clinical practice and treatment advancements for
our patients. The foundation of orthodontic tooth movement (OTM) and relapse must be studied
at the cellular level, by examining the role of osteocytes. Many studies have explored the
mechanisms underlying OTM and relapse but have focused more on the roles of osteoclasts and
osteoblasts. Recent studies are now investigating the roles of osteocytes and unveiled that these
cells are integral in mechanical sensing in bone [14]. Osteocytes regulate the differentiation of
osteoblasts (bone-forming cells) and osteoclasts (bone-resorbing cells) during bone remodeling
induced by mechanical loading [15]. Matsumoto et. al. confirmed that osteocyte-ablated mice
were resistant to bone loss, indicating that osteocytes play a crucial role in bone remodeling as
there was a significant inhibition of tooth movement. By studying different molecular factors,
cell functions can be elucidated and can then be used for drug targeting and potential
therapeutics in healthcare. In orthodontics specifically, this may ultimately yield developments
of new, innovative approaches to control tooth movement outcomes.
1.2 Cellular Processes in Bone

In review, bone contains osteons (Haversian systems), which are composed of a central
canal (Haversian canal) surrounded by lamellae of bone matrix. Within the lamellae, there exist
the osteocytes housed in spaces called lacunae. The osteocytes communicate with other
osteocytes and cells within the bone through a network of canaliculi. Osteoblasts that lay down

new bone become encased in its own bone matrix and are transformed into osteocytes, the most



abundant cellular component in bone [5]. The osteoblasts become quiescent at the end of bone
remodeling, and they form flattened lining cells on the bone surface until a new remodeling cycle
is triggered [14]. One of the most common signaling pathways in bone is the Osteoprotegrin
(OPG) and Receptor Activator of Nuclear Factor k- Ligand (RANKL) pathway. RANKL is
synthesized by osteocytes and osteoblasts and functions in osteoclastogenesis [12]. RANKL has
been identified as the membrane factor for osteoclast differentiation as it binds to the RANK
receptor that exists on pre-osteoclasts. This binding causes a signaling cascade for osteoclast
activation and commitment [22]. The RANKL/RANK binding is crucial for the differentiation,
function, and survival of osteoclasts, and is the initial step of bone remodeling. Osteoprotegerin
(OPQG), another osteoblastic cell-derived factor, interrupts the RANKL/RANK binding as a
decoy receptor of RANKL, thereby inhibiting osteoclastogenesis and favoring bone formation.

In osteoblasts, the expression of RANKL is up-regulated in the presence of interleukin-1,
tumor necrosis factor o, or vitamin D, whereas transforming growth factor  (TGF-8) or
estrogens have an opposite effect [23]. Osteocytes can regulate the expression of RANKL in
osteoblasts, thus further influencing osteoclastogenesis. In addition to RANKL, the osteocyte
product sclerostin (encoded by the SOST gene) serves to antagonize the canonical wnt signaling
pathway, which leads to a reduced osteoblast activity. Sclerostin is exclusively synthesized by
osteocytes to inhibit osteoblastogenesis and increase osteoblast apoptosis. Therefore, sclerostin is
also regarded as a key inhibitor that regulates bone formation [15].
1.3 Role of Osteocytes During Orthodontic Tooth Movement

In addition to regulating the activity of osteoclasts and osteoblasts, osteocytes also
engage in perilacunar/canalicular remodeling (PLR), during which they directly resorb and

deposit bone matrix surrounding their intricate lacuna-canalicular network [1]. It is now clear



that PLR is a homeostatic mechanism that helps to maintain mineral homeostasis and bony
infrastructure. PLR is the way osteocytes coordinate and conduct bone remodeling. Bone
formation and breakdown occurs simultaneously in a dynamic system. Osteocytes are not static
in this sense, and thus are regulating these processes in concert. Through expression of various
extracellular matrix proteins, the scale will tip between balanced and unbalanced PLR. On the
balanced side, we will see normal PLR enzyme expression which leads to organized collagen,
normal mineralization, and lacunocanalicular maintenance. On the unbalanced side, we will see
reduced PLR enzyme expression, which leads to disorganized collagen, hypermineralization,
lacunocanalicular degradation, and osteonecrosis.

Several functions have been proposed for osteocytes, but the most notable being its
function as mechano-sensory cells to detect mechanical stimuli produced from the mechanical
loading of bones, and they are regulators of osteoblast and osteoclast function during bone
remodeling [7]. Osteocytes communicate with one another, with cells on the bone surface, and
with cells in the bone marrow space through this highly organized network of cellular processes
[8]. Osteocyte processes are connected to each other through gap junctions, allowing for
intracellular communication [9].

