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ABSTRACT

Distraction osteogenesis (DO) is a surgical technique used to treat limb
length discrepancies, limb deformities, long bone non-unions and bone loss due to
trauma, infection or malignancies. In this surgical method a transverse osteotomy
is performed and the fractured bone is stabilized using the Ilizarov fixation
system. After a short latency period, the two ends of the fractured bone are
slowly pulled apart, stimulating new bone formation within the distracted gap.
After the distraction is completed, the newly formed bone is allowed to fully

consolidate.

One of the main limitations of DO is the long consolidation period
required for the bone to heal. Different methods have been researched to
accelerate the consolidation phase of DO, including the exogenous application of
bone morphogenetic proteins (BMPs). BMPs are growth factors that are required
in the bone developmental pathway. Although numerous studies have tested
pharmacological doses of BMP2 and BMP7 using different animal models of DO,
the physiological role of BMPs during DO still remains poorly understood.
Hence, in this study we investigated the physiological role of BMP2 in a

heterozygous conditional BMP2 knockout model of distraction osteogenesis.

Distraction osteogenesis was performed on the right tibia of forty wild-
type BMP2 "™ mice and heterozygous BMP2 ' mice using a miniature version
of the Ilizarov fixator. Mice underwent a latency period of 5 days, a distraction
period of 12 days (distraction rate of 0.2 mm every 12 hours) and a consolidation
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period of 34 days. Distracted samples were collected from four time points: 11
days (mid-distraction phase), 17 days (end of distraction phase), 34 days (mid-
consolidation phase) and 51 days (end of consolidation phase). Samples were
studied using uCT, Faxitron x-ray, immunohistochemistry, histology, Real Time-

quantitative PCR and biomechanical testing.

Results from this study showed that reducing BMP2 expression through
gene dosage had an effect of delaying the consolidation process in the
heterozygous mice. pCT analysis of static histomorphometric parameters
revealed a statistically significant decrease in trabecular number and increase in
trabecular separation at 51 days in the heterozygous mice. Immunohistochemical
studies demonstrated a decrease in the expression of BMP2, BMP7, BMPR1a,
ACTR1, ACTR2b at 34 days post-osteotomy, which can account for the poor
bone formation patterns observed during the consolidation phase of DO.
Consistent with these results, biomechanical testing of 51 day samples revealed a
decrease in stiffness and increase in ultimate displacement in the heterozygous

mice compared to the wild-type controls.

Therefore, results from this study suggest that BMP2 exerts a

physiological role during DO.



RESUME

L’ostéogenése par distraction (OD) est une technique chirurgicale utilisée pour
traiter des dissymétries des membres et des défauts osseux suite a un traumatisme,
une infection ou une maladie. Dans cette méthode, une ostéotomie est faite et I'os
fracturé est stabilis¢ par un fixateur externe de type Ilizarov. Durant la période de
distraction, les extrémités de 1'os sont tirées lentement I'une de 'autre, ce qui
stimule la nouvelle formation d'os dans la zone de distraction. Ensuite, la phase

de consolidation permet I’ossification de tissu nouvellement formé.

Le probleéme principal de I’OD est que la période de consolidation est tres longue.
De recherches ont été faites afin d’accélérer la phase de consolidation de 1’OD tel
que l'application des protéines de la morphogenése osseuse (BMP). Les BMP sont
nécessaires pour le développement osseux. Bien que beaucoup d’études ont
analysé les effets de doses pharmacologiques de BMP2 et BMP7 en utilisant des
modeles animaux de I’OD, le r6le physiologique des BMP est encore inconnu.
Donc, pour cette étude nous avons analysé le réle physiologique de BMP2 durant

1I’OD chez des souris ayant une déficience en BMP2 localisée dans les membres.

) o ) . R fI/+ .
Nous avons soumis le tibia droit de souris controle-BMP2 ™" et de souris

hétérozygotes-BMP2 " ere

a ’ostéogenese par distraction en utilisant un fixateur
[lizarov miniaturisé. Les souris ont subi une période de latence de 5 jours, une
période de distraction de 12 jours (avec un taux de distraction de 0.2 mm chaque
12 heures), et une période de consolidation de 34 jours. Les échantillons ont été

recueillis a 11, 17, 34 et 51 jours, et analysés par uCT, rayons X,
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immunohistochimie, histologie, par PCR en temps réel, et par un examen

biomécanique.

Les résultats de cette étude ont montré que la diminution de I’expression de
BMP2 dans les membres hétérozygotes avait pour effet de ralentir le processus de
consolidation. L'analyse des paramétres pCT d’échantillons de 51 jours a révélé
une diminution significative dans le nombre de trabécules et une augmentation
significative dans la séparation des trabécules dans les souris hétérozygotes.
L’analyse par immunohistochimie a démontré une réduction dans l'expression de
BMP2, BMP7, BMPR1a, ACTR1, ACTR2b a 34 jours apres la chirurgie; ce qui
pourrait contribuer a la formation d'os retardée pendant la phase de consolidation
de I’OD. L’examen biomécanique des échantillons hétérozygotes a 51 jours a

révélé une diminution de la raideur et une augmentation du déplacement ultime.

En conclusion, les résultats de cette étude suggerent que BMP2 a un rdle

physiologique au cours de I’OD.
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1.0-INTRODUCTION
1.1- Distraction Osteogenesis

Distraction osteogenesis (DO) is a surgical procedure used to treat limb
length discrepancies, bone deformities & non-unions and bone loss resulting from
congenital conditions, trauma, infection or osteomyelitis (Ilizarov.1989a,b;
Ilizarov. 1990). The process of distraction osteogenesis involves performing a
transverse osteotomy at the affected site, fracturing the bone. Post-osteotomy, the
fractured bone is kept in position using a stable circular Ilizarov external fixation
system. The Ilizarov fixator is a cylindrical apparatus containing two metallic
rings (each ring contains two wires that are transfixed to the bone) that are
connected to each other by three long threaded rods (Fig. 1). During distraction,
the two ends of the fractured bone are gradually pulled apart at a fixed rate of 1.0
mm/day in humans for a specified period of time. Using the host’s bone
regenerative abilities, distracting the two fractured ends stimulates newly
remodeled bone to form within the lengthened gap. Following distraction, the

newly formed bone is allowed to heal until full consolidation.

1.1.1-Historical Background

In 1951, Dr. Gavriil Abramovitch Ilizarov developed the surgical
technique of distraction osteogenesis. Ilizarov first sparked his idea of DO when
a patient mistakenly started turning the rods of his circular external fixator.
Ilizarov noticed that progressively, new bone had developed within the fractured
gap. Intrigued by this biological finding and its potential use in clinical treatment,

Ilizarov began researching the technique using animal models. In 1980, Ilizarov
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Figure 1 Distraction Osteogenesis on a Wild-Type Mouse Tibia.

(A) A miniature version of the llizarov external fixator is used on the mouse model of DO. (B) An X-ray
image of a mouse model of DO reveals an osteotomy was made on the right tibia of the mouse and stabi-
lized using an llizarov fixation system. Post-osteotomy, the two ends of the fractured bone were pulled
apart at a fixed rate of 0.5 mm every 12 hours, stimulating bone regeneration to occur within the

distracted gap.
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successfully treated Carlo Mauri’s, an Italian explorer, case of pseudoarthrosis
using DO. Mauri was very impressed with the results of his surgery and he set
out with Ilizarov to introduce this novel method of fracture treatment to the
orthopedic community. By the mid-1970s and 80s, DO had gained public
recognition and was commonly practiced around Western Europe and North

America (Ilizarov. 1990).

1.1.2-Principle of Tension-Stress

Ilizarov and colleagues derived the Principle of Tension-Stress to explain
the bone regenerative mechanism used during DO. The Principle of Tension-
Stress states that the slow and steady traction of a living tissue metabolically
activates biosynthetic and proliferative pathways involved in bone regeneration
within the distracted zone (Ilizarov.1989a,b; Ilizarov. 1990). According to this
theory, the quality of bone that develops within the distracted zone depends on
several factors: the stability of the external fixation system, the amount of damage
induced to environment of the distracted zone, the rate of distraction and the

frequency of distraction.

A stable external fixation system used during DO allows for rapid
consolidation of the fractured gap with minimal formation of fibrocartilaginous
tissue. Furthermore, a stable Ilizarov device ensures that there is proper
alignment of the fractured bone at the osteotomy site and decreases the risk of
damaging the surrounding periosteal tissue that may be induced by movement of

osseous fragments. An unstable fixation system that contains unsteady frames
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with loosely attached wires to the bone may result in a delay in consolidation and

the formation of fibrous nonunion (Ilizarov.1989a,b; Ilizarov. 1990).

Minimizing the damage to the surrounding environment of the distracted
zone (i.e. bone marrow, periosteal tissues and blood vessels) is necessary for
maintaining proper bone healing of the bony bridge. Alongside with a stable
fixation system, the type of osteotomy performed during DO also affects the
surrounding soft tissue and angiogenic system. In many cases, surgeons may
prefer a closed osteoclasis over an open osteotomy technique because it is a less
invasive technique. The closed osteoclasis technique relies on the use of a curved
wire to break the cortex of the bone without making an open incision on site,
minimizing damage to the bone marrow and soft tissue present at the osteotomy
site. Contrarily, an open osteotomy involves making an open incision to break the
bone at the affected site, leaving the risk for infection (Ilizarov.1989a,b; Ilizarov.

1990).

Ilizarov tested different rates and frequencies of distraction on a canine
model of DO to determine the optimal conditions for bone regeneration within the
distracted zone. For the first set of experiments, Ilizarov and colleagues tried
distracting canine tibiae at the minimal rate of 0.5 mm/day using two conditions:
1) distraction at a frequency of 0.125 mm every 6 hours and 2) distracting the
tibiae with an autodistractor at a frequency of 0.085 mm every 24 minutes. The
results showed that the tibial samples that were subjected to condition 1

developed some osteogenic activity & premature ossification, however, the
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osseous fragments remained relatively unconsolidated. Tibial samples that were
distracted using the autodistractor in condition 2 demonstrated better
consolidation patterns than condition 1. For the second set of experiments, a
distraction rate of 1.0 mm/day was tested under three conditions: 3) distraction at
a frequency of 1.0 mm every 24 hours, 4) distraction at a frequency of 0.25 mm
every 6 hours and 5) distraction using an autodistractor that lengthens the canine
bone 0.017 mm every 24 minutes. The results showed that tibia exposed to
condition 3 developed very low density bone within the distracted gap 28 days
post-osteotomy. Distracted tibial samples that were subjected to condition 4
displayed partial consolidation of the fractured bones, containing dense bone that
had partially remodeled into new cortical bone 60 days post-osteotomy. Bones
subjected to condition 5 produced the strongest bone at 60 days post-osteotomy:
the distracted zone contained newly remodeled cortical and trabecular bone that
resembled the host’s original bone. In the last set of experiments, the distracted
tibial samples that underwent a maximal rate of 2.0 mm/day developed a callus
that was largely composed of dense fibrous tissue with very little osteogenic
activity. Further histological analysis was conducted on distracted canine tibial
sections testing all three rates. Sections were measured for succinyl
dehydrogenase (a marker for osteogenic activity), alkaline phosphotase (ALP-a
marker for matrix mineralization) and ATPase (a marker for the rate of osteoblast
formation in primary bone matrix). Histological analysis revealed that sections
from condition 5, using an autodistractor to distract samples at rate of 1.0 mm/day
and a frequency of 0.017 mm every 24 minutes, exhibited the most osteogenic

activity within the distracted gap; with the highest levels of succinyl
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dehydrogenase, ALP and ATPase activity. Based on these results, Ilizarov
concluded a distraction at a rate of 1.0 mm/day with increased frequency of turns
during distraction produced the highest levels of osteogenic activity with a short

consolidation period (Ilizarov.1989a,b; Ilizarov. 1990).

Thus, in accordance to the Principle of Tension and Stress, optimal
conditions for the proper consolidation of the distracted zone during DO include
containing a stable external fixation system with a strong frame and wires that are
tightly secured to bone, minimizing disturbances to the surrounding soft periosteal
tissues, bone marrow and blood vessels around the zone of distraction and using a

distraction rate of 1.0 mm/day with increased frequency of turns.

