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ABSTRACT
Background:
Chondrocytes transdifferentiate into bone cells during condylar growth, but the regulation
mechanism is unclear.
Purpose:
We aimed to investigate how mechanical loading affects chondrocyte-derived
osteogenesis in condylar modeling.

Research Design:

Thirty-three Aggrecan-CrefRT2; R26RTomato; 3 3Col1al-GFP compound mice received
tamoxifen injections at four-weeks-old and were divided into control and experimental groups.
Appliances were bonded to shift the mandibles to the left for five days. Condylar analysis was
performed using two-dimensional radiography, microcomputed tomography, and
histomorphometry.

Results:

The experimental group developed asymmetric mandibles, with the protrusive side being
longer than controls and the retrusive being shorter. The protrusive condyle showed an increase
in cartilage matrix and chondrocyte-derived osteoblasts, especially in the posterior third. The
reverse was shown on the retrusive side.

Conclusions:
Mechanical loading directly regulates condyle chondrogenesis and chondrocyte

transdifferentiation, which affects the growth direction of the condyle.
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1. LITERATURE REVIEW

Introduction

To be successful in treating orthodontic patients, it is necessary for orthodontists to have
a firm understanding on the craniofacial complex and how manipulation of growth and occlusion
can optimize esthetics and function for our patients. During development, Buschang et al showed
that the mandible is the least mature of the craniofacial bones and thus more easily affected by
epigenetic factors and orthodontic treatment. The condyle plays a large role in how the mandible
grows during adolescence, and therefore, how our patients present to us for treatment. A pivotal
study was developed by Bjork and Skiller':? in 1972, in which they utilized implants to evaluate
how the craniofacial complex grew in adolescents. In cases of more forward condylar growth,
the mandible was shown to rotate counterclockwise, resulting in a more brachyfacial appearance;
more posterior condylar growth resulted in clockwise rotation, creating a longer face and more
deficient chin projection. Patients with skeletal malocclusions® and asymmetries* also show
changes in condylar growth. For example, the growth of the condyles in class II div Is is found to
be less overall and less vertical than class Is between 10 and 15 years of age.®> The mandibles of
class II patients are also found to be smaller than those of class I patients when measured from
Co-Gn.* 3 ¢ In class III patients, while excessive condyle growth has been shown to not be a
causative factor, a more posterior growth direction of the condyle has been demonstrated,
resulting in an increase in overall mandibular length.b 73

The ability to affect the rate and direction of condylar growth has intrigued orthodontists
for decades. Studies on posterior intrusion? and functional appliances'® ! have shown effects on

condylar growth. For example, many studies found that the use of a Bionator, Herbst, or Twin



block resulted in a statistically significant increase in mandibular length (measured as some
variation of condylion/articulare to pogonion/gnathion) of approximately 1-2.5mm.!!
Anatomically, this increase was found to be due to increased posterior drift of the bone in the
gonial region, more posteriorly directed condylar growth, and ultimately less true mandibular
forward rotation than control patients.!? Studies on posterior intrusion via methods involving
miniscrews or high pull head gear have shown redirection of condylar growth in a forward
direction, with reductions of the gonial angle and forward rotation of the mandible.’

While the anatomical differences in these adaptations have been noted, the cellular
mechanics behind this adaptation is not fully understood. In order to optimally adapt the condyle,
two questions must be answered. First, the exact mechanism of condylar growth needs to be
understood, and second, how in which condylar growth can be manipulated.

The condyle grows via endochondral bone formation. Endochondral ossification begins
as mesenchymal cells proliferate and differentiate into chondroblasts, which form hyaline
cartilage. As the cartilage grows in size, chondroblasts become entrapped to become
chondrocytes and hypertrophy. Blood vessels from the perichondrium bring osteoblasts to
deposit a collar of bone around the cartilage. It is then thought, traditionally, that the collar of
bone inhibits nutrients from diffusing to the center of cartilage, resulting in chondrocyte
apoptosis and disintegration of the structure via osteoclasts from the periosteum. Blood vessels
are then thought to penetrate the cavities and carry in them osteoprogenitor cells, which
differentiate into osteoblasts to deposit bone.'? This central dogma of endochondral ossification
has been accepted for decades, suggesting that apoptosis of hypertrophic chondrocytes is

necessary to initiate bone formation, '3 1415 16



While apoptosis has repeatedly been demonstrated in the deepest layers of hypertrophic
chondrocytes, the extent of this phenomenon is debated.!” Scientists have questioned whether
hypertrophic chondrocytes indeed died after being released from the extracellular matrix or
instead became osteoprogenitor cells, a hypothesis that dates back to the late 1800s with Van der
Stricht'® and Brachet.!* !° By using cell lineage tracing, an advanced technique to trace cell fate
in vivo, several groups have recently proven that 60-70% of hypertrophic chondrocytes directly
transdifferentiate into bone cells in the metaphysis. 2% 21222324 Additionally, Jing et al, 2015
demonstrated that approximately 80% of bone cells in the condylar process arose via direct
transformation of chondrocytes during prenatal growth.?> These studies have clearly documented
that chondrocytes play a critical role in endochondral bone formation, and that chondrogenesis
and osteogenesis are one continuous process.

To date, however, the roles chondrocytes and their transformed bone cells play in
condylar modeling remain largely unknown, especially during the alteration of mandibular
position in orthodontic and orthopedic treatment. By creating a functional lateral shift of the

mandible of mice similar to that of various studies,?% 27: 28: 29

while using Jing’s cell lineage
tracing technique to assess chondrocyte transformation, we will have an opportunity to assess the
novel roles of chondrocytes and their descendent cells in condylar growth. This evaluation will
provide greater understanding of how condylar modeling is regulated by mechanical loading and
shift our focus to hypertrophic chondrocytes as the key player in control of condylar growth,
rather than the bone marrow through which the osteogenic cells were originally thought to come

from. This new concept may open a new research direction relevant to the role of orthodontics in

targeted condylar growth and regenerative therapies for TMJ degenerative diseases.



Anatomy., Development, and Histology of the Mandibular Condyle

The condyle is the most posterior-superior process of the mandible. It is connected to
temporal bone of the skull via the temporomandibular joint (TMJ), which allows for the
mandibular movements necessary for daily life. The articular disc is positioned between the two
bones, forming two spaces filled with synovial fluid: the superior and inferior joint cavities.>°
The TMJ is considered a ginglymoarthroidal joint, meaning it can undergo both rotational and
translational movement.*' Rotational movement occurs along inferior joint cavity, while
translational movement occurs along the superior joint cavity.

The mandible begins development during the fifth week of fertilization, where a pair of
Meckel’s cartilages develop from the first branchial arch and appear along the mandibular nerves
and vessels. Initial ossification of the mandible begins quickly after, such that bone forms via
intramembranous ossification lateral to Meckel’s cartilage. During the seventh week, a separate
condylar blastema appears slightly distal but also adjacent to Meckel’s cartilage. From weeks
seven through fifteen, two distinctive growth patterns can then be observed: that of the
mandibular body and that of the condyle. Intramembranous growth begins from the region of
initial ossification and radiates outward to form the future mandibular body, ramus, coronoid,
alveolar bone, and symphysis. Endochondral growth begins at the condylar blastema and grows
conically in a posterior and vertical direction to form the mandibular condyle.?

