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Abstract:

The roots of our teeth are important for anchoring the teeth in the jaw.
Although much is known about crown formation much less if known about
how roots develop and how they respond to force during their lifetime. In
this thesis the development of roots has been assessed, with particular
focus on how occlusion and force impact the roots after eruption. After
eruption, teeth are exposed to different degrees of force throughout their
history. For example, high force can be generated by mastication,
particularly involving a hard diet, while very low force can be generated in
the case of hypofunctional occlusion, where the upper and lower teeth fail
to come into physical contact. Such hypofunctional occlusion is often
induced during orthodontic treatment. The effect of force on roots,
particularly in the adult, is not well understood.

To address these gaps in our knowledge we have used mouse models to
investigate the effect on roots of changing the forces acting on teeth by
altering occlusion or diet. Our results highlight that changes to the forces
acting on teeth influence the shape, dimension, and composition of roots
through deposition of cellular cementum. To discover more about the
effect of tooth surface loss on roots we also used Eda pathway mutants,
which are characterised by early loss of their tooth surface due to enamel
hypoplasia. We then investigated the effect of enamel hypoplasia on the
roots and showed, in keeping with our earlier results, that the roots
displayed hypercementosis and changes in dimension.

In conclusion we have identified that after the cessation of root
development external forces that are applied to the crowns play an
important role in the future morphology and composition of roots. We
show that such changes in the roots are generated by alterations in
cementum production, which should be taken into account especially
during orthodontic treatment, as teeth with hypercementosis are difficult

to move or be removed.
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Chapter 1: General Introduction
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1. 1. Introduction:

Teeth are hard structures that are anchored in the bone of the upper and
lower jaws of most mammals; they have a great role in chewing, phonetics,
as well as playing a key part in aesthetics. In the past decades tooth
development and the genes that affect such processes have been
extensively studied by many scientists. Some studies have been carried out
on human teeth however most of the genetic understanding of how teeth
form has been derived from studies on other mammals such as the mouse

and rat, plus other vertebrates such as fish, and reptiles etc.

In this introduction the anatomy of teeth, and the genes that have a role in
their development, will be addressed, focusing on the roots. As this thesis
concentrates on experiments using the mouse as a model organism I will
also describe rodent teeth and the terms that will be extensively used in
this thesis. Mice are good models to study the etiology of diseases and
understand the mechanisms that shape tissues and organs (Bedell et al,
1997a, Bedell et al., 1997b), since mice and men share around 97% of their
working DNA (Mural et al., 2002) and a large number of genetically
modified mice are available to study the effect of specific gene knockouts.
In this introduction [ will concentrate on root development and
modifications of tooth roots throughout life, the two main themes of this

thesis.
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1.2. Tooth anatomy:

It is important to study the dentition not just because of the importance of
teeth in daily life but also because teeth can be used to help diagnose
specific syndromes, and can be an indicator of lifestyle. A tooth is
composed of a crown and a root. The crown is the part that is seen in the
oral cavity while the root is the part that is embedded in the jawbone to
provide support to the tooth. The pulp chamber is located in the middle of
the crown and contains nerve and blood vessels that enter the tooth via
periapical foramens at the apex of the root passing through the root canal
until it reaches the pulp. The crown is covered by a layer of hard tissue
called enamel (Figure 1.1). Enamel is composed of the following materials
-by total weight-: inorganic materials -mainly carbonate hydroxyapatite-
which makes up about 97% of the total composition of the enamel and

organic materials 1%, and water (Hillson, 2005, Ungar, 2010).

Enamel defects:

There are several systemic diseases that can lead to teeth with enamel
hypoplasia and enamel hypomineralization. Hypoplasia is characterised
by a defect in the enamel thickness, while in hypomineralisation the
enamel has a full thickness but the enamel has not mineralised correctly
with defects in the influx of calcium & phosphate ions, caused by the
enamel producing cells (ameloblasts) not undergoing full maturation
(William V, 2006, Avery, 2002). Molecular defects and systemic diseases

that are known to lead to a deterioration in enamel are shown in Table 1.1.
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Diseases:

Reasons of the diseases:

Amelogenesis imperfecta

Genetically determined

Down syndrome

Chromosomal anomalies

Cardiac defects, unilateral facial

hypoplasia

Congenital defects

Galactosemia, phenylketonuria

Inborn errors of metabolism

Measles, chickenpox

Infectious diseases

Hepatic disease, renal disease

Chronic medical diseases

Hypertension, nutritional deficiency

Maternal health during pregnancy

Vit. D deficiency

Nutritional deficiencies

Table 1.1: shows the factors that might cause enamel defect, adapted from

(Drummond B, 2014)
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Figure 1.1: Tooth anatomy.
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Under the enamel layer there is a thicker yellowish layer called dentine.
Dentine is not as hard as enamel; carbonate hydroxyapatite makes up
about 70% of the total weight of dentine, water 10%, and the remaining
20% are collagen fibers and trace amounts of other proteins (Hillson,

2005, Ungar, 2010).