1.4 Biology and Biomechanics of Orthodontic Tooth Movement

OTM itself is a dynamic process that is completed by a repeated process of alveolar bone
remodeling by bone resorption and bone formation. During OTM, mechanical force is placed on
a tooth so that it can be moved through the alveolar bone. These forces induce strain on the bone
tissue surrounding the tooth, leading to cellular responses that result in bone tissue remodeling
[6]. Bone resorption through osteoclasts is seen on the side of the tooth that receives the pressure,

whereas new bone is deposited through osteoblasts on the side of the tooth that senses the



tension. There are many proposed mechanisms for OTM, but the most popular hypotheses for
osteocyte response include stress-induced bone matrix deformation/microcrack formation and
fluid-flow shear stress. According to the micro-damage theory, the application of orthodontic
force to the tooth strains the alveolar bone, causing micro-damage on the side of the tooth under
pressure. Microcracks are more prevalent on the pressure-side than on the tension-side of the
tooth, and it has been suggested that microcracks represent the first damage induced by
orthodontic force. Additionally, it has been suggested that microcracks cause cellular damage,
likely to the osteocyte processes, thereby inducing apoptosis and bone remodeling [24].
According to the fluid flow theory, the lack of fluid shear stress on the osteocytes occurs on the
pressure side of the tooth, because the fluid is driven from a region of high pressure to a region
of low pressure. Thus, osteoclast recruitment and bone resorption are enhanced [2]. Conversely,
on the tension side, the increased pulling force on the periodontal ligament is transferred to the
bone. The resulting deformation drives the fluid flow shear stress on the network of osteocytes.
This shear stress induces osteocyte activation, and osteocytes respond by producing signaling
molecules that contribute to osteoblast recruitment [12].
1.5 Role of TGF-f Signaling in Bone Biology

Although many molecular signaling pathways have been elucidated by many previous
studies, there has been minimal research conducted on TGF-8 with respect to OTM. The
mechanisms controlling bone quality are not well understood, but we know that TGF-8 plays an
important role in that process in skeletal long bones. Studies showing that osteocytes directly
remodel their perilacunar/canalicular matrix suggest that TGF-8 controls bone quality through
PLR as well. When TGF-8 binds to its receptor on an osteocyte, this causes upregulation of PLR

enzymes like MMP and CatK. Dole et. al. used inhibitors and mice with an osteocyte-intrinsic



defect in TGF- signaling (TBRIIOC}’_/ 7) to show that TGF-B regulates PLR in a cell-intrinsic
manner to control bone quality [4]. TGF-8 produced by bone forming osteoblasts is sequestered
in the extracellular matrix in an inactive, latent form. When released upon osteoclastic resorption
of the extracellular matrix, TGF- exerts pleiotropic effects on osteoblasts, osteoclasts, and their
progenitors to coordinate bone remodeling [23].

TGF-8 is a complex molecule that is secreted by all three cell types: osteoclasts,
osteoblasts, and osteocytes. It serves to regulate the differentiation and function of both
osteoblasts and osteoclasts, thereby balancing bone formation and resorption. TGF- binds two
types of TGF-p receptors: type I and type II. TGF- RII transphosphorylates TGF- RI and
phosphorylates receptor-regulated Smads (R-Smads), which then dissociate from the tetrameric
receptor complex and translocate to the nucleus to regulate transcription of target genes (MMP,
RANK, OPG, CatK) to induce proliferation and early differentiation of osteoprogenitor cells, as
well as chemotaxis of osteoprogenitor cells [23].

When this active TGF-8 binds to its receptor on an osteocyte, the downstream effects are
increased osteocyte expression of RANKL and PLR enzymes, leading to osteoclastogenesis.
This leads to robust canalicular length and mature mineral density in long bones. TGF-8 itself
regulates diverse cellular behaviors ranging from fate specification, lineage selection, and
differentiation, to epithelial-mesenchymal transition, migration, proliferation, and apoptosis
[17]. When TGF-8 binds to its receptor on an osteoblast cell, it represses Runx?2 transcription to
inhibit osteoblast differentiation. When TGF- binds to its receptor on an osteoclast cell, acts
directly on bone marrow macrophages and promotes osteoclastogenesis [23].

The growth factor TGF-8 is involved in both the regulation of and cellular response to the

physical microenvironment. It is essential to discern the current findings regarding the



mechanisms by which these cells integrate physical and biochemical cues so that we can identify
and address remaining gaps that could ultimately improve bone health. We need to further
elucidate the role of TGF-B in mechanobiological signaling in bone at the tissue and cellular
levels leading to cell differentiation in order to optimize OTM and reduce relapse potential. Our
proposed study strives to further examine the mechanism of TGF-8 in osteocytes and connect its
direct effects on orthodontic tooth movement and alveolar bone remodeling. By bridging this
connection, we can have a greater understanding of osteocyte function and spark future clinical

applications in orthodontic treatment and efficiency.