Intramembranous and endochondral ossification differ in the many ways.
Intramembranous ossification is characteristically formed in the flat bones of the face, the cranial
bones, the clavicles, and the mandibular body.?? Intramembranous growth is faster than
endochondral growth and begins through the differentiation of mesenchymal cells into

osteogenic cells. Growth is considered appositional, whereby new mesenchymal cells form new



bone, rather than osteoblasts differentiating into new osteoblasts.!? Intramembranous ossification
of the mandibular body follows four basic steps. Ossification begins through the development of
an ossification center, where embryonic mesenchymal cells coalesce and begin to differentiate
into specialized cells, namely osteogenic cells and capillaries. Differentiating osteoblasts produce
osteoid, a fibrous matrix, which then becomes mineralized and entraps osteoblasts, inducing
them to become osteocytes. Osteogenic cells in the surrounding connective tissue then
differentiate into new osteoblasts at the edge of the bone. As time lapses, several clusters of
osteoid unite around the capillaries to form a trabecular matrix, and osteoblasts on the surface
become the cellular layer of periosteum. Finally, the periosteum secretes compact bone
superficial to the spongy bone and the spongy bone condenses into red bone marrow.!?
Contrastingly, endochondral ossification occurs in the bones at the base of the skull, long
bones, and the condyle. The precursor cell of endochondral bone formation is cartilage, and
tissue proliferation can occur either interstitially, as in primary cartilage formation through which
the cartilage cells divide and proliferate, or appositionally, in which mesenchymal cells divide
and subsequently differentiate into cartilage cells.?* The central dogma of endochondral
ossification is as shown in Figure 1a. Mesenchymal cells proliferate and differentiate into
chondroblasts, which form hyaline cartilage. As the cartilage grows in size, chondroblasts
become entrapped to become chondrocytes and hypertrophy. Blood vessels from the
perichondrium bring osteoblasts to deposit a collar of bone around the cartilage. It is then
thought, traditionally, that the collar of bone inhibits nutrients from diffusing to the center of
cartilage, resulting in chondrocyte apoptosis and disintegration of the structure via osteoclasts

from the periosteum.'? 32 Blood vessels then penetrate the cavities and carry in them



osteoprogenitor cells, which differentiate into osteoblasts to deposit bone.!? The thought has been
that cartilage is thus replaced by bone, rather than bone forming directly from cartilage.

Endochondral ossification can be segregated into two main types: primary and secondary.
Primary ossification is found early in development as part of the primary skeletal cartilage and
grows intrinsically in response to hormones. The chondrocytes themselves are the cells
proliferating, causing interstitial growth, and the collagen composition is heavily type II.
The condyle is considered secondary cartilage. Secondary cartilage develops later in embryology
and responds to local mechanical stimuli for growth. Growth is appositional where
undifferentiated mesenchymal cells proliferate and follow by differentiating into cartilage cells,
and the collagen composition consists of both type I and II collagen.?* 33

Histologically, the condylar cartilage is often categorized into layers, emulating its
development. The top layer of the condylar cartilage is the fibrous layer, where static, flat cells
run parallel to articular surface, functioning as a protective covering. The proliferative layer is
next, consisting of irregularly shaped progenitor cells that are undergoing mitosis to supply cells
for the lower layers. These cells then flatten as they differentiate from chondroblasts to
chondrocytes. The third layer is the chondrocytic layer, which contains chondrocytes at various
stages of maturation that deposit cartilage matrices. The cells enlarge in the hypertrophic cell
layer, creating hypertrophic chondrocytes with cartilaginous matrix that adapts for
mineralization.'® 3¢ Growth in the cartilage is therefore due to 3 factors: cell addition,
extracellular matrix deposition, and cellular enlargement.'¢

As stated, it has traditionally been accepted that endochondral bone formation in all areas
of the body required apoptosis of hypertrophic chondrocytes to initiate bone cell recruitment and

consequently bone formation.'3: 1415 1632 While apoptosis has repeatedly been demonstrated in



the deepest layers of hypertrophic chondrocytes, the extent of this phenomenon is debated.!”
Scientists have questioned whether hypertrophic chondrocytes indeed died after being released
from the extracellular matrix or instead became osteoprogenitor cells, a hypothesis that dates
back to the late 1800s with Van der Stricht'® and Brachet.!? ° In 1967, Crelin and Koch
evaluated the interpubic symphysial cartilage of mice fetuses and through autoradiography,
confirmed that hypertrophic chondrocytes transformed into osteoblasts.’” Additionally, Farnum
et al., 1990 evaluated live cells in situ of rat growth plates and demonstrated through time-lapse
cinemicroscopy and interference contrast microscopy that the last chondrocytes in columns were
alive.’® By using cell lineage tracing, an advanced technique to trace cell fate in vivo, several
groups have recently proven that 60-70% of hypertrophic chondrocytes directly transdifferentiate

into bone cells in the metaphysis.2% 2122 23: 24

Cell Tracing

Cell lineage tracing techniques provide a more rigorous way to study cell fate. Often a
recombinase enzyme, which is only expressed in a specific type of cell, stimulates the expression
of a reporter gene. In this way, these types of cells and their descendants are permanently
labeled.* The Cre-loxP system is commonly used in lineage tracing. The Cre recombinase
excises the STOP sequence and activates the reporter in the specific cell line when the mouse has
both the Cre (the recombinase enzyme) and loxP expression. In some cases, the investigator can
choose the favorable time point to activate the Cre with a drug such as tamoxifen if the Cre is
fused to a modified form of the estrogen receptor (Cre®R12).4° Fluorescent reporters have become
standard in lineage tracing experiments since it can dramatically reduce the complexity and

improve the accuracy and efficiency to trace the cell fate. % 4!



Prior to 2015, no studies had evaluated cell tracing in the condyle. Jing et al?® in 2015
sought to prove that chondrocytes directly transdifferentiated into osteoblasts in pre- and post-
natal condylar cartilage using cell lineage tracing in compound transgenic mice. Jing utilized two
types of mice to prove to study the fate of condylar chondrocytes — one for embryonic
development and one for postnatal development.

Jing’s embryonic mice had three different mutations: Col10al-CrefRT2, Rosa-26RTomato,
and 2.3 Collal-GFP. In cells that contained collagen type 10 (that is, only hypertrophic
chondrocytes), collagen type 10 and Cre would split. Cre®RT? then would be available to go into
the nucleus and interact with the upstream inhibitor to the tomato gene, resulting in the tomato
gene’s activation. The gene tdTomato has been shown to have the brightest fluorescent proteins
and strong epifluorescence, which makes it easily visualized with a bright red color.?® In Jing’s
experimentation, the chondrocytes and all the cells derived from these chondrocytes would thus
shine red. The 2.3 Collal-GFP is a genetically modified collagen type 1 that fluoresces green
when expressed. Mature osteoblasts and osteoclasts contain this type of collagen type 1 and thus
would shine green in their experiment. When all of the mouse lines were bred together, the red
and green superimposed, leading to a yellow fluorescence. A yellow bone cell indicated the
presence of both the tomato reporter and GFP, which demonstrated that the trans-differentiation
of chondrocytes into bone cells had occurred. Jing divided the condylar process in three levels:
superior, middle, and inferior. They then counted the number of red, yellow, and green cells in
the different levels, finding that in the superior level, up to 80% of cells were red or yellow and
thus derived from chondrocytes. In the middle, closer to 70% were red or yellow, and in the
inferior section, only 40%, showing that bone formation in that area was not as much from the

cartilage. This quantitative data again suggests that chondrocyte-derived bone cells are the main



cells to contribute to the endochondral bone formation.?®> Figure 1b outlines the new hypothesis
of endochondral ossification.