Dentine is also the main component of the root. Instead of being covered
by enamel, the dentine of the root is covered by a thin layer of another
hard tissue known as cementum. There are two types of cementum;
acellular and cellular. Acellular cementum is deposited at the early stages
of tooth development mostly around the upper two third part of the root
(cervical and middle third), while cellular cementum can be deposited

through out life at the lower 3rd (apical area) (Figure 1.2).

Figure 1.2: Types of
cementum, which are: \

(A) Acellular cementum, /

which is deposited mainly
|

/
Acellular
cementum
Cellular
cementum

on the cervical and middle

3rd :
(B) Cellular cementum,

which is mainly on the

apical 3rd of the root and

the cementoblasts are

trapped in the cementum

that they secrete giving it a

cellular appearance.
Adapted from (Berkovitz,
2009)
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Cementum is a hard tissue composed of 40%-45% inorganic material
including hydroxyapatite, calcium, magnesium; the remaining 50-55% is
made of organic material including type I and type III collagen fibers
(Hillson, 2005, Ungar, 2010). Itis important in stabilizing the tooth inside
the socket as the tooth sits in a socket created by the alveolar bone.
Alveolar bone, like cementum, consists of organic and inorganic materials
but there are several differences that are highlighted below (Brand &
Isselhard, 2013).

Cementum does not have a vascular supply; therefore it is more resistant
to resorption than bone.

Cementum does not have a nerve supply therefore it does not cause pain.
Cementum undergoes minor or no remodeling unlike bone, which

remodels continuously.

The tooth is attached to the surrounding bones by bundles of fibers known
as the periodontal ligament. These ligaments are special type of connective
tissue that attach the tooth to the surrounding alveolar bone and also
transmit the forces that have been applied to the teeth to the alveolar bone.
The ligament also acts to maintain homeostasis and repair damaged tissue

in cases of trauma and infection (Shimono et al., 2003).
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Although the embryonic origin of the cementum layer has been studied, it
remains controversial. Lineage labeling studies using transgenic reporter
mice have shown that cementoblasts are derived from neural crest cells
(WntlcreR26R mice) (Chai et al,, 2000, Yamamoto and Takahashi, 2009),
however other studies have suggested that Hertwig’s Epithelial Root
Sheath (HERS), an epithelial structure involved in root formation, can
undergo epithelial-mesenchymal transition and contribute to the
formation of cementoblasts (Alatli et al., 1996, Sonoyama et al., 2007,
Huang et al,, 2009, Akimoto et al.,, 2011). This has been confirmed using
Keratin14creR26R mice, where the epithelial cells and their progeny are
permanently labelled throughout their life. In this case, cells of epithelial
origin that were derived from the HERS were found to form cementoblasts
(Huang et al., 2009). It has also been suggested that acellular and cellular
cementum have different embryonic origins; the acellular cementum
being derived from HERS and the cellular cementum from neural crest
cells (Zeichner-David et al.,, 2003). A dual contribution from both the
neural crest and from the epithelium appears likely.

During adult life, cementum deposition can occur in response to local
factors such as trauma, infection, change in occlusal forces, or in response
to systemic factors such as aging or diseases including Paget’s disease,
acromegaly, and pituitary gigantism. The consequence of hypercementosis
is ankylosis leading to difficulty in extraction of teeth and poor
orthodontic movement (Hillson, 2005, Masthan, 2010, Newman, 2011).
The excessive cementum deposition in cases of trauma and infection could
occur because cementum acts as an adaptive tissue that is deposited
mainly in response to functional demands (Consolarol, 2012, Hand, 2015).
In Hypophosphatasia, an inherited autosomal recessive or autosomal
dominant condition, the cellular and acellular cementum layers

deteriorate or do not form, which will cause early exfoliation of the
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affected teeth (van den Bos et al., 2005, Hu and Simmer, 2007, Nanci, 2008,
Glorieux F, 2012).

The periodontal ligament, cementum and alveolar bone are all derived
from cranial neural crest cells (Wnt1cre positive) (Chai et al., 2000). The
periodontal ligament fiber bundles are divided according to their position
and direction around the tooth into distinct categories (Hand, 2015,

Bathla, 2011, Nanci, 2008) (Figure 1.3).

a. Oblique fibers: extend from the cementum to the alveolar bone in
an oblique direction.

b. Horizontal fibers: these radiate from the root to the surrounding
alveolar bone at a right angle to the long axis of the tooth.

c. Apical fibers: extend from the apex of the root to the alveolar bone.

d. Alveolar crest fibers: extend from the tooth to the alveolar crest

e. Interradicular fibers: these fibers are found between the roots of
multi-rooted teeth.

f. Transseptal fibers: extends from the cementum layer of one tooth

to that of the adjacent tooth.