2. HYPOTHESES

Osteocyte-intrinsic TGF- signaling regulates orthodontic tooth movement through alveolar
bone remodeling and tooth movement rate.

Ha: A defect in TGF-f3 signaling would decrease orthodontic tooth movement in a mouse model.
Ho: A defect in TGF-f signaling would had no effect on orthodontic tooth movement in a mouse

model.



3. SPECIFIC AIMS

Aim 1: Determine the extent to which TGF-f signaling in osteocytes affects the rate of
orthodontic tooth movement.

Aim 2: Determine the extent to which TGF-[3 signaling in osteocytes affects alveolar bone
remodeling (bone volume, bone mineral density, alveolar bone height), root length, and root
volume.

Aim 3: Establish a baseline retention and relapse protocol in a mouse model.



4. MATERIALS AND METHODS
4.1 Overview

This study aimed to investigate the impact of TGF-[3 signaling in osteocytes on
orthodontic tooth movement and alveolar bone remodeling. Mice underwent general anesthesia
and were subjected to single-sided orthodontic treatment in the maxillary left quadrant of the oral
cavity. Untreated mice that did not undergo OTM were used as the control group. In the
experimental group, the maxillary left side had an orthodontic nickel titanium 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 [24]. A widely utilized mouse OTM
model was mirrored for this study [3] [10] [18]. At the completion of the study the mice were
humanely euthanized as per IACUC protocols, and tissue samples were harvested for analysis.

For Aim 3 regarding retention and relapse, 3M UNITEK bis-GMA composite resin was
applied to the spring assembly to deactivate the orthodontic forces. After the 14 days of OTM, an
additional 14 days of retention was applied, followed by 7 days of relapse by removing the entire
intraoral appliance.

OTM can be studied in many different animal species, but mice were chosen because
they are an economical model and genetic manipulation is relatively easily controlled compared
to other species. Mice also have a natural dentition landscape with one maxillary incisor in each
quadrant and 3 molars separated by a long span (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.



4.2 Funding

Funding for this project was provided by the American Association of Orthodontics
Foundation and the National Institutes of Health under the leadership of Dr. Christine Hong.
4.3 Sample Size and Subjects

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
significant differences in the craniofacial skeleton [4] [3] [23]. 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.

A transgenic mouse line with osteocyte-specific deletion of TGF-f receptor I (TBRII®®Y-
'y was used for our experimental group. We used the genotype with Dmp1-Cre promoters that
are osteocyte cell specific in order to excite the gene of interest. Twelve-week old adult mice
were used in this study. For Aim 1 and Aim 2, all mice were male, consisting of a knockout
group (TBRII*®-) with genotype Dmp1-Cre"~; TBRII" and a wildtype control group (CTRL)
with genotype Dmp1-Cre”-;TBRII". The mice were divided into 4 groups: WT CTRL, KO
CTRL, WT OTM, and KO OTM. Group A had 10 WT CTRL mice, Group B had 6 KO CTRL
mice, Group C had 10 WT OTM mice, and Group D had 10 KO OTM mice [Figure 1]. 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

10



side only. All mice were euthanized at 14 days with CO2 asphyxiation and cervical dislocation,
and their maxillae were harvested, hemisected, and fixed in 10% buffered formalin solution for

microCT analysis. The protocol was approved by the UCSF Animal Research Committee.

36 Mice Total

GROUPA GROUPB GROUPC GROUPD

TBRII KO WT TBRII KO
10 mice 6 mice 10 mice 10 mice

NoOTM | OTMsprings

&
o 3 14 days
£ o
s 3
= a
o

Sacrifice on Day 14

Ex-vivo MircoCT

Figure 1: Schematic representation of the sample groups and experimental timeline for Aim 1
and Aim 2.

Aim 3 used 12-week old mice of mixed gender with heterozygous genotypes. There were
4 groups each with a sample size of 3. The smaller sample size was due to this aim being a pilot
study that serves more as a “proof of concept” in determining if similar human retention/relapse
trends can be reproduced in a mouse model. Group 0 was the OTM control group that underwent
OTM for 28 days. Group 1 was the 14 day OTM group, Group 2 was the Retention group (14
days OTM followed by 14 days retention), and Group 3 was the Relapse group (14 days OTM,
14 days retention, followed by 7 days relapse). Sedation, OTM appliance assembly, diet,

euthanasia, harvesting, and microCT imaging were done in the same way as Aim 1 and Aim 2.
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12 Mice Total