Jing utilized a different line of mice for postnatal development. Their genotypes consisted
of Aggrecan-CreFRT2, Rosa-26RTm4° and 2.3 Collal-GFP. Aggrecan-CreFR™? is inducible, so at
two weeks old, tamoxifen was injected into the mice to allow for analysis of newly formed

cartilage following tamoxifen induction. Tamoxifen interrupts the interaction between Aggrecan

ERT2 ERT2

and Cre in chondrocytes. Like the other mice triplicate, Cre can then go into the nucleus
and interact with the inhibitor to the tomato gene, activating tomato. All the chondrocytes and
chondrocyte-derived bone cells formed after initiation of experimentation would then shine red.
The 2.3 Collal-GFP would fluoresce green when expressed without induction, so any
osteoblasts and osteoclasts made from development until time of sacrifice would thus shine
green. When all of the mouse lines are bred together, the red and green similarly superimposed,
leading to a yellow fluorescence, demonstrating that the trans-differentiation of chondrocytes
into bone cells during experimentation. Jing found that at 2-, 8-, and 14-days following
tamoxifen injection that a gradual increase in red bone cells were found in the subchondral bone,
thus supporting the notion that chondrocytes directly transdifferentiate into bone cells.

To date, however, the roles chondrocytes and their transformed bone cells play in
condylar modeling remain largely unknown, especially during the alteration of mandibular
position in orthodontic and orthopedic treatment. To trace the fate of chondrocytes in our
experiment, we will use the Aggrecan-“FRT2 ]ine*% 43 and cross it with R26R"T°ma mice, which
will permanently label all the chondrocytes and their descendent cells after the injection of

tamoxifen at four weeks old. To further confirm the osteogenic cell lineage of those

chondrocyte-derived cells, we will combine the third mouse line, 2.3Collal-GFP, as many



investigators have shown that hypertrophic chondrocytes can differentiate into bone cells during

development 20 21: 23; 25 44

Condylar Adaptation

While the TMJ can form in the absence of extrinsic stimuli,* various studies have shown
that maintaining the proliferating progenitor cells and the deposition of bone in the condylar
process requires joint stimulation normally associated with function.*®4” Many studies have
indicated that this growth has an adaptive capacity, particularly regarding the condylar cartilage
in response to mechanical loading. Alteration of the position of mandibles has been evaluated in
various ways to elucidate this adaptive capability. Assessment of both human and animal studies
will illustrate what has been found regarding condylar adaptation.

Human Studies

Normal Development

During development, Buschang et al*® showed that the mandible is the least mature of the
craniofacial bones and thus more easily affected by epigenetic factors and orthodontic treatment.
The condyle plays a large role in how the mandible grows during adolescence, and therefore,
how orthodontics patients present for treatment. A pivotal study was developed by Bjork and
Skiller! in 1972, in which they utilized implants to evaluate how the craniofacial complex grew
in adolescents. If superimposed on the anterior cranial base, they found that generally the
condyle was displaced down and back while the mandible was displaced inferiorly and rotated
forward, or counterclockwise. By superimposing on implants, they were able to illustrate true
mandibular growth, showing that it usually resulted in a posterior deposition of bone at the ramus

and generally an upward and either forward or backward curvature at the condyle. Many studies
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have shown a high correlation between mandibular rotation and growth of the condyle.': % In
cases of more forward condylar growth, the mandible was shown to rotate counterclockwise,
thus bringing the chin forward; more posterior condylar growth resulted in clockwise rotation,
creating a longer face and more deficient chin projection. The ratio of condylar growth has been
shown to be approximately 8mm up and 1mm back,* with the average growth of the condyle at
peak height velocity being approximately 2-3mm per year.
Asymmetry

Patients that have developed an asymmetry often have alterations that are detectable in
both the mandible and condyle.>® Schmid et al’! found when evaluating adolescents with facial
asymmetry and chin deviation that 75% had structural asymmetry while 10% had displacement.
Functional asymmetries could result from the mandible being deflected laterally or antero-
posteriorly if occlusal interferences inhibit the patient from occluding properly in centric
relation.>® It is probable to infer that if the interference is maintained for a significant period of
time, functional asymmetries may lead to skeletal asymmetries, though significant evidence for
this hypothesis is lacking in human data. You in 2010?? evaluated 50 adults with skeletal class II1
due to mandibular prognathism using CBCTs. Twenty patients were symmetric and thirty
asymmetric. You compared the differences in measurements between the two groups. On the
non-deviated side or contralateral side of the asymmetric group (the side in which the chin is not
going toward), You found that the condylar unit (Consyp to fossa of mandibular foramen) and the
body unit (fossa of mandibular foramen to gonion midpoint) was longer and the ramal volume
was larger.’? Additionally, Lin et al* in 2013 evaluated 55 young adult patients with mandibular
asymmetry, finding that condylar shape was altered. On the contralateral side, the condyle had a

flatter anterior slope, a convex posterior slope, and a larger condylar size and volume. On the
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ipsilateral side, they noted a more concave-convex condylar surface. These findings suggest that
each condyle may adapt to its environment independently of the other.

Skeletal Malocclusions

Like asymmetric patients, patients with skeletal malocclusions also show deviations in
mandibular and condylar growth.? For example, the growth of the condyles in class II div Is is
found to be less overall and less vertical than class Is between 10 and 15 years of age.® The
mandibles of class II patients are also found to be smaller than those of class I patients when
measured from Co-Gn.* > In class III patients, while excessive condyle growth has been shown
to not be a causative factor, a more posterior growth direction of the condyle has been
demonstrated, resulting in an increase in overall mandibular length. 78

Functional Appliances and Intrusion

Studies on posterior intrusion® and functional appliances'® ' 33 have shown the adaptive
effects of condylar growth and mandibular remodeling. For example, many studies found that the
use of a Bionator, Herbst, or Twin block resulted in a statistically significant increase in
mandibular length (measured as some variation of condylion/articulare to pogonion/gnathion) of
approximately 1-2.5mm.'" Anatomically, this increase was found to be due to increased posterior
drift of the bone in the gonial region, more posteriorly directed condylar growth, and ultimately
less true mandibular forward rotation than control patients.'? Studies on posterior intrusion via
methods involving miniscrews or high pull head gear have shown redirection of condylar growth

in a forward direction, with reductions of the gonial angle and forward rotation of the mandible.’
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Animal studies:

Many animal studies have been designed to evaluate the effects of various forms of
mandibular adaptation. Primary adaptation mechanisms include protrusion, retrusion, forced
opening/closing, and lateral shift, each of which will be assessed in detail.

Protrusion

The classic article illustrating condylar adaptation to the environment was performed by
McNamara and Carlson in 1979. They found by creating a functional protrusion appliance to
push the mandible of rhesus monkeys forward and down that in the posterior aspect of the
condyle, the cartilage thickened and more bone was deposited.>* Similar findings have been
found in experiments on rats.> > Other studies have determined that with protrusion, first an
increase in the prechondroblastic layer occurs, followed by increase in the hypertrophic layer and
then endochondral condylar growth.>7: 38 3% 60; 61 1t i5 thought that advancement promotes
stretching of the lateral pterygoid muscle fibers, causing the condyle to be more anteriorly
positioned in the glenoid fossa and increases in cell responses and proliferation of blood vessels
in the retrodiscal pad.6% 3
Retrusion

Cholasueksa in 2004 evaluated the effect of mandibular retrusion in rats using guiding
appliances on the maxillary incisors, finding a decrease in cartilage and proliferative cells and a
flattening along the posterior region.** Similar reductions in posterior condylar cartilage were
found in other articles.%% % Charlier and Petrovic (1967) evaluated the effect of chin cups on
growing rats, finding that a week of use reduced the functional stimulus on the joint, causing
slower proliferation and decreased thickness of the prechondroblast and chondroblast zones.®