22



Transseptal

Interradicular

Alveolar crest

Horizontal

Oblique

A
>
v
o
i
-
\

s

Figure 1.3: Types of periodontal ligament fibers. Adapted from (Hodges,
1998).
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1.3. Tooth crown development:

Tooth development starts by a thickening of the oral epithelium forming a
structure known as the dental lamina. This thickening occurs after the
migration of neural crest cells into the region of the upper and lower jaw
(Tucker and Fraser, 2014). Tooth placode formation has been shown to
involve proliferation and stratification of the epithelium and intercalation
of cells to produce a down growth (Li et al.,, 2016) (Figure 1.4). This
process is controlled by ectodermal and mesenchymal interactions which
continue throughout tooth development (Carlson, 2013, Chatterjee, 2006,
Hand, 2015).

Thickening of the
epithelium in the
upper jaw

—— Thickening of the
epithelium in the
lower jaw

° = Mesenchymal
e o " tissue

Figure 1.4: Shows thickening of the dental lamina cells to form a future

tooth. Adapted from (Chandra, 2004).
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After the formation of the dental lamina tooth development proceeds
through key stages of bud, cap, and bell (Figure 1.5). These stages,
explained in detail below, are highly conserved and are observed in
developing teeth from many different vertebrates including fish, reptiles,

and mammals (Tucker and Fraser, 2014).

[F Neural-crest-derived mesenchyme

0;31 B Condensing dental mesenchyme
Proximal < Distal =Proximal | [_] Oral epithelium  [_] Enamel
Abé,a, [7] Ameloblasts [ Dentin

B Odontoblasts [T] Dental pulp

Thickening

Figure 1.5: Developmental stages of a tooth starting from left to the right,
from (Tucker and Sharpe, 2004).
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Bud stage: The bud stage is characterized by the epithelium
forming a bud like extension that proliferates into the underlying
mesenchyme. At the same stage the mesenchymal cells start to

condense around the epithelial bud.

Cap stage: At this stage the epithelial bud starts to undergo unequal
proliferation leading to the folding of the tooth germ to create a cap
shape. At this stage the enamel knot, a key-signaling centre, is
visible within the epithelium, which plays a role in the final tooth
shape. The enamel organ at this stage is composed of outer enamel
epithelium, inner enamel epithelium and stellate reticulum (star

shaped cells).

Bell stage: This is also known as the histodifferentiation stage. The
epithelium further extends into the mesenchyme creating the
dental papilla within the arms of the epithelium, the deeper ends of
the epithelium are: known as the cervical loops. At this stage the
dental follicle has formed adjacent to the outer dental epithelium.
The inner enamel epithelium cells differentiate into ameloblasts,
which later on secrete enamel and the dental papilla cells adjacent
to the inner enamel epithelium differentiate into odontoblasts,
which will secrete dentine. The secretion of these substances
(enamel and dentine) will continue until the crown part of the tooth

is fully formed after which root formation starts.
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During these stages there is signalling from many growth factors, which
are vital for tooth development, among those are fibroblast growth factor
Fgf, Sonic hedgehog Shh, epidermal growth factor Egf, transforming
growth factor Tgf, Wnt/ 3-Catenin signalling, Bone morphogenetic protein
Bmp, Platelet derived growth factor Pdgf. In addition to key transcription
factors such as, Msx1/2, Pax9, and Lefl (Puthiyaveetil JS, 2016, Jernvall J1,
2000, Maas R, 1997). A schematic showing the role of these genes during
key stages of tooth development is shown in Figure 1.6. Loss of many of
these factors leads to arrest of tooth development as the placode stage
(Msx1/2 double mutants), or at the bud stage (Lefl, Bmp4, Msx1, Pax9
single mutants) (Jernvall J1, 2000,), with mutations in Msx1 and Pax9
being linked to cases of hypodontia in patients (Jernvall J1, 2000).
Signalling during development relies on a series of epithelial to
mesenchymal interactions. Initially it is the epithelium that holds the
odontogenic potential and can instruct tooth development in non-dental
neural crest cells. From the late thickening stage, however, it is the
mesenchyme that retains this capacity with tooth mesenchyme being able
to make a tooth when combined with non-dental epithelium (Tucker and
Sharpe, 2004).