GROUPO0 GROUP1 GROUP2 GROUP3

Controls OTM Retention Relapse
ﬂ
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L ]
&
L B
£ls
>
Zl8 14 days OTM
o
A 4
Sac & Ex-vivo Place Composite
MircoCT Retainer
L |
Q
@
|
o
A B
-% > 14 days Retention
glo
Q
4
v
28 day Sac & Ex- Remove
OTM control IR VIGSe | Appliances
) 1
Ela
96 g 7 days
alz Relapse
Sia
[
@
Sac & Ex-

vivo MircoCT

Figure 2: Schematic representation of the sample groups and experimental timeline for Aim 3.
4.4 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) + 640uL Saline = 1 mL stored at 4C. 120-150uL 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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The mice were subsequently administered SR Buprenorphine (1.3 mg/mL) injected pre-
operatively IP for analgesia.
4.5 Orthodontic Appliance Treatment

A handpiece was used to make retention grooves on the distal and facial surfaces of the
maxillary incisors, 0.5mm from the gingival margin. A 0.008-inch stainless steel wire was
threaded under the molar contact and adapted to encircle the maxillary first molar. A second
ligature wire was tied similarly around both the maxillary central incisors. Additional stability
was achieved by adding bis-GMA composite resin to the teeth and wires after self-etching primer
(Transbond Plus, 3M Unitek, Monrovia, CA) was applied to the enamel. To minimize the
movement of the maxillary left incisor, it was joined with the right incisor with the ligature wire
and resin. The stainless-steel ligature wires were ligated to a low force/deflection rate nickel-
titanium closed coil spring .010”x.030” delivering 5g of force at 2.5mm activation (Motion
Dynamics Co) to deliver constant force for the protraction of maxillary first molar (Figure 3).
For Aim 3, on Day 15, the mice were sedated and composite was applied to the spring system in
order to deactivate the OTM spring force and serve as the “Retention Phase” (Figure 4). On Day
29, all appliances were removed under sedation and OTM was monitored for the remaining 7

days under the “Relapse Phase”.

Figure 3: Occlusal view of the orthodontic appliance treatment by placing a NiTi spring from
the maxillary left first molar to the central incisors.
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(A OTM (B) Retention

(C) Relapse
!

P

>y

7 .LH/"'

Figure 4: (A) Active spring placed intraorally with 0.008” SS ligature wire tied to the molar
and incisors with bis-GMA resin bonded for reinforcement (B) Bis-GMA resin used to
deactivate the spring force and serve as an orthodontic retainer (C) Appliances removed to
allow for orthodontic relapse.

Following the spring placement, all sample mice were on a soft-food diet to avoid spring
displacement. Mice were weighed and checked for appliance seating for the first 5 days, then
every 3 days. Because mouse incisors erupt continuously, the appliances were monitored daily
and incisors were trimmed as needed. Additional bonding material was added as needed. The
mice were sacrificed on Day 14 (Aim 1 and Aim 2) or Day 35 (Aim 3).

4.6 MicroCT Protocol

For Aim 1 and Aim 2, mice in all groups underwent ex-vivo microCT imaging at Day 14.
For Aim 3, mice underwent ex-vivo microCT imaging at Day 15, 29, and 35. Imaging was
performed at the UCSF Core Center for Musculoskeletal Biology and Medicine (CCMBM)
microCT core using Scanco MicroCT50 (Scanco Medical, Bruttisellen, Switzerland) for
specimen imaging [43j]. For ex-vivo scanning, the skulls were scanned at an image resolution of
10 um with 60kV using a 166-pA x-ray source and a 0.5mm aluminum filter. To ensure scan

consistency, a calibration phantom of known geometry (a dense cylinder) was included for each

of the scans.
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4.7 MicroCT Analysis

OTM and relapse rate was determined by measuring the distance between the enamel at
the heights of contour from the distal aspect of the first molar to the mesial aspect of the second
molar (mircometers). This measurement was performed in both trans-axial and sagittal planes
and compared to the measurements at the end of the retention phase for Aim 3. Bone volume and
density was determined by measuring the bone mineral density (g/cm?®) and bone volume fraction
(%). The ROI analyzed the bone volume of the furcation area of the maxillary first molar.
Alveolar bone height (micrometers) was determined by measuring the bone height of the
maxillary first molar at the level of the mesial root from the alveolar crest to the CEJ. Root
length was determined by measuring the distance from the CEJ to the mesial root apex
(micrometers). Root volume (mm?) was determined by volumetric quantification of the mesial
root of the maxillary left first molar.

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 trans-axial plane. We established a step-by-step protocol for each parameter
of analysis:

4.7.1 Orientation

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

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

Copyright: © 2004-11 SkyScan, © 2012-17 Bruker microCT

15



2. Select Open Dataset.

For Help, press F1

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.

s

E &

EEEEE
-
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4. Click on Load for 3D Viewing

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

Image contel

17



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?