1.1.3-Phases of Distraction Osteogenesis

Distraction osteogenesis is divided into three major phases: the latency
phase, the distraction phase and the consolidation phase (Fig. 2). Following the
first day post-osteotomy, the latency phase lasts a period of five to seven days
when there is no distraction and callus formation is initiated. A latency period
longer than five days can lead to premature ossification of the distracted zone.
After the latency period, the second phase of DO is the distraction or lengthening
phase. During the elongation period, the two fractured ends are gradually
distracted at a rate of 1.0 mm/day (minimum frequency of four increments of 0.25
mm every 6 hours) till the desired length is reached. Distraction in multiple steps
instead of once per day develops strong bone within the distracted zone without

the formation of a cartilaginous intermediate that may
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Days post-osteotomy

11 17 34

Distraction Consolidation
period period

Figure 2 Phases of Distraction Osteogenesis.

Radiological images of a wild-type mouse model of DO demonstrate the process of bone regeneration
within the distracted gap. Distracted tibial samples were collected from the different phases of DO.
Following distraction, the x-rays revealed the distracted zone was gradually filled with newly mineralized

bone.
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contribute to delayed consolidation. The act of distracting the two bony
fragments enhances angiogenic activity, activating intracellular pathways that
recruit cells to the fractured site. As distraction progresses, fibroblast-like cells
grow parallel to the direction of the tension-stress vector in the lengthened gap.
The fibroblast-like cells produce collagen fibers that condense into bundles
throughout the callus. In addition, osteoblasts deposit osteoid along the collagen
fibers, beginning the consolidation phase of DO. During the consolidation phase,
the fixator is left in place until the bone acquires enough strength to withstand
mechanical stress of everyday activities. This period can last for months
depending on the distraction length, since the patient is required to keep on the
Ilizarov device on for a month for every centimeter distracted. During
consolidation, the process of bone remodeling continues developing trabecular
and cortical bone within the callus. The remodeled bone within the distracted gap
usually contains the same properties as the host’s original bone (Ilizarov.1989a,b;

[lizarov. 1990).

1.1.4-Bone Development during DO

There are two types of ossification that are essential for osteogenesis:
endochondral and intramembranous ossification (Fig. 3). These two bone
developmental mechanisms are used to produce the long and flat bones of the
body. The difference between these two processes of ossification is that
intramembranous ossification involves a one-stage process where mesenchymal

cell-derived osteoblasts produce bone, whereas endochondral ossification
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involves a two-step mechanism that uses a cartilaginous intermediate to develop

new bone (Ducy et al., 1998).

Both methods of ossification are initiated by mesenchymal stem cell
condensation. The condensed mesenchymal cells that take part in
intramembranous ossification develop into preosteoblast cells (Vaes et al., 2006).
These preosteoblast cells further differentiate into mature osteoblasts to take part
in the bone remodeling process, forming woven bone (Tsiridis et al., 2007).
Contrarily, the multistage process of endochondral ossification is initiated with
mesenchymal condensation and the production of type II collagen. Mesenchymal
cell-derived chondrocytes undergo proliferation and perichondrial cells start
expressing type I collagen (Kosher et al., 1986). The type II collagen-expressing,
proliferating chondrocytes form a cartilaginous template. Eventually, the
chondrocytes stop proliferating and become pre-hypertrophic. The pre-
hypertrophic chondrocytes mature into hypertrophic chondrocytes that express
type X collagen and participate in matrix mineralization. Following maturation,
the hypertrophic chondrocytes undergo cell death by apoptosis (Provot et al.,
2005). Periosteal-derived osteoblasts and newly formed blood vessels invade the
cartilaginous template for trabecular bone formation eventually forming the
primary spongiosa (Hartmann. 2007). With continual bone remodeling by
osteoblasts and osteoclasts, the center of the primary spongiosa is split into two
epiphyseal growth plates that are pushed apart in opposite directions (Provot et

al., 2005).
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Figure 3 Endochondral Ossification vs. Intramembranous Ossification

There are two types of ossification involved in bone repair: (A) endochondral and (B) intramembranous
ossification. These two bone developmental mechanisms are used to produce long and flat bones in the
body. Both methods of ossification commence with mesenchymal condensation that eventually
produces mineralized bone. Intramembranous ossification involves a one-stage process where
mesenchymal cell-derived osteoblasts produce bone whereas endochondral ossification involves a

two-step mechanism that uses a cartilaginous intermediate to develop long bones. (Figure adapted from
QOrnitz et al., 2002)
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Studies analyzing a homozygous Core binding factor a 1 (beal'/ D)
knockout mouse model showed that these mice lacked complete bone formation
and were compromised of both endochondral and intramembranous ossification
(Otto et al., 1997). Cbfal also known as Runt-related transcription factor 2
(Runx2) is a transcriptional factor that is required for osteoblast differentiation
(Amir et al., 2007). The Cbfal” mice died shortly after birth due to respiratory
failure and incomplete formation of the rib cage. Characteristic properties of the
Cbfal” mice included small stature, lack of mineralization in the skull, mandible,
humerus, femur and clavicle, lack of osteoblast differentiation and bone marrow
vascularization. Thus, this study demonstrates the importance of these two forms

of ossification in bone development (Komori et al., 1997; Otto et al., 1997).

The types of ossification used during DO have been extensively studied.
Kojimoto and colleagues completed DO on young Japanese rabbits, stabilized by
a unilateral dynamic fixator. These researchers proposed that endochondral
ossification was the main bone development process during DO as they only
detected the presence of elongated cartilaginous cells and hypertrophic
chondrocytes in the callus via histology (Kojimoto et al., 1988). Contrarily,
Delloye and colleagues performed DO on adult mongrel dogs using a circular
external fixation system. Histological analysis of the distracted canine samples
revealed that intramembranous ossification was used to form bone within the
distracted gap (Delloye et al., 1990). Similarly, Arnonson and colleagues
performed DO on a canine model using two types of fixators, the Ilizarov fixator

and the Wagner fixator, and also noticed that intramembranous ossification was
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the only mechanism used for bone formation during DO (Arnonson et al., 1989).
In contrast, Rauch and colleagues performed DO on New Zealand rabbits. The
osteotomy was completed on the right tibia of the rabbits and stabilized using
Orthofix uniplanar fixators. Results indicated that both types of ossification were

present in this rabbit model of DO (Rauch et al., 2000).

A group of Japanese researchers detected the presence of three types of
ossification used within a rat model of DO: endochondral, intramembranous and
transochondroid ossification. Distraction osteogenesis was performed on adult
rats, in which bony fragments were supported by a monolaternal external fixator.
Histological findings showed the formation of a fibrocartilaginous-based callus
that became hypertrophic during early distraction, indicating endochondral
ossification was used during this time point of DO. By 10 to 20 days of
distraction, histological images revealed the presence of preosteoblasts,
osteoblasts and fibroblast-like cells within the cartilaginous callus. Eventually,
the cartilaginous callus was resorbed and replaced with new bone, demonstrating
that intramembranous ossification was used during the late distraction phase of
DO. In between these two phases of bone development, transchondroid
ossification was observed during the mid-distraction phase of DO. During
transchondroid bone formation, chondrocyte-like cells produced chondroid bone,
an intermediate type of tissue that contained properties of both cartilage and bone.
The chondroid matrix resembled bone matrix more than a cartilaginous matrix.
Furthermore, round chondrocyte-like cells and smaller osteocyte-like cells were

present in the histological sections of transchondroid bone. In-situ hybridization
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further confirmed the types of ossification present during each phase of distraction

(Yasui et al., 1997).

Based on the Principle of Tension and Stress, Ilizarov observed that type
of bone formation that occurred within a distracted gap depends on the stability of
the external fixation system. A stable fixation system ensures that the
surrounding bone marrow and periosteal tissues around the fracture site are intact,
allowing bone regeneration to occur without the development of cartilaginous
intermediate. Thus, Ilizarov concluded that intramembranous ossification is the
main method of bone development used within a healthy callus of DO
(Ilizarov.1989a,b; Ilizarov. 1990). Contrarily, a cartilaginous callus may form
within the distracted site via endochondral ossification when there is an unstable
fixation system. A cartilaginous callus is usually formed to stabilize and support

the fractured segments within the distracted gap (Zhu et al., 1999).

1.1.5-Complications and Drawbacks of DO

There are many complications that can arise during surgery, such as the
multiple pin insertion at one site can reduce joint mobility and pin insertion
through a nerve may result in paralysis of a patient (although such cases are fairly
uncommon). Other complications include pin insertion through a vein or artery
that may cause vascular damage contributing to hypertension or edema, pin site
infections and an incomplete osteotomy preventing the distraction of the fractured

segments. Post-consolidation, there may be a possibility that the bone can
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refracture in the distracted site or a different site during the removal of the

external fixator (Paley. 1990).

The main drawback associated with DO is the long period of time patients
are required to keep on the external fixation system on the affected site (Paley.
1990). For every centimeter the bone is lengthened, the external fixator has to
been kept on for one month (i.e. if a patient requires ten centimeters of
lengthening, the fixator must kept on for ten months). This drawback can cause
financial and psychological problems for the patient and also lead to problems
with patient compliance. Thus, researchers are studying methods to accelerate the

consolidation phase of DO.

1.1.6-Attempts to Accelerate DO

Many studies have been conducted using animal models to analyze the
effects of physical and molecular methods that can potentially accelerate the
consolidation phase of DO (Paley. 1990). Physical methods have included the use
of mechanical stimulation (Greenwald et al., 2000; Kim et al., 2006) and the
application of low-intensity pulse ultrasound (LIPUS) (Malizos et al., 2006;
Sakurakichi et al., 2004; Eberson et al., 2003; Shimazaki et al., 2000; Claes et al.,
2005). Whereas, biological methods have included the transplantation of bone
marrow (Kitoh et al., 2007) and osteoblastlike cells into the fracture site (Tsubota
et al., 1999; Takamine et al., 2002), the local injection of bisphosphonates (Riggs
et al., 2005; Takahashi et al., 2006), and peptide growth factors (Yeung et al.,
2001).
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1.1.6.1-Mechanical Stimulation

There have been few attempts using mechanical stimulation, such as
compressive stimulation, to increase the consolidation phase of DO. The
application of compressive stimulation during the distraction phase of mandibular
DO demonstrated no significant changes in bone regeneration (Greenwald et al.,
2000). Kim et al. studied the effects of compressive stimulation during early
consolidation in a rat model of mandibular DO. DO was performed on the
mandible of rats followed by a 3 day latency period, a 4 day distraction period (a
distraction rate of 0.25 mm/day twice daily) and a 7 day consolidation period. A
compressive force was applied in the direction opposite to distraction at the
compression rate of 0.25 mm/day twice daily for the first four days of
consolidation. Therefore, after a total of 4.0 mm of distraction and 2.0 mm of
compression, the total distraction length was 2.0 mm. Controls were subjected to
the same conditions of distraction in the absence of compression. Histological
and radiological data demonstrated the presence of a softer callus that had
primarily developed via intramembranous ossification in the experimental rat
groups compared to the control group during early consolidation. By late
consolidation, the compressive force helped decrease the size of the distracted
gap, forming a thicker volume compact bone regenerate. Thus, the use of
compressive stimulation during the consolidation phase of mandibular DO
possibly contributed to the formation of more mature and dense bone by
accelerating the differentiation of osteoprogenitor cells to osteogenic cells (Kim et

al., 2006).
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1.1.6.2- Low-Intensity Pulse Ultrasound (LIPUS)

Low-intensity pulsed ultrasound or (LIPUS) has also been studied for the
acceleration of bone healing during DO. LIPUS is a form of mechanical energy
that travels to the site of bone repair as pressure waves. At the fracture site,
LIPUS enhances the process of angiogenesis, facilitating the exchange of
nutrients and waste removal among cells and stimulating the differentiation and
proliferation of fibroblasts, chondroblasts and osteoblasts. However, the exact
mechanism of LIPUS interaction with the surrounding soft tissue environment of

the fracture site still remains poorly understood (Malizos et al., 2006).

Sakurakichi and colleagues studied the application of LIPUS during the
distraction phase of DO. DO was performed on the right tibia of white Japanese
rabbits using unilateral external fixators (7 day latency period, 7 day distraction
period using a distraction rate of 1.5 mm/day and 7 day consolidation period).
LIPUS was applied to the fracture site of rabbits using an ultrasound transducer at
200us burst of 1.5 MHz sine waves at a frequency of 1.0 kHz for 20 minutes post-
distraction each day (the same conditions are used in humans). The data showed
that application of LIPUS during the distraction phase of DO resulted in early
bone mineralization with high trabecular bone formation and increased
mechanical strength of the distracted rabbit tibia (Sakurakichi et al., 2004).
Similar results were observed in another rat model when LIPUS was applied

during the consolidation phase of DO. LIPUS-treated rats that underwent
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unilateral femoral lengthening exhibited early bone healing, increased bone

volume and trabecular bone formation (Eberson et al., 2003).

