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Effect RANKL Produced by Periodontal Ligament Cells on Orthodontic
Tooth Movement

Abstract

The bone remodeling process involved in orthodontic tooth movement consists of bone resorption on the
compression side and bone formation on the tension side of the teeth. Osteoclasts play an important role in
bone remodeling and are necessary for orthodontic tooth movement. Receptor activator of nuclear factor-xB
ligand (RANKL) is essential for osteoclast formation and differentiation. Several cell types have been reported
to be capable of producing RANKL. We are interested in whether there is a dominant cell type which RANKL
production is critical in generating orthodontic tooth movement. In this study, we used a Cre recombinase
mouse model to study the effect of RANKL deletion in periodontal ligament cells on orthodontic tooth
movement. We found RANKL deletion in periodontal ligament cells significantly decreased the amount of
orthodontic tooth movement and reduced the number of osteoclasts formed on the compression side after
subjecting the teeth to orthodontic force. It suggests RANKL production from periodontal ligament cells
contributes greatly to orthodontic tooth movement and serves as an important source of RANKL in
osteoclastogenesis during orthodontic tooth movement.
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Abstract

The bone remodeling process involved in orthodontic tooth movement consists of

bone resorption on the compression side and bone formation on the tension side of the

teeth. Osteoclasts play an important role in bone remodeling and are necessary for

orthodontic tooth movement. Receptor activator of nuclear factor-kB ligand (RANKL)

is essential for osteoclast formation and differentiation. Several cell types have been

reported to be capable of producing RANKL. We are interested in whether there is a

dominant cell type which RANKL production is critical in generating orthodontic

tooth movement. In this study, we used a Cre recombinase mouse model to study the

effect of RANKL deletion in periodontal ligament cells on orthodontic tooth

movement. We found RANKL deletion in periodontal ligament cells significantly

decreased the amount of orthodontic tooth movement and reduced the number of

osteoclasts formed on the compression side after subjecting the teeth to orthodontic

force. It suggests RANKL production from periodontal ligament cells contributes

greatly to orthodontic tooth movement and serves as an important source of RANKL

in osteoclastogenesis during orthodontic tooth movement.
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Introduction

Osteoclastogenesis is stimulated by M-CSF, RANKL

Orthodontic tooth movement involves with a sequential bone remodeling process
that consists of bone resorption in the direction of tooth movement and bone
formation on the opposite side. Osteoclasts are responsible for bone resorption and are
derived from hematopoietic precursor cells of monocyte/macrophage lineage '.

Receptor activator of nuclear factor-xB ligand (RANKL) and macrophage
colony-stimulating factor (M-CSF, also known as colony-stimulating factor-1, CSF-1)
are essential and sufficient for stimulation of osteoclast formation . RANKL, a
TNF-related protein in both soluble and membrane-bound forms °, can bind and

activate the receptor activator of nuclear factor-kB (RANK), which is a TNF-related



transmembrane protein receptor that is commonly expressed on hematopoietic
precursor cells, and further initiate osteoclast formation and differentiation of
osteoclast’. M-CSF stimulates proliferation and differentiation of mononuclear
phagocytes in addition to the dispersion and motility and survival of macrophages '.
M-CSF binds to its receptor, c-Fms, expressed on myeloid cells of the mononuclear
phagocytic lineage and early osteoclast precursors, thereby providing signals
necessary for the survival, proliferation and differentiation of these cells >*°.

Both RANKL and M-CSF are necessary for the development of mature
osteoclasts through inducing the expression of the genes required for proper osteoclast
activity, including those encoding tartrate-resistant acid phosphatase (TRAP),
cathepsin K, calcitonin receptor and integrin B3 '. Mice with RANKL-knockout
displayed obvious osteopetrosis at birth *. This corroborated the significant role of

RANKL in osteoclast formation.

Osteoclast formation, differentiation, and function

Mature osteoclasts derive from the hematopoietic stem cell lineage. The

committed myeloid progenitor cells are then influenced by the activation of early



factors such as PU.1 and micro-ophthalmia-associated transcription factor (MITF) and

are directed toward a monocyte-macrophage lineage. These cells further express
receptors for CSF-1 (CSF-1R), and it follows by the activation of intracellular
proteins including c-Fos. The consequent upregulation of the RANK receptors
identifies this population of cells as typical osteoclast precursors.

Subsequently, RANKL 1is the primary stimulus for osteoclast differentiation
toward mature osteoclasts with continued resorptive activity through the activation of
the principal transcription factors of nuclear factor-kB (NF-«kB) and nuclear factor of
activated T cells cytoplasmic 1 (NFATcl). The bone-resorbing ability of the
osteoclasts relies on the formation of a tight attachment to the bone surface, where a

cocktail of ions and matrix-degrading enzymes is secreted into the sealed lacunae to

further break down the inorganic and organic components of bone *°.

RANK-RANKL signaling pathway

After RANKL binds to RANK, the recruitment of TNF receptor-associated factor

6 (TRAF6) protein leads to the phosphorylation of the inhibitory IkB protein by IxB

kinase (IKK). IkB is then degraded by the proteasome, thereby releasing active



NF-kB to translocate to nucleus and induce gene transcription. NF-kB contributes in
part to the activation of NFATcl. NFATcl is a key regulator of osteoclast
differentiation. The activation of NFATcl is regulated by RANKL in two ways: the
NF-«B/activator protein 1(AP-1)/c-fos pathway and calcium signaling pathway.
NFATcl collaborates with other transcription factors, such as AP-1, PU.I,
cAMP-responsive element-binding protein (CREB) and MITF, to induce the
expression of various osteoclast-specific genes. These osteoclast-specific effector

genes include TRAP, calcitonin receptor and cathepsin K (CATK), integrin B etc **

10, 11

RANK/RANKL/OPG axis

Osteoclastogenesis is regulated by RANKL/RANK/OPG axis. RANKL stimulates
osteoclast formation and further induces bone resorption by local osteoclasts. As a
results of osteoclast activation, bone formation is also stimulated at the same time by
neighboring osteoblasts through a process called ‘coupling’ '*. Osteoprotegerin (OPG)
is a secreted TNFR-related soluble protein, which acts as a decoy receptor that binds

to RANKL and competes with RANK, therefore, OPG can inhibit osteoclastogenesis.



OPG has shown to block osteoclast formation in vitro and inhibit bone resorption in
vivo *. Overexpression of OPG blocks osteoclast formation, which leads to
osteopetrosis in mice °; in other animal studies where OPG was deleted in mice
resulted in enhanced bone resorption and yielded osteoporosis in those mice '*'*. The
ratio of the level of expression of RANKL and OPG regulate bone remodeling

process through controlling the activation status of RANK on osteoclasts *.

RANKL expression in cells

Multiple cell types have been reported that are able to express RANKL mRNA or
protein, including both T and B lymphocytes, osteoblast precursors, mature
osteoblasts, osteocytes, keratinocytes, mammary epithelial cells, vascular endothelial
cells, synovial fibroblasts, cells within periodontal tissue, and hypertrophic
chondrocytes. In addition, some malignant cell types appeared in prostate cancer and
multiple myeloma have also been shown of capability to express RANKL °.

Several soluble factors can stimulate RANKL production and further induce
osteoclastogenesis. These factors include parathyroid hormone(PTH), parathyroid

hormone-related peptide (PTHrP), tumor necrosis factor-alpha (TNF-a), interleukin-1



(IL-1), IL-6, IL-11, IL-17, thyroid hormone, 1,25-(OH), vitamin D, and prostaglandin

E2 (PGEz) 3,15,10'

Increased RANKL expression after orthodontic force application

Past study researched on the expression of various cytokines during orthodontic
tooth movement in humans, they found higher expression of TNF-a, RANKL, and
matrix metalloproteinase-1 (MMP-1) on the compression side; in contrast, the tension
side expressed higher levels of IL-10, tissue inhibitor of MMP-I (TIMP-1), type I
collagen, OPG, and osteocalcin (OCN). The level of expression of transforming

growth factor-beta (TGF-B) was similar on both compression and tension sides '°.

Cre mouse model

Recent studies have identified osteocytes as the main source of RANKL

production required for osteoclastogenesis in bone remodeling under physiological

condition' "8

. However, to our knowledge, there haven’t been studies that directly

identify the major source of RANKL produced during orthodontic tooth movement.

Herein, we generated a transgenic mouse model using CreER recombinase to delete



RANKL genes in periodontal ligament cells and studied the significance of RANKL

production of these cells in orthodontic tooth movement.