OK Cancel

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

@ OstaViewsr - 3910008 3878mid_ 1620009 WISkl re

-2
e cor

Novigted

Show/ide VOUfot saving (Ctife St~

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.
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12. Pop-up dialogue “Options for saving a VOI” will appear. Select View to save:
Coronal (X-Z).

13. Select a destination folder for the new “region of interest” file to be saved by clicking “...”.

21



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.

4.7.2 Linear Measurements

1. To measure OTM or relapse distance: Open 3D Slicer Software

LU

Welcome

- nelp >

2. Select the drop down menu = SlicerMorph = Input and Output - ImageStacks

B - 3 .o e - EPO e « H -t @ - ae
5: 0.0000mm 5 :
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3. Select Browse... and double click on one file in the folder of interest

4. Change the spacing numbers to 0.01mm in all three planes of space.

1. Output Volume: (Create new volume)
2. Region of interest: (Full volume)
3. Quality: full resolution

- ®
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5. Once the microCT file deck is loaded, select Volume Rendering from the dropdown menu
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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.
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® i ypenbed
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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:

1.

2.

4.
5.

Summed linear distance: highlight both point M1 and M2, right click, summed linear
distance measure = ¢ value

Subtract the “s value” for M1 from the “s value” for M2 = a value

In excel 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)

Excel:
b value * 1000 = distance of linear OTM in um

For measuring alveolar bone height (ABH), the 3D Slicer software was used again. ABH

was measured at the mesial root of the maxillary left first molar. Using the software, we

measured the distance from the cemento-enamel junction to the alveolar crest on the mesial side

of the mesial-buccal root.
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For measuring root length (RL), the 3D Slicer software was used again. RL was
measured at the mesial root of the maxillary left first molar. Using the software, we measured the

distance from the CEJ to the root apex of the mesial-buccal root.

1. Follow the 3D Slicer protocol above to open the file in all 3 planes of space and render
the 3D volume

2. Set 3D image looking straight at the lingual of M1, the mesial on the left side, and the
occlusal table horizontal

- - -

—

—— -~ f 9 ¥ \J ‘
3. Hold shift key and hover mouse over the CEJ until you get to the mesial CEJ
a. Record the CEJ value (A value) from the transverse view
4. Scroll down the transverse view until you see the first speck of mesial alveolar bone
height
a. Record the ABH value (A value)
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B: Volume

5. Scroll down the transverse view until you see the last slice with the mesial root
apex—rtecords the apex value (A value)

6. Subtract the CEJ A value from the ABH A value to get the ABH level loss

7. Subtract the CEJ A value from the RL A value to get the total root length

4.7.3 Volumetric Measurements

1. To measure BMD and BV/TV: Open the CTAn software and click on open file.

@) Untited - CTan - 8 X
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2. Find the file of interest and double click on the file to load. Select open.

]

3. Scroll through the files and find the slice that shows the first speck of bone for the furcation
area.

B3 702bct relepres retention, hetero_ 284,400t 43 0kop, wh_shll-33,re.cordN000R26 bep - CBhe
Fie View image Help

> BOO DR DAWO W

%[ 8 R oo
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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

¢ Oww

oE=

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

£ 75200t relapres retertuon heters 204 S0 wt_431hop wt_shish-03_rec_cor00000T1 bemp - CTan o
Fle View lmage e
> BOR DR S 48O ¥

* [ 0 i e

=il

Set the bottom o setecton 8 s - 09/
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6. Now the top and bottom boundaries of the region of interest are selected

2} 752bct relapses retention_hetero_28d 430emad_wt_4310t0p_wt,shull~03_rec_cor0000067 b - CTAn

w image Help

BoR DA D4®0 W

7. Select the next tab regions of interest preview

K
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@) HOR BB 480 W BuR @ o G | 5%
= D Ao magns @ Rogors o et

£ Rom mage:
21 Ragors o merest
2 Shadoe crommcten

31



8. Scroll back to the first slice that represents the top of the region of interest.

(R pr——— 103 pe. o000 bemg - B - o
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9. Select the square shape to define the area of interest.
) mem . na 480+ ssee e nie 0w
b
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10. Select Dynamic interpolation

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.

@i 75200t relapres retention_heter 28 S0t nt 43300 otk
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12. Scroll to the last slice and most the position to be adjacent to the palatal root.

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

B 0350 X 83500 imem) Q s - e/
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14. Move the region of interest to adjacent to the palatal root and make sure it is not in the PDL.

