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Abstract

A favourable tooth crown-to-root ratio is required for supporting the tooth, but also for
withstanding occlusal forces. This ratio is adversely affected when the tooth root is shortened.
Orthodontically induced tooth root resorption is an unwanted side effect of orthodontic tooth
movement. In severe cases, resorption of the tooth root apex progressing coronally results in
tooth root shortening, which may lead to tooth loss. This type of root resorption is reported to
occur in 40% of adults receiving orthodontic tooth movement where these patients had root
shortening of 2.5 mm or more in at least one of their teeth. Orthodontically induced root
resorption may even occur within 35 days of orthodontic treatment and even with only light

forces.

Currently, no simple and reliable technique is available to repair the damage caused by
orthodontically induced root resorption, therefore, a new method is needed that can regenerate
the lost tooth root tissue. Low intensity pulsed ultrasound has been reported to enhance
osteoblastic differentiation, increase proliferation, and induce osteogenic differentiation in

cells. It has also been shown to enhance the repair of resorbed tooth roots in Beagle dogs.

Another treatment technique involved in periodontal repair (including alveolar bone and
cementum) is stem cell therapy. Stem cells, and cells that have stem cell properties, that
possibly could be used in periodontal repair, including periodontal ligament (PDL) stem cells,
bone marrow stem cells, and gingival cells/fibroblasts, have shown promise in repairing
periodontal defects, however, gingival cells/fibroblasts are more easily accessible and involve

less donor site morbidity.



Previous to the current study, there is no study that had evaluated the effect of LIPUS and
osteogenic induced gingival fibroblasts (OIGFs) on the repair of orthodontically induced root
resorption. Therefore, the aim of the present study was to evaluate the effect of these treatment
modalities (OIGFs and LIPUS) using histomorphometric and micro-computed tomography

analyses.

The results of this study using histomorphometric analysis revealed that ultrasound and the
combination of ultrasound and OIGFs were effective at increasing cementum thickness near
the apex of the root (p < 0.05). Also, ultrasound, OIGFs, and the combination of these two
treatments increased periodontal ligament cellularity (p < 0.05). However, there appeared to be
no effect of these treatments on the width of the periodontal ligament (p > 0.05). Using micro-
computed tomographic analysis, it was shown that ultrasound, OIGFs , and the combination of
the two treatments had an effect on reducing root resorption lacunae depth and volume (p <
0.05), however, there was no effect on increasing tooth root length and reducing root resorption

lacunae length (p > 0.05).

In conclusion, using low intensity pulsed ultrasound and OIGFs, alone or in combination with
each other, may have a promising effect on repairing damage caused by orthodontically
induced root resorption. Additional studies that examine these treatments’ effects on the
inflammatory aspect of root resorption, employing a carefully separated multipotent gingival
cells, and track/ label these cells to determine their incorporation into the tissues are required to

fully understand their effect in this repair process.
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Chapter I: Introduction




I.I. Statement of problem

Orthodontically induced inflammatory tooth root resorption (OIIRR), also known as
orthodontically induced root resorption (OIRR), is an unwanted and unavoidable result of
orthodontic tooth movement (Brezniak and Wasserstein, 2002). There are three degrees of
OIRR with respect to its severity. These are: cemental/surface resorption, dentinal/deep
resorption, and circumferential apical resorption (Brezniak and Wasserstein, 2002). During
cemental or surface resorption, only the outer cementum is resorbed. These outer layers are later
fully regenerated or remodeled. The second degree of severity, dentinal resorption, involves the
cementum and outer layers of dentin becoming resorbed. This process is usually repaired with
cementum, however, the final shape of the root after repair may not be identical to its original
contour. Finally, the third degree, circumferential apical root resorption, is the most severe, and
is sometimes called severe root resorption. During this process, full resorption of hard tissue
components of the apex of the root occurs. This type of OIRR results in shortening of the root
(Brezniak and Wasserstein, 2002). When the root decreases in length, the crown-to-root ratio is
adversely affected. Maintaining an optimal crown-to-root ratio is required in order to support the

tooth and also to withstand occlusal forces (Cwyk et al., 1984).

A report on the prevalence of OIRR revealed that 40% of adults receiving orthodontic tooth
movement had at least one of their teeth with 2.5 mm or greater of root resorption (Mirabella and
Artun, 1995). This demonstrates that these patients had tooth roots shortened by 2.5 mm or more
due to damage caused by severe OIRR. It has also been reported that OIRR may occur within as
short of a period as 35 days of orthodontic treatment (Harry and Sims, 1982). This can even take

place with orthodontic forces as light as 50 grams (Harry and Sims, 1982).



Currently, there is no treatment technique available to repair damage that has been caused by
severe OIRR. Therefore, a new technique is needed that is able to regenerate the lost tooth root

parts after OIRR has occurred.

Ultrasound is acoustic pressure waves that are transmitted through living tissues. It is frequently
used as a therapeutic, operative, and diagnostic technique in medicine (Maylia and Nokes, 1999;
Ziskin 1987; Dyson, 1985). Although the intensity applied in therapy ranges from 30 to 70,000
mW/cm?, operative and diagnostic ultrasound can range in intensity from 0.005 to 27,000,000
mW/cm? (Ritchie et al., 2013; Li et al., 2006). Many studies that have used low intensity pulsed
ultrasound (LIPUS) in research and clinical application. Many researchers have tested its effect
on different cells/tissues/organs using a frequency of 1.5 MHz repeating at 1 kHz with an
intensity of 30 mW/cm? of the transducer’s surface area, and it is relatively agreed that the
optimal daily exposure of LIPUS is 20 min/day (Tanaka et al., 2015). Reports have evaluated the
stimulatory effect of LIPUS on a variety of cell types, which include PDL cells (Harle et al.,
2001b; Hu et al., 2014; Ikeda et al., 2009; Rita et al., 1999), cementoblastic cells (Dalla-Bona et
al., 2006; Dalla-Bona et al., 2008; Inubushi et al., 2008; Rego et al., 2010), odontoblast-like cells
(Scheven et al., 2009), muscular cells (Nagata et al., 2013), chondrocytes (Iwabuchi et al., 2014;
Mukai et al., 2005; Schumann et al., 2006; Takeuchi et al., 2008), bone cells (Leung et al., 2004;
Naruse et al., 2003), human alveolar mesenchymal stem cells (MSCs) (Lim et al., 2013), and
synovial cells (Nakamura et al., 2010). Inubushi et al. (2008) reported that the use of LIPUS on
periodontal ligament (PDL) cells enhanced the differentiation of these cells into cementoblast-
like cells. LIPUS has also been shown to have a stimulatory effect on gingival cells (Mostafa et
al., 2009; Shiraishi et al., 2011). LIPUS has been demonstrated to increase cellular proliferation

in gingival fibroblasts (Doan et al., 1999) and to induce osteogenic differentiation of these



gingival cells (Mostafa et al, 2008). A more recent study showed that LIPUS enhances the repair

of resorbed tooth roots in beagle dogs (Al-Daghreer et al., 2014).

Another possible treatment technique of lost periodontal and dental tissues is stem cell therapy.
A variety of stem cells have been studied for their possible use in repair of periodontal defects
(Kawaguchi et al., 2004; Yamada et al., 2006; Tobita et al., 2008). Human PDL stem cells and
bone marrow stem cells have been shown to repair PDL defects in mice and rats (Seo et al.,
2004) and in dogs (Kim et al., 2009). Another study reveals that PDL fibroblast-like cells have
capability in preventing root resorption and inducing cementum formation in dogs (Dogan et al.,
2002). Although current techniques that use these stem cells in periodontal repair have achieved
preliminary successes, these studies suffer from significant drawbacks, such as donor site
morbidity. Therefore, better sources of stem/progenitor cells are needed for PDL tissue repair

and OIRR treatments.

An alternate type of multipotent cell that has shown promise in dental and periodontal repair is
the gingival fibroblast (GF). This type of cell may be more easily accessible compared to other
types of stem cells. Previous studies using GFs reveal that they can enhance vascularization in
vivo (Mohammadi et al., 2007). Gingival fibroblasts have been able to be differentiated into
osteogenic cells (Mostafa et al., 2008a). Osteogenic differentiation of GFs may be necessary in
their promotion of repair of lost hard tissues. Alkaline phosphatase (ALP) is a widely recognized
biochemical marker of an osteoblast phenotype (Sabokbar et al., 1994). ALP is an enzyme that
catalyzes the hydrolysis of phosphate esters at an alkaline pH. It is responsible for the
mineralization characteristic of osteogenic/osteoblast cells. The absence of osteogenic

differentiation suggests that ALP activity and therefore mineralization activity would be low or



absent, which may show the necessity of this differentiation in re-establishing lost mineralized

dental tissue.

LIL Study aim and hypotheses

There is no study that has evaluated the effect of LIPUS and osteogenic induced gingival
fibroblasts (OIGFs) on repair of orthodontically induced root resorption. The aim of this present
study was to analyze this possible effect of these two treatment modalities using
histomorphometric analysis and micro-computed tomography analysis. The hypotheses of the

present study were:

1. LIPUS and OIGFs will show more repair of the OIRR compared to the control group as
evaluated by increased cementum thickness PDL cell count. The increased cementum
thickness and PDL cell count would be greater in the LIPUS + OIGFs group compared to
either the LIPUS group or the OIGFs group.

2. Tooth roots would be longer in the LIPUS group and the OIGFs group compared to the
control group, and would be greater in the LIPUS + OIGFs group compared to either the
LIPUS group or the OIGFs group

3. Root resorption lacunae length, depth, and volume would be greater in the LIPUS group
and the OIGFs group compared to the control group, and would be greater in the LIPUS

+ OIGFs group compared to either the LIPUS group or the OIGFs group



Chapter II: Background and literature review




ILI. Orthodontically induced root resorption and osteoclasts

Orthodontically induced tooth root resorption is a pathological process that occurs during
orthodontic tooth movement. Force application during orthodontic treatment induces a local
process that includes all of the characteristics of an inflammatory reaction. These include rubor
(redness), calor (heat), tumor (swelling), dolor (pain), and functio laesa (inhibited function). This
inflammatory reaction is essential to tooth movement, and is the fundamental component behind
the root resorption process. Since this type of root resorption involves such processes, it is more
accurately termed orthodontically induced inflammatory root resorption (Brezniak and

Wasserstein, 2002).

OIRR is part of the hyaline zone elimination process (Brezniak and Wasserstein, 2002). During
orthodontic tooth movement, force application results in the over-compression of the PDL.
Blood flow is retarded and stagnated in these pressure zones, which leads to sterile necrosis of
soft tissues. Removal of such tissues begins at the periphery of this hyaline zone. Mononucleated
and tartrate-resistant acid phosphatase (TRAP) negative cells initially access the root surface
(Mavragani et al., 2004). These precursor clastic cells arise from pluripotent hemopoietic stem
cells. Recruitment of such precursors involves a complex interaction between osteoblasts,
stromal bone cells, and hemopoietic cells. However, the cellular and molecular mechanisms that
occur during clastic cell formation are not fully known due to the lack of knowledge of the exact
sequence of events that are involved during this process (Arana-Chavez and Bradaschia-Correa,

2009).