Petrovic proposed that the contraction of the lateral pterygoid muscle controls the rate of
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proliferation of prechondroblasts, as he found that chin cup therapy caused decreased number of
sarcomeres in the lateral pterygoid muscle and proliferation in the prechondroblastic zone,
whereas hyperpropulsion increased them.®

Altered Functional Loading

Altered functional loading has been evaluated by various investigators. In 2009, Chen et
al. trimmed the mandibular incisors of 3-week-old mice every other day for 2, 4, and 6 weeks to
progressively decrease function. They found a significant reduction in the thickness of condylar
cartilage.®® Sobue et al (2011), Utreja et al. (2015), and Kaul et al. (2016) also evaluated altered
loading through the use of springs to force 6-, 4-, and 4-week-old mice’s mouths open for 1
hour/day for 5 days. With an increase in loading, all found an increase in mandibular condylar
cartilage proliferation. However, Sobue et al found a significant increase in trabecular spacing
and a decrease in bone volume fraction while Kaul et al found an increase in bone volume and
decrease in trabecular spacing, a difference that may be explained by different strains, gender,
and age of mice. 7% 772 Thus, more studies are required to further demonstrate the effects and
mechanisms of the loading alteration on the remodeling of condylar process.

Lateral Shift

The causal linkage between mandibular lateral displacement and changes in condylar
modeling has been evaluated by many investigators. The main experimental methods and
findings of twelve different studies are summarized in Table 1. The studies were performed on
monkeys, rats, and mice. Different shifting mechanisms were used, including banding or bonding
the maxillary incisors, banding the lower incisors, using bilaterally inclined mandibular splints,
creating a fixation device screwed bilaterally into the zygomatic arch with an open coiled spring

connected from the device to the mandibular incisors, or unilateral local injection of IGF-1, a
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growth factor involved in regulation of endochondral ossification. The animals were evaluated
anywhere between 3 days and 12 months. For the purposes of this paper, the ipsilateral side is
defined as the side in which the mandible is shifting towards, with the contralateral side being
the side in which the midline is shifting away from.

Table 2 summarizes the effects the twelve papers found regarding lateral deviation on
mandibular and condylar morphology. The most common finding of the papers had to do with
mandibular length, showing that the contralateral side was longer than the ipsilateral side. 7+ 7%
77:78: 79 Additionally, the contralateral side showed a shorter ramus height,’* 7% 77 longer
mandibular corpus, 7° shorter condylar AP length and narrower condylar width” from the frontal
aspect. Thus, it appears that as a mandible shifts, we see should expect to see growth directed
more posteriorly on the contralateral side, much like what appears to occur in functional
appliances,’ while the growth should be directed more vertically on the ipsilateral side.

These studies have also evaluated the condylar cartilage histologically. From an AP
perspective, the studies have shown an increase in condylar cartilage thickness on the
contralateral side,?”: 7® with most thickness concentrated along the posterior region.”® Also noted
on the contralateral side was an increase in the cell proliferation marker BrdU,?’ the osteogenic
marker Runx2 and the chondrogenic markers Col2, Ihh, AKTF1, and Ki67.”® Subchondral bone
length also showed increases on the contralateral side, with overall new bone formation primarily
being in the posterior aspect, while bone formation on the ipsilateral side was primarily anterior
and superior.”” This suggests that chondrogenesis and osteogenesis appear to be increased on the
contralateral side, with particular increases focused on the posterior aspect. Ipsilateral bone
formation appears to be more concentrated anteriorly and superiorly, mimicking the two-

dimensional measurements evaluated grossly.
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From a frontal perspective, the studies have shown an increase in condylar cartilage
thickness on the contralateral side, particularly in the central region of the section.?® The central
aspect of the contralateral side was also associated with an increase in BrdU and a decrease in
TRAP,?® a molecule that stains osteoclasts, suggesting that cell proliferation is higher and bone
degradation is lower in the central region on the contralateral side. Ishii et al did not separate the
condylar section into segments, but found an expansion of the ”erosive zone” of bone on the
contralateral side,”® suggesting increased “erosion” of cartilage and bone formation as classified
by Beresford and Phil in 1975.%° The contralateral side also saw a narrowing of the neck. 7 On
the ipsilateral side, chondrocytes shifted to the mesial aspect of the condyle, resulting in
deformation of the mandibular neck and a lateral direction of ossification.” In the lateral region
of the ipsilateral side, a decrease in condylar thickness and BrdU was also found, with an
increase in TRAP,?® suggesting that at least in the lateral aspect of the ipsilateral side, bone
formation had decreased. Thus, from the frontal aspect we may anticipate that upon shifting,
bone formation may increase moreso in the central region on the contralateral side, while on the
ipsilateral side, bone formation appears to decrease in the lateral region and possibly be more

focused on the medial side.
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Murine Condylar Growth

Mice are often used as models for evaluating condylar growth. Mice are small, easy to
handle, and quick to breed. Importantly, mice have been studied for decades and have the
capability of gene modification, which allows for our project to occur. Specifics regarding
murine condylar growth are important for experimentation and analysis and will be detailed here.

Murine condylar cartilage undergoes three phases of maturation. The first phase is
between 6 and 8 weeks after birth, consisting of cartilage growth and endochondral ossification.
The second phase continues until approximately 6 months of age, whereby mineralization and
hyaline cartilage formation occurs to form the surface articular fibrocartilage. Cartilage then goes
through a degenerative stage beyond 6 months of age.?! Evaluating mandibular shape in mice,
Swiderski et al (2013) concluded that mandibular shape matures later than size, with shape
expected to reach 90% at age 27 days and 95% at age 35 days, compared to 18 days and 24 days
for size, respectively. The condylar process were seen to elongate more than widen throughout
growth, and cartilage caps in the condylar, coronoid, and angular processes were evident by at
least 24 days old, with the sizes diminishing as the processes elongate.?’

According to Flurkey, et al. (2007), the maturational rate of mice occurs 150 time faster
during the first month of life and 45 times faster over the next five months than humans, in
which they attain maturity at approximately 3-6 months (equivalent to 20-30 years of age for
humans). 82 Four-week old mice are in a life phase equivalent for humans ranging from 9 to 11
years,® which is the gold therapeutic period for Class II or Class III orthopedic treatment. Thus,
in the present, we will use 4-week old mice to establish the mandible alteration model, which

may provide valuable evidence for the orthopedic treatment in adolescence.
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Study Aims

The primary objective of the study is to qualitatively and quantitatively determine the
role and contribution of chondrocyte-derived bone cells in condylar remodeling by laterally
shifting the mandible on mice. Our hypothesis for histological analysis is still such that
endochondral ossification is different on the contralateral versus the ipsilateral side. We believe
that in the posterior aspect we will find increased development and transformation of
hypertrophic chondrocytes into osteogenic cells on the contralateral side. This should then prove
that in condylar adaptation, hypertrophic chondrocytes are the key players in bone formation and
thus the cells to focus on in potential control and adaptation of condylar growth rather than the
bone marrow previously thought. Much is still unknown regarding the control mechanisms of
condylar growth, and thus, our ability to manipulate it is still limited. Hopefully, with the help of
this study, we can get one step closer to understanding condylar growth, so that one day, we can

target the condyle in exactly the way we need to optimize treatment for our patients.
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2. MATERIALS AND METHODS

Samples

The experimental protocol was approved by the Institutional Animal Care and Use
Committee of Texas A&M College of Dentistry, Dallas, TX (IACUC 2018-0138-CD, reference
number 093679), and carried out in accordance with the guidelines for animal experimentation.