Fgf8 & 9, expressed in the early oral epithelium, play a key role in
regulating the fate of the underlying neural crest derived mesenchyme
(Caminaga R.M., 2003, Liu C, 2013, Han D, 2012). Tgfs on the other hand
has been found to plays a role in mesenchyme cells differentiation and
proliferation and later in differentiation and maturation of the dental
papilla cells to become odontoblasts (Higa A, 2016, Huang and Chai, 2012,
Oka et al., 2007b). Shh is expressed throughout tooth development in the
oral epithelium, and then later in the inner enamel epithelium, and has
been shown to affect tooth size and have a key early role in tooth initiation
(Yu]C, 2015, Galluccio G, 2012, Li Z, 2013). Msx 1, a key transcription

factor, is expressed in the condensing mesenchyme around the developing
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bud and acts in a regulatory loop with Bmps, while Msx2 has a similar
early expression before becoming restricted to the enamel knot at the cap

stage (Alappat S, 2003), (Yamashiro T, 2003).

, Oral ectoderm . Dental placode Enamel knot ' 'Secondaryenamelknols
BMP p2t | BMP pt | BWP 21
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| Left, Runx2 Leff, Run2
Odontogenic Condensed dental Dental papilla
mesenchyme mesenchyme mesenchyme

Figure 1.6: signals & transcription factors that have role in tooth

development from (Jernvall J1, 2000).

The morphology of the crown is determined by the enamel knots (EK).
Incisors have a single primary enamel knot while molars have a single
primary enamel knot followed by a number of secondary enamel knots.
The number of secondary enamel knots corresponds to the final number
of cusps on the crown. The primary EK expresses Fgf4, Shh, Bmp4 and
various Wnts that control proliferation outside the EK. The secondary EKs
express a subset of these genes, including Fgf4 (Tucker and Sharpe, 2004).
The EKs do not proliferate themselves causing the epithelium to bend, and
thereby creating the cusps and defining the shape of the crown (Jernvall J1,
2000). The final shape is set in place when the ameloblasts and
odontoblasts differentiate and start to lay down the enamel and dentine,

following the contours of the epithelium.
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1.4. Toothroot development:

Root development starts after crown morphogenesis is complete. The
process of root formation is complex involving interaction between the
ectoderm and neural crest derived mesenchyme. Root development starts
with the elongation of the inner and outer enamel epithelium into the
underlying mesenchyme forming a double layered epithelium known as
Hertwig’s epithelial root sheath (HERS) , which bends horizontally

forming epithelial diaphragms narrowing the cervical opening of the root
(Kumar, 2014) (Figure 1.7).
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Figure 1.7: Epithelial diaphragm, which is formed during root

development which HERS bends horizontally. Adapted from (Brand &
Isselhard, 2013).
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As HERS elongates to map the tooth roots, the cells of the dental papilla
adjacent to HERS differentiate into pre-odontoblast cells (Ruch, 1985,
Ruch et al., 1995) before forming odontoblasts, which later on secrete the
root dentine layer (Nanci, 2007, Thesleff, 2003a, Teaford, 2007, Thesleff,
2003b). HERS signals to the underlying mesenchyme to control the
pattern of the differentiating odontoblasts, and thereby the root pattern.
In addition, HERS has been shown to secrete ameloblastin (Ge et al.,
2013a), which contributes to odontoblast development (Fong et al., 1998,
Begue-Kirn et al., 1998). As the root dentine is laid down HERS starts to
fragment creating islands of epithelial tissue known as Epithelial Rests of

Malassez (Myers, 2014) (Figure 1.8).
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Figure 1.8: Formation of Hertwig Epithelial Root Sheath, adapted from
(Myers, 2014).
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The creation of epithelial diaphragms (tongue like epithelium), due to the
angle of extension of the HERS through the mesenchyme, is responsible
for the formation of multiple roots in one tooth (Figure 1.9). Recently it
has been suggested that the angle of the HERS, and therefore the number
of roots formed during root development, is controlled by condensation of
mesenchymal cells around HERS (Sohn et al.,, 2014). When the root has
reached its final length, HER bends horizontally forming an epithelial
diaphragm around the apical opening of the pulp, which will eventually

become the apical foramen.

Horizontal tongue-like

epithelial extension
Development of

two roots

Developing
root trunk

Development of
three roots

Figure 1.9: Diagrams showing horizontal sections through the developing
roots of a bi-rooted (top) and tri-rooted (bottom) tooth explaining
multiple root development in 3 stages:

(A) developing root trunk

(B) horizontal tongue like extensions of epithelium

(C) fusion of the extended epithelium together dividing the root into two
or three roots. The future dental pulp is represented in dark grey and
HERS by dotted area. Arrows indicate epithelial diaphragms. Adapted
from (Chandra, 2004)



1.5. Timing of tooth eruption:

In humans, teeth undergo all the developmental stages mentioned above
before eruption. Humans have 2 sets of teeth; the first set, also called the
primary teeth (milk teeth), is composed of 5 teeth within each quadrant (1
incisor, 1 lateral incisor, 1 canine, and 2 molars). The second set is
composed of 8 teeth within each quadrant; 3 molar, 2 premolars, 1 canine,
and 2 incisors. The permanent teeth gradually replace the deciduous teeth
starting from the age of 6 years old. The timing of development and
eruption of both sets of teeth are listed below (Table 1.2). It has previously
been established that human root development of both deciduous and
permanent teeth continues up to 3 years after eruption (Lunt and Law,