These precursor resorptive cells are likely activated by signals secreted by the sterile necrotic

tissue (Brezniak and Wasserstein, 2002), but are also responsive to growth factors that are



secreted by various types of mesenchymal cells. Precursor clastic cells become multinucleated
TRAP-positive cells without ruffled borders by fusion with other precursor clastic cells. The
exact process involved in fusion of mononucleated precursor clastic cells is relatively unknown,
however, the involvement of proteins and glycoconjugates of the plasma membrane in this
process has been described (Arana-Chavez and Bradaschia-Correa, 2009). The activation of
fused clastic cells is regulated by the activation of receptor activator nF-kB (RANK), which is
expressed in the plasma membrane of fused clastic cells. The ligand of RANK (RANKL) is a
soluble protein that is secreted by osteoblasts and also their precursors in bone. RANKL binds to
RANK and then stimulates differentiation pathways in clastic cell precursors. After
differentiation of these clastic cells, the resorptive cells remove the majority of necrotic PDL
tissues and resorb the outer layer of adjacent root cementum (Mavragani et al., 2004), the
cementoid, which is uncalcified cementum or precementum (Brezniak and Wasserstein, 2002).
This damage to cementoid tissue exposes the underlying highly dense mineralized cementum.
However, it may be possible that the orthodontic force applied may directly damage the
cementoid tissue, resulting in its inevitable removal by resorptive cells (Brezniak and
Wasserstein, 2002). Clastic cell activity is regulated by osteoprotegerin (OPG), which is a
soluble protein also secreted by osteoblasts. This protein binds to RANK preventing RANKL
from binding to RANK, and therefore inhibiting genesis of clastic cells (Arana-Chavez and

Bradaschia-Correa, 2009).

The root resorption process continues until either the force level decreases or the hyaline tissue is
no longer present. Removal of hyaline tissue and resorption of tooth root cementum is a method
that results in a pressure decrease. Root resorption lacunae, which are small and large pits that

form on the surface of the tooth root as a result of root resorptive activity, increase the surface



area of the root, thereby decreasing applied pressure exerted through orthodontic force
application. Decompression therefore reverses this process, and cementum may be repaired to a

certain degree (Brezniak and Wasserstein, 2002).

IL.I1. Osteoblasts

After resorptive activity occurs, the remodeling process takes place through osteoblast activity.
Osteoblasts are mononucleated cells that are derived from mesenchymal stem cells. Prior to their
commitment as osteoblasts, these cells can also differentiate into other mesenchymal cells such
as fibroblasts, chondrocytes, myoblasts, and bone marrow stromal cells including adipocytes.
Regulation of the expression of osteoblast-specific genes, such as Cbfal (core-binding factor
al), Runx-2, and Osx (osterix), is responsible for the commitment of multipotent mesenchymal

cells to osteoblastic lineage and for osteoblast differentiation (Neve et al., 2011).

Osteoblast commitment, differentiation, and growth are also controlled by several local and
systemic factors, such bone morphogenetic proteins (BMPs). One type of the BMPs is bone
morphogenetic protein-2 (BMP-2), which has been shown to be able to induce immature cells to
differentiate into osteoblasts. In one study that looked at the effect of BMP-2 on beagle dog tooth
roots, it was shown that BMP-2 significantly increase cementum-like tissue formation in tooth
defects created, and that BMP-2 decreased epithelial down-growth (Miyaji et al., 2010).
Osteoblast precursor cells that undergo proliferation and differentiation into pre-osteoblasts are
unable to deposit bone matrix, however, they are still capable to proliferate. During this phase,
BMP-2 plays a role in increasing alkaline phosphatase activity, evidence of mineralization by

osteoblasts (Neve et al., 2011).



After the arrest of growth, selective expression of genes occurs, which results in characterization
of differentiated osteoblast phenotype. Active bone-matrix-secreting osteoblasts are provided
with regions of plasma membrane specialized in trafficking and secretion of vesicles that deposit

bone matrix. These cells use tight junctions for communication (Neve et al., 2011).

Bone remodelling is a constant process in which osteoblasts play an essential role not only in
deposition of bone matrix, but also in regulation of osteoclast activity through osteoblast
secretion of bone matrix proteins such as osteopontin and bone sialoprotein (Neve et al., 2011),
and also OPG and RANKL (Arana-Chavez and Bradaschia-Correa, 2009) . After resorption has
occurred, osteoblasts migrate into resorption lacunae created by osteoclasts, and synthesize new
un-mineralized bone matrix that fills resorption lacunae and becomes mineralized (Neve et al.,

2011).

IL.II1. Periodontal repair and stem cells

Periodontal disease is a chronic inflammatory condition of the periodontium, which is a complex
organ consisting of two soft connective tissues (gingiva and periodontal ligament) and two hard
connective tissues (cementum and alveolar bone) (Maeda et al., 2011; Lin et al., 2008). If
periodontal disease if left untreated, it may result in compromised dentition that includes
premature tooth loss (Silvério et al., 2008; Lin et al., 2008). The ultimate goal of periodontal
therapy and repair is the reconstruction of gingival connective tissue, cementum, alveolar bone,
and PDL (Garrett, 1996. Lin et al., 2008). Cementum is avascular, bone-like connective tissue
that lines that tooth root. Cementoblasts, which are functionally similar to osteoblasts, are usually

contained within lacunae that are formed during resorption. Cementum is responsible for

10



anchoring PDL fibre bundles to the tooth root. PDL, on the other hand, is highly specialized
fibrous connective tissue that is present between the cementum and the bone. It is highly
vascularized tissue and contains osteoblasts, osteoclasts, and cementoblasts, which although are
contained within the PDL, are functionally associated with bone and cementum (Nanci and

Bosshardt, 2006; Lin et al., 2008).

Current treatment regenerative approaches need to include healing events in an ordered and
programmed sequence. Appropriate progenitor cells must first migrate or be introduced to the
area where repair is to occur. These cells must proliferate and mature into the tissue components
of function periodontal attachment apparatus. The success of such proliferation, migration (or
deposition), and maturation of these cells depends on the availability of growth factors.
Progenitor cells of particular interest in periodontal repair are osteoblasts, cementoblasts, and
fibroblasts, all of which are responsible for restoration of lost periodontal tissues. (Lin et al.,

2008)

Stem cells have been introduced as potential clinical therapy in periodontal repair. A variety of
stem cell populations, including bone marrow-derived mesenchymal stem cells (MSCs) and
dental-derived mesenchymal stem cells, have been considered for used in this therapy. By
definition, a stem cell refers to a clonogenic and relatively undifferentiated cell that is capable of
self-renewal and multi-lineage differentiation. Dental-tissue-derived mesenchymal stem cell-like
populations are among other isolated and characterized stem cells that reside in specialized
tissues. Initially, dental MSCs were isolated from human pulp tissue. Subsequently, stem cells
from exfoliated deciduous teeth, PDL stem cells, and stem cells from apical papilla were also
isolated and characterized. More recent studies have also isolated and characterized stem cells

from the dental follicle and gingiva. Although this isolation and characterization of these cells

11



has occurred, the developmental relationships, growth rate, and gene and protein expressions of

these cells are relatively unknown. (Lin et al., 2008)

Human PDL stem cells and bone marrow stem cells have been used in studies to demonstrate the
capability of these cells to regenerate a variety of periodontal defects in mice, rats, and dogs
(Kawaguchi et al., 2004; Yamada et al., 2006; Tobita et al., 2008). Human PDL fibroblast-like
cells have been shown to prevent root resorption and to induce cementum formation also in dogs
(Dogan et al., 2002). Although these studies using stem cells in periodontal repair have achieved
preliminary successes, they may suffer from significant drawbacks such as donor site morbidity.
Therefore, better sources of stem cells are needed for PDL tissue repair, and also for OIRR

treatments.

More recent studies have focused on the use of gingival fibroblasts (GFs), which show promise
in dental and PDL repair due their easier accessibility. GFs have been shown to enhance gingival
attachment in humans (Mohammadi et al., 2007). In this study GFs were obtained from attached
gingiva and were cultured. The GFs were incorporated into a tissue-engineered mucosal graft
implanted into patients with insufficient attached gingiva. After three months of healing, the GFs

group showed a significantly greater amount of attached gingiva compared to the control group.

Another study investigated the potential of gingival cells inhibiting osteoclast activity, this
inhibition being a property of osteoblasts (de Vries et al., 2006). This study revealed that
although these cells are associated with other factors in the formation of osteoclast-like cells,
they more importantly play a role in preventing bone resorption that results from osteoclast
activity. A further study showed the possibility to differentiate gingival fibroblast cells into

osteogenic phenotype (Mostafa et al., 2008a). Osteogenic and osteoblast cells express high

12



activity of ALP, which is a common marker of these types of cells (Sabokbar et al., 1994). ALP
activity indicates mineralization potential, which is necessary for these cells to repair lost hard
tissues. Osteogenically induced gingival cells/fibroblasts may have better potential in re-
establishing dental tissues that have been damaged than gingival cells without osteogenic

differentiation based on ALP activity and mineralization.

An additional study researched gingival cellular role in dental papilla reconstruction in humans
using an injection technique. This study showed the efficacy of an autologous gingival fibroblast
injection technique at early stages of healing of interproximal papilla defects (McGuire and

Scheyer, 2007).

These studies suggest that gingival fibroblasts may be used in a promising technique of

periodontal repair and more specifically in repair of damage caused by OIRR.

ILIV. Low intensity pulsed ultrasound

Another technique that has been studied regarding periodontal repair is low intensity pulsed
ultrasound (LIPUS). LIPUS is pressure waves that are at frequencies above the limit of human
hearing and that can promote tissue healing (Al-Daghreer et al., 2014; Azuma et al., 2001;
Chapman et al., 1980; Chen et al., 2003; Claes and Willie, 2007). Ultrasound is used widely in
medicine as a therapeutic, diagnostic, and operative tool (Maylia and Nokes, 1999; Ziskin, 1987;

Dyson, 1985).