Cre (cyclization recombination) is a site-specific recombinase that allows for

conditional gene ablation in specific target cells utilizing Cre/loxP system. Cre/loxP

system works through delivering Cre to specific cells or tissues by a particular

promoter, the essential exon of the gene of interest which is floxed with two loxP sites

will be excised by the Cre recombinase, thus generating a null allele in all cells where

Cre is active .

In this study, we used CreER recombinase (ER stands for estrogen receptor) to

delete the floxed RANKL genes (encoded by 7nfsfl1/ gene) in cells expressing

COLI1AL gene in transgenic mice. CreER recombinase is a ligand-dependent chimeric

Cre recombinase. It is composed of Cre fused to mutated hormone-binding domains

of the estrogen receptor. This mutated estrogen receptor does not bind to natural

ligand at physiological concentrations but will bind to the synthetic estrogen receptor

ligand, 4-hydroxytamoxifen (OHT). Therefore, CreER recombinase is initially

inactive but can be activated by tamoxifen, which later metabolized to OHT. Without

administering tamoxifen to the transgenic mice, the CreER will not be activated,



therefore the target genes in specific cells will not be deleted. The
tamoxifen-dependent activity and tissue-specific expression of CreER recombinase
allow conditional gene ablation be controlled both spatially and temporally "°.

A proposed method to examine Cre recombination efficiency and tissue-specific
distribution of Cre transgenic mouse line with a specific promoter is the use of Cre
reporter mice. The most common reporter mouse line is the R26R line which
expressed ROSA26 reporter genes. Through crossbreeding CreER mice with R26R
reporter mice, we can generate CreER.ROSA26 mice that have CreER recombinase
with a loxP-floxed STOP cassette inserted in a broadly-expressed ROSA26 locus.
After administering tamoxifen to activate CreER, the floxed STOP cassette will be
excised and the cells will produce p-galactosidase, which gene is located in the
downstream of the STOP cassette. By detecting 3-galactosidase activity with either
X-gal staining or immunofluorescence staining targeting f3-galactosidase in the tissues,
we can examine the effectiveness of Cre activation, and identify the tissue-specific

distribution of CreER recombinase with a specific promoter '°.

Promoter introduction- 3.2 kb Collal promoter




Type I collagen has a triple helix structure that comprises two alpha 1 chains and
one alpha 2 chain. It is a fibril-forming collagen found in most connective tissues and
is abundant in bone, cornea, dermis and tendon. The genes coding for the two kinds of
type I collagen chains, COL1A1 and COL1A2 genes respectively, are active
selectively in osteoblasts, odontoblasts, fibroblasts, and some mesenchymal cells 20

In this study, we crossbred 3.2 kb Collal promoter- CreER recombinase
transgenic mice with mice with RANKL gene floxed with loxP to generate
Collal-CreER"” . RANKL" transgenic mice. Rossert el al found that 3.2 kb Collal
promoter was expressed at high levels in osteoblasts and odontoblasts, as well as in
tendon and fascia fibroblasts, and at low levels in skin *°. Ouyang el al further
identified that 3.2 kb Collal promoter was active in early-differentiated osteoblasts.
They referred those osteoblasts as committed osteoblasts because they were immature
osteogenic progenitor cells that lack chondrogenic capacity *'. We referred this sort of
immature osteogenic progenitor cells as immature osteoblasts in the following texts.

In order to further identify the tissue-specific expression of 3.2 kb Collal
promoter in dental areas, we crossbred 3.2 kb Collal-CreER mice with the reporter

mouse line R26R to generate Collal-CreER".ROSA26 mice. We use

10



Collal-CreER".ROSA26 mice to identify the tissue-specific expression of 3.2 kb

Collal promoter and to test the effectiveness of CreER recombinase in temporal and

spatial activation. We divided Collal-CreER"ROSA26 into two groups: we

administered tamoxifen in one group and vehicles without tamoxifen in the other

group. The group of mice that received tamoxifen would activate CreER and express

[(-galactosidase. We also gave tamoxifen to the third group consists of wild-type

C57BL/6J mice. The course of tamoxifen administration for CreER activation for the

Collal-CreER".ROSA26 transgenic mice was the same as the CreER mice used in

the present study, which was illustrated later in the Material and Methods. The

expression of activated CreER recombinase was examined by immunofluorescence

staining  for  [-galactosidase. =~ The results showed that from the

Collal-CreER".ROSA26 mice which received tamoxifen, there was positive staining

in the periodontal ligament (Figure 1).

Combining our findings with the past studies which identified expression of 3.2

kb Collal promoter was in the immature osteoblasts on the periosteum, it suggests

that the expression of Col1 A1 gene in the dental region using 3.2 kb Collal promoter

is localized in periodontal ligament cells, including a population of immature

11



osteoblasts, fibroblasts and other possible cells. We further examined if there’s
significant contribution of RANKL produced from these cells to orthodontic tooth

movement.

Materials and Methods
Experimental design

This animal study was approved by Institutional Animal Care and Use Committee
in University of Pennsylvania. All procedures were performed in accordance with
approved guidelines of the Institutional Animal Care and Use Committee.

All the animals were closely monitored for their health condition and were
weighed trice a week throughout the experimental period. They were fed powdered

food, diet gel and water ad libitum.

Generating Transgenic Mice

We bred mice harboring a conditional RANKL allele (RANKL", RANKL floxed

with loxP) with mice harboring a transgene consisting of 3.2 kb Collal promoter

12



inserted upstream from CreER coding sequence (Collal-CreER transgenic mice) and
generated Collal-CreER.RANKL" transgenic mice.

A total of thirty-two Collal-CreER.RANKL" transgenic mice were used in this
study. Sixteen Collal-CreER".RANKL"" mice (later in the text referred as Cre” mice)
and sixteen Collal-CreER . RANKL" mice (later referred as Cre mice) were each
randomly distributed into two different time points: 5 days (n=16 mice: 8 Cre" mice
and 8 Cre mice) and 12 days (n=16 mice: 8 Cre' mice and 8 Cre mice).

All animals were given 50 ul tamoxifen/day through a oral gastrogavage tube for
a total of five days. One week after the last day of tamoxifen application, orthodontic
appliance was delivered to the mice. This course of tamoxifen application allowed
activation of CreER recombinase in the target cells. All mice were 14 week-old when
the orthodontic appliances were placed. A nickel-titanium(NiTi) closed coil spring
was used to generate mesializing tooth movement at the maxillary right first molar for

a duration of either 5 days or 12 days.

Application of Orthodontic Force

13



Mice were anaesthetized by intraperitoneal injection of ketamine (80-100 mg/kg)

and xylazine (5-10 mg/kg). The maxillary and mandibular incisors were retracted

with a customized mouth-opening device fabricated with 0.030-inch stainless steel(SS)

wire. A 4.5 mm NiTi closed coil spring (Ultimate arch wires, Bristol, Connecticut,

USA) was fixated between the maxillary right first molar and both of the maxillary

incisors with 0.004-inch SS ligature wires (Fort Wayne Metals, Fort Wayne, Indiana,

USA) connecting the coil spring to the teeth (Figure 2). Two segments of 0.004-inch

SS ligature wires were tied at the ends of the nickel-titanium coil spring. Ligature

wire on the posterior end was threaded under the proximal contact between the

maxillary right first and second molars and fixed around the cementoenamel junction

(CEJ) of the maxillary right first molar. An activation of 2mm of the NiTi coil spring

in each animal would deliver approximately 10 grams of force, confirmed with a

force gauge. Ligature wire on the anterior end was fixated around the most cervical

portion of both of the maxillary incisors (Figure 2). Self-etching primer (Transbond

Plus Self Etching Primer, 3M Unitek, Monrovia, CA, USA) and composite resin

(Transbond XT Light Cure Adhesive Paste, 3M Unitek, Monrovia, CA, USA) were

14



used to secure the fixation of the ligature wires at the maxillary incisors due to the

regular function of the animals.

No reactivation of the NiTi coil spring was performed during the entire

experimental period. The left side of the maxilla (without an orthodontic appliance)

was used as a control that was without external mechanical force.

Euthanasia and Tissue Harvest

The transgenic mice were euthanized at two different time points, 5 days and 12

days, after orthodontic force application.

The maxilla was harvested in each animal after euthanasia and tissue was fixed

under 10% paraformaldehyde at 4°C for 24 hours. Afterwards, the samples were

washed by distilled water and preserved in 0.01M PBS. And then, the samples were

scanned with micro-CT.