1974) (Berkovitz, 2009, Becker, 2012) (Table 1.2).
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Teeth Eruption time Root complete
Deciduous:

Macxillary

Central Incisor 7% mo 1% yr
Lateral incisor 9 mo 2 yr
Canine 18 mo 3% yr
First molar 14 mo 2% yr
Second molar 24  mo 3 yr
Mandibular

Central Incisor 6 mo 1% yr
Lateral incisor 7 mo 1% yr
Canine 16 mo 3% yr
First molar 12 mo 2% yr
Second molar 20 mo 3 yr
Permanent

Macxillary

Central incisor 7-8 yr 10 yr
Lateral incisor 8-9 yr 11 yr
Canine 11-12  yr 13-15 yr
First premolar 10-11  yr 12-13 yr
Second premolar 10-12  yr 12-14 yr
First molar 6-7 yr 9-10 yr
Second molar 12-13  yr 14-16 yr
Third molar 17-21 yr 18-25 yr
Mandibular

Central incisor 6-7 yr 9 yr
Lateral incisor 7-8 yr 10 yr
Canine 9-10 yr 12-14 yr
First premolar 10-12 yr 12-13 yr
Second premolar 11-12 yr 13-14 yr
First molar 6-7 yr 9-10 yr
Second molar 11-13 yr 14-15 yr
Third molar 17-21 yr 18-25 yr

Table 1.2: Shows timing of tooth development in both deciduous and
permanent teeth. The last column indicates the time that the teeth take to
complete the development of their roots, which is between 11,2 to 3 years

after eruption. Adapted from (Lunt and Law, 1974).
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It is important for medical and dental professionals to know the eruption

time of each tooth and when the development of the tooth roots finishes

because there are a number of syndromes & diseases that can affect the

timing of tooth eruption(Scully C, 2001) (Table 1.3). Knowing this

information can also help to tell whether a tooth is impacted and whether

or not to start orthodontic treatment. The stage of tooth development also

influences the treatment plan in cases of tooth trauma, tooth avulsion,

decay, etc (Mitchell, 2013, Welbury, 2012).

Syndrome or disease

Characteristic features

Down syndrome

In which there is extra chromosome (trisomy 21),
flat appearing face, small head, upward slanting
eyes, missing teeth, delay eruption, enamel
hypoplasia

Cytotoxic therapy & | The use of drugs cause salivary glands

radiotherapy dysfunction which in turn result in the absence of
calcium & phosphate ions that are necessary to
maintain enamel

Cleidocranial No collar bone, short bones, failure of permanent

dysplasia teeth eruption

Congenital Hormones are affected resulting in delay of

hypopituitarism, growth & teeth eruption

Congenital & Juvenile

hypothyroidism

Gaucher’s disease

Skeletal disorder, bone lesions, less osteoclast

Osteopetrosis

Dense bone

Gardner syndrome

Presence of supernumerary teeth

Table 1.3: syndromes & diseases that can affect the timing of tooth
eruption. Adapted from (Scully C, 2001, Macho V, 2014, Gerry J. Barker,

2000).
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Mice have only one incisor and 3 molars on each quadrant with a gap
between the incisor and the 1st molar, known as a diastema. Mice are
characterized by having one set of teeth, however their incisors are
continuously growing. It has been shown that in mice during the eruption
of the first molar (M1) and the second molar (M2), only 2/3 rd of their
roots have been formed with M1 erupting around postnatal day 15 (P15)
and M2 around P20 (Radlanski et al., 2015, Lungova et al,, 2011). As with
humans, a delay in eruption can also be a sign of a syndrome or disease
(Alfageeh et al,, 2015). A number of studies have also been carried out on
rats, which although not so genetically amenable, have larger teeth, which
allows for easier surgical manipulation. Like mice, rats have the same
number of teeth but root development is prolonged and does not stop

until around P50 (Losso and Nicolau, 2003).

Phases of tooth eruption:
Eruption of teeth is a developmental process that passes through three

phases (Marks S, 1995), which are:

1. Pre-eruptive phase: this phase starts with the formation of the
tooth germs; this is also followed by the elongation of the jaw bone
to fit all the teeth.