Thirty-three transgenic mice (Aggrecan-CrefRT; R26RTdTomato: 2 3Col1al-GFP) were
obtained (provided by Feng lab at Texas A&M College of Dentistry) and cross bred to obtain the
required genotypes. At four weeks of age (T1), the mice were divided into experimental
(mandibular deviation, n=18) and control groups (no deviation, n=15). Four week old mice are
pre-pubescent and equivalent to a human approximately 9 to 11 years of age.®

A pilot study was performed for five days using three mice before initiating the
experiment to confirm experimental procedures, verify the stability of the lateral shifting model,
and check mice viability. Mice were evaluated 1-2 times per day. Power analysis was performed
using Kaul et al.’s (2016)? analysis using means and standard deviations of condyle head length
and mandibular length. The minimum number to detect a 10% difference with a power of .9 and

alpha of 0.05 was 15 mice per group.

Experimental Procedures

All mice were anesthetized with an intraperitoneally administered Xylazine/Ketaset
combination (Xylazine Img/mL; Ketaset 10mg/mL; 30 uL/body weight; as needed) following
isoflurane inhalation and injected with 75 mg/kg of Tamoxifen intraperitoneally as a fluorescent

label.
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For the experimental group, bands were fabricated from 10uL Bioland Scientific LLC
syringe tips to ensure consistent diameters and lengths that could be easily bondable to the
mice’s incisors (Figure 2). Measurements of the maxillary and mandibular bands were measured
from the thinnest portion of the syringe. Cuts were made at 6mm and 8mm from the tip for a
2mm long mandibular incisor band. For the maxillary incisor band, cuts were made at 8mm and
1 1mm from the tip to make it cover the maxillary incisors entirely at 3mm long. Creation of the
bands was done by the principal investigator with 3.0x loupes to ensure they were all the same
size. The mouths of the mice were propped open using ligature ties secured into the surgical base
and the incisors were isolated with cotton rolls. The mandibular incisors were then dried, primed
with self-priming 3M™ Transbond™ Plus Self Etching Primer, dried again, the band was filled
with FlowTrain Low Viscosity flowable composite resin, and cured at 430-480 nm blue light
with a 3M UnitekTM OrtholuxTM Visible Light Curing Unit. The same steps were then applied
for the maxillary incisors, ensuring parallelism to the mouse’s midline. The mice’s jaws were
then actively shifted to the left (Figure 3). Band placement was performed by the same examiner
to ensure application was similar across the shifting mice. The length and thickness of the bands
ensured that the mice were unable to move their lower jaw out of its deviated position. No lateral
deviation was performed on the control mice.

Following anesthesia, the mice received Buprenorphine 0.05-0.1mg/kg every 12 hours
for at least 48 hours and more if the mouse was distressed. Mice were checked for signs of
distress 2 to 3 times daily until fully recovered. Signs of distress included decrease in food and
water intake, piloerection, hunched posture, weight loss, isolation and lack of movement. A
weight loss of 20% or greater was considered catabolic and indicated a need for euthanasia. Mice

were also evaluated daily to ensure proper hydration and nutrition, record the mice’s weight, and
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ensure maintenance of mandibular deviation. A graduated water cup was used to monitor water
intake. All mice were fed a soft food diet starting at T1.

After five days (T2), all mice (18 experimental and 15 for control groups) were injected
with EAU and sacrificed two hours later (timeline of 5 days verified from results obtained in
Swiderski 3° and Fuentes et al?”). For sacrifice, mice were anesthetized with a Xylazine/Ketaset
combination (30ul/g) and anesthesia was confirmed by pinching the mouse’s ankles. The mouse
was deemed unconsciousness if it had no reactions. Cervical dislocation was proceeded for the

sacrifice.

Radiographic Evaluation

All mice were fixated using 4% paraformaldehyde for 2 days in 4°C. Dissection of the
mandible was performed to remove muscular tissue and mandibles were then hemisected along
the mid-symphysis. Two-dimensional radiographs of the mandibles were captured using the
Faxitron model MX-20 Specimen Radiography System (26 kV, 10 sec) with the labial surface of

the bone lying flat on the base. For characterization of overall mandibular length, condylar head

length, and condylar AP width, we had one blinded examiner measure the 2-dimensional X-rays
as evaluated by Kaul et al’”> and shown in Figure 4. Nineteen were retraced two months later for
reliability assessment. Reliability was assessed using intraclass correlations and method errors.
Intraclass correlations were high for all two-dimensional analyses (Co-Me = .943, p<0.001;
Comid-Me = .930, p<0.001; Comid-MF = .783, p<0.001; CoA-CoP = .822, p<0.001). Similarly,
all method errors were deemed within the range of acceptability (Co-Me = .054mm, Comid-Me

=.065mm, Comid-MF = .061mm, CoA-CoP = .049mm).
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Micro-CTs were then taken of the mandible halves using the pCT 35 scanco medical
machine with a voltage of 55 kV, exposure time of 0.8 seconds, and a current of 0.145 mA. Two
regions of interest were traced for the uCT evaluations, including the superior 0.5 mm of the
condyle and the condylar process superior to the mandibular foramen (Figure 5 a and b). One
blinded examiner traced all condyles in the first manner, and a second blinded examiner traced
all condyles in the second manner. The sectioned condyles were used to quantify the following

trabecular bone properties: 1) apparent density, 2) material density, 3) tissue volume, 4) bone

volume, 5) bone volume versus tissue volume, 6) trabecular number, 7) trabecular bone

thickness; and 8) trabecular separation (similar evaluation performed in Kaul et al 2016).7> All

measurements were obtained directly from the uCT software. The pCT 3D image was then
rotated to view the condyle from an inferior standpoint. A screen shot was captured as shown in

Figure 5¢ and the frontal width of the condyle was evaluated by one blinded examiner.

Histological and Molecular Evaluations

Following radiographic evaluation, the ramus and condyle were cut from the corpus and
the samples were submerged in a 4°C 10% EDTA bath for 5 days, dehydrated for 1 day in a 4°C
30% sucrose bath, and then embedded in optimal cutting temperature compound to prepare the
samples for sectioning. The samples were sectioned (10 um thick) along the sagittal plane with a
cryosection machine. The sections for analysis were selected by one investigator along the
mediolateral center where the AP width of the condyle was at its largest. Four sections were
mounted on each slide for analysis.

A bright light microscope was used for toluidine blue staining analysis to qualitatively

reflect the changes of condylar cartilage matrix production. A confocal microscope was used for
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the fluorescent assessment of cell proliferation, immunostaining, and cell transdifferentiation.
Fluorescent cell images were captured using the SP5 Leica confocal microscope. All images
were captured at wavelengths ranging from 488 (green)-561 (red) um. Multiple stacked images
were taken at 200Hz and dimension of 1024x1024 using 10x or 20x glycerol objective lenses.

For quantitation of cartilaginous cell proliferation, intraperitoneal injections of EAU were

administered 2 hours prior to sacrifice. EQU staining was performed following sectioning.
Histomorphometric analyses was performed with Image-Pro plus 6.0 software. Total EQU" cell
numbers were counted using ImageJ (as previously described in Jing et al, 2017).!7 To precisely
investigate the effect of mandibular shifting on chondrocyte proliferation, the condylar cartilage
was divided into anterior, middle, and posterior portions (Figure 6).”® Cell proliferation rates
were quantified by one blinded examiner for each of these three areas and for the total area in
two ways: 1) as a measurement of EQU+ cells relative to the number of DAPI+ cells in the
particular cartilaginous area (EdU+/DAPI+) and 2) as the number of EAU+ cells relative to the
cartilaginous area itself (EdU+/area).