Shimazaki’s group also studied the effects of LIPUS application during
the consolidation period of DO. DO was performed on the right tibia of white
Japanese rabbits that were stabilized by unilaternal fixators. These rabbits
underwent a 7 day latency period, 10 day distraction period using a distraction
rate of 0.5 mm every 12 hours and a 21 day consolidation period. LIPUS was
applied to the distracted site of rabbits using conditions used to treat humans. X-
rays and mechanical testing showed that LIPUS-treated rabbits contained an
increase in bone mineral density and hard callus formation at the distracted site
compared to the LIPUS-untreated controls (Shimazaki et al., 2000). Claes and
colleagues also analyzed the outcomes of LIPUS stimulation on a sheep model of
DO. DO was performed on the metatarsus of sheep using a custom-made fixation
system. The sheep underwent 4 days of latency, 16 days of distraction using a
distraction rate of 0.5 mm every 12 hours and a 64 day consolidation period. The
sheep were stimulated with LIPUS for 20 minutes each day starting the first day
of consolidation. Results demonstrated a greater axial stiffness and early callus
formation in the LIPUS-treated sheep. In addition, a 32% increase in bone
formation was observed in the LIPUS-treated sheep compared to the controls that
was predominantly formed via endochondral ossification. This process of callus
development in the LIPUS-treated sheep is quite different from the LIPUS-

untreated controls that primarily form bone via intramembranous bone formation.
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Thus, LIPUS treatment may enhance endochondral bone formation within the

distracted gap (Claes et al., 2005).

1.1.6.3-Transplantation of Bone Marrow Cells (BMCs)

Some of the recent advances in tissue engineering, such as the
transplantation of bone marrow cells (BMCs), have been studied in animal models
to shorten the consolidation period of DO. The transplantation of multipotent
BMCs during DO that develop into osteogenic progenitors may enhance bone
formation within the fracture site. The advantages of BMC transplantation
include the easy isolation of these cells from bone marrow sections and it is a safe
treatment with relatively few side effects (Kitoh et al., 2004). Although there are
many advantages of using BMC transplantation, researchers have to ensure BMCs
are properly delivered to the distracted site for optimal BMC function. Thus, the
choice of osteoinductive factors and type of scaffold are important for BMC
transplantation during DO. Kitoh and colleagues discovered that the combination
of culture expanded BMCs in platelet-rich plasma (PRP) stimulated bone
regeneration in patients that had undergone tibial or femoral lengthening. PRP
supplied osteoinductive factors, such as platelet-derived growth factor (PDGF),
insulin-like growth factor-1(IGF-1) and transforming growth factors (TGF-s)
that are necessary for bone regeneration. Furthermore, the use of a biodegradable
scaffold helped prevent infection and inflammation of the fracture site (Kitoh et

al., 2007).
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In Kitoh’s study, patients had undergone tibial or femoral lengthening
stabilized with a monolateral fixator. Patients were allowed to rest for a 7 to 14
day latency period, after which a distraction rate of 0.5mm every 12 hours was
applied to patients. BMCs were collected from the iliac crest and grown in
culture in the presence of osteogenic supplements. The BMCs were dissolved in
venous blood derived- PRP. Upon the injected delivery of BMC-PRP using a
bovine collagen scaffold to the distracted site 21 days post-surgery, a mixture of
calcium and thrombin was also injected into the fracture site to help clot
formation. Assessment of bone regeneration within the lengthened zones was a
difficult process as it because it was affected by many factors such as the age of
the patient, the required distracted length and the time required for complete
consolidation. Thus, a standardized healing index was measured for each patient.
This healing index was calculated by the division of the time required for
complete consolidation by the total distracted length observed by x-ray analysis.
BMC-PRP-treated patients had a smaller healing index than untreated patients,
demonstrating a decrease in the consolidation time for DO. Furthermore, a delay
in consolidation was observed in 45% of untreated BMC-PRP patients compared
to the BMC-PRP-treated patients that exhibited normal bone healing patterns.
Thus, the combination of BMC-PRP transplantation in the distracted site of
patients can promote vascular invasion of the fractured zone, accelerating the

bone regenerative process during DO (Kitoh et al., 2007).
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1.1.6.4- Transplantation of Osteoblastlike cells

Similar to the transplantation of BMCs, periosteum-derived osteoblastlike
cells were also used to stimulate bone regeneration during DO. Tsubota and
colleagues studied the effects of osteoblastlike cell transplantation in a rabbit
model of DO. Tibial lengthening was performed on white Japanese rabbits
stabilized by a hemilateral external fixator (7 day latency period, 20 day
distraction period with a distraction rate of 1mm/day and sacrifices were made
every 2 weeks during consolidation). Rabbits were divided into three groups:
group 1- a control group that underwent distraction without the transplantation of
osteoblastlike cells, group 2- a control group of rabbits that were only injected
with physiological saline and group 3-test group of rabbits that were injected with
periosteum-derived osteoblastlike cells dissolved in physiogical saline. Results
showed that group 3 rabbits contained larger and stronger callus formation than
the controls as measured by a high transaxial area ratio and three point-bending
analysis. The transaxial area ratio was calculated by dividing of the area of
distraction by half of the combined distal and proximal diaphyseal areas.
Furthermore, the bone mineral density of group 3 was 21% significantly higher
than that of group 1 controls and 42% higher than group 2 controls. Group 3
rabbits also displayed a significant increase in percent bone mineral density by 27
% two weeks into consolidation and by 20% four weeks into consolidation

(Tsubota et al., 1999).

In another study, bone marrow-derived osteoblastlike cells were

delivered using a collagen-based scaffold in a rat model of DO. DO was
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performed on the left femur of rats and stabilized using a unilateral fixator. Post-
surgery, rats were subjected to a 7 day latency period and a 10 day distraction
period with a distraction rate of 0.25 mm every 12 hours. Bone marrow-derived
osteoblastlike cells were injected into the distracted zone and rats were sacrificed
every two weeks post-transplantation. Controls were injected with either
physiological saline, collagen gel or bone marrow derived osteoblastlike cells.
Similar to Tsubota’s results, the rats that were treated with bone marrow-derived
osteoblastlike cells contained larger callus formation compared to the controls.
The group of rats that were treated with bone marrow-derived osteoblastlike cells
also contained an increase in fracture strength two, four and six weeks post-
transplantation as determined by three-point bending analysis. Therefore, both
studies demonstrated that the transplantation of osteoblastlike cells enhanced bone
formation in the rabbit and rat models of DO. It is possible that the
transplantation of the osteoblastlike cells population into the distracted zone
increased the number of osteogenic cells and recruited osteoinductive factors to
the fracture site that are necessary for bone regeneration, that may account for the

large callus formation (Takamine et al., 2002).

1.1.6.5-Bisphosphonates

Many of the previously mentioned methods for decreasing the
consolidation phase of DO have only focused on enhancing the anabolic effects of
bone remodeling. Contrarily, few attempts have been performed to modulate the
second component of the bone turnover process: decreasing catabolic activity

during DO in order to accelerate bone regeneration within the lengthened gap.
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The use of nitrogen-containing bisphosphonates has shown to increase bone
volume during DO. Bisphosphonates are anti-catabolic agents that are used to
treat high bone turnover diseases such as osteoporosis (Riggs et al., 2005).
Takahashi and colleagues studied the effects of administering nitrogen-containing
bisphosphonates on a rabbit model of DO. Rabbits underwent tibial lengthening
with a 5 day latency period, 21 day distraction period (distraction rate of 0.35mm
every 12 hours) and a consolidation phase of four weeks. Rabbits were injected
with 0.4 mg/kg of nitrogen-containing bisphosphonates for a period of 6 weeks
post-osteotomy. Controls were injected with vehicle only. Results showed that
the bisphosphonate-treated rabbits contained new bone with greater mechanical
strength in the osteopenic zones including 5.6x greater bone volume and 3.3x
greater mechanical resistance than the controls. Newly formed bone within the
distracted site usually has high bone turnover activity and contains areas of high
resorption known as osteopenic zones. Upon the administration of
bisphosphonates to rabbits, there was a decrease in osteoclast parameters within
the osteopenic zones, indicating a decrease in catabolic activity increased the rate

of bone formation during DO (Takahashi et al., 2006).

1.1.6.6-Growth Factors

The use of different growth factors may potentially be the most
resourceful technique for accelerated bone healing during DO. Different growth
factors have been analyzed in fracture healing studies including Transforming
growth factor 5 (TGF- B), Platelet-derived growth factor (PDGF), Insulin-like

growth factors (IGF), Fibroblast growth factor (FGF) and Bone morphogenetic
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proteins (BMP) (Yeung et al., 2001). However, BMPs have the strongest
osteoinductive properties and have generated substantial interest within

orthopedic community for its potential in stimulating bone regeneration during

DO.

1.2-Bone Morphogenetic Proteins (BMPs)

Bone morphogenetic proteins (BMPs) were first identified by Dr. Marshall
Urist in 1965 when he noticed at implantation of demineralized bone matrix in
different sites of a rodent model induced ectopic bone formation (Urist, 1965).
Twenty BMPs have been identified to date and except for BMP1, all BMPs are a

part of the transforming growth factor 8 (TGF- B) superfamily (Xiao et. al., 2007).

1.2.1-The Structure and Development of BMPs

Members of the BMP family are synthesized as a large inactive precursor
protein that consists of a signal peptide, a pro-domain and a mature peptide
(Kirker-Head, 2000). The mature peptide encodes for the functional properties of
BMP and is characterized by seven conserved cysteine residues. Upon secretion
from the cell, BMP is cleaved at an RXXR consensus sequence, releasing the
carboxyl-terminal mature peptide (Rosen. 2006). BMP is activated as the mature
peptide undergoes glycosylation and dimerization (Xiao et al., 2007). An active
BMP exists as a disulfide-linked homodimer of two identical BMP members or as
a more potent disulfide-linked heterodimer of two different BMPs (Kirker-Head.

2000), such as BMP4/7 or BMP 2/7 (Tsiridis et al., 2007).
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1.2.2-The BMP Pathway

BMPs interact with two types of serine/threonine kinase receptors: BMPRI
(i.e. activin receptor-like kinase-ALK2, ALK3 & ALK6) and BMPRII (i.e.T-
ALK, activin receptor -ActR2 & ActR2b) (Rosen. 2006). The BMP cascade is
initiated with the binding of the BMP ligand to BMPRII. BMPRII recruits and
phosphorylates the GS box (Gly-Ser box) of BMPRI, activating BMPRI (Kirker-
Head. 2000). Activated BMPRI then interacts with intracellular mediators of the
Mothers against decapentaplegic homologs (SMAD) family. BMPRI
phosphorylates a receptor-regulated SMAD or R-SMAD (i.e. SMAD1, SMADS
or SMAD 8). The BMP-SMAD complex is released from the receptor
heterodimer and interacts with common-partner SMAD or co-SMADA4, in the cell
cytoplasm. The heteromeric SMAD complex then translocates to the nucleus,
interacting with DNA-binding cofactors to modulate BMP-related gene
expression (Fig. 4) (Rosen. 2006). Once BMP-related gene expression is
initiated, the R-SMAD becomes proteolytically degraded with the involvement of
factors such as Smad ubiquitin regulatory factors (SMURFs) (Miyazono et al.,
2000; Kavsak et al., 2000). Aside from the SMAD signaling pathway, BMPs can
also activate intracellular substrates of the Mitogen-activated protein kinase

(MAPK) family and other downstream pathways (Wan et al., 2005).