2. Eruptive phase: it is the phase where the teeth start to erupt, it is
also called pre-functional phase. This phase happens with the
presence of osteoclast, which forms the eruption pathway, and
osteoblasts at the apical part of the dental follicle. At this stage the
tooth root is still growing i.e. not fully developed. It has been shown
that without bone resorption there will be no tooth eruption
(Sundquist Kai T. and Jr., 1994)

3. Post-eruptive phase: in this phase the tooth will be in a functional

occlusion.
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Theories of tooth eruption:

There are many theories concerning the eruption of teeth (Marks and
Schroeder, 1996, Kjaer, 2014), however non are fully understood, among
those theories are:

1. Root elongation: It was considered that root elongation is necessary
for tooth eruption, however (Witkop, 1975, Cahill and Marks, 1980)
have shown that rootless teeth can also erupt.

2. Alveolar bone formation at the apex of the developing tooth (Brash,
1928); however the presence of unerupted teeth in case of
osteopetrosis, in which bone formation is elevated make this theory
to not be reliable (Marks, 1989)

3. Periodontal ligament formation: It was shown that periodontal
ligament formation is associated with tooth eruption, however the
presence of periodontal ligament doesn’t always ensure tooth

eruption as in the case of osteopetrosis (Marks, 1989)
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1.6. Genes that have a role in the initiation and morphogenesis of

the root during tooth development:

In the last decades many papers have been published about the genes that
contribute to the development of the tooth crown. However, in contrast,
knowledge of genes that are specifically involved in root development is
much less studied. This may be due to the difficulty of culturing the root,
unlike tooth germs of embryos, which have been widely and successfully
cultured (Kollar and Baird, 1969, Munksgaard et al.,, 1978, Nakashima,
1991, Sloan et al., 1998) and the fact that the root is a postnatal structure
in the mouse and is difficult to access due to its development within the
alveolar bone. In the next section I have highlighted some of the genes that
are known to have a role in murine root development, particularly
concentrating on how the different pathways interact with each other to

create a root.

37



Sonic Hedgehog (Shh):

Shh is a member of the hedgehog family and is expressed at high levels in
the forming HERS and throughout root development (Khan et al., 2007,
Liu et al,, 2015b), suggesting a role in root development. Ptc the receptor
for Shh is expressed in the underlying mesenchyme, indicating it is the
mesenchyme that responds to Shh signalling (Khan et al., 2007). Shh is
essential for root development (Huang et al., 2010) who showed that
adding ectopic Shh could rescue root development in root development in
K14-Cre;Smad4 fI/fl mice partially. It was also mentioned that in Ptc
mutants the molar teeth present with shorter roots because of the
cessation of the proliferation rate HERS cells (Nakatomi et al., 2006). In
addition to its role in the root, Shh has a key role in earlier tooth
morphogenesis, growth, and shape (Hardcastle et al., 1998, Cobourne et al.,
2001, Bitgood and McMahon, 1995, Dassule et al., 2000). Shh is also well
known to have a role in the morphogenesis of skeleton, limbs, palate and
brain (Chiang et al,, 1996, Rice et al,, 2006, Kim et al., 1998, Cobourne et al,,
2009, Roessler et al., 1996, Belloni et al., 1996, Xavier et al., 2016).
Hedgehog signaling works through the Gli family (Gli 1/ Gli 2/ Gli 3),
which act downstream of Shh ((Ruiz i Altaba et al., 2002), (Marigo et al,,
1996, Buscher et al, 1997). The Gli family is expressed during tooth
development in both the epithelium and mesenchyme (Hardcastle et al.,
1998) and Shh acts on mesenchyme through Glil (Huang et al., 2010)
during root development (Figure 1.10). Mouse mutants for Gli2 have
abnormal maxillary incisors and cleft palate, but mutation of Gli3 showed
premature fusion of lambdoid suture and deterioration of the frontal bone
morphology (Veistinen et al., 2012, Rice et al., 2010).

Although mutation of Gli3 alone did not show any tooth abnormality;
however double mutants for Gli2 and Gli3 did not develop any teeth (Mo
et al, 1997, Hardcastle et al., 1998).
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Transforming growth factor signalling (Tgf):

The Tgf superfamily consists of Bmp, Tgff3s, Activins, Nodal, Growth and
differentiation factors. Tgff3s and Bmp have both been shown to play a
role in root development. The Tgff3 family appears to act upstream of Shh
during root development as Shh expression is lost in the absence of Smad
4 (Huang et al., 2010) (Figure 1.10). Smad4 is a key intracellular
component of the Tgff3 pathway and loss of Smad4 in K14-Cre;Smad4 (1/f)
leads to an arrest of root development along with the development of
abnormal dentine and enamel (Huang et al., 2010). It was also shown that
Smad4 plays a crucial role in regulating the interaction between TGF-
3/BMP and another key pathway, Wnt signaling (Li et al.,, 2011) (see
section below). TGF- {3 and BMP 2,3,4,7 specifically play a role in tooth
root development and are expressed in neural crest derived cells,
mesenchyme, epithelium, and cementoblasts of cellular cementum.
Mutation in Bmp result in the formation of molars with shorter roots and
reduced thickness of the dentine layer (Huang et al., 2010, 7, (Rakian et al,,
2013, Yamashiro et al.,, 2003, Plikus et al., 2005, Aberg et al., 1997).
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Nuclear Factor I/C:

Nuclear factor I/C (Nfic) is a transcription factor that has been shown to
be essential for murine root development. Nfic acts as a downstream of
Shh and Gli (Figure 1.10) and NFIc mutants have molars with short roots
(Liu et al,, 2015b), Huang et al., 2010, (Park et al.,, 2007, Steele-Perkins et
al., 2003). And it was shown that ectopic Shh induce Nfic expression in the
mesenchyme in K14-Cre;Smad4®/f) mice (Huang et al., 2010).
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Figure 1.10: Schematic diagram showing the Smad4 signalling pathway
during tooth root development. Smad4 in the dental epithelium is
required for Shh expression, which activates Glil inducing Nfic expression
in the dental mesenchyme during root development, from (Huang et al.,

2010)
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Wnts:

Another signaling pathway that has been shown to play a role in tooth
root development is Wnt. It is known to have a role in root development
(Kim et al, 2013a). Wnt plays essential roles in cell interaction and
differentiation during embryologic development (Logan and Nusse, 2004,
Cadigan and Nusse, 1997). Wnt ligands are extracellular signal that
stimulates intracellular signals by either the canonical pathway (Wnt/f3-
catenin dependent pathway) or the non-canonical (3-catenin-independent
pathway) (Komiya and Habas, 2008, Kim et al., 2013b). It has been shown
that Wnt signalling is necessary for tooth development and mutation in
components of this pathways have been implicated in many
developmental syndromes such as cleft lip and palate and many tumors,
as well as a smaller tooth size (Liu and Millar, 2010, Cai et al.,, 2011).
Continuous activation of Wnt/-catenin signaling results in the formation
of supernumerary teeth (Jarvinen et al., 2006). Of relevance to roots,
mutations in Wnt10a result in taurodontism in both patients and in mice
demonstrating the importance of canonical pathway (Wnt/f-catenin
signaling)(Yang et al., 2015). Taurodontism is defined as the enlargement
of the pulp at the expense of the root (Keith, 1913) and will be discussed
further in chapter 5. Wnt10a is expressed in the developing root in the
epithelium and earlier in development in the enamel knot (Jussila et al,,
2015, Kratochwil et al., 2002, Yamashiro et al., 2007).

Inactivation of B-catenin in developing odontoblast cells using transgenic
mice where [-catenin is inactivated results in the formation of molars that
lack roots (Kim et al.,, 2013a), highlighting the importance of the canonical
Wnt pathway in root development. Interestingly, over expression of
Wnt/B-catenin signaling also led to disturbed root formation, with the

roots forming but having thinner dentine and more cementum deposition
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(Bae et al,, 2013) (Figures 1.11,1.12). Wnt signalling is thought to interact
with the Shh pathway, with Wnts downstream of Shh.

[B-catenin

Figure 1.11: Show the Shh and Wnt pathway during developmental
stages, from (Ma et al., 2015).
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Fibroblast growth factor (Fgf):

In addition to the previous genes it is good to mention the Fgf (Fibroblast
Growth Factor) family, which is composed of 22 members, known to have
a role in proliferation and differentiation of cells during developmental
stage. The Fgf ligand that has been associated with root development is
Fgf10. During normal development the expression of Fgf10 switches off
when the roots start to develop; and it has been therefore suggested that
loss of Fgfl0 marks a transition between crown and root development
(Yokohama-Tamaki et al.,, 2006). In keeping with this in mouse incisors,
which are continuously growing, the labial cervical loop does not turn off
Fgf10 and a true root does not form at this position. The Fgf pathway has
been shown to interact with many other key signaling pathway (Shh, Wnt,
Gli1,2,3 and Fgf ) (Figure 1.12).

Figure 1.12: A schematic figure showing interactions between secreted
signalling molecules and Gli function. Shh induces Gli1 and Gli2
transcription, whereas it represses Gli3. Gli2 might mediate the induction
of Gli1 by Shh. Fibroblast growth factor (FGF) signalling can induce the

transcription of Gli2 and Gli3, and all three Gli proteins can induce Wnt
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transcription. Glil/SHH and Gli3 antagonize each other, from (Ruiz i

Altaba et al., 2002).