Although the exact biological mechanisms that are involved in tissue repair during LIPUS

application are relatively unknown, it is suspected that the anabolic effect of LIPUS are caused

13



by mechanical stress, which impacts the cell plasma membrane, focal adhesion, and
cytoskeleton, and then triggers intracellular signal transduction followed by gene transcription
(Kanbe et al., 2009; Kokubu et al., 1999; Ren et al., 2013; Saito et al., 2004). Through these
biological mechanisms, LIPUS has been used in bone repair, bone fracture healing acceleration,
and osteogenesis enhancement at the distraction site (Azuma et al., 2001; Claes and Willie, 2007;
Dyson et al., 1968; Dyson and Brookes, 1983; El-Bialy et al., 2002; El-Bialy et al., 2008;
Erdogan et al., 2006; Abramovich, 1970; Heckman et al., 1994; Tsai et al., 1992; Warden et al.,
2000). It has also been reported that LIPUS is effective in stimulating angiogenesis during
wound healing (Young and Dyson, 1990). Other studies show that therapeutic ultrasound
stimulates the expression of proteins such as OPN and bone sialoprotein. This effect has been
shown to be dose dependent (Harle et al., 2001b; Cheung et al., 2011). Further studies
demonstrated the anti-inflammatory action of ultrasound (Iashchenko et al., 1994; Nakamura et

al., 2011; Nakamura et al., 2010).

In another study, it was demonstrated that LIPUS regulated osteoclast differentiation through the
OPG/RANKL ratio. This study used LIPUS intensities of 100 and 150 mW/cm®. LIPUS was
applied to tooth roots in rats undergoing orthodontic tooth movement. After these treatments, it
was reported that osteoclast numbers and activity decreased and the OPG/RANKL expression

ratios increased in the LIPUS-treated groups (Liu et al., 2012).

Another study compared the effect of different ultrasound intensities on cementoblasts. This
study reported that an intensity of 150 mW/cm? significantly increased alkaline phosphatase
activity, which has an essential funtction in the mineralization process by osteoblasts. Although

this intensity may be most effective in stimulating cementoblasts in vitro, it was suspected that
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this intensity may be harmful to cells in vivo, therefore additional investigation is necessary to

determine the optimal LIPUS intensity (Dalla-Bona et al., 2006).

Current studies are demonstrating the possible future clinical application of LIPUS in
minimizing OIRR. In one study, LIPUS was used to heal orthodontically induced root resorption
in patients. It was reported in this study that LIPUS minimized the effect of OIRR by
accelerating healing of the resorption by reparative cementum during simultaneous tooth

movement and daily LIPUS application (El-Bialy et al., 2004).
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Chapter I11: Materials and methods

16



III.I. Animals

This research was approved by the University of Alberta Animal Research Ethics Committee.
Seven beagle dogs were obtained through HSLAS at the University of Alberta and ordered from
Marshall BioResources, North America. The average age of the dogs upon the start of the study
was 1 year-7 months + 8 days. The sample size was calculated in combination with another study
in order to obtain a statistical power of 0.80. For each dog, third and fourth premolars on right
and left sides of the mandible and maxilla were included in this study. This resulted in a total of
56 premolars. Each premolar received orthodontic tooth movement for four weeks, and then was
randomly assigned to one of five treatment groups. These treatment groups are included in Table

3-1.

Table 3-1: Number of premolars included in each treatment group.

Treatment Groups Sample Size (Number of premolars)

Control (No treatment) 6

LIPUS 5
OIGFs 6
BMP-2 5
OIGFs + LIPUS 6

Dogs were chosen as the preferred animal model in this study because the teeth physiology of
dogs is reasonably close to that of humans, dogs have clinically relevant tooth size and tooth
configuration, dogs are significantly easier to handle during postoperative management. Also,

they have PDL relatively similar to that of humans, and they are subjects of extensive published
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research experience particularly in the evaluation of different PDL repair treatments (Lee et al.,

2010; Ikai et al., 2008; Sakallioglu et al., 2004).

Upon the arrival of the dogs, they were isolated in an off-campus facility and were treated for
Giardia using Flagyl. After this treatment, the animals were housed in the Dentistry/Pharmacy
building animal facility under normal conditions and were determined to be physiologically

similar at baseline.

IIL.IL. Tooth preparation and orthodontic tooth movement

To begin preparation of the teeth for orthodontic tooth movement, each dog was premedicated
with a sedative and antiemetic (Acepromazie/SubQ/0.05 mg/kg), an analgesic
(Hydromorphone/SubQ/0.1 mg/kg), and a muscarinic anticholinergic drug
(Glycopyrrolate/SubQ/0.01 mg/kg). The dogs were then transferred to the Surgical Medical
Research Institute (SMRI) at the University of Alberta. The animals were placed and secured on
a heated surgical table and were intubated for the administration of the inhalation anesthesia. The
dogs’ mouths were held open using an adult sized bite block (Figure 3-1). Full crown preparation
on the premolars was started using a high speed hand piece operating on NSK Mio Coreless
Micromotor System using a tapered diamond bur cooled with saline (Figure 3-2). After full
crown preparation, the premolars were cleaned and dried using water and gauze. This prepared
the teeth for impression using plastic trays loaded with PVS. The tray was placed on the prepared
premolars and held firmly using finger support for a total of five minutes. The tray was removed

and the impression was evaluated for any defects or bubbles (Figure 3-3).
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Figure 3-1: Dental bite block. Figure 3-2: Premolar crown

preparation.

Figure 3-3: PVS impression.

After the oral cavity was cleared of impression materials and gauze, inhalation anesthesia was
discontinued and the dogs were maintained on the table until normal breathing was restored.

Then, the dogs were transferred to recovery kennels.

A full crown wax up was completed for the third and fourth premolars on stone models that were
poured out of the impressions (Figure 3-4). To prepare orthodontic appliances, GAC

DENTSPLY 0.022” x 0.28” bondable molar tubes were glued on the buccal surfaces of the
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crowns of the premolar wax ups with straight 0.021” x 0.025” 3M stainless steel wires in the
tube bracket slots to hold the tubes in the same vertical and horizontal orientation. This
maintained pure bodily movements of the third and fourth premolars, mesially and distally,
respectively. The wax ups and the attached tubes were then invested into dental investment
materials. The crowns were casted into low fusing metal alloy and the wax was burned out

(Figure 3-5). The crowns were finished and polished and the fitting surfaces were sandblasted

with aluminum oxide particles.

Figure 3-4: Stone models and full crown wax ups with steel wires and brackets.

Figure 3-5: Metal alloy crowns with attached tubes.
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The dogs were premedicated with a sedative and antiemetic (Acepromazie/SubQ/0.05 mg/kg), an
analgesic (Hydromorphone/SubQ/0.1 mg/kg), and a muscarinic anticholinergic drug
(Glycopyrrolate/SubQ/0.01 mg/kg), and then again transferred to the SMRI. The animals were
placed and secured on a heated surgical table and then intubated for the administration of
inhalation anesthesia. The mouths were kept in the open position using an adult sized bite block
and the prepared teeth were cleaned using pumice and rubber cups and then cleaned with water.
The teeth were dried and the crowns were tried on to check for their fitting. To cement the
crowns to the premolars, the NX3 Nexus® Third Generation dual cure permanent resin cement
system was used (Figure 3-6). The OptiBond All-In-One adhesive system was employed using

the following steps that were supplied by OptiBond:

1. Thoroughly clean the preparations (pumice and prophy cup). Wash thoroughly with water
spray and air dry. Do not desiccate.

2. Using the disposable applicator brush, apply a generous amount of OptiBond All-In-One
adhesive to the enamel/dentin surface. Scrub the surface with a brushing motion for 20
seconds.

3. Apply a second application of OptiBond All-In-One adhesive with a brushing motion for
20 seconds.

4. Dry the adhesive with gentle air first and then with medium air for at a least 5 seconds
with oil-free air.

5. Light-cure for 10 seconds.
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Figure 3-6: NX3 Nexus® Third Generation dual cure permanent resin cement system.

The cement was removed using plastic dental instruments and dental floss. The mesiodistal
dimensions of the crowns on each side (for maxilla and mandible) were measured using digital
calipers (Figure 3-7). A piece of straight 0.021” x 0.025” 3M stainless steel wire was inserted
into the attachment tube with an open coil spring that was compressed between the two tubes (on
third and fourth premolars) in order to deliver a force of 100 cN per appliance, which was
measured with a force gauge. The wires were bent on the mesial and distal ends in order to
prevent its displacement. The opposing teeth were reduced using a diamond bur to remove any

occlusal interference with the new crowns.
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Figure 3-7: Digital calipers.

Postoperatively, the dogs were assessed twice on the day of operation and then daily for the next
four days. The animals were assessed for clinical signs using a Clinical Signs Checklist
(Appendix 1-1) and also for pain using a Pain Assessment In The Dog Pain Scoring Sheet

(Appendix 1-2).

Orthodontic tooth movement was continued for a total of four weeks. Each week the coil springs

were evaluated and re-adjusted in order to maintain a force level of 100 cN.

ITLIII. Gingival cells

To isolate gingival cells/fibroblasts from each dog, interdental papilla from each third and fourth
premolar was excised. This procedure was performed concurrently with orthodontic tooth
movement in the dogs. The papilla was immersed in biopsy medium (Dulbecco’s Modified
Eagle’s medium [DMEM], 100 units/mL penicillin, and 100 pg/mL streptomycin). Then, these
tissues were cut into smaller pieces, dispersed on slides, and placed in culture plates with basic
medium (DMEM with 10% fetal bovine serum, 100 units/mL penicillin, and 100pg/mL

streptomycin). The culture plates were incubated at 37°C in a humidified atmosphere. Gingival
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cells surrounding the tissue explants became confluent at 2-3 weeks. These cells were removed
using a solution of 0.08% trypsin and 24% ethylenediaminetetraacetic acid (EDTA), and then

were transferred into culture flasks (De Vasconcellos et al., 2006).

A concurrent study obtained some of the canine gingival cells in order to use them in
identification of a variety of mesenchymal stem cell markers. This study used flowcytometry to
determine the multipotency of the cells obtained for this study (Figure 4-1). The antibodies that
corresponded to cell surface markers employed in flowcytometry were CD11b, CD14, CD34,
CD45, CD73, CD90, and CD105 (Dominici et al., 2006). Prior to stem cell marker identification,
these cells were exposed to LIPUS treatment for a total of 20 minutes for one day. The intensity
used was 30 mW/cm?, and the ultrasound pulsed at 1.5 MHz and repeated at a frequency of 1
KHz. A total of 10,000 labeled cells were acquired and analyzed by flowcytometry and

corresponding software.