1.2.3-Downstream Pathways: ERK-MAPK Pathway
Many ERK-MAPK members are involved in the crosstalk with BMP
signaling pathway members; they can phosphorylate different SMADs and

participate in the regulation of BMP activity on an intracellular level. The ERK-
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MAPK pathway is initially activated by the binding of ligands, such as Epidermal
growth factor (EGF) or Hepatocyte growth factor (HGF), with tyrosine kinase
receptors (von Bubnoff et al., 2001). The activated ERK kinase then
phosphorylates serine residues of the conserved PXSP motifs that are present in
the linker region of SMAD1, SMAD2 and SMAD 3. Furthermore, the activated
ERK kinase can also phosphorylate other regions of SMAD members, such as the
MH1 domain of SMAD2. However, the exact mechanism of ERK-MAPK

signaling still remains poorly understood (Derynck et al., 2003).
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Figure 4 BMP Signaling Pathway

The BMP signaling pathway isinitated with the interaction of aBMP ligand and two bone marphogenetic
protein receptors (BMPR Type | & BMPR Type II) that are serine/threonine kinase receptors. Once, a BMP
ligand binds to BMPRII, BMPRII recruits and transphosphorylates BMPRI. Phosphorylated BMPRI interacts
with intracellular substrates from the Mothers against Decapentaplegic Homologs (Smad) family,
Activated BMPRI then phosphorylates receptor-regulated Smad 1, 5 or 8. The phosphorylated Smad 1, 5
or 8 then interacts with common-partner Smad 4 and this heteromeric complex translocates to the
nucleus to regulate BMP-related gene expression. BMP activity can also be inhibited by extracellular

antagonists (Noggin, Chordin, Follistatin, Gremlin & Sderostin) or intracellular antagonists (Srmad 6 or 7).
(Figure adapted from Balesman et al,, 2002)
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1.2.4-BMP Antagonists

BMP activity is highly regulated by antagonists to ensure proper bone
development. There are three groups of extracellular BMP antagonists: 1- pro-
regions, 2- ligand antagonists and 3-receptor antagonists. Pro-regions interact
with the mature peptide (Rosen. 2006). However, studies with BMP2 and BMP9
have shown that Pro-regions are inefficient inhibitors of osteogenesis as this
group of antagonists can easily get degraded via proteolytic cleavage
(Bogdanovitch et al., 2005; Brown et al., 2005; Hillger et al., 2005). The second
group of BMP inhibitors include ligand antagonists such as Noggin, Chordin,
Follistatin, Gremlin and Sclerostin that bind to the BMP ligand, preventing the
initiation of the BMP signaling cascade. Receptor antagonists like BMP3 and
Inhibin, bind the BMP receptor to prevent BMP ligand-receptor interaction. The
ligand and receptor antagonists prevent the osteogenic-related functions of BMP.
In addition, inhibitory SMADs (SMAD6 & SMAD7) are BMP antagonists that

interfere with BMP activity on an intracellular level (Rosen. 2006).

1.2.5-Functions of BMPs

Aside from ectopic bone formation, BMPs possess many other roles in the
body: such as their involvement in the development of the musculoskeletal
system, the nervous system and the organogenesis of tooth buds, eyes, lungs,
kidneys, the prostate and gonads (Kirker-Head. 2000). In addition, BMPs are also
involved in skeletal patterning during embryogenesis. Other skeletal functions of
BMPs include the induction of mesenchymal cell differentiation towards the

chondroblast and osteoblast lineage, involvement in various stages of
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endochondral ossification, inhibition of bone marrow stromal cell differentiation
into adipocytes and their involvement in the expression of extracellular matrix

proteins (Rosen et al., 1996).

1.2.6-Effects of BMP Administration during DO

Numerous studies have shown that recombinant forms of BMP2 and
BMP7 have successfully increased the rate of bone formation in different animal
models of DO. Yonezawa and colleagues monitored the effects of administering
recombinant human BMP2 (rthBMP2) mixed with a collagen gel to a rabbit model
of mandibular DO and noticed that the thBMP2-treated rabbits contained
advanced bone formation compared to the non-injected controls (Yonezawa et al.,
2006). In another study, a single dose of thBMP7 injected into a rat tibial model
of DO dramatically enhanced bone formation in the distracted zone (Mizumoto et
al., 2003). Thus, BMP2 and BMP7 are excellent candidates for the acceleration

of the consolidation period of DO.

Li and al. studied the effects of thBMP2 administration in a rabbit model
of DO. Distraction osteogenesis was performed on the tibia of rabbits. Post-
osteotomy, the operated rabbits were left to rest for a 7 day latency period and
distracted for 10 days using a distraction rate of 2.0 mm/day. A fast distraction
rate was used on the rabbits to develop a poor bone healing model. Recombinant
human BMP2 was delivered to the rabbits using two methods: 1-delivery of
rhBMP2 (dissolved in a buffer) using an absorbable collagen sponge that was

implanted into the lengthened zone at the end of distraction (5 ul of 1.5 mg/ml
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solution of rhBMP2) and 2-percutanous injection of thBMP?2 dissolved in a buffer
(0.1ml of 75 ug of rhBMP2). Controls underwent distraction using the same
conditions as the experimental group and were implanted with a buffer-soaked
collagen sponge or injected with the buffer solution alone. Radiological images
showed that both methods of rhBMP2 delivery enhanced bone formation within
the distracted gap. At 5 and 14 days post-rhBMP2 treatment, the bone mineral
content of the distracted bone was significantly higher in the rhBMP2-treated
rabbits than the controls. Furthermore, at 14 days post-treatment thBMP2-
injected rabbits contained an increase in the average bone volumetric density
compared to the buffer-injected control group. By 28 days post-treatment, the
rhBMP2-injected rabbits contained stronger bone regeneration than the rhBMP2-
implanted rabbits. Overall, the rhBMP2-injected rabbits exhibited better bone
formation in the distracted zone than the thBMP2-implanted group, demonstrating
that thBMP2 delivery during DO depends on numerous factors including the
biodegradability, structural integrity & immunogenicity of the scaffold and the
rate of rhBMP-2 release from the scaffold. The administration of thBMP2 in a
rabbit model of DO seemed to induce rapid osteoblast differentiation and recruit
other cellular growth factors to the distracted site, enhancing bone formation and

shortening the consolidation phase of DO (Li et al., 2002).

Hamdy and colleagues studied the effects of BMP7 administration on a
rabbit model of DO. Previous studies conducted by Hamdy’s group using this
model showed that peak expression for BMP2, BMP4 and BMP7 occurred during

the distraction period that gradually decreased by the consolidation phase. Based
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on these findings, they proposed that early consolidation would be the ideal time
for BMP7 administration to obtain accelerated bone formation. Tibial
lengthening was performed on white New Zealand rabbits (7 day latency period,
21 day distraction period using a distraction rate of 0.5 mm every 12 hours and 21
consolidation period). A single shot of BMP7 was injected in the distracted site
during early consolidation using three different doses: 80 ug, 800ug and 2000 ug.
Two controls were used in this study: Group 1-control rabbits underwent
distraction without BMP7 injection and Group-2-control rabbits were distracted
and were only injected with acetate buffer. Biomechanical testing,
histomorphometric and densitometric analysis showed that the highest dose of
BMP7 induced a non-statistically significant increase in bone formation compared
to the controls. However, such high doses of BMP would not be ideal for patient
administration. Moreover, the timing of BMP administration during early
consolidation was off and did not produce significant results. Further studies
using immunohistochemistry showed that highest expression of the BMP7
receptors BMPR1a, BMPR1b & BMPR?2 peaked around early distraction and
decreased by early consolidation. This discovery supported the fact that the
timing of BMP7 administration was not favorable because there were not enough
receptors available during early consolidation for receptor-ligand interaction
necessary to stimulate bone formation within the distracted gap (Hamdy et al.,

2003).

A follow-up to Hamdy’s study was performed by Mandu-Hrit and

colleagues analyzing the effects of BMP7 administration during early distraction
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in a rabbit model of DO. DO was performed on the rabbits using the same
conditions as Hamdy’s study, with the exception of the timing and dose of BMP7.
Mandu-Hrit and colleagues injected 75 ug of BMP7 dissolved in acetate buffer
into the distracted gap of rabbits 7 days post-distraction. Controls for this
experiment underwent distraction but, were only injected with acetate buffer.
Interestingly, radiological and densitometric results showed that the BMP7-treated
rabbits had developed twice the amount of bone within the distracted gap
compared to the controls, 3 weeks post-BMP7 treatment. The BMP7-treated
rabbits also contained an increase in bone volume within the distracted gap from
week 1 to week 3 post-treatment compared to the controls. In addition,
immunohistochemical analysis showed an upregulation in BMP-related genes
including BMP ligands, BMP receptors and other FGFs. Thus, the timing of
BMP7 administration, early distraction, was optimal for accelerating the

consolidation period of DO (Mandu-Hrit et al., 2006).

The application of exogenous BMP2 and BMP7 has shown to possess
great osteogenic potential in pre-clinical and clinical studies of DO (Rengachary.
2002). However, one of the problems associated with the use of exogenous BMP
is that large supraphysiological doses of BMPs have to be applied locally in order
to obtain clinically significant results and such large doses may have unknown
long term side effects (Haque et al., 2008). Therefore, a logical alternative to the
application of exogenous BMPs during DO would be the manipulation of the
endogenous BMP pathway. However, very little is known about the physiological

role of endogenous BMPs during DO. Hence, the aim of this thesis is to
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investigate the role of BMP signaling during DO by using a heterozygous limb-

specific BMP2 knockout mouse model of DO.

46



2.0-OBJECTIVE OF STUDY:

In order to unequivocally demonstrate the role of BMP signaling during
DO, we first monitored the expression of components of the pathway during DO
in wild-type mice. Following these studies, we performed DO in mice with
decreased BMP2 gene dosage (BMP2 "* " mice; heterozygous for BMP2 in the
developing limbs). Tibial samples were analyzed using pCT, Faxitron x-ray,
immunohistochemistry, histology, Real Time- quantitative PCR and

biomechanical testing.
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3.0-MATERIALS & METHODS

3.1-Bmp2 breeding

The conditional BMP2 knockout mice used in this study were provided by
Dr. Vicki Rosen (Harvard School of Medicine, Boston, MA). The conditional
BMP2 knockout mice were generated by intercrossing mice containing a floxxed
Bmp2 allele with Prx1::cre transgenic mice. Upon breeding these mice, the cre
recombinase enzyme recognized the loxP sites flanking exon 3 of Bmp2 and
excised this portion of the gene out. The remaining ends of the cleaved DNA
segment were ligated together forming one continuous strand (Zhang et al., 1996).
Under the control of the Paired-related homeobox-1 (Prx1) enhancer, Bmp2 was
inactivated in the conditional BMP2 knockout mice early during limb bud

development (Tsuji et al., 2006).

3.2-Genotyping of Mice
3.2.1-DNA Extraction from Mouse Tails

Tail clips were collected from three-week old BMP2 knockout mice and
added to eppendorf tubes containing 500 pl of lysis buffer (100 ml Tris-HCI pH
8.5, 5 mM EDTA, 0.2% SDS and 200 mM NacCl). Proteinase K (10 mg/ml) was
added to the samples and mixed using a platform agitator overnight at 55°C. The
following day, samples were spun down at 12 000 rpm for 10 minutes. After
centrifugation, the supernatant was collected in new eppendorf tubes. A volume
of 500 pl of isopropanol was added to the samples to precipitate the DNA. The
samples were mixed by inversion and allowed to stand at room temperature for 10
minutes. The samples were centrifuged at 12 000 rpm for 5 minutes. The DNA
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pellets were washed with 500 pl of cold 70% ethanol and spun down at 12 000
rpm for 5 minutes. After removal of ethanol, the samples were allowed to dry at
room temperature for 30 minutes. The DNA pellets were resuspended in 200 pl
of tail TE (10 mM-HCI, 0.1 mM EDTA, pH 7.5). The tail DNA was kept at 55°C
for a few hours to help the DNA dissolve in solution and stored at room

temperature for long-term storage.