O & 28 0%

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

O % S289 0%
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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.
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18. Click on File = Preferences = Histogram
a. Enter the values: 252.945 and 4366.11767. Click OK.

b
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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 Save
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22. Select the next tab Morphometry

23. Select 3D analysis

s

SR N B2 ]
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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.

o
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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.
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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.

d_4101top_ko_skull_rec_tra_cord000
Location,I:\Baseline Samples Data\3809_coronal

Description,Abbreviation,Value,Unit

36
n, ,8.1500000, mm
tion, ,8.5000000, s

00087950, mmS
0.00082232, a5
o )

L1, Coll 100%  Windows (CRLF)  ANSI

For measuring root volume, the CTAn software was used again to measure the
volumetric quantification of the mesial root of the maxillary left first molar.

Follow the CTAn protocol above to open the file

Starting from the apical, scroll and find the file that shows the first speck of the mesial
root apex (set bottom of selection); (when the mesial root joins the palatal root—set top
of selection)

3. Select the Interpolated Shape & Dynamic interpolation to define the area of interest

4. Trace every slice, outlining the mesial root, from the bottom of selection to the top of
selection to encircle the root volume

N —
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42



5. Scroll through all the sample slices to make sure the ROI is within the PDL and includes
the entire root and omits bone. Click “Edit Polygonal”. You may have to adjust your
tracing points or trace an additional slice

6. In the histogram, records the Tissue Volume result as the root volume

4.8 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 Dmpl-Cre‘/ ‘;Tbr2ﬂ/ fl

and Dmpl-Cre+/ ';Tbr2ﬂ/ fl groups (p=0.05). For Aim 3, data is expressed in the same way as
above but was analyzed using a one-way ANOVA. P values of <0.05 were considered

statistically significant.
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5. RESULTS
5.1 0OTM

For Aim 1, in the OTM group, KO mice had statistically significantly more OTM (57%)
than WT mice (**p=0.001). KO OTM mice on average measured 232um and WT OTM mice on
average measured 148 um. Control mice in the KO and WT group showed no OTM. The control
represents mice that did not receive the orthodontic spring appliance, therefore the distances
between the first and second maxillary left molar is zero. Figure 5 depicts this data, with the light
blue bar indicating WT mice and the dark blue bar indicating KO mice. 3 samples were excluded

due to distal molar breakage during spring removal or residual composite in between M1 and M2
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Figure 5: OTM distance (wm) measurements for KO and WT experimental and control
groups.

44



5.2 Alveolar Bone Remodeling

For Aim 2, BV/TV measurements (%) showed that KO mice had less BV/TV than WT
mice in both the CTRL and OTM groups, although not statistically significant. WT CTRL, KO

CTRL, WT OTM, and KO OTM measured 71.2%, 64.8%, 64.3%, and 60.1% respectively.
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Figure 6: BV/TV (%) measurements for KO and WT experimental and control groups.
For Aim 2, BMD measurements (g/cm?) showed that KO mice had statistically
significantly less BMD compared to WT mice in both control and OTM groups (*p<0.05). WT

CTRL, KO CTRL, WT OTM, and KO OTM measured 1.60g/cm?, 1.30g/cm?, 1.44g/cm?, and

1.15g/cm? respectively.
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Figure 7: BMD (g/cm?) measurements for KO and WT experimental and control groups.
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For Aim 2, ABH loss measurements (mm) showed that KO mice had similar ABH levels
as the WT mice in the control group. In the OTM group, KO mice had more ABH loss than WT
mice, although not statistically significant. WT CTRL, KO CTRL, WT OTM, and KO OTM

measured 0.200mm, 0.208mm, 0.241mm, and 0.284mm respectively.
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Figure 8: ABH loss (mm) measurements for KO and WT experimental and control groups.

5.3 Root Length and Root Volume

For Aim 2, root length measurements (mm) showed that KO mice had similar RL as WT
mice in the control group. In the OTM group, KO mice had slightly shorter RL than WT mice,

although not statistically significant. WT CTRL, KO CTRL, WT OTM, and KO OTM measured

1.18mm, 1.14mm, 1.14mm, and 1.02mm respectively.
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Figure 9: Root length (mm) measurements for KO and WT experimental and control groups.

For Aim 2, root volume measurements (mm?*) showed that KO mice had similar RV as
WT mice in the control group. In the OTM group, KO mice had slightly smaller RV than WT
mice, although not statistically significant. WT CTRL, KO CTRL, WT OTM, and KO OTM

measured 0.223mm?, 0.223mm?, 0.226mm?, and 0.212mm? respectively.
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Figure 10: Root volume (mm?) measurements for KO and WT experimental and control
groups.
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5.4 Aim 3 Retention-Relapse Model