For quantification and detailed characterization of cartilaginous molecular changes,

immunostaining was used to reflect the group differences in chondrogenesis.?> Condyles were
evaluated by one blinded examiner to assess the expression of the cartilaginous matrix markers
Aggrecan and Coll0al. The condylar cartilage was also divided into anterior, middle, and
posterior portions to quantify the areas of Aggrecan™ and Coll0al™ relative to the particular
cartilaginous area (marker* arca/area).

For quantification of cell transdifferentiation from chondrocytes into bone cells, the total

number of red cells (that originated from Aggrecan” chondrocytes shining from expression of the

red tomato gene), (combination of red tomato, reflecting the chondrocyte origin, and
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Osx or 2.3Collal-GFP, indicating the chondrocyte-derived bone cells), and green cells
(chondrocyte-derived bone cells from either Osx or 2.3 Collal-GFP) in the condyle were
counted using the Fiji/image J software by one blinded examiner. To determine if the
proliferation of chondrocytes had a direct effect on the transformation of chondrocytes into bone
cells during mandibular shifting, the condylar subchondral bone was again divided into anterior,
middle, and posterior portions (Figure 4) to compare the numbers of chondrocyte-derived bone
cells to the particular subchondral bone area ( or

/area) in each group of mice and between groups.

Statistical Evaluation

Both mandibular halves (left and right) of the experimental group were evaluated except
for two, whereby dissection resulted in fractures of the condylar head on the right side. One half
(either right or left) was evaluated by the control group. All animals were evaluated for
quantitative analysis, giving 34 mandibular halves/condyles to assess in the experimental group
(18 left/retrusive, 16 right/protrusive) and 15 in the control group for a total of 49 mandibular
halves/condyles.

Based upon skewness and kurtosis, some measurements were normally distributed, and
some were not. All data regarding 2D morphometrics (mandibular length, condylar length,
condylar width, frontal width), micro-CT measurements (distribution of bone volume, bone
density, trabecular thickness, trabecular spacing), and Aggrecan and Coll0al immunostaining
were normally distributed. Data regarding analysis of EAU positive cells and number of
cartilage-derived bone cells (using 2.3Collal-GFP and Osx) were not normally distributed. Data

was compared in three manners, 1) protruded versus retruded, 2) protruded versus control, and 3)
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retruded versus control. Two-dimensional morphometric data was evaluated using paired and
student’s t-tests. The right and left sides were evaluated with a paired t-test, but to account for
the differences in weight at T2 between the experimental and control groups, analysis of
covariance was performed. Immunostaining of Aggrecan and Coll0al were evaluated using
paired t-tests and independent t-tests, while cell proliferation and cell transdifferentiation with

both GFP and Osx were analyzed with Wilcoxon and Mann-Whitney tests.
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3. RESULTS
Weight
There were no statistically significant between-group differences in weight at T1 (Table
3, Figure 7). At day 2, the experimental group was approximately two grams lighter than the
control group, which was a statistically significant difference. Weight loss was slightly greater

for the experimental than the control mice (3.0 g vs 2.1 g).

Two-Dimensional Radiography Analysis: Mandibular Length, Condylar Length, Condylar AP

and Frontal Width

The experimental group showed statistically significant between-side differences in the
mandibular length (Co-Me and Comid-Me, p<0.01) and condylar length (Comid-MF, p<0.05) at
the end of the experimental period (Table 4, Figure 8-9). The right (protrusive) side was longer
than the left (retrusive) side in both measurements. After Bonferroni correction for multiple
comparisons, there were no statistically significant between-group length differences (Table 5).
There were also no statistically significant between-side or between-group differences in sagittal
condylar width; however, condylar frontal width was significantly (p<0.05) smaller on the

protrusive side of the experimental animals than the controls.

Micro-CT Analysis: Apparent density, Material density, Tissue volume, Bone volume, Bone

volume versus tissue volume, Trabecular number, Trabecular bone thickness, Trabecular

separation

The apparent density of the superior 0.5 mm of the retrusive condyle was significantly

(p<0.01) greater than the density of the protrusive condyle (Table 6, Figure 10), while the
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material density of the condylar process was significantly (p<0.05) greater on the right compared
to the left. The other measures showed no statistically significant between-side differences
(Table 8, Figure 11-14). The control group had significantly higher apparent and material
densities than the experimental group (Table 7 and 9, Figure 10). The control group also had
greater absolute and relative bone volume than the experimental group, with the differences on
the retrusive side attaining statistically significance. Finally, the control group had significantly
more trabeculae, thicker trabeculae, and trabeculae that were closer together than the

experimental groups.

Cell Proliferation: EAU

Cell proliferation in the protrusive condyle was significantly (p<0.05) greater than in the
retrusive condyle, both for total area and that of the posterior third (Table 10 and 11, Figure 15-
17). The anterior and middle areas showed the same patterns but no statistical significance.

For total area, the control showed significantly (p<0.01) less cell proliferation than the
protrusive side of the experimental group (Table 12 and 13, Figure 15-17), but not significantly
less than the retrusive side. In the posterior third of the condyle, the control group showed
significantly less cell proliferation than both the protrusive (p<0.01) and retrusive (p<0.05) sides
of the experimental group. No significant between-group differences were noted in the anterior

or middle areas.

Chondrogenic Activity: Immunostaining for Agerecan and Coll10al

Immunostaining for Aggrecan in the right (protrusive) condyle was significantly (p<0.05)

greater than that of the retrusive condyle in the anterior, middle, posterior, and total areas of the
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condylar cartilage (Table 14, Figure 18-19). Relative to the control group, the protrusive side had
significantly (p<0.05) more Aggrecan immunostaining in the posterior third, but significantly
less (p<0.05) in the middle third (Table 15). The left side had significantly (p<0.01) less
aggrecan immunostaining relative to the control group in all aspects except the posterior third.
The protrusive condyle showed significantly (p<0.05) greater immunostaining for
Col10al than the retrusive in the anterior, middle, posterior, and total condylar areas (Table 16,
Figure 20-21). Relative to the control group, the protrusive side had significantly (p<0.001) more
Col10al immunostaining in the anterior third (Table 17). The retrusive side showed significantly
(p<0.001) less Col10al immunostaining than the control group in the total and middle third

areas.

Cell Transdifferentiation: Quantitation of Aggrecan-Cre'/Osx" cells and Aggrecan-Cre'/2.3

Collal GFP"/ cells in subchondral bone

The protrusive condyle showed significantly (p<0.001) greater cell transdifferentiation of
cartilage cells into Osx" bone cells (Aggrecan-Cre*/Osx ™ cells) than the retrusive condyle in the
anterior, middle, posterior, and total condylar areas (Table 18, Figure 22-23). There were no
statistical differences between the control condyle and protrusive condyle of the experimental
group (Table 19). The retrusive side showed significantly (p<0.01) less Aggrecan-Cre"/Osx*
cells than the controls for all areas.