3.2.2-PCR Genotyping

Limb-specific conditional BMP2 knockout mice were genotyped using
bmp2 and cre primers. The bmp2 primers (AHP2-9:
5’GTGTGGTCCACCGCATCAC-3’ and AHP2-35: 5°-
GGCAGACATTGTATCTCTAGG-3’) yielded a 474 bp amplimer from the wild-
type allele and a 545 bp fragment from the floxed allele. The cre primers
(Forward: 5’-GCCTGCATTACCGGTCGAATGCAACGA-3’ and Reverse: 5°-
GTGGCAGATGGCGCGGCAACACCATT-3’) yielded a 726 bp amplimer. The
PCR reactions were carried out in thermowell tubes containing 2.5 pl of 10x PCR
Buffer- MgCl, (200 mM Tris-HCI pH 8.4, 500 mM KClI, 1.25 ml MgCl,), 2.5 pl
of 2 mM dNTP, 2.5 ul of each bmp2 or cre primer set, 0.75 ul of 50 mM MgCl,,
0.25 ul of 5U/ul Taqg DNA polymerase (Invitrogen, Carlsbad, CA) 13 ul of dH,O
and 1 pl of tail DNA. The PCR reactions were amplified using a GeneAMP PCR
System 9700 thermal cycler (Applied Biosystems, Singapore). PCR conditions
included heating for 5 minutes, 35 cycles of denaturation at 94°C for 30 seconds,

annealing at 58°C for 30 seconds and extension at 72°C for 45 seconds, with
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further extension at 72°C for 7 minutes. The PCR products were separated via

electrophoresis using a 1.3% UltraPure Agarose (Invitrogen) gel.

3.3-Operative Protocol
The surgical procedure was approved by the McGill University Animal

Care Committee. DO was performed on wild-type (BMP2 b

) and heterozygous
(BMP2 "* ¢ ) conditional knockout mice that were 2-3 months of age, using a
miniature Ilizarov fixator adapted from Jill Helms study (Tay et al., 1998). Mice
were subcutaneously injected with 0.1 ml of (1mg/kg-Sigma) of buprenorphine
and then anesthetized with isoflurane using a Fortec pump (Cyprane Keighley,
England) throughout surgery (approximately 45 minutes). After shaving the right
leg, two 0.25 mm insect pins (Austerlitz, Marlborough, MA) were drilled 90°
apart into the proximal metaphysis of the right tibia. Both pins remained
perpendicular to the tibia. The pins were secured into position using a ring and
four hexagonal nuts. A second set of pins was drilled into the distal metaphysis of
the right tibia approximately 12 mm away from the proximal set of pins. Three
rods were inserted through the first ring of the mini-Ilizarov fixator (Paolo Alto,
CA) and secured into position. A second ring was placed through the three rods
and secured onto the distal set of pins using hexagonal nuts. Once the mini-
fixator was installed into place, a small incision was made along the diaphysis of
the right tibia using a no.11 surgical scalpel (Fisher Scientific, Osaka, Japan). A
small hole was drilled into the middle of the diaphysis using an insect pin to
weaken the bone and facilitate the osteotomy. Using the scalpel, the bone was cut

along the hole to complete the osteotomy. The fractured ends of the bone were
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aligned and the incision was closed using coated vicryl sutures (J385H-Johnson &
Johnson, North Ryde, NSW). Animals were subcutaneously injected with 0.1 ml
of buprenorphine and checked regularly throughout a 5 day latency period for
pain management before initiating distraction. Mice were distracted for 12 days
using a distraction rate of 0.2 mm every 12 hours. The distraction rate was
previously used by Jill Helm’s group (Tay et al., 1998). The new distracted bone
was allowed to consolidate for a period of 34 days. Mice were euthanized by
using carbon dioxide or performing cervical dislocation under anesthesia.
Distracted tibial samples were collected at various time points: 11 days (mid-
distraction phase), 17 days (end of distraction phase), 34 days (mid-consolidation

phase) and 51 days (end of consolidation phase) for further analysis.

3.4-Micro-Computed Tomography (UCT) & Faxitron X-ray

In preparation for micro-computed tomography (uCT) and Faxitron x-ray,
distracted bones collected from wild-type and heterozygous mice (n=6 per time
point) were suspended in 4% paraformaldehyde (PFA) 4g of paraformaldehyde in
100 ml 1x PBS) overnight at 4°C. Samples were washed in 1x PBS for 30
minutes and consecutively dehydrated in graded solutions of 50% and 70%
ethanol twice for one hour intervals at room temperature. Samples stored in 70%
ethanol were taken to the Centre of Bone and Periodontal Research of McGill

University for analysis.

uCT analysis was completed using the SkyScan 1072 (Aartselaar,

Belgium) that has a 20-100 KeV/0-250 mA sealed, air-cooled, microfocus X-ray
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source with a polychromatic beam. The SkyScan 1072 was also equipped with a
detector that contained a 12-bit, cooled CCD camera (1024 by 1024 pixels)
coupled by a fiber optics taper to the scintillator. The distracted tibiac were
scanned at 45 KeV/222 pA with 25X magnification (11.25 um pixel size). Image
reconstruction was performed using NRecon (1.4.4, SkyScan). Static
histomorphometry parameters such as, tissue volume (mm?®), bone volume (mm”),
bone volume/tissue volume (BV/TV %), trebecular number (1/mm), trabecular
separation (mm) and trabecular thickness (mm) were measured using the CT
Analyser (1.8.0.2, SkyScan). Furthermore, the Faxitron MX-20 was used to

produce radiographs of the distracted tibiae.

3.5-Immunohistochemical Analysis
3.5.1-Paraffin Embedding

Collected tibial samples from 34 days (mid-consolidation phase) and 51
days (end of consolidation phase) were suspended in 4% PFA overnight at 4°C.
The following day, samples were washed in 1x PBS for 30 minutes. Samples
were then submerged in a solution of 0.85% saline/30% ethanol for 15 minutes.
The samples underwent a gradual dehydration process by immersing them in
solutions of 50%, 70%, 90% and 100% ethanol for 15 minute each. The
dehydrated tibial samples were resuspended in solutions of 1:1 ethanol:xylene
(Fisher Scientific) and xylene for 15 minutes each. Moreover, the samples were
washed three times with molten paraplast (Oxford Labware, St. Louis, MO) and
then kept in paraplast overnight at 55°C under vacuum. The samples were

positioned in molten paraplast-containing cassettes and left to solidify at 4°C for
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several hours. After paraffinization, the blocks were trimmed at 0.7 um and
sectioned longitudinally at 0.5 um using a Lecia RM 2255 microtome (Leica
Microsystems, Richmond Hill, ON). Sections were warmed in a 30°C water bath
for 30 seconds and then placed on Superfrost Plus slides (Scientific Device

Laboratory, Des Plaines, IL).

3.5.2-Immunohistochemistry

Distracted tibial samples (n=3 per time point) were deparaffinized and
blocked with 10% hydrogen peroxide for 10 minutes to inhibit endogenous
peroxidase activity. The sections were washed with distilled water and 1x PBS
(phosphate buffered saline). Following the washings, the samples were incubated
in phosphate-buffered saline containing 10% normal goat serum (Vector Labs,
Burlingame, CA) in a humidified chamber for 20 minutes to block nonspecific
binding. Sections were rinsed with 1x PBS and blocked once more using the
avidin-biotin blocking kit (Vector, SP-2001). For immunostaining, commercially
available polyclonal goat antibodies were used to detect BMP2, BMP7, BMPR1a,
BMPR1b, BMPR2, ACTR1, ACTR2b & BMP3 (Santa Cruz Biotechnology,
Santa Cruz- 1/100 dilution in 1% normal goat serum). Distracted tissue sections
were probed with the polyclonal goat antibody overnight at 4°C in a humidified
chamber. For negative controls, the primary antibody was omitted. After washing
the slides with 1x PBS, sections were incubated with a biotinylated goat anti-
mouse secondary antibody (Santa Cruz Biotechnology-1/400 dilution in 1%
normal goat serum) for 30 minutes at room temperature in a humidified chamber.

Sections were washed with 1x PBS and stained using the avidin-biotin complex
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method (ABC kit from Vector Labs) for 30 minutes, followed by 3,3’-
diaminobenzidine tetrachloride-peroxidase revelation. Finally, sections were
counterstained with Weigert’s iron hematoxylin (Fisher Scientific-1%
hematoxylin in 95% ethanol, 5.8¢g chloral ferric powder in 500 ml deionized

water-1% HCI) and mounted with Permount.

3.6-Histological Analysis
3.6.1-MMA Embedding

Distracted tibial samples were collected at 17, 34 and 51 days post-surgery
and suspended in 4% PFA overnight at 4°C. The next day, samples were washed
in 1x PBS for 30 minutes. The samples were gradually dehydrated by
submerging them twice in solutions of 50%, 70%, 90% and 100% ethanol for one
hour intervals at room temperature. The dehydrated samples were consecutively
suspended in xylene three times for 40 minute intervals. These samples were then
treated with varying concentrations of Methyl Methacrylate (0% to 4.5% MMA).
Following this step, the tibial samples were placed in new vials containing 4.5%
MMA and left to harden for a week at room temperature. The solidified MMA
blocks were trimmed at 0.7 um and sectioned longitudinally at 0.5 pm using a
Leica microtome (Leica Microsystems). The tibial sections were place in Silane
Plus slides (Scientific Device Laboratory) and left to dry overnight at 55°C. The
next day, the slides were deplastified using four washes of Ethylene Glycol
Monoethyl Acetate (EGMA) for 15 minutes at room temperature. Following the
deplastification phase, the slides were dried overnight at room temperature, ready

for staining.
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3.6.2-Goldner Trichome Staining

The MMA embedded tibial sections were consecutively hydrated in 70%
and 40% ethanol for 5 minutes each and rinsed with deionized water. The
hydrated slides were stained with Weigert’s Iron Hemtoxylin (Fisher Scientific-
1% Hematoxylin in 95% ethanol, 5.8 g Chloral-Ferric powder in 500 ml
deionized water-1% HCI) for 25 minutes and quickly rinsed with deionized water
throughout 10 minutes. Following the washes, the sections were stained with
Fushin-Ponceau (Fisher Scientific- 0.167 g Fushin acid, 0.667 g Ponceau in 500
ml deionized water) for 30 minutes, Orange G (Fisher Scientific- 10 g Orange G
in 500 ml deionized water) for 8 minutes and Light Green (Fisher Scientific- 1.5 g
Light Green in 500 ml deionized water) for 30 minutes. The slides were rinsed
with 1% acetic acid in between stainings. After the last acetic acid wash, the
slides were consecutively washed in 1:2 deionized water:tertiary butanol (20
seconds), butanol (twice for 20 seconds each), 1:2 butanol:xylene (15 seconds)
and xylene (15, 10 & 5 seconds). Stained slides were mounted using Microkitt
(Fisher Scientific) and allowed to dry overnight at room temperature. Pictures of
the distracted zones were taken under 25x, 40x and 100x magnification using a
Leica microscope (Leica Microsystems) attached to a Q-Imaging camera

(Olympus DP70, Japan).

3.7-Real Time PCR Analysis
3.7.1-RNA Extraction
Distracted & undistracted tibial samples were snap-frozen with liquid

nitrogen and crushed using a mortar and pestle under an RNAse-free
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environment. All tools used for RNA extraction were sprayed with RNAse Zap
(Ambion). The crushed tissue was suspended in 2 ml of Trizol (Invitrogen) and
further homogenized using a Polytron PT-MR 3000 (Kinematica) for 20 seconds
at 20 000 rpm. After a period of 5 minute incubation on ice at room temperature,
400 pl of chloroform was added to the homogenized mixture and shaken
vigorously by hand for 15 seconds. Following a 3 minute incubation period,
samples were centrifuged at 12 000 x g for 15 minutes at 4°C. The RNA-
containing aqueous phase was carefully collected into a new 2 ml eppendorf tube.
A total of 1 ml of isopropyl alcohol was added to each sample for RNA
precipitation. After a 10 minute incubation period at room temperature, the RNA
samples were centrifuged at 12 000 x g for 10 minutes at 4°C. The resulting RNA
pellet from each sample was washed with 2 ml of cold 75% ethanol in DEPC
water by gently vortexing for a few seconds. Samples were centrifuged at 7500 x
g for 5 minutes at 4°C and vacuum-dried for 4 minutes. Dried RNA samples were
resuspended in 25 pl of RNAse-free water (Ambion). Samples were kept at -
80°C for long-term storage. The concentration and purity of each RNA sample
was measured using a ND-1000 Spectrophotometer (NanoDrop Technologies,
Inc., Wilmington, DE) This RNA extraction method was provided by Invitrogen,

Carsbad.