Measurement of Orthodontic Tooth Movement

After the animals were euthanized, the amount of orthodontic tooth movement

was measured by micro-CT (MicroCT35; SCANCO Medical, Bassersdorf,

15



Switzerland) with section thickness of 20 wm. Orthodontic tooth movement was

measured as the closest distance between the most distal point of the crown of

maxillary right first molar and the most mesial point of the crown of maxillary right

second molar in all sagittal sections with the axis orientation according to the

alignment of the maxillary molars. Distance between the crowns of the contralateral

first and second molars was also measured. The amount of orthodontic tooth

movement was defined as the value obtained from subtracting the value on the left

side (control side) from the value on right side (experimental side), assuming both

maxillary first molars started with same proximal relationship with the neighboring

second molars.

Measurement of the Width of Periodontal Ligament (PDL) from micro-CT

images

Measurement of the widths of periodontal ligament (PDL) mesial and distal to

distobuccal roots of both maxillary right and left first molars was also preformed

using the micro-CT images. The sagittal section selected for average PDL width

measurement was the radiographic image with both of the root canals of the buccal

16



roots of the maxillary first molar most thoroughly visible. The average PDL width

was measured from the coronal portion to the apical portion of the PDL. Another

measurement aiming to measure the PDL width at the mid-root portion was also

performed. The coronal section 400um below the topmost point of furcation was

selected for mid-root PDL width measurement in all samples. The mesial and distal

PDL widths of distobuccal root were measured along the axis line passing through

both of the root canals of the buccal roots of the maxillary first molar in that particular

coronal section.

Osirix software was used for all the 3D image reconstruction and the

measurement of orthodontic tooth movement. Image Pro Plus software was used for

PDL width measurement.

Tissue preparation

After micro-CT scans, the maxillae were hemi-sectioned, and the samples were

placed in 10% ethylenediamine tetraacetic acid (EDTA) for slow decalcification for 5

weeks. After decalcification, the samples were processed for paraffin embedding.

17



Histology section and TRAP staining

Serial sagittal paraffin sections (4 um) were obtained with microtome with the

orientation of both of the root canals of the mesiobuccal and distobuccal roots of the

maxillary first molars.

The histology sections were stained for tartrate-resistant acid phosphatase (TRAP)

activity.

TRAP Staining

Naphthol AS-MX phosphate (30 mg, Sigma, St. Louis, MO) was dissolved in 0.2

ml of N,N-dimethylformamide (Sigma). 5 mg of fast red violet LB salt (Sigma) and

50 ml of 0.1 M sodium acetate buffer (pH 5.0) containing 50 mM sodium tartrate

were added to the mixture (TRAP-staining solution). After rehydration, sample slides

were incubated with the TRAP-staining solution for 15 min in water bath at 37°C. The

slides were counterstained with hematoxylin afterwards.

The osteoclasts were identified as positive staining, multinucleated cells. Only the

osteoclasts attached to the bone surface on the alveolar bone side of the PDL were

counted for analysis. Both the compression and tension side of the distobuccal roots

were analyzed. Due to some periodontal inflammation at the furcation areas of the

18



maxillary right first molars was observed in some of the animals. The topmost 100 um

of the alveolar bone lining at the compression side of the distobuccal root of the

maxillary right first molars were excluded for osteoclast count in all animals to

preclude the possible influence from the adjacent periodontal bone destruction at the

furcation area on osteoclastogenesis induced by orthodontic force.

Images of TRAP-stained sections were captured with a Nikon Eclipse 90i

microscope (Nikon, Melville, NY, USA). NIS Elements-AR software (Nikon) was

used for analysis.

Measurement of the Width of Periodontal Ligament (PDL) from histology

sections

The widths of periodontal ligament (PDL) mesial and distal to distobuccal roots of

both maxillary right and left first molars were measured from the image of histology

sections captured by Nikon microscope. The average PDL width and mid-root PDL

width were recorded. Mid-root PDL width measurement was measured at the level of

a horizontal line perpendicular to occlusal plane drawn 400um below the furcation.

Image Pro Plus software was used for all PDL width measurement.

19



Statistic Analysis

Two-sided unpaired Student’s t-test was used for the comparison of Cre" and Cre-

mice within the same time point. The significance level was set at P< 0.05.

All values were represented as the means+ SEM.

Results

RANKL gene deletion in periodontal ligament cells reduced the amount of

orthodontic tooth movement on day 12 (Figure 3).

As measured by micro-CT images, on day 5, the average orthodontic tooth

movement of Cre  mice was 13.64= 3.02 um; whereas in Cre' mice, the average

orthodontic tooth movement was 7.29+ 1.75 wm. The amount of orthodontic tooth

. . _ . + . .
movement was 1.9 times greater in Cre mice compared to Cre’ mice, which was not

significant (P>0.05).

On day 12, the average orthodontic tooth movement of Cre” mice was 51.23+

10.06 um; whereas in Cre" mice, the average orthodontic tooth movement was 18.16=

6.10 um. The amount of orthodontic tooth movement was 2.8 times greater in Cre

mice compared to Cre” mice, which was significant (P<0.05).

20



More compressed PDL at the mesial side of distobuccal roots in mice with

RANKL gene deletion in periodontal ligmanet cells on day 12.

The PDL width mesial and distal to distobuccal roots of both maxillary first

molars were measured with micro-CT images in both coronal sections and sagittal

sections in both 12-day groups (Figure 4).

In sagittal sections of micro-CT images, the average PDL width of the

compression side of distobuccal root of the subjected tooth (maxillary right first molar)

in Cre” mice was 35.74+ 3.11 um; whereas in Cre" mice, the average PDL width of

the compression side was 15.82+ 2.42 um. The average PDL width on the

. . . _ . . . . + . .
compression side in Cre mice was 2.3 times wider than in Cre” mice, which was

statistically significant (P<0.01). Cre" mice showed significantly narrower PDL on

the compression side of the tooth comparing to Cre mice. This results in in

accordance with the significant difference in the orthodontic tooth movement

measured at the crown level on micro-CT images between the groups within 12-day

time point.

21



When measured on the selected coronal sections of micro-CT images, the average

mid-root PDL width on the compression side of distobuccal root of the subjected

tooth in Cre” mice was 36.81= 4.52 um; whereas in Cre" mice, the average mid-root

PDL width on the compression side was 13 = 3.87 um. The compressed PDL width at

. . _ . . . . + . .
mid-root level in Cre” mice was 2.8 times wider than in Cre” mice, which was also

satatistically significant (P<0.01).

We also measured the PDL width around distobuccal root of maxillary first

molars on the histology sections of the 12-day groups, the average PDL width on the

compression side of distobuccal root of the subjected tooth in Cre” mice was 59.95+

5.40 um; whereas in Cre' mice, the average PDL width on the compression side was
u g p

37.81+= 4.35 um. The average PDL width on the compression side was 1.6 times

wider in Cre” mice comparing to Cre' mice. This result was statistically significant
paring y sig

(P<0.01).

Corresponding to the measurement of mid-root PDL width in coronal sections of

micro-CT, we measured the mid-root PDL width mesial and distal to distobuccal root

on histology sagittal sections at the level of 400um below the furcation. The mid-root

PDL width on the compression side in Cre” mice was 72.01 = 8.13 um; whereas in

22



Cre'" mice, the mid-root PDL width on the compression side was 35.41+ 4.48 um. The

difference was also statistically significant. The width of the compressed PDL at

. . _ . . . . + . .
mid-root level in Cre” mice was 2 times wider than in Cre mice, which was also

statistically significant (P<0.01). All four methods of measuring PDL width yielded

same conclusion that Cre" mice showed more constricted PDL on the compression

side on day 12.

RANKL gene deletion in periodontal ligmanet cells decreased osteoclast

formation after orthodontic force application in both 5-day and 12-day groups.

After orthodontic force application, there was an increase in osteoclasts at the

subjected tooth comparing to the contralateral control tooth (Figure 5). On day 5, the

average number of osteoclasts on the compression side of distobuccal root in Cre

. . + .
mice was 9.4+ 1.8; whereas in Cre mice, the average number of osteoclasts was 2.2+

0.6. The number of osteoclasts on the compression side was 4.3 times greater in Cre”

mice comparing with Cre” mice on day 5, which was statistically significant (P<0.01).