For Aim 3, we were able to replicate baseline retention relapse measurements in a mouse
model. The 14 day OTM, 14 day OTM with 14 day retention, 14 day OTM with 14 day retention
and 7 day relapse, and 28 day OTM groups measured 196pum, 293um, 118 um, and 537um
respectively. Our results show that the 28 day OTM group had statistically significantly more
OTM compared to all the other groups (*p<0.05). There is a decrease in OTM for the relapse
group by 60% from the retention group and by 40% from the 14 day OTM group. We are seeing
more OTM in the retention group compared to the 14d OTM group, indicating that the retainer is

not fully deactivating the spring forces. However, it is significantly reducing the mesialization

force when compared to the 28 day OTM group.
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Figure 11: OTM distances for the orthodontic tooth movement, retention, and relapse model

groups.
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6. DISCUSSION

In our experimental OTM group for our WT mice, our average OTM values (148um)
were comparable to those found in the OTM literature [24]. Thus, we can conclude that our
surgical set up, orthodontic spring appliance application, and procedural timeline are accurate
and reproducible.

Initially, we had hypothesized that the KO mice have less OTM due to the disruption in
the osteocyte signaling pathway, with downstream effects that ultimately decrease RANKL
production needed for osteoclastogenesis [4]. With fewer osteoclasts, we anticipated slower bone
turnover, and thus, less OTM. However, our results showed that the KO mice had 57% more
OTM than the WT mice counterparts. Thus, this highlights the fact that TGF-f is a complex
signaling molecule with pleiotropic effects on multiple cell types. The signaling pathway of
TGF- is very intricate, as previous studies have shown TGF-3 to be secreted by osteoblasts,
osteoclasts, and osteocyte cells. Moreover, there exists TGF-[3 receptors not only on osteocytes,
but on osteoblasts and osteoclast cells [23]. The studies by Tang et. al. and Dole et. al., have
confirmed that TGF-f is known to exert diverse effects on all bone cell types: osteoclasts,
osteoblasts, and their progenitor cells to coordinate bone remodeling. The TGF-3 molecule itself
can serve as a chemotactic agent in the extracellular matrix, dictating the differentiation of
different osteoprogenitor cells [23]. Thus, since our study only focused on targeting the TGF-3
receptor on osteocyte cells, there may be other active TGF-3 on osteoblasts and osteoclasts, or
even active TGF-3 molecules present in the extracellular matrix. TGF-J is involved with the

intricate coupling of osteoblast and osteoclast activity, which holds a fine balance with the

transcribed molecular factors such as RANKL, OPG, MMP, and CatK [23]. It is possible that
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since TGF-f is so complex and broad-acting in its function, any disruption in its signaling
pathway can cause dysregulation in bone homeostasis and perilacunar remodeling.

Since osteocyte cells are the key regulators of bone turnover through PLR and its
mechano-sensing abilities, if there are any disruptions to its normal functioning capabilities, we
may see a disruption of the balance of bone turnover and the normal signaling cascades. This
dysregulation of bone remodeling may be the reason why we are seeing more OTM in the KO
group. With osteocyte cells being uncontrolled, bone may be quickly degraded and immature,
porous bone may be laid down in its place, causing to tooth to move quicker through this softer

bone. We also saw a large variation in OTM values in the male Dmpl-Cre+/ } ;Tbr2ﬂ/ fl group,
with the lowest value being 144 um and the largest value being 310um. This supports the fact

that a defect in TGF-P signaling makes bone remodeling unpredictable and variable, since the
process has been dysregulated.

Another theory as to why we may be seeing increased OTM in the KO mice group is
because the role of TGF-f itself not only affects the hard tissue bone, but also soft tissue such as
the periodontal ligament. Stemmler et. al. confirmed that TGF-3 broadly affects the
periodontium in terms of the soft tissue, through the PDL cells themselves. With changes in the
PDL fibers, the pressure-tension theory of orthodontic tooth movement may be altered, causing
the KO mice molars to move greater through the alveolar bone.

For Aim 2 regarding alveolar bone remodeling, our results match with the results we saw
with our Aim 1 OTM findings. KO mice had less BV/TV percentages compared to the WT mice

in both the CTRL and OTM groups. In addition, KO mice had less BMD values compared to the

WT mice in both the CTRL and OTM groups, which was statistically significant. With the KO
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mice having less BV/TV and BMD, we can expect the OTM rate to be faster in the KO mice
group, which is congruent with our OTM results in Aim 1.

In regards to alveolar bone height loss, our results showed that KO mice had similar ABH
levels as WT mice in the control group. Since there is no OTM being applied to this group, we
expect the bone levels to be similar. In the OTM group, we found the KO mice had more ABH
loss than the WT mice. This is expected to occur with orthodontic tooth movement, as the bone
is remodeling and moving at a quicker rate in the KO group, in addition to the TGF-f signaling
being dysregulated, the increased ABH loss in this group matches these findings.