There were no statistically significant side when evaluating the transdifferentiation of
cartilage cells into 2.3 Collal* bone cells (Aggrecan-Cre*/2.3 Collal GFP* cells), though there

was a trend toward higher differentiation on the protrusive than the retrusive sides (Table 20,
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Figure 24-25). The control group had significantly (p<<0.05) higher numbers of Aggrecan-

Cre™/2.3 Collal GFP" cells than either side of the experimental group (Table 21).
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4. DISCUSSION

A short-term sustained lateral shift of the mandible creates mandibular asymmetry, resulting
in a longer mandibular length on the protrusive side (the side in which the mandible shifts away
from) relative to the retrusive side. The present study showed that the mandibular length was
1.5% longer on the protrusive side relative to the retrusive side, with the controls having an
intermediate length between the two. Other papers evaluating the effects of lateral shift on
animals showed an increase in mandibular length on the protrusive side relative to the retrusive
side.26: 74 76: 77 78: 79 The differences in these articles related to the relationship of mandibular
length to the control groups, finding either no significant differences between the control group
and both sides,”® a significant increase with only the protrusive side,”® a significant decrease with
only the retrusive side,’* 7" or significant decreases with both sides.’”® These differences likely
have to do with the mechanism of shifting, the number of experimental days, and the animal type
and age. The increase in length on the protrusive side relative to the retrusive side is also
consistent with studies on asymmetric patients, finding that the side in which the chin is not
deviated toward has a longer mandibular length.* 32 A study on asymmetric patients also found a
significant increase in condylar length on the protruded (or non-deviated) side, which was
consistent with the 2.7% increase in condylar length on the protrusive versus retrusive sides,
though the significance of the present study’s results was not strong after Bonferroni
corrections.>? This finding suggests that protrusion of the condyle results in an evolutionary
mechanism that stimulates condylar and thus mandibular growth, while the stimuli is decreased
on the retrusive side.

Protrusion from lateral deviation appears to decrease the frontal and sagittal width of the

condyle. The present study showed that the frontal width was 4.5% smaller and sagittal width
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was 2.2% smaller on the protrusive side relative to the retrusive side. Our study did not find
significant differences between sides or groups in AP condylar width, though the frontal width
appeared significantly decreased on the protrusive side relative to the control group. This

7476:78 and two in the

reduction in width is consistent with three studies in the sagittal analysis
frontal.”® 7 This suggests that while the condyle certainly comes forward in protrusion, a lateral
force likely from the surrounding ligaments and musculature is also in place, resulting in
redirected growth to reduce the condylar width in both dimensions.

Over the short term, lateral deviation does not seem to produce significant bone
mineralization changes evident at the micro-CT level between the protrusive or retrusive sides,
though both appear to be less than control. The present study showed increased trabecular
spacing and decreased bone density, volume, and trabeculation number/thickness of the
experimental animals compared to the controls. Other studies noted similar results, reporting a
decrease in condylar bone mineral density?® and condylar bone volume, bone volume/total
volume, and trabecular thickness?® 7¢ in the experimental group relative to the control group.
Two groups did note an even further decrease in condylar bone volume, bone surface, bone
volume/tissue volume, trabecular thickness, and trabecular number on the protruded side relative
to the retruded side.?® 7° The authors postulated that loading was further decreased on the
protruded side relative to the retruded side, resulting in decreased bone mineralization. The lack
of significance in the right-to-left differences of the present study may be masked by the short
experimental time and the significant weight loss observed during experimentation. Ultimately,
the malocclusion in the present study likely caused a reduction in the masticatory demand on the

teeth and masticatory muscles of the experimental group, affecting condylar bone maturation,

mass, and quality.
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Short-term protrusion from lateral deviation significantly increases chondrogenesis,
especially in the posterior third. Factors from the present study contributing to such a conclusion
are the increased cartilage proliferation, Aggrecan matrix production, and Collagen type 10al
(Col10al) matrix production on the protrusive side, especially in the posterior third. Other

studies noted an increase in cartilage proliferation on the protrusive side,?’: 2% 78

using markers
such as the thymidine analog 5-bromo-2-deoxyuridine (BrdU)?” ?® and the monoclonal antibody
Ki67.7® Overall, this data is consistent with the present data using 5-ethynyl-2’-deoxyuridine
(EdU), a thymidine analog similar to BrdU.?* Although not previously used to study condylar
adaptation to lateral deviation, Aggrecan and Col10al provide excellent markers for
chondrogenic effects. Aggrecan is expressed by immature chondrocytes as a marker of
chondrocyte differentiation, and ColalOal is an extracellular matrix protein expressed by early
hypertrophic chondrocytes.®> One study evaluated the effect of lateral deviation on chondrogenic
markers, noting an increase in collagen type II (Col2) and Indian hedgehog (Ihh) on the
protrusive side.”® Col2, like Aggrecan, is another marker of chondrocyte differentiation
expressed in immature chondrocytes, and Thh is expressed when chondrocytes are moving from
the pre-hypertrophic stage into early hypertrophic chondrocytes.®> The increases in both Col2
and Thh are consistent with increases with Aggrecan and Coll10al, showing increased
chondrogenic activity on the protrusive side. While not evaluated in the present study, five
animal studies evaluating lateral deviation also found a significant increase in condylar cartilage

thicknes5274 28;77;78;79

on the protrusive side, another sign of increased chondrogenesis. This
increase was noted particularly in the posterior region from a sagittal perspective’”>’® and the

central region from a frontal perspective.?® Taken together, one can presume that protrusion of
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the condyle alters the biomechanical environment, resulting in increased stimulation of growth
with increased chondrogenesis, particularly in the posterior aspect from a sagittal point of view.
Unlike the protrusive side, a short-term lateral shift of the mandible results in decreased
chondrogenesis on the retrusive side. The results contributing to this conclusion are the
decreased cartilage proliferation on the retrusive side relative to the protrusive side, and
decreased Aggrecan and Coll0al matrix production on the retrusive side relative to both the
controls and protrusive side. Other studies have noted a decrease in BrdU on the retrusive side
relative to the protrusive side,?’: 28 though one study noticed that for the first week, BrdU levels
of the retrusive side were higher than that of the controls, much like the present data. However,
they found after one week, the cell proliferation dropped significantly less than the controls and
remained that way for the next three weeks of experimentation, attributing to the overall decrease
in proliferation to increased compression forces.?® No studies specifically documented the effect
lateral shift had on chondrogenic markers in regards to the retrusive side. One study noted an
increase in Col2 and Thh on the protrusive side relative to the retrusive side, but since the source
of protrusion in the study was a unilateral IGF-1 injection, true retrusion is unlikely on the
opposite side. Nonetheless, retrusion from lateral deviation can be compared to the results from
pure mandibular retrusion. One study reported the effects of mandibular retrusion on the condyle
of rats, noting a decrease in type Il collagen relative to the controls in the posterior condylar area,
with even more pronounced decreases noted at days 30 and 60, supporting the notion that
retrusion results in decreased chondrogenesis. Three lateral deviation studies also noted a

decrease in condylar cartilage thickness on the retrusive side,?” 2% 77

with particular decreases in
the posterior third from a sagittal perspective’” and the lateral third from a frontal perspective.?

These findings further support the conclusions, suggesting that while cell proliferation increased
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relative to controls in the short-term, increased compression forces from retrusion results in a
decreased stimulation of chondrogenic growth.