On day 12, the average number of osteoclasts on the compression side in Cre”

. . + .
mice was 12.8+ 2.2; whereas in Cre mice, the average number of osteoclasts was

23



6.2+ 1.2. The number of osteoclasts on the compression side in Cre” mice was 2.1

times greater comparing with Cre’ mice on day 12, which was also statisticall
g parimg y y

significant (P<0.05) (Figure 6). Based on the significant decreased osteoclasts in both

5-day and 12-day group in Cre” mice, it showed prolonged inhibition in osteoclast

formation in mice with RANKL deleted in periodontal ligament cells.

Discussion

Most of the past animal studies that researched on orthodontic tooth movement

were performed on rats because the larger size of rats facilitates easier placement of

the orthodontic appliance comparing to mice. However, using mice for studying

orthodontic tooth movement provides valuable opportunities to use transgenic animals

with gene manipulation to discover the cellular or molecular mechanism involved in

orthodontic tooth movement. Therefore, in recent years, various researchers have

utilized different mouse models for studying of the biologic mechanism behind

orthodontic tooth movement.
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In some of the more previous studies, researchers utilized the Waldo’s model,
which involved with placing an elastic band between the maxillary right first and
second molars in mice. The force magnitude of this model was unknown **2°.

More recently, researchers have developed different methods to place coil springs
to generate orthodontic tooth movement in mice. Silva et al proposed a mouse model
using a NiTi open coil spring bonded on the occlusal surface of maxillary first molar
to the maxillary incisors with exact orthodontic force of 0.35 N, measured by a force
gauge **. The advantage of this model is that the devise they developed specially for
this mouse model provides standardization for the amount of orthodontic force
applied to all the mice in the experiment; the disadvantage of this model is that
bonding on the occlusal surface may cause occlusal interference that might induce
occlusal trauma or increase the risk of possible dislodgement of orthodontic appliance.
Nanda et al used a NiTi closed coil spring with 0.004-inch SS ligature wires fixed at
the CEJ of maxillary right first molar and the maxillary incisors. They applied
approximately 10 gm of force to the subjected tooth *. The advantage of this model is

that there isn’t occlusal interference from the orthodontic appliance directly on the

subjected tooth comparing to the model presented by Silva et al; the disadvantage of
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this model is that the ligature wire tying around the CEJ could cause localized
periodontal inflammation, therefore it adds a complicating factor from the potential
localized periodontal inflammation with or without bony destruction to the objective
of studying the pure effect of orthodontic force application. Yoshimatu et al utilized a
NiTi closed coil spring fixed between maxillary left first molar and maxillary incisors
with 0.1-mm SS wires around the teeth using a dental adhesive agent. They applied
approximately 10 gm of orthodontic force upon activation of the appliance *°. This
mouse orthodontic model was similar to Nanda et al. Olsen et al applied 20gm of
orthodontic force with a Elgiloy coil spring bonded to the occlusal surface of
maxillary left first molar to maxillary incisors *’. Yan et al bonded a NiTi coil spring
from the maxillary right molar to maxillary incisors under a force of 30-35 gm **.
Non-exhaustively, these were just some of the mice models used in the studies
published in recent years.

In addition to different methodology of the delivery of orthodontic appliance from
the previously published literatures studying orthodontic tooth movement using
various mouse models, the force magnitude also differed between studies.

Furthermore, the age of the mice in those studies also varied from a span of

26



7-week-old up to 12-week-old. Lastly, the time points of euthanizing the animals

varied among the past studies, ranging from 3 days up to 14 days. All these variants

make comparison of the results between the past studies difficult. In our study, we

used 14 week-old mice as our age of choice because mice of this age resemble young

adults in humans. Young adults are a growing population in current orthodontic

treatment, and thus far no data have been published using mice of this age group yet,

therefore, we chose to use mice of this age group for the present study.

In order to investigate the site-specific contribution of RANKL production to

orthodontic tooth movement, we used mice harboring Cre recombinase to first

examine the RANKL production from periodontal ligament cells in orthodontic tooth

movement.

Our results showed that when RANKL genes were deleted in periodontal ligament

cells in mice, the amount of orthodontic tooth movement significantly decreased

comparing to the control mice after 12 days of orthodontic force application. It

suggests the significance of RANKL production from periodontal ligament cells in

orthodontic tooth movement. We also found there were significantly less osteoclasts

formed after orthodontic force application in mice which RANKL gene were
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conditionally ablated in periodontal ligament cells comparing to the control mice on
both day 5 and day 12. It suggests periodontal ligament cells are a critical source of
RANKL in stimulating osteoclast formation after orthodontic force applied. The past
studies using rats orthodontic model showed that peak osteoclast formation in murine
orthodontic tooth movement occurs around the 3rd day after orthodontic force

application, and then the number osteoclasts tapered down due to homeostasis > . I

n
this study, the difference in the osteoclast number between two groups of mice on day
5 was expected after seeing difference in orthodontic tooth movement from micro-CT.
Interestingly, the difference in the osteoclast number between mice with or without
RANKL deletion in periodontal ligament cells on day 12 was still significant. The
averaged number of osteoclasts on the compression side on day 12 was slightly higher
than the averaged number of osteoclasts on day 5 (by 1.36 fold). This is similar with
the findings of Moin et al using a similar mouse orthodontic model, where they found
increased osteoclasts on day 7 comparing to day 3 °'. Sakai et al also studied the
change in osteoclast number on the compression side of tooth in mice with a time

course of 1, 3, 7, 14, 21 days. However, they used a different mouse orthodontic

model applying compressive force on the maxillary right molar toward the palatal
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side with a customized Y-spring. They found significant increase in osteoclast on day
3, and peak osteoclast formation occurred on day 7, and then osteoclasts decreased
with time *. The time points we chose in our study were day 5 and day 12. We could
not confirm if we also found the osteoclasts reached the peak formation on day 7
comparing to day 5 and day 12. Based on the data we have, there were more
osteoclasts present on day 12 than day 5 in both groups of mice. The difference of the
number of osteoclasts within the group between day 5 and day 12 was not statistically
significant in the Cre” control mice (P>0.01), but it was statistically significant in Cre"
mice with RANKL deletion in periodontal ligament cells (P<0.01). Combining the
results of the inter-groups and intra-group comparisons between the two time points,
it implies a sustained suppressive effect on osteoclastogenesis under orthodontic force
in mice with RANKL deletion in periodontal ligament cells, where this suppressive
effect was stronger on day 5 comparing to day 12.

From our previous experiment examining cell-specific expression of the Cre
recombinase using 3.2 kb Collal promoter by crossbreeding with ROSA26 reporter
mice, the positive cells stained of f-galactosidase were concentrated in the

periodontal ligament area. With the spindle shapes of those positive-stained cells, we
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identified those as periodontal ligament fibroblasts (Figure 1). Therefore, we
considered Cre recombinases with 3.2 kb Collal promoter are highly-expressed in
periodontal ligament fibroblasts in addition to immature osteoblasts.

Periodontal ligament (PDL), located between the root cementum and alveolar
bone, acts as a cushion to withstand mechanical stress that is applied to teeth, either
from normal occlusal force physiologically or from pathological occlusal trauma or

3 PDL can receive the mechanical forces and respond to

from orthodontic force
these external forces by remodeling of surrounding tissues. It is assumed that forces
such as mastication, and those from orthodontic treatment can stimulate PDL cells to
produce local factors and cytokines that trigger not only the maintenance and
remodeling of the ligament itself but also the bone remodeling process of adjacent
alveolar bone **. The signaling mechanism of how mechanical stress initiates such
remodeling processes of periodontal tissues through PDL cells is currently unclear.
Periodontal ligament contains a complex collection of cells, including osteoblasts,
osteoclasts, fibroblasts, epithelial cell rests of Malassez, macrophages,
35

undifferentiated mesenchymal cells, neural elements, and endothelial cells

Fibroblast are the most abundant cells in the periodontal ligament and are thought to
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be derived from undifferentiated mesenchymal cells *°. Osteoblasts are also derived
from mesenchymal stem cells *’. It’s highly possible that 3.2 kb Collal promoter is
highly active in immature osteoblasts and PDL fibroblasts within periodontal
ligament since they are derived from the same lineage and are both capable of
expressing type I collagen .