ITLIV. Osteogenic induction of gingival fibroblasts

The cultured gingival cells were then transferred to 48-well plates at a density of 2.5x10°
cells/well. The cells/fibroblasts were treated with osteogenic medium (basic medium, 10 mM (-
glycerophosphate, 50 mg/L ascorbic acid, and 0.1 uM dexamethasone) and received LIPUS
treatment for 20 min/day for a total of four weeks using an incident intensity of 30 mW/cm?” of
the transducer’s surface (2.5 cm transducer). This procedure was previously described in the
protocol of El-Bialy et al (2004). This procedure induced GFs to osteogenic differentiation,
producing osteogenic induced gingival fibroblasts (OIGFs). To confirm osteogenic induction of

these gingival fibroblasts, an alkaline phosphatase (ALP) assay was performed in a subsequent

24



study (Figure 4-2). ALP is considered an early marker for osteoblast and osteogenic
differentiation (Mostafa et al., 2009; Leung et al., 2004; Yoon et al., 2009). The gingival
fibroblasts (GFs) were cultured in two different media — alpha medium and osteogenic medium.
Alpha control medium was composed of alpha MEM (450mL), fetal bovine serum (50mL),
penicillin/streptomycin (50mL), and HEPES (10mmol). The osteogenic medium consisted of
DMEM (450mL), fetal bovine serum (50mL), dexamethasone (10nM), B-Glycerophosphate
(10mmol), ascorbic acid (50mg/mL), HEPES (10mmol), and penicillin/streptomycin (SmL). The
GFs that were cultured in the alpha medium were divided into two groups. One group received
LIPUS treatment for 20min/day for a total of 28 days, and the other group did not receive any
treatment. The GFs that were grown in osteogenic medium were also divided in two groups —
one group receiving LIPUS treatment, and the other group receiving no treatment. The

absorbance (maximum slope) was recorded at 405nm for each group.

IIL.V. Treatment groups

After four weeks of orthodontic tooth movement, treatments were completed on each third and
fourth premolar according to the random treatment assignment mentioned above. The LIPUS
group received LIPUS treatment for 20min/day for four weeks according to published protocol
(El-Bialy et al., 2004). Each premolar in the OIGFs group received a single injection of OIGFs.
One half millilitre of OIGFs (in DMEM) was injected transosseously (Dentsply ™ X-Tip
Intraosseous Anesthetic Delivery System, Pennsylvania) through the buccal plate of bone into
the PDL near the apex of the roots (Figure 3-8). A single injection per premolar was employed.

This injection was completed after the four weeks of tooth movement. The injection was
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performed using a 30-gauge needle and the concentration of cells was 2x10° cells/mL of DMEM.
The viability of OIGFs after delivery through needle was checked before the actual injection of
cells into each dog's PDL was performed. Each of these dogs received OIGFs injection using
cells obtained from the same dog. The BMP-2 group (positive control group) received a local
injection of BMP-2, which was achieved by conjugating BMP-2 in poly-D,L-lactic acid-
polyethylene glycol polymeric delivery system as outlined by Saito et al (2003). The BMP-2
injection was implemented after the four weeks of orthodontic tooth movement. The
OIGFs+LIPUS group received a combination of these two treatments. The control group
received no additional treatment after four weeks of tooth movement with the exception of a

single injection of DMEM without cells into the periapical area. This group was considered to be

the negative control group.

Figure 3-8: Transosseous injection of OIGFs (Dentsply ™ X-Tip Intraosseous Anesthetic

Delivery System, Pennsylvania).
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IIL.VI. Tissue preparation for analysis

After the four weeks of assigned treatments that took place after the orthodontic tooth
movement, the animals were prepared for euthanasia by placing a 22-gauge catheter into the
right cephalic vein and injected with DOMITOR® (medetomidine hydrochloride) (0.25 mg/kg
IM) and then with 2-3 mL/4.5 kg of Euthanyl. Clinical death was confirmed by evaluating the

vital signs.

The mandibles and maxillae of each dog were dissected and sectioned into blocks using a bone
saw. Each block contained the third and fourth premolars with their supporting alveolar bone.

The samples were stored into freshly prepared 4% paraformaldehyde in labeled containers.

HILVIL pCT scanning and histology

To perform micro-computed tomography (uCT) scanning, the samples were air dried for 30min
prior to scanning. The samples were scanned in a SkyScan® 1076 MicroCT scanner and
associated software (Version 2.6.0) at a resolution of 9um using an x-ray source potential of 100
kV, an amperage of 100 pnA, and a power of 10W. The aluminum filter thickness was 1.0mm,
and the scans averaged three times. The scanned images were reconstructed using NRecon©
(Version 1.4.4) from SkyScan®. The images were then reconstructed selecting the tooth and
associated PDL and bone as the Region of Interest (ROI), and under the following parameters:
No Smoothing; Post Alignment (-0.5); Ring Artifact (6); beam hardening (25%); Output option:
min. -867.1 Hounsfield units, max. 580.7 Hounsfield units. The reconstructed files were saved in

an 8-bit *.bmp format.

27



When pCT scanning was completed, the tissue blocks were rinsed in saline, fixed in 10%
formalin, rinsed overnight in cold tap water, and then demineralized in 10% formic acid solution.
The blocks were then washed with water and then decalcified in EDTA for 10 days. Serial
sections that were 7um in thickness were cut in the buccolingual plane throughout the entire
mesiodistal extension of the teeth. These sections were made at three locations along the tooth
root — at the coronal level near the crown, at the middle level of the root, and at the apical level
near the apex of the root (Figure 3-9). These sections from each level were then mounted onto
slides and deparaffinised by soaking them twice in fresh xylene for 10 min each time. The

sections were stained with hematoxylin and eosin for analysis.'

Figure 3-9: Teeth sectioning at coronal, middle, and apical root levels.

! The research materials and methods up to section IIL.VIIIL. were performed by another research
team. The materials and methods continuing were performed by the author.
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HILVIIIL pCT analysis

Using uCT analysis, the tooth root lengths were first measured. The selected reconstructed file in
the program CTAn (SkyScan®) was opened. The cementoenamel junction (CEJ) was located on
the tooth in the raw images (Figure 3-10). This was performed by starting from the crown of the
tooth and moving apically. The root length measurement was started at the next slice apical to
the CEJ, where no enamel was evident on the slice. The slice location (in mm) was noted at the
CEJ. After this, the assessor moved down apically through the slices until the first slice that no
longer contained any image of the tooth root apex. This slice location (in mm) was noted. To
calculate the entire root length these two slice locations were subtracted from each resulting in a
root length measured in mm. This process was repeated for each tooth root. One hundred and one

roots in total were available for analysis.
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Figure 3-10: pCT slice showing tooth enamel (white).
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Next, the length and depth of each resorption lacuna and the number of resorption lacunae was
measured. The assessor began analysis at the CEJ, and began moving apically through the slices
until a resorption lacuna (pit) was evident (Figure 3-11). The assessor noted when this resorption
lacuna began and when it ended. The difference between these two measurements was used to
calculate the length of the root resorption lacuna. To measure the depth of the lacuna, the slice
with the deepest penetration of resorption was located. A line was drawn from the tooth surface
inside the lacuna to the imaginary circumference of the tooth root. This line length was recorded.
This process was continued for each resorption lacuna throughout the length of each tooth root

(Table 4-2; Figure 4-8; Figure 4-9).

FEmn s o

Figure 3-11: uCT analysis showing root resorption lacunae (red arrow).

To measure the volume of each root resorption lacuna, CTAn was employed again. The
reconstructed image was again opened. First, the CEJ was located on the tooth root. Beginning at

this slice, the assessor scrolled through the slices until the first resorption lacuna was evident.
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The slice previous to that which contained first evidence of a lacuna was selected as the bottom
of selection by right-clicking and selecting “Set the Bottom of Selection”. The assessor then
moved apically through the slices until the slice immediately after the image that contained
evidence of resorption lacuna. This slice was chosen as the top of selection by right-clicking and
selecting “Set the Top of Selection”. Next, “Regions of Interest” was selected from the tool bar.
Polygonal ROI was chosen from “Interpolated ROI” in order to measure the area of the lacuna in
each slice. Nodes were added where needed in order to draw along the circumference of tooth
root in the selected area where a lacuna was observed. The remaining area of the ROI was
extended in order to cover an area greater than that of the lacuna at its deepest point (Figure 3-
12). This created ROI was copied and pasted every 5-10 slices and adjusted depending on the
depth and length of the lacuna. In “Binary Selection”, the greyscale indices were adjusted in the
“From Image” tab in order to obtain an image of the tooth root that had the least number of black
pixels while maintaining enough pixels to create a smooth circumference of the tooth root and
perimeter of the resorption lacuna (Figure 3-13). The indices usually chosen were 30-40 on the
bottom and 160 on the top. These indices varied depending on the quality of the image. In
“Morphometry”, 3D Analysis was selected (Figure 3-14). The images were saved and then saved
again by clicking “Save Results”. These saving options created excel spreadsheets containing
data of tissue and bone volume. Tissue volume indicated the total tissue volume in the selected
ROlIs, and the bone volume represented the hard tissue volume (ie. Tooth root volume). To
calculate the volume of the resorption lacuna, the bone volume was subtracted from the tissue
volume, which resulted in soft tissue volume or empty space measurements and was equivalent
to lacuna volume measurements. This process was continued until each root resorption lacunae

volume was measured (Table 4-2; Figure 4-10).
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Figure 3-12: uCT analysis measuring root resorption volume using interpolated regions of

interest.
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Figure 3-13: pCT analysis measuring root resorption volume using binary selection (SkyScan®).
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Figure 3-14: uCT analysis measuring root resorption volume morphometry in CTAn

(SkyScan®).

ITLIX. Histomorphometric analysis

Histomorphometric analysis was then performed using the computer software MetaMorph
Offline (Molecular Devices LLC, California). First, each slide was analyzed by light microscopy
and digital images were created using this microscopy and digital camera at 40X magnification.
Images were created for the distal and mesial sides of the tooth root in the mandible and each
image included dentin, cementum, PDL, and bone from the designated side of the tooth root

(Figure 4-3). Fifty-six roots in total were included in histomorphometric analysis.

To perform cementum thickness measurements, pre-set calibration files were selected for 40X
magnification. One of the created digital images was opened, and using the line tool available in
the tool bar, six lines were drawn over the appropriate tissue’s layer from the top to the bottom of

the layer (Figure 3-15). These lines were drawn parallel to and equally distributed from each
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other as accurately as possible. An excel file was opened simultaneously and minimized. In
MetaMorph, “Measure” was selected, followed by clicking “Region Measurements”. The data
from the measurements were then displayed. “Open Log” was selected, and the Log File was
named indicating details of the side of the root, the root level, and from which tooth root, which
premolar, which side of mandible, and which dog the sample was. This file was saved, and the
application name to which the data was exported was selected by only clicking “OK”. “F9: Log
Data” was selected in order to transfer the measured data to the excel file that was previously
opened. The first excel sheet opened for each dog became the master excel spread sheet.
Subsequent cementum measurements were copied from their excel spreadsheets and pasted into

the master sheet.
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Figure 3-15: Histomorphometric analysis of cementum thickness (coloured lines).
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PDL width measurements were performed in an identical manner (Figure 3-16).
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Figure 3-16: Histomorphometric analysis of PDL thickness (coloured lines).