The major finding of the present study is that a sustained lateral shift of the mandible for five
days results in increased chondrocyte-derived osteogenesis on the protrusive side, particularly in
the posterior region. This is a novel finding that otherwise has not been reported. Specifically,
the present study showed significantly increased cell transdifferentiation with a higher number of
chondrocyte-derived pre-osteoblasts (Aggrecan-Cre*/Osx* cells) on the protrusive side relative to
the retrusive side, especially in the posterior third of the condyle. Significant differences were
not noted between the protrusive side and the control group, though the trends were present.
Other studies have, however, reported an increase in osteogenesis on the protrusive side, detailed
by either increased subchondral bone formation or increased osteoblastic transcription factors.
For example, three studies noted an increase in subchondral bone formation on the protrusive
side,”* 7778 though one found the increase primarily in the anterior aspect of the condyle’® while
two found the increase to only be significant in the posterior aspect of the condyle.” 7’ The
increase in the anterior aspect likely has to do with the mechanism of shifting done in
experimentation through unilateral injection of IGF-1.7® The authors postulated that the induction
at the anterior area was due to the abundance of IGF-receptors in the anterior area, which would
explain why the anterior area was more induced than the posterior. Increased posterior bone
formation is also found in animal studies with bilateral mandibular forward positioning.*% 8¢ One
study also noted an increase in the osteogenic marker Runx2, a transcription factor expressed by
mesenchymal progenitors and required for full osteoblastic differentiation.?” This induction

further highlights the increase in osteogenesis on the protrusive side.
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Cell lineage tracing helped clarify that a large part of the increase in osteogenesis on the
protrusive side is due to the cartilage transitioning from cartilage to bone. Many investigators

have shown that hypertrophic chondrocytes can differentiate into bone cells during normal

ERT2 42: 43

development.2% 21: 23:25: 44 The mice in the study had an Aggrecan-CrefR™ line** ** crossed with
R26RTomato which permanently labeled all the chondrocytes and their descendent cells after the
injection of tamoxifen at four weeks old. To further confirm the osteogenic cell lineage of those
chondrocyte-derived cells, the third mouse line was combined, using 2.3 Collal-GFP for one set
of analysis and also using immunostaining for Osterix (Osx). Osx is genetically downstream of
Runx2 and also an early transcription factor required for osteoblastogenesis.®” Using Osx as the
bone marker, the present study showed that five days was a long enough period to detect
chondrocytes differentiating into pre-osteoblasts (Aggrecan-Cre*/Osx™ cells), thus elucidating the
mechanism in which osteogenesis is affected during mandibular deviation. As osteoblasts
continue to develop and differentiate, they produce the main bone constituent, collagen type I.
Assessment of 2.3 Collal targets the differentiation of mature osteoblasts to osteocytes. The
study showed a significant decrease in development of chondrocyte-derived mature osteoblasts
and osteocytes from the Aggrecan-Cre*/2.3 Collal-GFP" cells in the experimental group relative
to the control group. While the trend was still present that more Aggrecan-Cre*/2.3 Collal-GFP*
cells were noted on the protrusive side relative to the retrusive side, one can conclude that
maturation was slowed in the experimental group and, therefore, five days was not enough time
to detect a difference in the development of chondrocyte-derived mature bone cells after shifting.

The decelerated maturation also helps explain why both sides of the experimental group had

significant decreases in bone mineral content findings in the micro-CT analysis.
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Short-term lateral shift of the mandible for five days results in decreased chondrocyte-
derived pre-osteoblasts on the retrusive side, dictated by the significantly decreased Aggrecan-
Cre"/Osx" and Aggrecan-Cre'/2.3 Collal-GFP" cells on the retrusive side relative to both the
control group and the protrusive side. While, again, no studies have evaluated chondrocyte
transdifferentiation in retrusion, two studies reported the amount of subchondral bone formation
on the retruded side during lateral deviation.”* 77 Both studies noted significantly decreased
subchondral bone formation on the posterior aspect of the retruded side relative to the protruded
side.”* 77 However, unlike what our results would imply, Liu et al noted increased bone
formation on the retruded side in the superior third,’* while Stojic et al noted an increase in the
anterior and superior thirds relative to the protruded side.”” Liu et al evaluated the 4-week-old
Wistar rats with the first set of evaluation being at 2 weeks. Stojic et al evaluated 5-week-old
Wistar rats for 4 weeks. An explanation for such a discrepancy could be that the marked decrease
in osteogenesis on the retrusive side is particularly evident during the first week of modeling, and
later bone development and maturation catch up to the alterations in condylar position. Another
possibility is that the bone deposited on the retrusive side is osteoblast-derived rather than
chondrocyte-derived. Nonetheless, the results of the present study suggest that short-term
compressive forces from retrusion due to lateral deviation result in decelerated chondrocyte
transdifferentiation, and ultimately, decelerated growth.

The findings of this study are a mechanism of proof to show that in adolescent-aged mice,
chondrocytes play a direct role in early bone modeling. Much like during fracture healing or
accelerate bone growth, which can result in increased endochondral bone growth within 24 to 48
hours,®® the present study has shown that cartilage responds quickly to lateral deviation by

stimulating cell-transdifferentiation and growth in certain areas and decelerating in others. The
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result of lateral deviation appears to affect the growth direction of the condyle, inducing a more
posterior growth direction on the protrusive side and, at least, a less posterior growth direction on
the retrusive side. This poses a question as to whether the condylar growth direction or amount
could be controlled, with a new potential target being the differentiation of hypertrophic

chondrocytes into bone cells.

Clinical Relevance

One area of clinical relevance has to do with the adaptability of the condyle to mandibular
protrusion. Many studies found that the use of a Bionator, Herbst, or Twin block resulted in a
statistically significant increase in mandibular length, with more growth being directed
posteriorly. 'l 8% 90;91:92:93:94 At the molecular level, animal studies of pure protrusion discovered
increased cartilage thickness and bone deposition.>* 3% 3¢ With the findings from the present
study, it can be further understood that class II functional appliances work initially by increasing
chondrogenesis and chondrocyte-derived osteogenesis in a posterior growth direction, placing
the emphasis of change on chondrocytes rather than independently developed osteoblasts.

Another area of clinical relevance has to do with the mechanism in which class III correctors
like a chin cup or reverse-pull headgear work on the mandible. Deguchi and McNamara
evaluated the craniofacial adaptations of chin cup therapy, finding mandibular length increased
significantly less in the treated group compared to the control group.? Histologically, animal
studies have found retrusion results in reductions in posterior condylar cartilage®+6% ¢ and
slower proliferation.®” Combined with the findings from the present study, it can be further

understood that class III restrictive appliances appear to work initially by decreasing
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chondrogenesis and chondrocyte-derived osteogenesis in the posterior direction, again
emphasizing the importance of the cartilage response in initial growth changes.

The last area of clinical relevance for our study has to do with the development of
mandibular asymmetry. As many studies have already elucidated,?®: 74 76: 77: 78: 79 g lateral shift of
the mandible results in a relative increase in posterior growth on the protrusive side and a relative
decrease in the retrusive side that if left uncorrected, leads to skeletal asymmetry. This
emphasizes the importance of correcting transverse issues early, such as with functional lateral

crossbites.
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5. CONCLUSIONS

A sustained lateral shift of the mandible for 5 days creates:

l.

Mandibular asymmetry, resulting in a longer mandibular length and condylar length
on the protrusive side relative to the retrusive side

Decreased mineralized bone content

An increase in chondrogenesis on the protrusive side, especially the posterior third
A decrease in chondrogenesis on the retrusive side

An increase in chondrocyte-derived osteogenesis (cell transdifferentiation) on the
protrusive side, particularly in the posterior region

A decrease in chondrocyte-derived osteogenesis (cell transdifferentiation) on the
retrusive side

An increase in posterior growth direction on the protrusive side

A decrease in posterior growth direction on the retrusive side
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APPENDIX A: FIGURES
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Figure 1: The Central Dogma of Endochondral Ossification and Current Hypothesis
a) The original dogma regarding endochondral illustrates mesenchymal proliferation, differentiation, and growth. A collar of
bone inhibits nutrition, resulting in cartilage apoptosis and recruitment of osteoblasts from the 