3.7.2-Reverse Transcription
RNA was extracted from distracted tibial samples from wild-type and of

11,17, 34 & 51 days post-surgery (n=3 per time-point) and undistracted tibia of

o) fl/+ cre

1-week old wild-type BMP2 "* mice, heterozygous BMP mice and
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homozygous BMP2 " mice (n=3 per genotype). RNA samples were reverse
transcribed using a high-capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA). A total of 10 ul of master mix (10x Reverse
Transcription buffer, 10x Random Primer mix, 25x dANTP mix (100 mM), 50 U/ul
MultiScribe Reverse Transcriptase) was loaded onto the wells of a 96-well optical
plate. An equal volume of sample RNA was mixed into the wells. The plate was
then loaded into the GeneAmp PCR System 9700 thermal cycler (Applied

Systems) for reverse transcription.

3.7.3-Real Time Quantitative PCR (RT-qPCR)

Expression patterns of BMP and osteogenic markers in the distracted
callus were quantified over different time points using RT-qPCR. Reverse
transcribed mRNA collected from distracted & undistracted samples were loaded
into a 96-well plate and mixed with Universal Master Mix (Applied Biosystems),
a specific TagMan probe and RNAse free water. The 96-well plate was placed
into a 7500 Real Time PCR system (Applied Biosystems) for RT-qPCR analysis.
The markers measured included Bone morphogenetic proteins (BMP2, BMP3,
BMP4, BMP6 & BMP7), BMP receptors (BMPR1A, BMPR1B & BMPR2), BMP
antagonist (Gremlin & Chordin) and Mothers against decapentaplegic drosophila
homolog (SMAD1, SMAD2, SMAD3, SMAD4, SMADS, SMAD6, SMAD7 &
SMAD9). Osteogenic markers included Collagen type I (Collal), Sex
determining region Y-box 9 (Sox9), Runt-related transcription factor 2 (Runx?2),
Osterix (OSX), Osteocalcin (OCN) and Activating transcription factor-4 (ATF-4).

GAPDH was used as an endogenous control to normalize all samples used in the
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RT-gPCR reaction. Relative quantification of the target cDNA was performed
using Applied Biosystems’ comparative C; method (ABI Prism 7700 Sequence

Detection System User Bulletin #2, 2001).

3.8-Biomechanical Testing

Distracted tibia from wild-type and heterozygous mice were collected at
51 days post-surgery, end of consolidation phase (n=3). These lengthened tibias
were wrapped in gauze and stored in 1x PBS at 4°C until further analysis.
Samples underwent biomechanical testing using the three-point bending test at the
Centre for Bone and Periodontal Research of McGill University. The three-point
bending test was conducted using the Mach-1™ Micromechanical Systems device
(Bio Syntech Canada, Inc., Laval, QC). The distracted bone was placed on its
posterior surface, resting on two supports of the bending apparatus that lie 7.0 mm
apart. A bending load was applied downwards on the mid-shaft of the lengthened
tibia at a rate 50 um/s, until failure. These results were analyzed using the Mach-
1 ™ Motion & Analysis software (Version 3.0.2, Bio Syntech Canada). A load-
displacement curve was generated using this software to measure biomechanical
parameters including stiffness (N/mm), ultimate force (N), ultimate displacement

(um) and work to ultimate failure (N*mm).

3.9-Western Blot Analysis
3.9.1-Protein Extraction from Bone Tissue

The distracted tibial samples were collected from the five time intervals: 5
days (end of latency phase), 11 days (mid-distraction phase), 17 days (end of
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distraction phase), 34 days (mid-consolidation phase) and 51 days (end of
consolidation phase). Samples were snap-frozen using liquid nitrogen. These
samples were crushed using a mortar and pestle and suspended in 600 pl of lysis
buffer solution (20 mM Tris-HCI1 pH 7.4, 150 mM NaCl, Triton X-100 0.8%,
ImM EDTA and distilled water). In addition, 1 ul of protease inhibitor cocktail
(1 mM PMSF, 0.15 U/ml Apoprotin, 10 pg/ml Leupeptin and 1 mM NaVOs3) was
added to each sample. Tissue samples were homogenized using a Polytron PT-
MR 3000 (Kinematica AG, Littau, Switzerland) at maximum level (20 000 rpm)
for 20 seconds and then placed on rotating nutator overnight at 4° C. The next
day, samples were centrifuged for 10 minutes at 500 x g at 4°C. After
centrifugation, the supernatant from each sample was collected in eppendorf
tubes. The pellet was resuspended in 600 ul of lysis buffer and re-homogenized
for 20 seconds at 20 000 rpm using the Polytron. The tissue samples were then
centrifuged for 15 minutes at 500 x g at 4°C. Following centrifugation, the
supernatant was pooled with the previously collected protein extract. The pooled
extracts were spun down at 5000 rpm for 10 minutes at 4°C in a microcentrifuge
to remove any remaining bone tissue. The supernatant of each sample was
collected in new eppendorf tubes. Protein precipitation was initiated by adding
300 pl of Trichloroacetic acid (TCA) to each sample. The solutions were mixed
1-2 times by inverting the eppendorf tubes by hand and incubated on ice for 10
minutes at 4°C. Following incubation on ice, the samples were spun down in a
microcentrifuge for 5 minutes at 14 000 rpm. The supernatant of each sample was
removed using vacuum suction leaving a white protein film along the sides of

each eppendorf tube. The precipitated protein samples were washed twice with
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200 pl cold acetone. Subsequently, the protein pellets were dried in a 95°C heat
block for a period of 1 to 3 minutes. Dried protein pellets were resuspended in 1x

Laemli buffer without DTT and kept at -20°C for long-term storage.

3.9.2-Western Blot

Protein collected from distracted tibial samples were separated using gel
electrophoresis on a 10% polyacrylamide gel. The separated proteins were
transferred onto nitrocellulose membranes and blocked in 5 % Bovine Serum
Albumin (BSA)-0.1% Tri-Phosphate Buffer Saline-Tween (TBS-T) for an hour.
The membranes were probed with anti-phospo-Smad1 (Upstate, Lake Placid, NY-
1:100 dilution with 5 % BSA-0.1% TBS-T) for an hour at room temperature.
Subsequently, the membranes were washed twice with 0.1% TBS-T and
incubated with alkaline-phosphotase conjugated anti-rabbit IgG (1:5000 dilution
in 1 % BSA-0.1% TBS-T) for an hour at room temperature. Following incubation
with the secondary antibody, the membranes were washed three times using 0.1%
TBS-T and exposed to film. Following development, the membranes were
stripped using stripping buffer (0.2 M Glycine, pH 2.5 and 0.05 % Tween 20) at
80°C for 20 minutes. The stripped membranes were briefly washed using 0.1%
TBS-T and blocked with 5 % BSA-0.1% TBS-T for an hour. The membranes
were re-probed with anti-Smad]1 (Santa Cruz Biotechnology, Santa Cruz, CA-1:50
dilution in 5 % BSA-0.1% TBS-T) for 1 hour at room temperature. After two
washes with 0.1 % TBS-T, the membranes were probed with alkaline-
phosphotase conjugated anti-mouse IgG (1:5000 dilution in 1 % BSA-0.1% TBS-

T) for an hour at room temperature. Following three washes with 0.1% TBS-T,
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the membranes were exposed to film. The membranes were subsequently
stripped and re-probed five times with the following primary antibodies: rabbit
anti-phospho-p44/42 MAPK (anti-phospho-ERK 1/2) (Cell Signaling
Technology, Pickering, ON-1:400 dilution), rabbit anti- p44/42 MAPK(anti-ERK
1/2) (Cell Signaling Technology-1:200 dilution), mouse anti-GAPDH (Ambion,
Austin, TX-5 ug/ml), rabbit anti-phospho-p38 MAPK (Cell Signaling
Technology-1:500) and rabbit anti-p38 MAPK (Cell Signaling Technology-1:500)
in 5 % BSA-0.1% TBS-T. Secondary antibodies were prepared to 1:5000 dilution

in 1 % BSA-0.1% TBS-T.

3.10-Statistical Analysis

All data included in this thesis was graphed using GraphPad Prism version
5.0 software. Wild-type and mutant populations were compared using a one-way,
non-parametric ANOVA test. A p-value < 0.05 was considered to be statistically

significant.
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4.0-RESULTS
4.1- Surgical Success Rate of Conditional BMP2 Deficient Mice

Distraction osteogenesis was performed on a total of 107 adult mice (57
wild-type BMP2 "* mice and 50 heterozygous BMP2 "* ™ mice). 40 of 57
BMP2 " mice successfully survived DO, accounting for a 70 % success rate
post-surgery. The remaining 17 BMP2 "™ mice died during surgery due to
surgical complications or died post-surgery due to inflammation or the
development of a necrotic foot. Interestingly, the heterozygous mice had a higher
success rate with DO post- surgery than the wild-type controls. 40 of 50 BMP2
%' mice survived DO, resulting in a 80 % success rate post-surgery. The

remaining 10 BMP2 "* ™ mice died due to surgical complications. Surgical

complications included fracturing of the bone during pin insertion or osteotomy.

4.2- Gene Dosage Study Results
RT-qPCR analysis of BMP2 expression was performed on reverse

transcribed mRNA collected from undistracted 1-week old wild-type BMP2 "+

o) fl/+ cre o) fl/fl cre

mice, heterozygous BMP mice and homozygous BMP mice (Fig.
6). A decreasing trend in BMP2 expression was observed within all three
genotypes of the conditional BMP2 knockout mice; as demonstrated by a
statistically significant decrease in BMP2 expression between the BMP2 "¢ anq
BMP2 " mice and between the BMP2 " and BMP2 "* ™ mice. These results
showed a gene-dosage dependant reduction in BMP2 expression and confirmed

the data of Tsuji and colleagues: RT-qPCR was used to monitor BMP2 mRNA

expression at 3 and 10 days post-fracture in control, heterozygous and

62



homozygous limb-specific BMP2 knockout mice. Fractures were induced in the
femur of mice and secured with a pin for weight-bearing and movement. RT-
qPCR results from Tsuji’s study also showed gene-dosage effects of BMP2
expression: the control mice contained the highest levels of BMP2 expression at 3
and 10 days post-fracture, the heterozygous mice expressed intermediate levels of
BMP?2 during these two time points and lastly the homozygous mice expressed

the lowest levels of BMP2 (Tsuji et al., 2006).
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Figure 6 Undistracted BMP2 Deficient Mice Exhibit a BMP2 Gene Dosage Effect.
Reverse transcribed mRNA was collected from the limbs of undistracted one week old wild-type BMP2fl/+
mice, heterozygous BMP2fl/+ cre mice & homozygous BMP2fi/fl cre mice and analyzed using RT-gPCR.
GAPDH was used as an endogenous control. A gene-dosage effect was observed in the BMP2 deficient
mice: BMP2 inactivation corresponded to a statistically significant decrease in BMP2 levels in the hetero-
zygous and homozygous mice, compared to the wild-type mice. No change in BMP2 |levels was detected
between the wild-type and heterozygous mice.*, P< 0.05.
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4.3-Micro-Computed Tomography (UCT) & Faxitron X-ray Results
Distracted tibial samples were collected from wild-type BMP2 " mice

and heterozygous BMP2 "'* ¢

mice at 11, 17, 34 & 51 days and analyzed using
uCT (Fig. 7A) and Faxitron x-ray (Fig. 7B). At 11 & 17 days (distraction phase),
uCT analysis showed that there was no bone formation observed in the distracted
gap of the wild-type BMP2 "* and heterozygous BMP2 "* “® mice samples. By
34 days (mid-consolidation phase), callus formation was initiated in the distracted
zone of the BMP2 "* mice, and the two fractured bones were partially

o) fl/+ cre mice

consolidated. During the mid-consolidation phase, the BMP
contained very little bone formation, and the bones remained relatively
unconsolidated. By 51 days (end of consolidation phase), the two fractured ends

in the BMP2 "* mice were fully consolidated. Contrarily, during late

consolidation, the BMP2 "* ®® mice contained a partially consolidated distracted

gap.

Static histomorphometry parameters were also measured by pCT analysis
(Table 1). No significant difference was observed in BV/TV, trabecular number,
trabecular separation and trabecular thickness, between the wild-type and
heterozygous mice at 11, 17 and 34 days post-surgery. However towards the end

I+ore mice as

of consolidation, poor bone healing was observed in the BMP2 f
supported by a statistical significant increase in trebecular separation (Fig. 8A)

and decrease in trebecular number (Fig. 8B). In addition, an increase in BV/TV

was seen in the control BMP2 ™" mice compared to the heterozygous BMP2 '+ ¢
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mice. No significant change was detected in trabecular thickness between the

wild-type and heterozygous mice at 51 days.