PDL cell counting was completed by opening a new created image containing PDL tissue.
“Measure” was selected followed by “Manually Count Object”. Each click on a cell was
recorded by placing a “1” on the cells. To maintain a consistent area in which cell counts were
performed, a line using the line tool was drawn along the length of the PDL. This line measured
30um in every image. Two additional lines were drawn perpendicularly from both ends of the
first line drawn. These perpendicular lines were extended beyond the thickness (width) of the
PDL. Cells were counted only within the set area, which varied depending on the thickness of
PDL (Figure 3-17). However, the length of PDL for the selected area always remained 30pum. To
count PDL cells, a “1” was placed on each nucleus. “Manually Count Object” was re-opened and
the number of cells was indicated by the count given in “Class 1”. This number was manually

inserted into an excel spreadsheet for each measurement thereafter.
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Figure 3-17: Histomorphometric analysis of PDL cell count.

Throughout these analyses using pCT and histomorphometry, the assessor was blinded to the
treatment groups. After data collection was completed, all data was organized into treatment
groups according to a labeling key. For the histomorphometric analyses, the data was further

organized into compression and tensions sides at each of the three root levels.

IILX. Statistical analysis

The mean of each treatment group was calculated along with their standard error of the mean.
For these calculations, histomorphometric analyses only included the measurements for the
mandible due to inconsistency and missing slides for samples from the maxillae. ANOVA with
Tukey post hoc tests were used to compare the differences of the treatment groups to the

negative control group in order to determine if there was a significant difference between each of

36



the treatments and the control group. For histomorphometric analysis, compression sides at each
root level were compared to each other at the same root level, and tension sides at each root level
were compared to each other also at the same root level. To determine statistically significant

differences, a p-value of < 0.05 was used.
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Chapter 1V: Results
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IV.1. Flowcytometry and ALP assay

Prior to assessing the effect of LIPUS and OIGFs on repair of OIRR in Beagle dogs,
characterization of the gingival cells using MSC markers (Figure 4-1) and analysis of ALP

activity of cultured GFs with and without LIPUS treatment (Figure 4-2) were performed.
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Figure 4-1: Immunophenotyping of canine gingival cells using flowcytometry with antibodies
(CD11b, CD14, CD34, CD45, CD74, CD90, and CD105) to identify percentage of gated cells

(%). FITC-conjugated Isotype-mouse IgGal and PE-conjugated Isotype-mouse IgGk1 were

control antibodies.
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Figure 4-2: ALP assay showing ALP activity (absorbance level at 405nm) of canine gingival
cells after four treatments — culture in medium without ultrasound, culture in medium with
ultrasound, culture in osteogenic medium without ultrasound, and culture in osteogenic medium

with ultrasound. (** = p<0.01)

IV.1I. Histology and histomorphometric analysis

Histomorphometric analysis and micro-computed tomography analysis were performed in order
to measure the effect of LIPUS and OIGFs on orthodontically induced root resorption in Beagle
dogs. Digital histologic images were produced in order to measure the thickness of cementum,
the width of the PDL, and to count PDL cells (Figure 4-3). The photos were taken on both the
compression side and the tension side of the root in accordance with the direction of tooth
movement during orthodontic treatment. Images were also produced at the coronal (level 1),
middle (level 2), and apical (level 3) root levels since cementum and PDL thicknesses vary

depending on the root level.
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OIGFs+LIPUS

Figure 4-3: Digital histologic images of cementum and periodontal ligament from each treatment
group on the compression (A) and tension (B) sides of the tooth root at coronal (level 1), middle
(level 2), and apical (level 3) root levels. Cementum and periodontal ligament widths appear
greater at the apical root level and in treatment groups compared to control. Scale bar = 100 pm.

P =PDL, Ce = Cementum. C = Compression side. T = Tension side.
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Using the computer software MetaMorph Offline (Molecular Devices LLC, California),
cementum thickness, PDL width, and PDL cell count were each measured for every tooth root in
the mandible (Table 4-1). Statistical analyses were only performed to compare each treatment
group to the control group in order to detect statistically significant differences. Significant

differences were considered at p < 0.05.

Table 4-1: Cementum thickness (um) (mean = SEM), PDL width (um) (mean + SEM), and PDL
cell count (um) (mean + SEM) in each treatment group on the compression (A) and tension (B)
sides of the tooth root at coronal (level 1), middle (level 2), and apical (level 3) root levels.

*Statistical comparison of treatment groups to control group only.
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Treatment Root Side and Cementum p-value* PDL Width (um) p-value* PDL Cell Count p-value*
Level Thickness (um) (mean £ SEM) (mean = SEM)
(mean £ SEM)
Control Compression Side
Level 1 22.74 +1.58 N/A 122.35 +15.24 N/A 51.09 +4.04 N/A
Level 2 2438 +5.02 N/A 142.54 + 14.02 N/A 51.36+3.74 N/A
Level 3 28.11 +3.54 N/A 146.89 £ 14.65 N/A 63.78 +5.5 N/A
Tension Side
Level 1 38.54+4.36 N/A 106.07 + 7.60 N/A 55.67 +4.15 N/A
Level 2 43.07 £6.74 N/A 129.95 +8.52 N/A 4.92+1.95 N/A
Level 3 4445 +6.21 N/A 139.20 + 6.46 N/A 65.08 £5.76 N/A
LIPUS Compression Side
Level 1 23.09 +2.82 1.000 119.77 + 6.15 1.000 53.80 +3.79 0.994
Level 2 25.53 +3.37 1.000 134.25 +7.79 0.991 54.10+3.71 0.987
Level 3 53.63 +8.35 0.049 141.07 +13.78 0.998 54.50 +4.40 0.578
Tension Side
Level 1 36.93+3.62 0.999 132.88 +13.33 0.265 60.10 +5.40 0.947
Level 2 33.41+2.00 0.599 128.34 +10.80 1.000 7430 +7.41 0.0002
Level 3 67.34 +£6.85 0.281 173.77 £ 17.60 0.529 76.67 +7.18 0.805
OIGFs Compression Side
Level 1 28.78 +4.18 0.597 152.72 + 14.88 0.396 61.80+6.01 0.506
Level 2 29.85+3.98 0.781 124.04 £+ 11.24 0.834 52.09 +4.67 1.000
Level 3 31.72+6.27 0.995 155.30 £ 18.36 0.993 60.29 +4.66 0.983
Tension Side
Level 1 40.51£3.22 0.997 133.51 +9.37 0.165 55.88 +3.73 1.000
Level 2 39.34+431 0.971 154.63 +11.42 0.329 64.20 +£3.47 0.033
Level 3 3444 +536 1.000 152.17 +18.13 0.973 60.67 +£5.12 1.000
BMP2 Compression Side
Level 1 20.48 +1.34 0.985 152.84 +6.53 0.496 58.50 +4.53 0.803
Level 2 18.35+1.39 0.801 137.75 +£9.74 0.999 56.30 +3.83 0.898
Level 3 42.22 +375 0.464 151.08 £ 11.35 1.000 56.11 +4.41 0.714
Tension Side
Level 1 36.50 +4.98 0.997 112.67 +7.68 9.988 64.00 +4.47 0.668
Level 2 28.91 +£2.77 0.179 148.95 £ 12.69 0.695 58.22+3.91 0.287
Level 3 58.84 +4.72 0.702 152.36 +13.94 0.971 55.88 £2.98 0.946
OIGFs Compression Side
+LIPUS Level 1 2249 +3.34 1.000 124.50 + 11.69 1.000 57.80 +5.40 0.853
Level 2 19.89 +1.34 0.898 161.28 +16.49 0.814 64.44 +£3.48 0.164
Level 3 57.07 £ 6.85 0.015 127.93 +11.48 0.877 56.88 £2.73 0.803
Tension Side
Level 1 44.68 +5.79 0.855 1.2533 +2.31 0.589 60.92 +4.49 0.891
Level 2 26.34 £12.32 0.089 1.4353 +6.37 0.842 67.92 +4.87 0.002
Level 3 76.37+11.01 0.052 160.48 + 14.40 0.819 81.73 £9.06 0.043
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Cementum thickness was measured on both sides of the root (compression and tension) and at
three root levels (Figure 4-4). Statistical analyses using ANOVA with Tukey post hoc tests to
compare the treatment groups to the control group reveal that on the compression side of the
root and at the apical root level the LIPUS group and the OIGFs+LIPUS group had
significantly greater cementum thickness than the control group (p < 0.05). Although similar

results were found on the tension side of the root, no statistical significance was calculated.
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Figure 4-4: Cementum thickness (um) (mean = SEM) in each treatment group on the
compression (A) and tension (B) sides of the tooth root at coronal (level 1), middle (level 2),

and apical (level 3) root levels. (* =p < 0.05).

Using similar methods, the PDL width was measured on both the tension and compression
sides of the root and also at three root levels (Figure 4-5). No statistically significant

differences were found between each of the treatment groups compared to the control group.
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Figure 4-5: Periodontal ligament width (um) (mean = SEM) in each treatment group on the

compression (A) and tension (B) sides of the tooth root at coronal (level 1), middle (level 2),

and apical (level 3) root levels.

Next, cells in the PDL were counted according to the methods in Chapter III. Using ANOVA

with Tukey post hoc tests, it was revealed that there were statistically significant differences

between the control group and the treatments groups only on the tension side of the root

(Figure 4-6). At the middle root level the LIPUS group, the OIGFs group, and the

OIGFs+LIPUS group each had a significantly greater number of PDL cells compared to the

control group (p <0.01, p <0.05, and p < 0.01, respectively). Also, at the apical root level, the

OIGFs+LIPUS group had a significantly greater number of PDL cells compared to the control

group at the same level.
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Figure 4-6: Periodontal ligament cell count (mean = SEM) in each treatment group on the
compression (A) and tension (B) sides of the tooth root at coronal (level 1), middle (level 2),

and apical (level 3) root levels. (* =p < 0.05, ** =p <0.01).