Stromal/osteoblastic cells are capable of producing RANKL **. Osteoblast lineage
cells and bone marrow stromal cells are thought to be the major cell types that express
RANKL in the process of osteoclastogenesis > . Osteoblast lineage cells contains
osteoblasts, osteocytes, and bone-lining cells. The majority of osteoblasts will
eventually undergo apoptosis. The rest of them are then converted into either
quiescent bone-lining cells or osteocytes after embedded in the mineralized bone
matrix °’. Previous evidence has shown that 3.2 kb Collal promoter is expressed in

immature and early-differentiated osteoblasts !

. Among the previous studies
researching on the effect of RANKL produced by osteoblasts on osteoclastogenesis,
there was a variation of the differentiation status of the osteoblastic cells the

researchers used in the studies. Regarding whether there’s a difference between the

amount of RANKL mRNA expression among different stages of differentiation of
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osteoblasts, past in vitro studies have shown conflicting results. Huang et al studied
the regulation of PTH on RANKL and OPG level in early-differentiated osteoblasts
and mature osteoblasts, and their results suggested that PTH could stimulate
osteoclast formation primarily by suppressing OPG gene expression in
early-differentiated osteoblasts and stimulating RANKL gene expression in mature
osteoblasts *°. This suggests elevation of RANKL gene in mature osteoblasts through
differentiation. Gori et al, on the other hand, showed a decrease of RANKL mRNA
expression by 5-fold and an increase of OPG mRNA expression by 7-fold during
osteoblast differentiation using a immortal human marrow stromal cell line *'.
Previous in-vivo study provided evidence that the number of osteoclasts, bone
resorption, or the expression level of RANKL in bone tissue were not affected in mice
with targeted ablation of committed osteoblasts **. The authors concluded that mature
osteoblasts are not essential for osteoclastogenesis during regular bone remodeling.
They postulated that osteocytes or osteoblast precursors may play more of an
important role in the initiation of osteoclast formation. Various other mouse models

showed that after increasing the number of osteoblasts, mice didn’t exhibit with
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increased osteoclast number **. These results suggest that osteoblasts are less likely to
be an important source for simulating osteoclastogenesis in bone remodeling.

Past studies examined the change of cytokines secreted by osteoblastic cells under
mechanical forces are mainly conducted in vitro. RANKL mRNA was upregulated in

43,44

osteoblasts after subjecting to compressive force and in hydrostatic pressure

apparatus *° in vitro. Under mechanical stress, different in-vitro studies have shown
conflicting results whether OPG gene expression was upregulated *° or
down-regulated **. The contribution of osteoblasts-produced RANKL in orthodontic
tooth movement is still unclear.

PDL fibroblasts is different from other fibroblasts because of their additional
specialized functions in the formation and maintenance of the PDL in addition to their
ability to differentiate in order to contribute to repair, remodeling and regeneration of
the adjacent alveolar bone and cementum™. PDL fibroblasts also exhibit
characteristics of osteoblasts by showing high basal alkaline phosphatase (ALP)

4748 PDL fibroblasts are considered to be mechanosensitive cells of the PDL

activity

that are able to transduce mechanical strain into intracellular signals *. PDL

fibroblasts can transmit mechanical strain to surrounding cells and initiate remodeling
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or periodontal tissue, including mineralized and non-mineralized tissue ¥ However,
the transduction mechanism from sensing the mechanical loading signals from PDL
fibroblasts to the initiation of bone remodeling is yet clarified.

After receiving orthodontic force, PDL cells release cytokines that can recruit
osteoclast precursors from the bone marrow to the periodontal ligament space via
blood stream. They can also further differentiate locally into mature osteoclasts. On
the other hand, osteoblasts derive from local PDL cell proliferation and differentiation.
Cytokines secreted from PDL cells further activate mature osteoclasts and initiate
bone resorption *’. Ankylosed teeth cannot be moved by orthodontic treatment
clinically due to lack of PDL °'. This indicates PDL cells play a vital role in osteoclast
formation during orthodontic tooth movement.

Past studies regarding the response of PDL cells to mechanical force were mainly
conducted in vitro, and some studies have shown the capability of PDL cells
producing RANKL and OPG under compressive or tensile force .
Human PDL cells are found to express osteoblastic phenotypes under intermittent

mechanical force loading by up-regulating alkaline phosphatase mRNA, decreasing

OPG expression, and inducing osteocalcin (OCN) mRNA expression in the 24-hours
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loading cycle. It has been identified in vitro that static compressive force up-regulated
the expression of ephrin-A2 (inhibitor of osteogenesis) in PDL fibroblasts and
down-regulated the expression of ephrin-B2 (stimulator of osteogenesis) >*. While
most of the in-vitro studies focused on the relationship between PDL fibroblasts and
the initiation of osteogenesis under mechanical force ***>° few in-vitro studies
researched about the mechanism between PDL fibroblasts and stimulation of
osteoclastogenesis.

Kanzaki et al found RANKL mRNA expression on PDL cells when co-cultured
with peripheral blood mononuclear cells (PBMCs) and postulated that RANKL
expressed by PDL cells advocates osteoclastogenesis through cell-to-cell contact with
osteoclast precursors, and the RANKL expressed by PDL cells further regulates the
differentiation of osteoclasts™. PDL cells not only can activate osteoclasts for bone
resorption in the final stage of osteoclast differentiation through RANK-RANKL
signaling pathway, but they also can inhibit osteoclastogenesis in the early stage of
osteoclast differentiation via OPG secretion *’. Li et al showed that RANKL mRNA
was significantly up-regulated in the PDL cell after applying 6 hours and 24 hours of

compressive force in vitro, along with an increased expression of other potential
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osteoclastogenic inducers, including PTHrP, IL-11, IL-8, and FGF-2 both in vitro and
in vivo >’. Garlet et al conducted an in-vivo study and found higher expression of
TNF-a, RANKL, and MMP-1 on the compression side of the PDL from extracted
human teeth post-orthodontic force application '.

The limitation of past studies investigating on the response of PDL cells to
orthodontic force is that most studies were in-vitro studies. Those in-vivo studies
where the mRNA expression of various cytokines was measured from the gingival
crevicular fluid (GCF) obtained in humans °* were indirect evidence to the possible
underlying molecular mechanism, and there is difficulty in relating certain cytokines
to specific cell-type in the general PDL cell population. The in-vivo studies examined
the mRNA expression of cytokines from extracted human teeth are considered more
direct evidence '°; however, we still couldn’t identify which cell types are responsible
for the secretion of each of those cytokines in the PDL from those studies. The 3.2-kb
CollalCreER mouse orthodontic model presented in our study can be useful in
researching on PDL cells-specific cellular mechanism after subjected to orthodontic
force and can provide direct in-vivo evidence. Future experiment needs to be done to

confirm whether the specific cells that express 3.2 kb Collal promoter in periodontal
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ligament region are limited to periodontal fibroblasts by wusing double

immunofluorescence staining of f-galactosidase along with other sort of

fibroblast-specific markers. If 3.2 kb Collal promoter is proved to have high

specificity in expression in PDL fibroblasts, it could have higher applicational value

in the field of future research.

In this study, after RANKL gene deletion in periodontal ligament cells, the mice

showed significantly decreased orthodontic tooth movement and osteoclast formation

under orthodontic force. This suggests that periodontal ligament cells serve as an

important source of RANKL production in stimulating osteoclastogenesis after

subjected to orthodontic force.

In all our mice, we rarely found obvious root resorption on the experimental side

under orthodontic force. If any root resorption was present, it was localized at either

the mesio-cervical part of distobuccal roots or at the apical area of mesiobuccal roots.

In the few samples with root resorption on the compression side of distobucal root

near cervical region, we analyzed the average PDL width of the compression side by

connecting the dots that were immediately in proximity to the resorptive pits of the

root structure to stimulate the intact root surfaces.
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On day 12, the PDL widths on the compression side of distobuccal root measured

on both micro-CT images and histology sections in either averaged width or mid-root

width measurements showed compatible results with similar magnitude of difference

between two groups of mice. The results showed that the width of the compressed

PDL in mice with RANKL deletion in periodontal ligament cells was around 2 times

more constricted than control mice without any gene deletion in all four

measurements. This was probably due to limited bone resorption on the compression

side in mice with RANKL deletion in periodontal ligament cells, so that the tooth

under orthodontic force couldn’t move further mesially, therefore the external

orthodontic force subsequently compressed the PDL even more against the alveolar

bone in the mesial direction. This result was in agreement with the decreased

orthodontic tooth movement observed on micro-CT images and the decreased

osteoclast number in mice with RANKL gene deleted in periodontal ligament cells.