Faxitron x-ray was used as a method to confirm the uCT results (Fig. 7B).
The Faxitron x-ray images provided better resolution of the quality of bone
development throughout the consolidation phase of DO. During the distraction
phase, the x-ray images of the wild-type BMP2 i samples revealed a clear
distracted gap in between two bony fragments. During consolidation, the
distracted gap of the wild-type mice was gradually replaced with solid calcified
tissue, fusing the two fractured ends of the bone together. In comparison, from
the distraction phase to early consolidation, x-ray images of the BMP2 "* ¢
showed that the heterozygous mice contained very little bone within the distracted
zone. By late consolidation, the x-ray images of the heterozygotes showed that

the osteotomy site had partially consolidated, indicative of impaired bone healing.
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11 days
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Figure 7 Poor Bone Formation Was Observed During DO in the Heterozygous

BMP2 Deficient Mice.

Distracted tibial samples were collected at 11 days (mid-distraction phase), 17 days (end of distraction
phase), 34 days (early consolidation phase) and 51 days (end of consolidation phase) post-surgery and
analyzed using (A) UCT and (B) Faxitron x-ray. There was no significant difference in bone formation
between the wild-type BMP2"* mice and heterozygous BMP2"* cre mice at 11 & 17 days post-
osteotomy. At 34 days, the wild-type and heterozygous mice demonstrated partial consolidation. How-
ever, at 51 days, the heterozygous mice showed a delay in consolidation with partial fusion of bony
fragments compared to the wild-type samples that were fully consolidated.
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Table 1: pCT Analysis of Wild-Type & Heterozygous BMP2 Deficient Mice.

11 days 17 days 34 days 51 days
WT | Het | WT | Het wT Het WT | Het

Tissue Yolume-TV (mm”3) | o 371085 | 7.797865 | 24.35504 | 19.98558 | 10.06985 | 14.74117 | 25.23202 |19.45774

Bone Yolume-BY (mm”3) | 0160123 | 0.11889 | 0.486595 | 0.447992 | 0.456673 | 0.936365 | 3.015048 | 2.27589

BY/TV (%) | 254188 | 2.6729 | 158292 | 1.685033 | 4527028 | 6.674693 | 12.08007 [8.0663%5

Trabecular Thickness (mm) | 105992 | 0.099138 0.12197 | 0.131212 | 0.141132 | 0.169688 | 0.172585 [0.224465

Trabecular Number (Vmm) | 23387 [ 0.253553 | 0.116877 | 0.13147 | 0.303213 | 0.366708 | 0.547162 | 0.34042

Trabecular Separation (mm) | 742892 | 0.609758 | 1.687852 | 1.745193 | 1.336975 | 1.623127 | 0.720015 [0.996188

KCT analysis of static histomorphometric parameters was performed on distracted tibial samples from
four time points: 11 days (mid-distraction phase), 17 days (end of distraction phase), 34 days (mid-
consolidation phase) & 51 days(end of consclidation phase).
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Figure 8 Static Histomorphometric Parameters Revealed Heterozygous BMP2

Deficient Mice Had Poor Bone Healing Patterns During the End of Consolidation.
Distracted samples collected at 51 days post-surgery revealed a statistically significant increase in
trabecular separation and decrease in trabecular number, indicating poor bone formation in the hetero-

zygous mice during the end of consolidation phase of DO. *¥, P< 0.01.

69



4.4-lmmunohistochemistry Results

Sections of distracted tibial samples collected at 34 and 51 days post-
surgery of wild-type and heterozygous mice were analyzed using
immunohistochemistry (Table 2). The tissue distribution of BMP2 (Fig. 9),
BMP3, BMP7, BMPR1a, BMPR1b, BMPR2, ACTR1 & ACTR2b expression was
studied in the distracted region. Most of the positively stained cells were
chondrocytes localized in the distracted region. A semi-quantitative method was
used to further examine the immunohistochemical results. This technique
involved grading gene expression based on the amount of cells that stained
positively for a selected gene. The grading scheme included: + represented >
25% of the cells stained positively for the gene of interest, + + symbolized 25 to
50% of cells stained positive, + + + signified 25 to 75% of cells stained positive,
++++ represented more than 75% of cells stained positive, lastly — denoted no
significant staining was present of the selected gene in the cell line (Haque et al.
2006). At 34 days (mid-consolidation phase), the heterozygous mice exhibited a
reduction in BMP2, BMP7, BMPR1a, ACTR1, ACTR2b expression. Increased
BMPR1b expression was detected in the heterozygotes during early consolidation.
There was no difference observed in BMP3 and BMPR2 levels between control
BMP2 " mice and heterozygous BMP2 "* " mice at 34 days post-surgery. At
51 days (end of consolidation phase), the BMP2 "* *® mice contained an increase
in BMP7, BMPR1b and ACTR2 expression and a reduction in BMP2 expression.
No changes in BMP3, BMPR2 and ACTRI1 expression levels were noted during

late consolidation. The decrease in BMP2 protein expression during the
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consolidation phase further confirmed the gene-dosage effect present in the

conditional BMP2 deficient mice
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Table 2: Immunolocalization of BMP Factors in Chondrocytes Present in the
Distracted Zone of Wild-Type and Heterozygous BMP2 Deficient Mice.

Consolidation
34 days 51 days
Gene WT Het WT Het
BMP Ligands
BMP2 ++ + ++ +
BMP7 ++ + + ++
BMP Receptors
BMPR1a ++ + = +
BMPR1b ++ +++4 + ++
BMPR2 e + +
ActR1 ++++ + ++ ++
ActR2b +++ ++ + ++
BMP Antagonist
BMP3 + + + +

Staining of chendrocytes in distracted zone, - no positive

staining, +: less than % of cells stained positive, ++: Yato 12
of cells stained positive, +++: V2 to % of cells stained posi-

tive, and ++++: more than % of cells stained positive.

Distracted tibial samples were collected at 34 days (mid-consolidation phase) & 51 days (end of conscali-
dation phase) and analyzed using immunohistochemistry. Chondrocyte staining of different BMP
pathway members was graded using a semi-quantitative method listed below table 2. At 34 days, BMP2,
BMP7, BMPRTa, ActR1 & ActR2b expression was decreased in the heterozygous samples (with the excep-
tion of BMPR 1h expression that wasincreased). No changes were observed in BMPR2 & BMP3 expression
during early consolidation. At51 days, heterozygotes contained an increase in BMP7, BMPR1b & ActR2b
expression and a reduction in BMP2 expression. No changes were observed in ActR1 & BMP3 levels
between the heterozygous mice & wild-type controls.
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BMP2 Expression

Figure 9 Immunohistochemical Images of BMP2 Expression in Heterozygous BMP2

Deficient Mice.

Immunohistochemical images of 34 & 51 days of heterozygous and wild-type distracted samples were
taken at 40x magnification. These images support the finding that the BMP2f/+ cre mice contained a
gene-dosage dependant reduction in BMP2 protein expression during the consolidation phase of DO.
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4.5-Histological Results

Half of the samples that were used for uCT and radiological analysis were
later embedded in MMA for histological analysis. Distracted samples of control
BMP2 " mice and heterozygous BMP2 "* “® mice collected at 17, 34 & 51 days
post-osteotomy were sectioned and Goldner Trichome stained. Pictures were
taken at the center of distracted zone at 25x and 100x magnification. Mineralized
tissue stained green and non-mineralized tissue appeared red in the slides. At 17
days post-osteotomy (end of distraction phase) (Fig. 10), histological images
revealed that bone formation was initiated at both fractured ends of the control

sample, showing good bone healing patterns in the BMP2 i

mice. At 17 days, no
mineralized tissue was present in the callus of the heterozygotes. A closer
magnification of the heterozygous distracted zone showed the presence of fibrous
tissue in the callus, indicating that endochondral ossification may be the
predominant method of bone development for the heterozygotes during the end of
distraction. At 34 days (Fig. 11), early consolidation, the osteotomy site of the
BMP2 " mice contained large areas of newly developed calcified tissue. A
closer magnification of the control samples revealed that osteoblasts deposited
osteoid (highlighted in purple in the stained sections) within areas of the new
developing bone. At 34 days, the callus of BMP2 "* “® samples contained very
poor bone formation (stained light green), demonstrating very little mineralization
had taken place within the distracted zone. At 51 days (Fig. 12), end of
consolidation, the control histological images exhibited strong bone remodeling,
and the callus was replaced with newly formed cortical and trebecular bone.

o) fl/+ cre

During late consolidation, the BMP samples contained less calcified tissue
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and lacked newly remodeled cortical and trebecular bone, demonstrating improper

bone formation in the heterozygous mice.
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Figure 10 No Mineralization Was Detected in the Distracted Samples of Heterozy-

gous BMP2%+ ¢ Mice at 17 Days Post-Osteotomy.

MMA embedded tibial sections of wild-type and heterozygous mice were Goldner Trichome stained. At
17 days, end of distraction phase, bone formation was initiated within the distracted gap of the wild-type
BMP2fi/+ samples. At 100x, osteoblasts depositing osteoid are visible within the wild-type sections. How-
ever, the heterozygous BMP2"* cre mice contained mostly fibrocartilaginous cells and lacked new bone
formation.
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Figure 11 At 34 Days Post-Osteotomy, the Distracted Zone of Heterozygous
BMP2/+ cre Mice Still Lacked Mineralization.

MMA embedded tibial sections of wild-type and heterozygous mice were Goldner Trichome stained. At
34 days, the control BMP2fl/+ sections exhibited strong mineralization, indicated by large areas of calcified
tissue in the distracted zone. During early consolidation, the BMP2f/+ cre samples lacked strong bone
formation, as the stained sections mostly contained fibrous tissue with no mineralization.
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Figure 12 Improper Bone Healing Was Observed in Distracted BMP2f/ + <'¢ Mice at
51 days Post-Osteotomy.

MMA embedded tibial sections of wild-type and heterozygous mice were Goldner Trichome stained. At
51 days, end of consolidation, the wild-type mice revealed complete consolidation of the fractured gap
with calcified tissue. Furthermore, the heterozygous BMP2fl/ + ¢¢ sections contained partial fusion of the
distracted gap with moderate levels of mineralization.
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4.6-Real Time Quantitative PCR Results

RNA collected from wild-type and heterozygous mice at 11, 17, 34 & 51
days post-surgery was reverse transcribed for RT-qPCR analysis (Table 3). Gene
expression in distracted tibial samples was monitored using BMP signaling
pathway, osteoblastic and chondrogenic markers. BMP signaling pathway
markers included BMP2, BMP3, BMP4, BMP6, BMP7, BMPR1A, BMPR1B,
BMPR2, Gremlin, Chordin, SMAD1, SMAD2, SMAD3, SMAD4, SMADS,
SMAD6, SMAD7 & SMAD9. Osteoblastic markers comprised of Runx2, OSX,
OCN & ATF4 and chondrogenic markers included Collal & Sox9. RT-qPCR
analysis revealed that there was no significant difference in gene expression for
any of the osteogenic markers between wild-type and heterozygous samples.
Eight of the twenty-four studied genes (BMP3, BMP6, BMPR1b, BMPR2,
SMAD7, SMAD9, Runx2 & Sox9) could not be analyzed for statistical
significance because three distracted samples provided low-yield RNA. Groups
containing these samples were omitted from the study to see if there were any
undetected changes in gene expression levels between BMP2 " mice and BMP2
fli+ cre

mice. Subsequently, there was still no changes gene expression detected

between the control and the heterozygous mice during any of the time points.
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Table 3: No Difference in the Expression of BMP Signaling Pathway Members Was
Detected Between Wild-Type & Heterozygous BMP2 Deficient Mice.

Relative
Gene Expression
BMP Signaling Pathway Markers
BMP Ligands
BMP 2 -
BEMP 4 -
BMP 6 * ub.
BMP 7 -
BMP Receptors
BEMPR1A -
BMPR1B * ub.
BMPR2 * ub.
BMP Inhibitors
Gremlin -
Chordin -
BMP3 * ub.
Intracellular BMP Signaling Members
SMADN -
SMAD2 -
SMAD3 -
SMAD4 -
SMADS -
SMAD6 -
SMAD7 * ub.
SMAD9 * ub.
Osteoblastic Markers
Runx2 * up.
0SX -
OCN -
ATF4 -
Chondrogenic Markers
Col1a1 -
Sox9* up.