IV.IIIL pCT analysis

The tooth roots from the maxilla and mandible of each Beagle dog were analyzed using micro-
computed tomography in order to measure root lengths, root resorption lacunae depths, root
resorption lacunae lengths, and root resorption lacunae volumes in each of the treatment groups
(Figure 4-7; Table 4-2). Statistical analysis using ANOVA with Tukey post hoc tests was used

to only compare each of the treatment groups to the control group.
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Figure 4-7: uCT reconstructed image of a tooth root with evidence of orthodontically induced

root resorption (red arrow).
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Table 4-2: Root lengths (mm) (mean = SEM), root resorption lacunae depth (mm) (mean + SEM), root resorption lacunae length (mm)

(mean + SEM), and root resorption lacunae volume (mm?) (mean + SEM) in each treatment group.
p

Treatment  Root Length p-value* Resorption Lacunae p-value* Resorption Lacunae p-value* Resorption Lacunae p-value*
(mm) Depth (mm) Length (mm) Volume (mm®)
(mean £ SEM) (mean = SEM) (mean = SEM) (mean + SEM)
Control 9.6651 +0.3409 N/A 0.1204 £ 0.0182 N/A 0.8445 +0.0663 N/A 0.0688 +0.0146 N/A
LIPUS 10.6217 £0.5201 0.520 0.0808 £ 0.0060 0.010 0.7939 + 0.0587 0.981 0.0237 +0.0038 0.000035
OIGFs 10.1884 + 0.4478 0.897 0.0831 £ 0.0054 0.037 0.7918 + 0.0798 0.982 0.0378 £ 0.0072 0.018304
BMP2 10.3670 = 0.5588 0.807 0.0790 + 0.0064 0.018 0.7653 +0.0569 0.937 0.0312 +0.0036 0.000921
OIGFs 9.3827 +0.3300 0.989 0.0718 £ 0.0054 0.002 0.7758 + 0.0606 0.957 0.0281 +0.0030 0.000179
+LIPUS

*Statistical comparison of treatment groups to control group only.
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puCT analysis of root lengths reveals that although the LIPUS group, the OIGFs group, and the
BMP2 group had the longest roots, there were no statistically significant differences between

each of the treatment groups compared to the control group (Figure 4-8).
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Figure 4-8: Root length (mm) (mean + SEM) as evaluated by pCT analysis in each treatment

group.
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Further analyses revealed that the control group had the deepest root resorption lacunae
(0.1204 £ 0.0182 mm) (Figure 4-9). This group had statistically significantly deeper lacunae

compared to each of the treatment groups — LIPUS (p < 0.05), OIGFs (p < 0.05), BMP2 (p <

0.05), and OIGFs+LIPUS (p < 0.01).
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Figure 4-9: uCT analysis of root resorption lacunae depth (mm) (mean + SEM) in each

treatment group. (* =p < 0.05, ** =p <0.01).
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Measurements of lacunae length show that the control group had longer resorption lacunae
compared to the treatment groups, however, using ANOVA with Tukey post hoc tests, no
statistically significant differences were found between the control group lacunae lengths

compared to each of the treatment groups’ lacunae lengths (Figure 4-10).

(BN

o

Lacunae Length (mm)
© o o o
o N H
—
I
I

Figure 4-10: uCT analysis of root resorption lacunae length (mm) (mean + SEM) in each

treatment group.
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Finally, the volume of each resorption lacunae was measured (Figure 4-11). The control group
showed the greatest volume of lacunae (0.0688 + 0.0146 mm®), and statistical analyses using

ANOVA with Tukey post hoc reveal that these volumes were statistically significantly greater
than each of the treatment groups’ volumes — the LIPUS group (p < 0.0001), the OIGFs group

(p <0.05), the BMP2 group (p <0.001), and the OIGFs+LIPUS group (p < 0.001).
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Figure 4-11: uCT analysis of root resorption lacunae volume (mm®) (mean + SEM) in each

treatment group. (* =p <0.05, *** =p <0.001, **** =p <0.0001).
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Chapter V: Discussion
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This research study evaluated the effect of low intensity pulsed ultrasound and osteogenically
induced gingival fibroblasts on repair of orthodontically induced root resorption in Beagle
dogs. To measure the repair effects of these two methods, local injection of OIGFs and
application of LIPUS, on OIRR, cementum thickness, PDL width, and PDL cell count were
evaluated through histology and histomorphometric analysis, and root length and root
resorption lacunae length, depth, and volume were measured using micro-computed

tomography.

V.I. Osteogenically induced gingival fibroblasts

Characterization of mesenchymal stem cells is an important step in their potential use in
periodontal repair, specifically in repair of orthodontically induced root resorption. A
preliminary study using gingival cells obtained from the dogs in this study used flowcytometry
to identify cell surface markers found on mesenchymal stem cells in order to properly
characterize them (Figure 4-1). This classification of canine gingival cells is also necessary for
translational research into clinical experiments from preclinical animal studies, such as the
present study using Beagle dogs. In this preliminary study, canine gingival cells were treated
with LIPUS for a total of 20 minutes for one day. The antibodies used to detect corresponding
cell surface markers were CD11b, CD14, CD34, CD45, CD73, CD90, and CD105. Dominici et
al. (2006) address the issue of many ambiguities and inconsistencies being created in the field
of mesenchymal stromal/stem cell research. The International Society for Cellular Therapy
(ISCT) report that multipotent mesenchymal stromal cells is the term that is currently used for

plastic-adherent cells that have been isolated from bone marrow and other tissues, and that
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these cells are often also called mesenchymal stem cells (Horwitz et al., 2005). The defining
characteristics of MSCs appear to be inconsistent among investigators because many
laboratories have developed a variety of methods and techniques to isolate and expand MSCs.
The Mesenchymal and Tissue Stem Cell Committee of the ISCT has proposed a set of
standards to define human MSCs to be used in both laboratory-based investigations and pre-

clinical studies. Three criteria have been proposed:

1. Adherence to plastic
2. Specific surface antigen expression

3. Multipotent differentiation potential

The concurrent study to identify stem cell characteristics of the canine gingival cells did not
employ plastic adherence as one of the criteria for defining MSCs. However, the study did
attempt to identify most of the proposed surface antigens. These proposed antigens are CD105,
CD73, CD90, CD45, CD34, CD14 (or CD11b), CD19 (or CD 79a), and human leukocyte
antigen-DR (HLA-DR). Positive expression (>95%) of CD105, CD73, and CD90 must be
present, and there must be negative expression (<5%) of CD45, CD34, CD14 (or CD11b),
CD19 (or CD790a), and HLA-DR The concurrent study did not include identification of CD19
(or CD79a) nor the identification of HLA-DR. Expression of each of these markers was under
5%, with the exception of CD90, which expressed at about 45%. To identify cells as
mesenchymal stem cells, these cells must express CD73, CD90, and CD105 more than 95%.
Based solely on the lack of expression of CD73 and CD105 by these cells, these results lead to
the suggestion that these cells cannot be identified as true stem cells, and can only be referred

to as fibroblasts. Although the expression of CD90 was greater than the expression of CD73
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and CD105, this expression was still much less than 95%. This also supports the suggestion
that these canine gingival fibroblast cells may not be considered as stem cells. These results
may also suggest that the population of cells obtained were not a homogeneous cell population,
therefore leading to the decreased expression of CD90, CD73, and CD105. The types of cells
that may have been present in the injection include mesenchymal stem cells, epithelial cells,
phagocytic cells, but possibly other types as well. Based solely on the methods of this

concurrent study, other cell types that may have been included were not able to be identified.

Further preliminary studies demonstrated the differentiation potential of similar human
gingival cells. The cells were successfully differentiated into an osteogenic phenotype (Wong
et al., 2008), into a cementoblast phenotype (Mostafa et al. 2008b), and into neural-like cells
(El-Bialy et al., 2014). According to the proposed criteria for defining MSCs, these cells have
the ability to be differentiated in vitro into osteoblasts, adipocytes, and chondroblasts
(Dominici et al., 2006). A preliminary study differentiated gingival cells into osteogenic cells
(Wong et al., 2008). There is currently no study that has differentiated canine gingival cells
into adipogenic nor chondroblastic cells. Although flowcytometry suggests that the population
of cells may not be entirely mesenchymal stem cells, the differentiation potential of these cells
may show that mesenchymal stem cells were present in this population. Additional studies are

required in order to fully identify canine gingival cells as potential mesenchymal stem cells.

After the gingival cells were isolated in the previous study, the cells were subject to culture in
osteogenic medium and LIPUS application and the levels of ALP activity were measured
(Figure 4-2). Gingival cells were cultured in four treatment groups. The first group was

cultured in an alpha medium and did not receive further treatment. The second group was
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cultured in the same medium but also received LIPUS treatment for 20 min/day for four weeks.
The third group was cultured in an osteogenic medium and received no further treatment.
Finally, the fourth group was cultured in the osteogenic medium and also received LIPUS
treatment in the same manner as the second group. ALP activity, which was indicated by
absorbance level, was significantly greater in the osteogenic control group compared to the
alpha medium control group (p < 0.01), and ALP activity was significantly greater in the
osteogenic ultrasound group compared to the alpha medium ultrasound group (p < 0.01). The
results showed that the canine gingival cells expressed higher ALP when cultured in osteogenic
medium but also when cultured in this medium and with LIPUS treatment. It is also interesting
to mention that although the difference between the osteogenic control group and osteogenic
LIPUS group was statistically non-significant, LIPUS did increase ALP activity. This suggests
that LIPUS may have a greater effect on inducing osteogenic differentiation in combination
with osteogenic medium than when only osteogenic medium is employed. Since the gingival
cells in the present study were also cultured in osteogenic medium and received LIPUS
treatment for 20 minutes per day for four weeks, these cells can be considered as osteogenic

induced gingival fibroblasts.

V.II. Histomorphometric analysis

Observation of the histological digital photos reveals that cementum and PDL appeared to be
generally thicker around the apex (Level 3) of tooth root compared to the middle (Level 2) or

coronal (Level 1) levels (Figure 4-3). This is in agreement with previous literature that showed
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that cementum increases in thickness towards the apex and PDL is widest at the coronal and

apical levels of the tooth root (Bosshardt and Selvig, 1997; Nanci and Bosshardt, 2006).

To quantitatively determine the effect of LIPUS and OIGFs on repairing OITRR caused by
orthodontic bodily tooth movement for four weeks, first, the periodontal tissues were measured
using histomorphometric analysis. Cementum thickness measurements were performed on both
the compression and tension sides of the tooth root because the effects of orthodontic tooth
movement on these tissues vary depending on the side of the root (Figure 4-4). These
measurements were also completed at three root levels because the thickness of the tissues also
varies depending on the level’s distance from the root apex. On the compression side of the
root, there were no significant differences in cementum thickness between each of the
treatment groups and control group at the coronal and middle levels. However, at the apical
third of the root, the LIPUS group and the OIGFs+LIPUS group both had significantly greater
cementum thickness compared to the control group (p < 0.05). Although the combination
treatment group (OIGFs+LIPUS) was only slightly greater than the group that only received
LIPUS treatment, it may be possible that LIPUS had a synergetic effect on OIGFs, which lead
to increased cementogenesis. It also seems that compression forces, which are increased at the
apical area of the tooth root, may have antagonized the stimulatory effect of OIGFs on
cementum formation that was hypothesized in this study. This was shown by the non-
significant difference between the OIGFs group and the control group at the apical root level. It
appears that it may be possible that this decreased effect of OIGFs on cementum formation
may be balanced by the stimulatory effect of LIPUS on these cells at the apical third of the
root, since the combination treatment group had greater cementum thickness compared to the

group that only received LIPUS treatment, as previously stated. It is also important to note that
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the location of the OIGFs injection may have an effect on cementum thickness when compared
between the groups. Since OIGFs were injected near the apex, there may have been a greater
number of these cells at the apex to be stimulated by LIPUS, and therefore at the coronal and
middle levels, LIPUS would not have had as great of an effect on these cells due to their

potential absence.