The decreased osteoclastogenesis on the compression side in mice with RANKL gene

deleted in periodontal ligament cells was most likely due to reduction in RANKL

production. This requires further immunofluorescence staining on RANKL to confirm

this speculation.
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In this study, we use CreER mouse model to investigate the effect of RANKL

production from periodontal ligament cells on orthodontic tooth movement. The

benefit of using CreER recombinase to activate gene deletion in specific cells using

tamoxifen is that we minimize the possible effects of early gene deletion in those cells

on growth and development in the transgenic mice comparing to mice with gene

deletion at embryonic stage, so our experimental mice and control mice would be

similar in their physical conditions. This precise temporal activation of CreER

recombinase by tamoxifen administration allowed us to obtain more accurate results

from the pure effect of the cell-specific gene deletion that we would like to study. Our

results revealed that periodontal ligament cells are a critical source of RANKL

contributing to osteoclastogenesis in orthodontic tooth movement. Our results suggest

that the transduction mechanism for periodontal ligament cells under orthodontic

force might involve with significant RANKL production from these cells, which

further leads to osteoclast formation that is essential for orthodontic tooth movement.

Here we showed that RANKL produced by periodontal ligament cells plays a vital

role in osteoclastogenesis under orthodontic force application. Other possible sources
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of RANKL production that may be important to osteoclast formation in orthodontic
tooth movement might be osteocytes.

Osteocytes are mechanosensory cells that are well-equipped to facilitate bone
remodeling to mechanical loading. Osteocytes have been identified to play an
essential role in physiologic bone remodeling *. Nakashima et al compared the
RANKL expression levels between osteocytes and osteoblasts in vitro, they found
that purified osteocytes expressed a much higher amount of RANKL than osteoblasts
and bone marrow stromal cells. And when co-culturing with osteoclast precursors in
the presence of 1,25-(OH), vitamin D; and PGE,, osteocytes presented a higher
capability in inducing osteoclastogenesis than osteoblasts and bone marrow stromal
cells in vitro. They also found a severe osteopetrotic phenotype in mice with RANKL
deletion specifically in osteocytes. They concluded that osteocytes are the major
source of RANKL in bone remodeling under physiological condition comparing to
osteoblasts . Furthermore, another in-vitro study showed Tnfsfl1, the gene coding
for RANKL, expression was induced by mechanical stress inflicted on MLO-Y4 cells,
an osteocyte cell line ®°. A more recent study demonstrated that in transgenic mice

with specific ablation of osteocytes, there was significant less orthodontic tooth
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movement and significantly decreased osteoclast formation on the compression side®'.
This suggests that osteocytes play a vital role in initiating osteoclast formation under
orthodontic force. However, whether the effect from osteocytes in orthodontic tooth
movement comes from RANKL production or secretion of other cytokines or
expression of specific transcription factors hasn’t been clarified yet.

Activated T cells are also capable of producing RANKL. Past studies have
showed non-consistent results regarding how activated T cells affect
osteoclastogenesis ®>. It appears that the effect of activated T cells on
osteoclastogenesis depends on how they are activated . And most likely, activated T
cells affect osteoclastogenesis through the regulation of IFN-y in inflammatory states.
IFN- v, a modulatory factor produced by activated T cells, interferes with TRAF6 and
therefore strongly inhibits the RANKL-induced activation of NF-«kB and c-Jun
N-terminal kinase (JNK) in vitro. Resting T cells were found to exert no effect on
osteoclastogenesis ®2. One study using CD4-Cre mice for RANKL deletion
specifically in T-cell. They found homozygous mutant mice manifested a markedly
reduced expression of RANKL mRNA in the thymus and spleen, but not in bone or

lymph nodes comparing with control mice *. This suggests that T cells-produced
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RANKL is not involved in physiologic bone remodeling. Another recent study
demonstrated a significant decrease in the amount of orthodontic tooth movement and
the number of osteoclasts on the compression side in T cell-deficient
immunocompromised mice comparing to wild-type mice*®. The author attributed the
observed results to decreased TNF-a and IFN-y found in T cell-deficient
immunocompromised mice in the study. However, in that study, they didn’t measure
the difference between the level of RANKL expression in T cell-deficient transgenic
mice and wild-type mice. Therefore, there lies the possibility that the decreased
osteoclast formation might be due to the reduced RANKL expression from T cells. It
requires further experiment to clarify the effect of T cell-produced RANKL on
orthodontic tooth movement.

Based on the evidence from past studies, other potential significant sources of
RANKL production during orthodontic tooth movement might be osteocytes or
activated T cells. In order to identify the contribution in RANKL production from
these other potential cell types in orthodontic tooth movement, Cre mice targeting
specific genetically-defined cell populations for conditional RANKL deletion could

serve as a useful tool.
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A better understanding of the molecular mechanisms involved in orthodontic
tooth movement might provide future insights for possible development of molecular
therapy to boost orthodontic tooth movement, or in contrary, prevent tooth movement

from relapsed after orthodontic treatment is finished.

Conclusion

In the present study, we utilized a CreER mouse orthodontic model to examine
the effect of RANKL production from periodontal ligament cells in orthodontic tooth
movement. We found there was significant reduction in the amount of orthodontic
tooth movement and osteoclast formation on the compression side of the subjected
tooth in the transgenic mice which RANKL genes were deleted in periodontal
ligament cells (Collal-CreER".RANKL" mice). These results suggest periodontal
ligmanent cells contribute greatly to osteoclastogenesis in orthodontic tooth

movement by acting as an important source of RANKL production.
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Figures and Graphs
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Figure 1. Cell distribution of P-galactosidase fluorescence for examining Cre
recombinase activity in Collal-CreER".ROSA26 transgenic mice. Cells
expressing 3.2 kb Collal promoter gene were examined by immunofluorescence
co-staining p-galactosidase(red) and DAPI(blue) for 3.2 kb Collal-CreER".ROSA26
mice. Positive red-staining cells indicating the target cells for Cre mice using 3.2 kb
Collal promoter were identified to be located in periodontal ligament. Some
positive-stained spindle-shaped cells between bone and tooth structure were more
visibly-identifiable as periodontal ligament fibroblast under 40x. G: gingiva, B:
alveolar bone, T: tooth, P: periodontal ligament (PDL).
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Figure 2. Mice orthodontic model. A NiTi closed coil was tied around the
cementoenamel junction (CEJ) of maxillary right first molar and both of the maxillary
incisors with 0.004-inch stainless steel ligature wire. (a) sagittal view (b) occlusal

view.
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Figure 3. RANKL gene deletion in periodontal ligament cells decreases
orthodontic tooth movement. The amount of orthodontic tooth movement measured
on micro-CT showed Cre" mice had significantly reduced orthodontic tooth
movement on the 12th day but not on the 5th day after orthodontic appliance insertion.

“significantly different in Cre" mice comparing to Cre” mice (P<0.05).
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Figure 4. PDL width measurement on the mesial side of distobuccal roots of

maxillary first molars with both micro CT and histology sections. (a-b) PDL

width measurement with micro CT. Average PDL widths were measured with sagittal

section on micro CT, and mid-root PDL widths were measured with the coronal

sections 400um below the top of furcation. The width of the compressed PDL mesial

to distobuccal roots were significantly reduced in Cre” mice. (c-d) PDL width

measurement with histology sagittal paraffin sections. Mid-root PDL widths were

measured at the level of 400um below the top of furcation. The results were

consistent with micro CT results: significantly narrower PDL on the compression side

of the distobuccal root of maxillary right first molars in Cre” mice comparing with

Cre” mice. significantly different in Cre" mice comparing to Cre” mice (P<0.01).
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Figure 5. Histology sections of maxillary first molars with TRAP staining. (a) 4X
view: 4 um sagittal paraffin-embedded sections were oriented toward both of the root
canals of mesiobuccal and distobuccal roots of maxillary first molars. Increased
osteoclast formation on the compression side of the distobuccal roots on the side with

orthodontic force application comparing with the no mechanical force contralateral
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side. (B) 10X view of distobuccal root: Significantly decreased osteoclast formation
on the compression side of distobuccal roots in Cre" mice comparing with Cre™ mice.
Narrower PDL on the compression side of distobuccal roots in Cre” mice comparing
with Cre” mice were also noted. DB: distobuccal root; MB: mesiobuccal root; Cp:

compression side; Ts: tension side. Yellow arrows indicate osteoclasts.
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Figure 6. RANKL gene deletion in periodontal ligament cells decreased
osteoclast formation on the compression side of the orthodontic force. Osteoclasts
were counted on the mesial side of distobuccal roots of maxillary first molars against
the alveolar bone lining. After orthodontic force application, both Cre™ and Cre" mice
showed increased osteoclasts comparing to the contralateral molars which weren’t
subjected to orthodontic force. In both 5-days and 12-days group, there was
significant reduction in osteoclast formation in Cre" mice comparing to Cre  mice,
indicating the significance of RANKL production from periodontal ligament cells to
osteoclastogenesis in orthodontic tooth movement. significantly different in Cre*

mice comparing to Cre” mice (P<0.05).