- no change inrelative expression between distracted wild-type and mutant populations,

UD. ; gene expression could not be analyzed for statistical significance because of samples had low-yield RNA

Reverse transcribed RNA was collected from control BMP214 mice and heterozygous BMP27/4+ are mice
at 11days (mid-distraction phase), 17 days (end of distraction phase), 34 days ( mid-consolidation phase)
& 51 days (end of consolidation phase) post-surgery (n=3 mice per time point) and analyzed using RT-
gPCR. The expression of BMP signaling pathway genes, osteoblastic and chondrogenic genes were moni-
tored in the distracted gap over the various time points. RT-gPCR analysis revealed there was no differ-
ence in gene expression for the twenty-four BMP signaling pathway members between control and
heterozygous populations. Fight of the twenty-four studied genes (BMP3, BMP6, BMPR1b, BMPR2,
SMAD7Y, SMADQ, Runx2 & Sox?) could notbe analyzed for statistical significance because of low-yield RNA
(denoted by UD, undetectable).
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4.7-Biomechanical Testing Results

Distracted samples collected from wild-type and heterozygous mice at 51
days were analyzed using the three-point bending test (Fig. 13). Results showed
that there were no significant differences in the biomechanical properties between
the control and heterozygous groups. However, there was a decrease in stiffness
and increase in ultimate displacement observed in the heterozygotes compared to
the wild-type mice, corresponding to the weaker partially consolidated bone of the

heterozygous mice.
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Figure 13 Biomechanical Testing Results of Distracted Wild-Type & Heterozygous

BMP2 Deficient Mice at 51 days Post-Osteotomy.

Biomechanical testing, using the three-point bending test, was performed on distracted wild-type and
heterozygous samples collected at the end of consolidation phase, 51 days post-osteotomy (n=3). There
was no significant difference observed in stiffness (A), ultimate displacement (B), ultimate force (C) and
work to ultimate failure (D) between the control BMP2 /+ samples and heterozygous BMp2 fI/ + cre
samples. However a decrease in stiffness and increase in ultimate displacement supports the weaker
callus formation observed in the heterozygous mice at the end of consolidation, compared to the wild-
type controls.
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5.0-DISCUSSION

Different methods have been studied to accelerate the consolidation phase
of DO. Particularly, the application of exogenous BMP2 and BMP7 seems to be
very promising (Rengachary. 2002). One main concern is that large
pharmacological doses of exogenous BMPs would be required in order to obtain
clinically significant results. Furthermore, the use of such large doses of BMPs
may induce unknown long term side effects (Haque et al., 2008). An alternative
approach to the application of exogenous BMPs would be the manipulation the
endogenous BMP pathway in order to upregulate BMP expression or other
possible downstream gene targets that may somehow accelerate the bone healing
process during DO. Since the physiological role of BMPs during DO is unclear,
the purpose of this study was to gain a better understanding of the physiological

role of endogenous BMPs during DO.

In the first of part of this thesis, we examined the expression patterns of
BMP pathway members during DO in wild-type mice. Distraction osteogenesis
was performed on the right tibia of eighty wild-type C57B16/J mice. Mice
underwent 5 days of latency, 12 days of distraction (distraction rate: 0.2 mm/12
and 34 days. Distracted tibial samples were collected at 5, 11, 17, 34 & 51 days
post-surgery. Samples were analyzed using various techniques including pCT,
radiology, immunohistochemistry, histology, Real Time PCR and western blot

analysis. Results for this study were previously published (Haque et al., 2008).
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I performed a western blot analysis of the distracted wild-type mice.
These results (see fig. 5 in Appendix) showed that SMAD and upstream p38
MAPK & ERK 1/2 pathways are activated during the process of DO.
Furthermore, peak levels of SMAD1 expression during early consolidation
confirmed the direct activity of BMP signaling to target cells via intracellular
SMAD signaling. Moreover, p38 MAPK and ERK 1/2 expression corresponded
with peak BMP ligand expression during the distraction phase of DO. Whether
the increased expression of upstream signaling members during the distraction
phase of DO is dependent on BMP signaling or the interaction of other growth
factors requires further investigation. Thus, results from this study demonstrated
that BMP family members are expressed during different phases of DO (Haque et

al., 2008).

In this study, we initially performed DO on conditional BMP2 null (BMP2
ey mice but these mice were too weak to withstand DO as they suffered from
spontaneous fracture formation during surgery. Similar findings were made by
Tsuji and colleagues who demonstrated that by 13 to 23 weeks of age, the BMP2

i ere mice developed forearm, hind limb and bilateral fractures in sites with low

2 W+ e mice exhibited

bone mineral density, while the heterozygous BMP
intermediate bone mass and impaired fracture repair (Tsuji et al., 2006). Thus,
instead of operating on the homozygous BMP2 " ® mice, we analyzed the

effects of DO on heterozygous BMP2 ™* °® mice. While performing surgeries,

we noted that the heterozygous mice had a higher surgical success rate than the
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wild-type controls. This may be accounted for by the fact we spent more time
operating on the heterozygous mice to avoid pin site fractures as the bones of the
heterozygous mice were more fragile than their wild-type littermates. We then
collected distracted tibial samples from these mice at 11, 17, 34 & 51 days post-
surgery and analyzed the samples using pCT, Faxitron x-ray,
immunohistochemistry, Goldner-Trichrome staining, Real Time PCR and

biomechanical testing.

In order to verify that the heterozygous mice contained reduced BMP2
expression, we performed RT-qPCR analysis of BMP2 expression in all three
genotypes of the conditional BMP2 knockout mice. These RT-qPCR results
revealed a gene-dosage dependant reduction in BMP2 expression in the
conditional BMP2 knockout mice. Similarly, Tsuji and colleagues reported that
gene-dosage dependant expression of BMP2 exists in a fracture healing model
using conditional BMP2 ablated mice (Tsuji et al., 2006). Hence, these results
confirmed that there is a gene-dosage effect for BMP2 expression in the
heterozygous mice. This conclusion was firmed up when BMP2 protein

expression was assessed by immunodetection in the distracted limbs (Fig. 9).

Further analysis using pCT and Faxitron x-ray showed that a gene-dosage
dependant BMP2 reduction in the heterozygous mice resulted in a delay in bone
healing during DO compared to the controls. This observation was supported by
a statistically significant decrease in trabecular number and increase in trabecular

separation at 51 days in the heterozygous mice compared to their wild-type
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littermates. However, these uCT and Faxitron x-ray results were somewhat
variable: for example, histological images of the 17 day control (Fig.9) did not
correspond with the uCT and Faxitron x-ray images of the 17 day control (Fig.7).
In this case, the histological images of the 17 day control seemed to contain more
bone formation than the uCT and Faxitron x-ray images of the 17 control.
Incomplete penetrance of cre-mediated Bmp2 excision or gender differences are
possible factors that may account for such variability amongst samples for each

time point.

Immunohistochemical staining in chondrocytes showed a decrease in
BMP2, BMP7, BMPR1a, ActR1 & ActR2b expression at 34 days post-osteotomy.
This decrease in BMP ligand/receptor expression at 34 days could possibly
explain the reason why poor bone formation was observed in the heterozygous
mice throughout the consolidation phase; reduced BMP/BMPR expression may
result in decreased bone formation at the distracted site. At 51 days post-surgery,
we observed there was an upregulation of BMP7 and ActR2b expression.
Whether this upregulation of BMP7 expression at 51 days was a compensatory
mechanism triggered by decreased BMP2 levels at 34 days remains to be
determined. Studies have shown that BMP7 uses ActR2 as its type II receptor
(Shimizu et al., 2006). Thus, there is a possibility that the increase in ActR2b
expression observed at 51 days in the heterozygous mice may have been
stimulated by the increased BMP7 levels observed at the same time point.
Interestingly, the upregulation of BMP7 expression could not compensate for the

decreased BMP2 expression in the heterozygous mice.
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Histological examination of heterozygous distracted samples further
confirmed that the heterozygous mice contained impaired bone repair compared
to the wild-type mice. The histological images clearly showed that the distracted
zones of the BMP2 "* “® mice appeared to consolidate more slowly than the

control BMP2 "* mice.

Our Real Time PCR data showed no changes in the relative expression of
the twenty-four studied osteogenic markers during any of the four time points
between wild-type and heterozygous distracted mice. Possible explanations for
these results could be RNA degradation, loss of RNA during sample handling or
contamination of sample with other cell types that are not specific to the distracted
zone. Lastly, biomechanical results also supported the finding that the
heterozygous mice have impaired bone formation during DO as the 51 day
heterozygous samples showed a decrease in stiffness and increase in ultimate

displacement.

Although we observed a delay in bone consolidation in the conditional
heterozygous mice, a question to address is whether this prolonged bone
formation in the heterozygous mice is initiated during late consolidation or at an
earlier time point. Possible methods to test this theory include increasing the
sample size of mice per time point, harvesting these samples at more frequent
time points in between the distraction and early consolidation phase of DO and

performing dynamic histomorphometry analysis using the tetracycline double
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labeling technique to study mineralization patterns in the heterozygous and wild-

type mice.

One of the principal concerns of the current study is the existence of
variation between samples, as previously mentioned. Gender-induced variation
can easily be addressed by studying same gender cohorts. Variation caused by the
incomplete penetrance of cre-mediated Bmp2 excision could be remedied by
performing DO on conventional heterozygous BMP2 knockout mice to see if
these mice also contain prolonged bone consolidation. Unlike the homozygous
mutants that die early postnatally, the heterozygous mutants are phenotypically
normal (Zhang. 1996). It would also be interesting to study the effects of DO
using chondrogenic tissue-specific BMP2 knockout mice as our
immunohistochemical results indicated that mostly chondrocytes stained
positively for the selected BMP members. Such mice can me generated by
crossing mice containing a floxed Bmp2 allele with Col2::cre transgenic mice

(Terpstra et al., 2003).

The results of this study clearly demonstrate that when distraction
osteogenesis is performed on heterozygous mice with a gene-dosage dependent
reduction in BMP2 expression in the limbs, these heterozygous mice exhibit a
prolonged bone consolidation compared to the controls. Previously, Tsuji and
colleagues reported that conditional BMP2 deficient mice had impaired bone
formation in a similar model of fracture healing (Tsuji et al., 2006). Even though,

both models of DO and fracture healing share similarities, there are significant
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differences that exist in the temporal expression of molecular factors unique to
each model (Al-Aql et al., 2008). Most importantly, this study suggests that
BMP2 does exert a physiological role during DO and that the manipulation of the
endogenous BMP pathway may be a potential alternative for the treatment of
accelerating the consolidation phase of DO. Therefore, future studies should
attempt to study the effects of manipulating the endogenous BMP pathway during

DO.
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7.0-APPENDIX
7.1- Western Blot Results

For western blot analysis, protein was extracted from the distracted zone
of tibial samples collected at 5, 11, 17, 34 and 51 days post-surgery. The protein
samples were then probed with antibodies specific for SMAD independent
signaling pathway members (P-ERK 1/2, ERK 1/2, P-p38 MAPK and p38
MAPK) and SMAD dependant signaling pathway members (P-SMAD 1 and
SMAD 1). The ratio of phosphorylated to non-phosphorylated forms of SMAD-1,
ERK 1/2 and p38 MAPK were graphed relative to the five time points. The P-
ERK 1/2 / ERK 1/2 ratio showed a statistically significant increase in protein
expression during the distraction phase, followed by a decrease in protein
expression during the consolidation phase (Fig 5SA). The P-p38 MAPK/ p38
MAPK results demonstrated a more varied pattern of protein expression:
increased expression was observed during the distraction phase followed by a
drop in protein levels during early consolidation and a rise in protein expression
by late consolidation (Fig. 5B). P-SMAD-1/SMAD-1 results, although not
statistically significant, exhibited an increase in protein expression during the

consolidation phase (Fig. 5C).
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Figure 5 Western Blot of BMP Signaling in Wild-type Mouse Model of DO.

Protein was isolated from the distracted tibial samples from wild-type mice. The protein samples were
probed with phosphorylated and non-phosphorylated forms of (A) ERK 1/2, (B) p38 MAPK and (C)
SMAD-1. The ratio of phosphorylated to non-phosphorylated forms of BMP signaling members were
graphed relative to the five time points. Increased ERK 1/2 and p38 MAPK protein expression was
observed during the distraction phase. SMAD-1 expression was elevated during the early consolidation
period of DO.
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