The present study evaluated the viability of the cells post-injection with a 30-gauge needle
before the actual cell injection was performed. Another study reported that the diameter of 20-,
25-, and 30-gauge needles had no effect on MSC viability after injection (Walker et al., 2010).
This study further characterized the cells post-injection and compared these cells’ surface
markers to those of cells that did not pass through a needle. No difference in characterization
was found. If the current study had employed one type of cell in the injection and
characterization using cell surface markers was determined for this one type of cell, then it
would have been appropriate to perform the same comparison between cells post-injection and

cells that were not injected through a needle.

A previous study that evaluated the effect of LIPUS on cementum thickness in beagle dogs
undergoing orthodontic tooth movement demonstrated similar results to the current study (Al-
Daghreer et al., 2014). In this study cementum thickness was significantly greater in the

LIPUS-treated group compared to the control group at the apical third of the tooth root.

Similar results were observed and measured on the tension side of the root, however, no
statistically significant difference were found between the LIPUS group and OIGFs group
compared to the control group although these two groups showed greater cementum thickness

also at the apical third of the root. Also on this side, the OIGFs group showed increased effect
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of cementum thickness at the coronal level only, although this was statistically non-significant.
It may be possible that these injected cells may have moved coronally, causing their effect to

be more obvious at this level compared to the apical level.

Since it is unknown as to the exact location of the OIGFs post-injection, this warrants future
studies involving natural long term labeling. This cell labeling would allow for tracking of
these cells after injection, and for assertive evidence that these cells were successfully
incorporated into the periodontal tissues of cementum and PDL and also to determine their
migration if present. Currently, there is no long-term labeling for such cells available which is

appropriate for this type and length of study.

The decreased effect of OIGFs on the tension side of the root may be explained by the
possibility of a tipping movement being present in this study, even though the intention was
solely to produce bodily movement using thicker wire in orthodontic tubes. Since no counter
moments were added to the force system, it may be possible that what is labeled as the tension
side of the root at the coronal level, may actually be the compression side. The tension forces
seemed to have produced increased cementum thickness compared to compression forces,
which may explain the cementum thickness decrease in the OIGFs group on the tension side

from the coronal to middle levels compared to the compression side of the root.

It is interesting to note that there were statistically significant differences on the compression
side of the tooth root and none on the tension side of the root. The compression side of the root
would generally have greater damage caused by OIRR due to clastic cellular activity that
would be evident by thinner cementum. It may be possible that the repair effect of LIPUS and

OIGFs is even greater when this difference in pressure exerted on the root is considered.
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It also worth noting that the BMP-2 injection led to greater cementum thickness compared to
the control group. In a previous study, application of BMP-2 to tooth root defects resulted in
cementum-like tissue formation compared to control root defects that did not receive BMP-2
treatment (Miyaji et al., 2010). This study’s results are comparable to the present study’s
results of increased cementum thickness. Even though this difference was statistically non-
significant and cementum thickness was less than either of the LIPUS and OIGFs+LIPUS

groups, it may also have potential in repair of OIRR in dogs or even in humans.

Similar to the cementum thickness evaluations, PDL width was measured in each group on the
compression and tension sides of the root at coronal, middle, and apical root levels (Figure 4-
5). The OIGFs group had greater PDL thickness at coronal and apical levels compared to
control on the compression side, and the OIGFs+LIPUS group also had greater PDL width
compared to the control group but at the middle level. However, there were statistically non-
significant differences found between these groups compared to the control group. This
increased PDL width may be due to the reparative effect of OIGFs on cementum and also on
the possible antagonizing effect of these cells on osteoclast activity (de Vries et al., 2006),

which would otherwise have increased alveolar bone resorption and decreased PDL thickness.

On the tension side of the root, PDL thickness in the LIPUS group at the coronal and apical
levels, in the OIGFs group at each root level, and in the OIGFs+LIPUS group at each root level
was greater than the control at the corresponding root level. Although these differences were
not statistically significantly different, similar results were found concerning PDL width in
LIPUS-treated groups compared to control groups in a previous study (Al-Daghreer et al.,

2014). In this study, it was demonstrated that although PDL thickness was greater on various
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sides of the tooth root and at each root level, the differences between LIPUS-treated roots and

control roots were not significantly different.

Finally, PDL cell counts were performed in each group on compression and tension sides at
each root level (Figure 4-6). These measurements show that the LIPUS group, the OIGFs
group, and the OIGFs+LIPUS group each had a greater number of PDL cells compared to the
control group at each root level on the tension side of the root. The cell counts in these groups
were statistically significantly different from the control group at the middle root level (p <
0.01, p <0.05, and p <0.01, respectively), however, only the OIGFs+LIPUS group had a
significantly greater number of PDL cells compared to the control group at the apical root level
(p <0.05). Although similar results were found at the coronal and middle root levels on the
compression side, PDL cellularity of these groups compared to the control group was not
significantly different. Al-Daghreer et al. (2014) also demonstrated insignificant differences in
PDL cellularity when comparing between LIPUS-treated groups and control groups at middle

and apical levels.

Although PDL cell counts were performed, an actual measurement of proliferation of these
cells was not performed. Ki-67 is a protein that is strictly associated with cell proliferation
(Scholzen and Gerdes, 2000). Ki-67 is present during all active phases of the cell cycle (G1, S,
G2, and mitosis) and is absent in resting cells (GO0). Use of this marker in the present study
would have aided in determining the presence of PDL proliferation as a result of LIPUS

application and/or OIGF injection.

A correlation between PDL width and cellularity was expected in the current study, however,

there was no significant difference in PDL width found between each of the treatment groups
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and the control group, but there was a significant different in cell count found between the
groups. Since the thickness of PDL did not change, but the PDL cell count was significantly
greater in the treatment groups compared to the control on the tension side of the root, PDL
cell density must have increased in these corresponding groups compared to the control. A
report on PDL fibroblast density age-related changes found that cell density decreased with age
when comparing PDL cell density in younger patients to older patients (Krieger et al., 2013).
This study suggested that this decreased cell density may cause a delay in PDL remodeling. It
may be possible that this delay may cause decreased repair of the PDL after root resorption has
occurred. Therefore, an increased PDL cell density, as measured in the present study, may be
correlated with increased repair potential after OIRR has taken place. Another explanation of
the non-correlation may be a possible equilibrium of PDL width. Although cell number may
increase, PDL width may have the capacity to increase to a particular width. If this maximum
thickness was achieved, then no further increase would have been measured. It is also to be
noted that although an increase in PDL cellularity may indicate repair, it may also be related to

inflammation, which may be followed by cell death.

A previous in vitro study that investigated the effects of LIPUS on human gingival fibroblasts
found that LIPUS did not significantly increase proliferation in human GFs (Mostafa et al.,
2009). This study, however, only exposed these cells to LIPUS for 5-minute and 10-minute
periods per day, which is less than the current study, which used 20-minute periods per day. It
may be possible that a longer exposure to LIPUS would cause an increase in cell proliferation,

and that the effect of LIPUS on GFs would be increased in an in vivo study.
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Although the present study combined mandibular and maxillary data, there may have been a
difference in the effectiveness of the two treatment modalities between upper and lower
premolars. Preliminary analysis of separate maxillary and mandibular data revealed that there
was more significant difference between maxillary and mandibular premolars, however, this

data is not shown.

This study’s results suggest the presence of a reparative process as a direct result of LIPUS
and/or OIGFs. However, it may be possible that the increased cementum that was measured in
each group at varying degrees is due to a protective process as opposed to repair. The current
study did not use a group of roots that was not manipulated by orthodontic tooth movement,
since each premolar received bodily movement. If a non-manipulated control was employed,
then a comparison between this group and the others may be able to determine whether or not

repair or a protective process happened.

The present study only measured the thickness of cementum and did not examine the structural
characteristics of such tissue. Measuring the thickness of new and old cementum would
provide additional information to support or refute the effectiveness of the treatment modalities
in repair of OIRR. This would be performed by examining cement lines, also referred to as
reversal lines (Yamamoto et al., 2000). These lines are indicators of new cementum

attachment.

It was hypothesized in the present study that after OIGFs injections and LIPUS treatment,
cementum thickness, PDL width, and PDL cellularity would be significantly greater compared
to the control group. LIPUS has been shown to enhance cellular differentiation of gingival

cells into cementoblast-like cells and also to increase cellular proliferation (Inubushi et al.,
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2008; Doan et al., 1999). Based on these results, it was expected that the combination of
LIPUS and OIGFs would have resulted in greater cementum thickness, PDL width, and PDL
cellularity compared to not only the control, but also compared to the LIPUS group and the
OIGFs group where either treatment is applied alone and not in combination with one another.
Also, the results from the ALP assay showed that the application of only LIPUS seemed to not
have an effect on ALP activity and therefore mineralization by the gingival cells. However, in
vivo there appeared to be an effect of LIPUS on cementum thickness. This contradiction may
be explained by differing mechanisms between in vitro and in vivo in reference to cell growth

and activity. However, a definitive explanation of this contradiction is unknown.

Since the type of tooth movement was not tested and only assumed based on the tooth
movement system created, a combination a different tooth movements including tipping,
torque and bodily may have caused the variety of expected and unexpected results. Further
studies that monitor the type of tooth movement are required in order to support or clarify our

results.

Also, the incorporation of OIGFs into the PDL tissues was not possible to be observed based
on the limitation of long-term cell labeling. Future studies that employ this method may be able
to explain the variety of results in the present study. Tracking these cells would also be
important for translating this pre-clinical animal study into clinical studies. Determining the
exact location of these injected cells would either rule out or support the speculation in the
present study that these cells may have migrated from the apical area to the middle and coronal

root levels and the possibility of this cellular movement varying between tooth roots depending
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on the location of the premolar and on the pressure exerted by force application on the tooth

root.

V.IIIL nCT analysis

Micro-computer tomography (LCT) analysis was performed in order to determine the extent of
OIRR through observation and measurement of root resorption lacunae in each treatment group
compared to the control group. Prior to the measurements, the lengths of the tooth roots were
evaluated (Figure 4-8). There are three degrees of severity of OIRR, as described in section LI
(Brezniak and Wasserstein, 2002). The first degree is surface resorption, which only affects the
outer layer of root cementum. The second degree is deep resorption. This degree of severity
involves the resorption of cementum and outer layer of dentin. Finally, the third degree,
circumferential apical root resorption, includes full resorption of hard tissue components at the
apex of the tooth root. This degree is also known as severe root resorption and results in
evidence of root shortening since dental tissues are fully resorbed around the circumference of
the root apex. Analysis of root length reveals that the longest roots were in the groups that
received LIPUS treatment, injection of OIGFs, and application of BMP-2. The results show
that the control group and the OIGFs+LIPUS group had the shortest roots. Even though these
root lengths varied slightly, there were no statistically significant differences between each of
the treatment groups and the control group. It was expected that a greater degree of severe root
resorption would be evident in the control group compared to each of the other treatment
groups, which although was present, these root length measurements show that the

combination treatment group (OIGFs+LIPUS) group had the shorts root lengths compared to
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each of the other treatment groups and the control group. These results may have occurred
based on the initial root lengths before the beginning of the study. Since initial root lengths
were not determined, a comparison between root lengths before treatment and after treatment
cannot be performed. It may be possible that the mean root length in the OIGFs+LIPUS group
before treatment was significantly shorter compared to each of the other groups. If this was the
case, then there may have been a significant increase in root length in this group, and this
difference in root length may have resulted in a significantly greater increase in root length
compared to the control group, the LIPUS group, and the OIGFs group. However, based on the

results of the present study, this conclusion cannot be made.