48

& Cre-

& Cre+



Reference

1. Teitelbaum SL. Bone Resorption by Osteoclasts. Science (80- ).

2000;289(5484):1504-1508. doi:10.1126/science.289.5484.1504.

2. Yasuda H, Shima N, Nakagawa N, et al. Osteoclast differentiation factor is a

ligand for osteoprotegerin/osteoclastogenesis-inhibitory factor and is identical

to TRANCE/RANKL. Proc Natl Acad Sci U S A. 1998;95(7):3597-3602.

doi:10.1073/pnas.95.7.3597.

3. O’Brien CA. Control of RANKL Gene Expression. Bone. 2010;46(4):911-919.

do0i:10.1016/j.bone.2009.08.050.

4. Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and activation.

Nature. 2003;423:337-342. doi:10.1038/nature01658.

5. Pixley FJ, Stanley ER. CSF-1 regulation of the wandering macrophage:

Complexity in action. Trends Cell Biol. 2004;14(11):628-638.

do0i:10.1016/.tcb.2004.09.016.

6. Stanley ER, Chitu V. CSF-1 Receptor Signaling in Myeloid Cells. 2016.

7. Lacey DL, Timms E, Tan HL, Kelly MJ, Boyle WJ. Osteoprotegrin ligand is

cytokine that regulates osteoclast differentiation and activation. Cell.

49



10.

11.

12.

13.

1998;93:165-176.

Kong YY, Yoshida H, Sarosi I, et al. OPGL is a key regulator of

osteoclastogenesis, lymphocyte development and lymph-node organogenesis.

Nature. 1999;397(6717):315-323. doi:10.1038/16852.

Edwards JR, Mundy GR. Advances in osteoclast biology: old findings and new

insights from mouse models. Nat Rev Rheumatol. 2011;7(4):235-243.

doi:10.1038/nrrheum.2011.23.

Nakashima T, Hayashi M, Takayanagi H. New insights into osteoclastogenic

signaling mechanisms. Trends Endocrinol Metab. 2012;23(11):582-590.

do0i:10.1016/j.tem.2012.05.005.

Braun T, Zwerina J. Positive regulators of osteoclastogenesis and bone

resorption in rheumatoid arthritis. Arthritis Res Ther. 2011;13(4):235.

doi:10.1186/ar3380.

Udagawa N, Takahashi N, Yasuda H, et al. Osteoprotegerin produced by

osteoblasts is an important regulator in osteoclast development and function.

Endocrinology. 2000;141(9):3478-3484. doi:10.1210/en.141.9.3478.

Simonet W., Lacey D., Dunstan C., et al. Osteoprotegerin: A Novel Secreted

50



14.

15.

16.

17.

18.

Protein Involved in the Regulation of Bone Density. Cell. 1997;89(2):309-319.

doi:10.1016/S0092-8674(00)80209-3.

Mizuno A, Amizuka N, Irie K, et al. Severe osteoporosis in mice lacking

osteoclastogenesis inhibitory factor/osteoprotegerin. Biochem Biophys Res

Commun. 1998;247(3):610-615. doi:10.1006/bbrc.1998.8697.

Matsuo K, Irie N. Osteoclast-osteoblast communication. Arch Biochem

Biophys. 2008;473(2):201-209. doi:10.1016/j.abb.2008.03.027.

Garlet TP, Coelho U, Silva JS, Garlet GP. Cytokine expression pattern in

compression and tension sides of the periodontal ligament during orthodontic

tooth movement in humans. Eur J Oral Sci. 2007;115(5):355-362.

doi:10.1111/5.1600-0722.2007.00469.x.

Xiong J, Piemontese M, Onal M, et al. Osteocytes, not osteoblasts or lining

cells, are the main source of the RANKL required for osteoclast formation in

remodeling bone. PLoS One. 2015;10(9):1-19.

doi:10.1371/journal.pone.0138189.

Xiong J, Onal M, Jilka RL, Weinstein RS, Manolagas SC, O’Brien CA.

Matrix-embedded cells control osteoclast formation. Nat Med.

51



19.

20.

21.

22.

23.

24.

2011;17(10):1235-1241. doi:10.1038/nm.2448.

Feil S, Valtcheva N, Feil R. Inducible Cre Mice. Gene.

2009;530(FEBRUARY):15-27. doi:10.1007/978-1-59745-471-1.

Rossert J, Eberspaecher H, Crombrugghe B De. Separate cis-acting DNA

elements of the mouse pro-alpha 1(I) collagen promoter direct expression of

reporter genes to different type I collagen-producing cells in transgenic mice.

Cell. 1995;129(5):1421-1432.

Ouyang Z, Chen Z, Ishikawa M, et al. Prx1 and 3.2 kb Collal promoters target

distinct bone cell populations in transgenic mice. Bone. 2014;58:136-145.

doi:10.1038/nature13314.A.

Waldo CM. Method for study of tissue response to tooth movement. J Dent Res.

1953;32:690-691.

LiJ, Feng W, Liu B, et al. Altered distribution of HMGBI1 in the periodontal

ligament of periostin-deficient mice subjected to Waldo’s orthodontic tooth

movement. J Mol Histol. 2015;46(3):303-311.

do0i:10.1007/s10735-015-9619-2.

Taddei SR de A, Moura AP, Andrade I, et al. Experimental model of tooth

52



25.

26.

27.

28.

29.

movement in mice: A standardized protocol for studying bone remodeling

under compression and tensile strains. J Biomech. 2012;45(16):2729-2735.

doi:10.1016/j.jbiomech.2012.09.006.

Yadav S, Assefnia A, Gupta H, et al. The effect of low-frequency mechanical

vibration on retention in an orthodontic relapse model. Eur J Orthod.

2015;(10):1-7. doi:10.1093/ejo/cjv006.

Yoshimatsu M, Shibata Y, Kitaura H, et al. Experimental model of tooth

movement by orthodontic force in mice and its application to tumor necrosis

factor receptor-deficient mice. J Bone Miner Metab. 2006;24(1):20-27.

doi:10.1007/s00774-005-0641-4.

Shalish M, Will LA, Fukai N, Hou B, Olsen BR. Role of polycystin-1 in bone

remodeling: orthodontic tooth movement study in mutant mice. Angle Orthod.

2014;84(5):885-890. d0i:10.2319/082313-620.1.

Yan Y, Liu F, Kou X, et al. T Cells Are Required for Orthodontic Tooth

Movement. J Dent Res. 2015;94(10):1463-1470.

doi:10.1177/0022034515595003.

Lopez Otero R, Parodi RJ, Ubios AM, Carranza Jr. FA, Cabrini RL. Histologic

53



30.

31.

32.

33.

34.

and histometric study of bone resorption after tooth movement in rats. J

Periodonton. 1973;8:327-333.

Gu G, Lemery SA, King GJ. Effect of appliance reactivation after decay of

initial activation on osteoclasts, tooth movement, and root resorption. Angle

Orthod. 1999;69(6):515-522.

do0i:10.1043/0003-3219(1999)069<0515:e0arad>2.3.co;2.

Moin S, Kalajzic Z, Utreja A, et al. Osteocyte death during orthodontic tooth

movement in mice. Angle Orthod. 2014;84(6):1086-1092.

doi:10.2319/110713-813.1.

Sakai Y, Balam T a, Kuroda S, et al. CTGF and apoptosis in mouse osteocytes

induced by tooth movement. J Dent Res. 2009;88(4):345-350.

doi:10.1177/0022034509334649.

Chiba M, Mitani H. Cytoskeletal changes and the system of regulation of

alkaline phosphatase activity in human periodontal ligament cells induced by

mechanical stress. Cell Biochem Funct. 2004;22(4):249-256.

doi:10.1002/cbf.1097.

Yamaguchi M, Shimizu N, Goseki T, et al. Effect of different magnitudes of

54



35.

36.