In regards to root length and root volume, the control groups showed that the KO mice
group had similar RL and RV values compared to the WT mice group. Since there is no OTM
being applied to this group, we expect the root measurement parameters to be similar. In the
OTM group, the KO mice group had shorter RL and smaller RV compared to the WT mice
group. These findings are anticipated, as with increased OTM in the KO group, we will observe
a higher risk of root resorption, causing a decrease in RL and RV. Root shortening has been
known to correspond with orthodontic tooth movement rate, and since our results are not
statistically significant, we can conclude that the decrease in RL and RV is not necessarily due to
a dysfunction in TGF-f3 signaling.

Lastly, for Aim 3, we were able to reproduce a retention-relapse model in mice. The
measurement trends were what we had predicted to see: the relapse group had less OTM than the
14 day OTM group (40% decrease), and the 28 day OTM group had more than double the OTM
than the 14 day OTM group. We had hoped that the retention group would be able to hold the
same amount of OTM as the 14 day group, however, our results showed that the retention group

had slightly more OTM than the 14 day OTM group. These findings show that the retainer is
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functioning in preventing further OTM, but not completely. When compared to the 28 day OTM
group, the retention group is significantly reducing the anticipated OTM. However, the retention
group is still allowing some additional OTM to occur, so our composite retainer device may not
be completely retaining the final OTM. This may be due to the composite not being fully applied
into all of the coils of the spring. Surgically, it was difficult to isolate the area in the oral cavity,
and place the flowable composite throughout the entire spring assembly from the incisors up to
the first molar. Thus, we will need to refine our retention appliance to ensure that true retention
can be implemented in future studies.
6.1 Clinical Implications

With our current data, we hope to analyze the samples under histological cross sections to
determine how the cells are responding on a molecular level, which could help elucidate the
function of TGF-f directly. With these signaling pathways decoded and osteocyte cell function
controlled, we can clinically develop targeted molecular therapy that can increase tooth
movement safely with respect to the periodontium, while maintaining retention and minimizing
the amount of relapse.
6.2 Limitations

Throughout the course of the study, we encountered various limitations. Due to the
difficulty in breeding the transgenic KO mice and high demand for this mouse line, acquiring
KO mice for KO control group was limited. From the surgical standpoint in placing the
orthodontic spring appliance, isolation was challenging. Multiple samples suffered cheek
laceration and post-operative pain, ultimately resulting in mice mortality. Spring placement was

also unpredictable, as some samples would have appliances dislodged mid-way through the time
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point. Samples with residual composite between the molars that bonded to the second molars
were excluded, as well as cracked first molars upon spring removal.
6.3 Future Directions

For future studies, increasing the sample size can help to normalize the data, decrease
variation, and increase the power of the study. We can also suggest looking at the contralateral
upper right molars as a control and seeing if there are any bony changes in remote sites of the
maxilla. Another interesting approach would be to target different stages of orthodontic tooth
movement, such as retention or relapse, and seeing if there are genetic markers that can be
manipulated to maximize retention or minimize relapse of tooth movements.

It would be interesting to confirm in the tissue where and how TGF-3 expression is
affected in this model and whether other TGF-f receptors (on osteoblasts or osteoclasts) are
compensating for the disrupted osteocyte cell. We can also try to measure the quantity of other
molecular factors like RANKL to see whether osteocyte loss of TGF-f3 signaling effects RANKL
expression. To pinpoint the role of TGF-f3 in bone, replicating this study in osteoblast or
osteoclast specific TGF-3 knockouts would give us a better understanding of TGF-f3 function.

The present study used ex-vivo microCT imaging to evaluate OTM and alveolar bone
quality. In-vivo microCT imaging would be more accurate at measuring initial bone and tooth
data within the same sample. With in-vivo imaging, scans can be conducted at different
timepoints of the study; for example, a scan can be done on Day 3 and 7 to examine changes
over time.

In order to provide true retention at the end of the OTM phase and to avoid the retainer

from still providing some active OTM, it may be prudent to change the retainer device. Future
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studies may consider removing the entire spring appliance completely and bonding a full

composite bar as a retainer so serve as true retention.
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7. CONCLUSIONS

Our study confirmed that the osteocytes are a key player in bone turnover, and any
disruption to its function can cause significant dysregulation of bone remodeling.
*KO mice had 57% more OTM than WT mice.

KO mice had slightly less BV fraction compared to WT mice in the control and OTM
groups.

*KO mice had significantly less BMD compared to WT mice in the control and OTM
groups.

KO mice had more ABH loss compared to WT mice in the OTM group.

KO mice had less RL and RV compared to WT mice in the OTM group.

A relapse-retention model can be successfully reproduced in a mouse model, but

refinements should be made to improve the efficacy of the retention appliance.
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