Next, root resorption lacunae depths, lengths, and volumes were measured on each tooth root
in every treatment group (Figure 4-9; Figure 4-10; Figure 4-11). The results of the present
study show that the mean lacunae depth in each of the treatment groups was significantly less
compared to the mean depth in the control group. Root resorption lacunae depth is related to
the severity of root resorption. Since the second and third degrees of severity of root resorption
involve resorption of dentin and not only cementum as in the first degree, it can be suggested
that severity of root resorption is directly related to resorption depth. Resorption that proceeds
into at least the outer layers of the dentin may or may not be repaired. Because lacunae depth in
the control group was significantly greater compared to each treatment, the resorption that

occurred in these tooth roots was significantly more severe than in the treatment groups.

The results of this study also show that the group that received both LIPUS treatment and
injection of OIGFs had an even greater decrease in lacunae depth compared to the other

treatment groups. Although there was no significant difference between the OIGFs+LIPUS
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group’s lacunae depth compared to the other treatment groups, the p-value is this group was
less than 0.01, whereas the p-value between the other treatment groups and the control group
was only less than 0.05. This may represent a greater effect of the combination treatment group

on repair of OIRR compared to each of the treatment modalities employed alone.

Lacunae length was also measured for each root in every treatment and control group (Figure
4-10). The results from this analysis show that there was no significant difference between the
lacunae lengths in each of the treatment groups compared to the control group. However,
although it was statistically non-significant, the control group contained the longest lacunae.

The length of lacunae may show less importance in reference to the severity of root resorption.

Finally, lacunae volume was also measured for each lacuna on the surface of each tooth root in
every treatment and control group (Figure 4-11). Lacunae volume incorporates both lacunae
length and depth, however, it more accurately demonstrates severity of resorption and is more
commonly used in other research studies. The present study demonstrates that lacunae volume
was statistically significantly greater in the control group compared to each of the treatment
groups. These results are similar to those of the lacunae depth measurements, however the
treatment groups have even less lacunae volume than lacunae depth when compared to the
control. This is based on the p-value. The LIPUS group had a p-value of less than 0.0001, the
BMP2 group and the OIGFs+LIPUS group had p-values of less than 0.001, and the OIGFs
group had a p-value of less than 0.05. Although these groups were significantly less in lacunae
volume compared to the control group, each of these treatment groups was not significantly

different from one another.
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A previous study that measured volume of resorption lacunae in tooth roots in dogs and
compared these measurements between roots that received LIPUS treatment during tooth
movement and those that did not receive any treatment during tooth movement also found
similar results (Al-Daghreer et al., 2014). In this study the total volume of resorption was
significantly lesser in the LIPUS group compared to the control group (p<0.01). This supports

the findings in the present study.

Based on these results of uCT analysis of root resorption, it is evident that LIPUS, OIGFs,
BMP2, and OIGFs+LIPUS treatments had an effect in the reparative process on OIRR. LIPUS
has been shown to have a reparative effect based on its anabolic result on cementoblasts
(Dalla-Bona et al., 2008; Inubushi et al., 2008; Dalla-Bona et al., 2006; Rego et al., 2010),
which are considered to be the main reparative cell line in the case of root resorption (Jimenez-
Pellegrin and Arana-Chavez, 2007; Gotz et al., 2006; Casa et al., 2006). In these studies,
LIPUS upregulated proteins including ALP, therefore stimulating mineralization by these cells.
This may have led to the reparative effect of LIPUS on cementoblasts in the present study,
which resulted in less lacunae depth and volume in the LIPUS and OIGFs+LIPUS groups
compared to the control group. Since OIGFs have stem cell properties (Figure 4-1) and also
have increased ALP activity (Figure 4-2), LIPUS stimulation may have also upregulated ALP
activity in these osteogenic cells and may have induced their differentiation into cementoblast-

like cells because of their possible multipotent potential.

In a clinical study, LIPUS was reported to have minimized root resorption by means of
accelerating healing of resorption by reparative cementum when LIPUS was applied

simultaneously with orthodontic tooth movement (EI-Bialy et al., 2004). In another study,
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LIPUS was shown to regulate osteoclast differentiation through the OPG/RANKL ratio (Liu et
al., 2012). This initiated the reparative effect of LIPUS on OIRR, since osteoclast activity

decreased due to its application.

Gingival cells have been reported to inhibit osteoclast activity (de Vries et al., 2006). This
inhibition is a property of osteoblasts. It may be possible that gingival cells contain many
similar properties as osteoblasts, therefore may aid in the reparative process of OIRR as
osteoblasts would. This may have been evident in the present study since the OIGFs group and
the OIGFs+LIPUS group each had significantly less root resorption depth and volume

compared to the control.

V.IV. Limitations

The present study suggests that LIPUS, OIGFs, and the combination of both LIPUS and OIGFs
may be promising treatments for repair of OIRR. However, there are many limitations to the
present study, which prevents it from direct translation into clinical research. When obtaining
and characterizing the types of cells used in the present study, it would have more reliable to
use a homogeneous population of gingival cells, possibly mesenchymal stem cells. This study
shows that this population may have consisted of variety of different types of cells. This may
have caused a decrease in the effect of the cells in repairing OIRR that would have otherwise

been evident if a pure population was employed.

The present study showed varying results of the effect of each type of treatment on OIRR

through histomorphometric analysis measuring the thickness of PDL tissues, including PDL
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and cementum. Since these results do not show definitive conclusions, only suggestive
conclusions, it cannot be concluded that treatment modalities had definite reparative effect on
root resorption. The present study simply measured the PDL tissues (PDL and cementum) on
compression and tension sides of the tooth root because bodily tooth movement in the mesial-
distal direction mainly affects compression and tension sides of the root. Measurements on the
buccal and lingual sides of the root would have provided additional information for the present
study. Also, there may have also been a greater significant difference between treatments and
control group if cellular and acellular cementum was measured and compared separately, since

they vary between root levels.

Also, it is important to note that the measurements in the present study were only performed
once. To ensure reproducibility, these measurements of histomorphometric and pCT would
need to be performed again either by the same researcher or another researcher using an intra-

reliability test or inter-reliability test, respectively.

Since the present study only considered histological analyses (histomorphometric and uCT),
greater details on protein and gene expression levels in each group using RT-PCR and
immunohistochemistry would have been provided in order to accurately determine the full
effect of LIPUS and/or OIGFs on OIRR. Also, looking at these treatment modalities’ effects on
inflammatory mediators such as IL-1, IL-6, and TNF-alpha in OIRR could aid in assessing

their effects on the inflammatory process.

Finally, this study was unable to mark and track OIGFs that were injection into the PDL. Using
long-term cell markers would allow the localization of the injected cells to be determined,

supporting the assumption that they were incorporated into the PDL and actually had an effect
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in the reparative process. The length of the study while using cell markers would have to be
considered. To translate this research into clinical research and then clinical treatment of
OIRR, the study would have to be increased in duration in order to make it clinically realistic.
However, currently there are no cell markers that are available for a length of study as the

present one, or are there any for a study with a longer, more clinically-relevant time frame.

V.V. Future work

Based on the results of the present study and the limitations of this work, there are
recommendations available for future work in order to further reveal and demonstrate the effect
of LIPUS and OIGFs on repair of OIRR. A future study in which a more homogeneous
population of mesenchymal stem cells derived from the gingiva would show more reliable and
definitive evidences that GFs, osteogenically-induced or not, do have an effect on repair of root
resorption. Tracking these stem cells using cell markers would allow localization of these cells
to be determined after their incorporation into the PDL. It may also be interesting to look at
different concentrations of cells injected as opposed to one concentration used in the current

study.

Another suggestion for future studies on the current topic would be to employ another control
group that did not receive orthodontic tooth movement. Since the current study involved
manipulation to each treatment and control group, it would be more helpful to include a group
that did not receive any manipulation in order to correctly compare between treatments and

negative and positive controls.
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It is also important to consider the topic of prevention of OIRR. A further suggestion for future
work would include the use of LIPUS and/or OIGFs during orthodontic tooth movement
application instead of post-movement. Since OIRR involves an inflammatory process, anti-
inflammatory properties of LIPUS and suppressive activity of MSCs should be explored. A
report on the immunosuppressive properties of MSCs revealed that these cells, in addition to
their regenerative properties, hold an immunoregulatory capacity due to their low expression of
MHCH-II and direct cell-to-cell interactions (De Miguel et al., 2012). This future study may
show greater statistical significance in prevention of OIRR than the current study that

examined the repair of OIRR.

In order to continue such research towards clinical trials, a pre-clinical in vitro study is
required. This study would need to determine the effect of LIPUS and OIGFs on human tooth
roots that have been subject to orthodontic tooth movement. Tracking these cells would be
required, however, would only be limited to observing these cells in the root cementum, since
the PDL and bone of the human periodontal tissues could not be available in an in vitro study
because of ethical reasons. Also, determining whether or not osteogenically inducing GFs is

required for OIRR repair would be helpful.

V.VI. Conclusions

The present study showed the effect of LIPUS and OIGFs, alone or in combination, on repair
of OIRR. Histomorphometric analyses suggest that LIPUS and OIGFs+LIPUS treatments may
have been effective at increasing cementum thickness near the apex of the tooth root on the

compression side. Further results of the study show that none of the treatments had an effect on
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the width of the PDL, however, LIPUS, OIGFs and the combination of the two treatments may
have been effective at increasing PDL cellularity on the tension side of the root. The
combination of LIPUS and OIGFs did not have a greater reparative effect on PDL tissues

compared to each treatment used alone.

Using uCT analysis of the root, it was shown that there was no effect of any of the treatments
on root length or root resorption lacunae length. Measurements of root resorption depth and
volume show that there may have been a significant effect of LIPUS, OIGFs, and
OIGFs+LIPUS on repair of OIRR since these treatments decreased these two measurements
when compared to the control group. However, the effect of the combination of OIGFs and

LIPUS was not significantly greater than each treatment alone.

Although additional studies are required in order to determine the full reparative effect of these
treatments, the present study may possibly suggest that LIPUS and OIGFs, used alone or in

combination, could be a future technique for repair of orthodontically induced root resorption.
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Appendix

Appendix 1 continued

CLINICAL SIGNS CHECKLIST
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Appendix 1-1: Clinical signs checklist.
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PAIN ASSESSMINT IN T1LE L ¥
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Appendix 1-2: Pain Assessment In The Dog Pain Scoring Sheet.
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