37.

38.

39.

tension force on prostaglandin E2 production by human periodontal ligament

cells. Arch Oral Biol. 1994;39(10):877-884. do01:0003-9969(94)90019-1 [pii].

Lekic P, Mcculloch CAG. Periodontal ligament cell populations: The central

role of fibroblasts in creating a unique tissue. Anat Rec. 1996;245(2):327-341.

doi:10.1002/(SICI)1097-0185(199606)245:2<327::AID-AR15>3.0.CO;2-R.

Cho M-I, Garant PR. Development and general structure of the periodontium.

Periodontol. 2000;24:9-27.

Manolagas SC. Birth and death of bone cells: basic regulatory mechanisms and

implications for the pathogenesis and treatment of osteoporosis. Endocr Rev.

2000;21(2):115-137. doi:10.1210/edrv.21.2.0395.

Galli C, Fu Q, Wang WF, et al. Commitment to the osteoblast lineage is not

required for RANKL gene expression. J Biol Chem.

2009;284(19):12654-12662. doi:10.1074/jbc.M806628200.

Suda T, Takahashi N, Udagawa N, Jimi E, Gillespie MT, Martin TJ.

Modulation of osteoclast differentiation and function by the new members of

the tumor necrosis factor receptor and ligand families. Endocr Rev.

1999;20(0163-769X):345-357. doi:10.1210/edrv.20.3.0367.

55



40.

41.

42.

43.

44,

Huang JC, Sakata T, Pfleger LL, et al. PTH Differentially Regulates

Expression of RANKL and OPG. J Bone Min Res. 2004;19(2):235-244.

doi:10.1359/JIBMR.0301226.

Gori F. The Expression of Osteoprotegerin and RANK Ligand and the Support

of Osteoclast Formation by Stromal-Osteoblast Lineage Cells Is

Developmentally Regulated. Endocrinology. 2000;141(12):4768-4776.

doi:10.1210/en.141.12.4768.

Corral DA, Amling M, Priemel M, et al. Dissociation between bone resorption

and bone formation in osteopenic transgenic mice. Med Sci.

1998;95(November):13835-13840. doi:10.1073/pnas.95.23.13835.

Tripuwabhrut P, Mustafa M, Gjerde CG, Brudvik P, Mustafa K. Effect of

compressive force on human osteoblast-like cells and bone remodelling: An in

vitro study. Arch Oral Biol. 2013;58(7):826-836.

doi:10.1016/j.archoralbio.2013.01.004.

Sanuki R, Shionome C, Kuwabara A, et al. Compressive force induces

osteoclast differentiation via prostaglandin E(2) production in MC3T3-E1 cells.

Connect Tissue Res. 2010;51(2):150-158. do1:10.3109/03008200903168484.

56



45.

46.

47.

48.

49.

Yamamoto K, Yamamoto T, Ichioka H, et al. Effects of mechanical stress on

cytokine production in mandible-derived osteoblasts. Oral Dis.

2011;17(7):712-719. doi:10.1111/5.1601-0825.2011.01832.x.

Kaneuji T, Ariyoshi W, Okinaga T, Toshinaga A, Takahashi T, Nishihara T.

Mechanisms involved in regulation of osteoclastic differentiation by

mechanical stress-loaded osteoblasts. Biochem Biophys Res Commun.

2011;408(1):103-109. doi:10.1016/j.bbrc.2011.03.128.

Yamashita Y, Sato M, Noguchi T. Alkaline phosphatase in the periodontal

ligament of the rabbit and macaque monkey. Arch Oral Biol.

1987;32(9):677-678.

Alves LB, Mariguela VC, Grisi MF de M, et al. Expression of osteoblastic

phenotype in periodontal ligament fibroblasts cultured in three-dimensional

collagen gel. J Appl Oral Sci. 2015;23(2):206-214.

doi:10.1590/1678-775720140462.

Diercke K, Kohl A, Lux CJ, Erber R. Strain-dependent up-regulation of

ephrin-B2 protein in periodontal ligament fibroblasts contributes to

osteogenesis during tooth movement. J Biol Chem. 2011;286(43):37651-37664.



50.

51.

52.

53.

54.

55.

do0i:10.1074/jbc.M110.166900.

Kanzaki H, Chiba M, Shimizu Y, Mitani H, Kanzaki, H; Chiba, M; Shimizu Y;

Mitani H. Dual regulation of osteoclast differentiation by periodontal ligament

cells through RANKL stimulation and OPG inhibition. J Dent Res.

2001;80(3):887-891. doi:10.1177/00220345010800030801.

Mitchell DL, West JD. Attempted orthodontic movement in the presence of

suspected ankylosis. Am J Orthod. 1975;68(4):404-411.

Kanzaki H, Chiba M, Sato A, et al. Cyclical Tensile Force on through OPG

Induction. J Dent Res. 2006;85(5):457-462.

Nakao K, Goto T, Gunjigake KK, Konoo T, Kobayashi S, Yamaguchi K.

Intermittent Force Induces High RANKL Expression in Human Periodontal

Ligament Cells. J Dent Res. 2007;86(7):623-628.

Diercke K, Sen S, Kohl A, Lux CJ, Erber R. Compression-dependent

Up-regulation of Ephrin-A2 in PDL Fibroblasts Attenuates Osteogenesis. J

Dent Res. 2011;90(9):1108-1115. doi:10.1177/0022034511413926.

Chen YJ, Shie MY, Hung CJ, et al. Activation of focal adhesion kinase induces

extracellular signal-regulated kinase-mediated osteogenesis in tensile

58



56.

57.

58.

59.

60.

force-subjected periodontal ligament fibroblasts but not in osteoblasts. J Bone

Miner Metab. 2014;32(6):671-682. doi:10.1007/s00774-013-0549-3.

Sen S, Diercke K, Zingler S, Lux CJ, Erber R. Compression induces Ephrin-A2

in PDL fibroblasts via c-fos. J Dent Res. 2015;94(3):464-472.

doi:10.1177/0022034514567197.

LiY, Zheng W, Liu J-S, et al. Expression of osteoclastogenesis inducers in a

tissue model of periodontal ligament under compression. J Dent Res.

2011;90(1):115-120. doi:10.1177/0022034510385237.

Nishijima Y, Yamaguchi M, Kojima T, Aihara N, Nakajima R, Kasai K.

Levels of RANKL and OPG in gingival crevicular fluid during orthodontic

tooth movement and effect of compression force on releases from periodontal

ligament cells in vitro. Orthod Craniofacial Res. 2006;9(3):137-142.

doi:10.1111/5.1601-6343.2006.00368.x.

Xiong J, O’Brien CA. Osteocyte RANKL: New Insights into the Control of

Bone Remodeling. J Bone Min Res. 2012;27(3):499-505.

do0i:10.1016/j.cmet.2012.08.002.

Nakashima T, Hayashi M, Fukunaga T, et al. Evidence for osteocyte regulation

59



61.

62.

63.

64.

of bone homeostasis through RANKL expression. Nat Med.

2011;17(10):1231-1234. doi:10.1038/nm.2452.

Matsumoto T, l[imura T, Ogura K, Moriyama K, Yamaguchi a. The role of

osteocytes in bone resorption during orthodontic tooth movement. J Dent Res.

2013;92(4):340-345. doi:10.1177/0022034513476037.

Rauner M, Sipos W, Pietschmann P. Osteoimmunology. Int Arch Allergy

Immunol. 2007;143(1):31-48. doi:10.1159/000098223.

Wyzga N, Varghese S, Wikel S, Canalis E, Sylvester FA. Effects of activated T

cells on osteoclastogenesis depend on how they are activated. Bone.

2004;35(3):614-620. doi:10.1016/j.bone.2004.04.022.

Fumoto T, Takeshita S, Ito M, Ikeda K. Physiological functions of osteoblast

lineage and T cell-derived RANKL in bone homeostasis. J Bone Miner Res.

2014;29(4):830-842. doi:10.1002/jbmr.2096.

60



	University of Pennsylvania
	ScholarlyCommons
	Spring 5-16-2016

	Effect RANKL Produced by Periodontal Ligament Cells on Orthodontic Tooth Movement
	Chia-Ying Yang
	Recommended Citation

	Effect RANKL Produced by Periodontal Ligament Cells on Orthodontic Tooth Movement
	Abstract
	Degree Type
	Degree Name
	Primary Advisor
	Keywords
	Subject Categories


	tmp.1467733550.pdf.cFqc1