Ectodysplasin:

The Eda pathway is another pathway that has an important role
throughout tooth development. It is composed of: first the ligand EDA
(Ectodysplasin A), which is a member of tumor necrosis factor (TNF) a
family, secondly the receptor Edar, and then the specific adaptor - Edar
associated death domain - Edaradd (Figure 1.13). It has been previously
reported that the shape of teeth are affected by mutations in the Eda
pathway with a reduction in the size of teeth, defects in root number, and
taurodontism (Gruneberg, 1965, Gruneberg, 1966, Gruneberg et al., 1972,
Crawford et al,, 1991, Glavina et al., 2001, Gros et al,, 2010, More et al,,
2013, Tucker et al., 2000). Mutation in this pathway leads to the formation
of flattened teeth due to enamel hypoplasia; therefore these mutants are
good models to study the effect of tooth crown enamel surface loss on the

roots. Further information on this pathway will be discussed in Chapter 5.
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Figure 1.13: Illustrates Eda pathway during development and
morphogenesis. Adapted from (Sadier et al., 2014).
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1.7. Tooth occlusion and roots:

The above sections have related to the development of roots to create a
fully formed tooth. The tooth, however, is a dynamic structure that
changes during life, many of these changes impacting on the shape and
structure of the roots. In this thesis [ am interested not only in how roots
are shaped as they form but how mechanical factors can influence the
roots after they are established. For this it is important to have a good
understanding of how the root adapts to change. When the crown of a
tooth comes in contact with the opposing crown then occlusion will be
established. In humans, an ideal occlusion is rare; therefore orthodontic
and surgical treatment may be required to provide a better occlusion
especially for those who have severe aesthetic and oral function problems.
These procedures require manipulation of the position of the roots to
obtain the desired position for the crowns. Some studies have shown that
teeth and their surrounding tissues undergo distinct pathological changes
as a result of such orthodontic manipulation like root resorption (Topkara
A, 2012, Krieger E., 2013), while others have suggested that such changes
do not occur; for e.g. some showed that there was loss of connective tissue
and gingival recession during tooth extrusion (Berglundh et al,, 1991),
while others stated that no changes in the periodontium were noticed in
teeth which were impacted and extruded orthodontically (Quirynen et al.,
2000). Pathological changes, including degeneration and disruption of the
odontoblast layer and dilatation and congestion of blood vessels, have
been reported to follow tooth extrusion (Mostafa et al., 1991, Anstendig
and Kronman, 1972) but other researchers have been reported that
neither the pulp nor the dentine undergo any pathological changes during
extrusion (Subay et al.,, 2001). The studies mentioned above were carried
out in the cases that have undergone orthodontic treatment i.e. when

different forces were applied to the teeth such as putting the teeth in
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hypofunctional occlusion, or under excessive forces to achieve intrusion
or extrusion and they didn’t mentioned any changes that might have
happened to the roots and therefore much is still unclear about the
relationship between orthodontic treatment and roots. Hypofunctional
occlusion can also be a result of an anatomical discrepancy, such as open

bite, class 3 jaw relationship, missing opposing teeth, or ectopic eruption.

In addition to orthodontic forces teeth are also exposed to many other
forces e.g. mastication and chewing forces. As a consequence tooth
components (enamel, dentine, and cementum) undergo changes through
out their life such as tooth wear, and changes in dentine and cementum
deposition (Gupta et al., 2014, Jang et al., 2014, Hillson, 2005). The
previous published studies that have investigated the effect of mastication
forces on the teeth have not concentrated on changes in the roots, such as
effect on length, shape, and composition, and in addition most of them

lacked histology sections to visualise the differences at cellular level.

In this thesis [ have investigated a variety of areas related to root
development and function because of the importance of roots as an anchor
and support for the tooth in the jawbone. While there are a number of
replacement options available for the crown, if the root is in good
condition, defects in the root lead to severe dental problems that are

currently corrected only with tooth implants.

[ have started my thesis with an assessment of how the shape of the root is
altered when the tooth is placed in hypofunctional occlusion using the
mouse as a model. To complement this study I have also investigated the
impact of mechanical force on the tooth by altering the consistency of diet
fed to mice. I have then taken advantage of mouse mutants with root
defects to investigate first the role of the Eda pathway on root shape

during development (Chapter 5) and finally I have used mice with reduced
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or increased Eda signaling to investigate the impact of enamel hypoplasia

on root dimension in adult mice (chapter6).

Knowing the importance of roots and all the genetic and environmental

effects that can impact on root in this thesis my specific aims are:

1. To understand the consequence of specific type of forces that have
been applied to the tooth crown on the dimension and composition
of the root. For this aim the effect of hypofunctional occlusion, as
widely applied during orthodontic treatment and food consistency

on roots was investigated in wild mice.

2. To investigate the role of the Eda pathway on root development and
the development of root defects. For this aim root defects and
development in Eda mutant mice and patients with X linked

hypohydrotic ectodermal dysplasia were analysed.

3. To investigate the impact of tooth surface loss on roots in adult
mice. For this aim loss and gain of function of genes that are known
to cause early loss of tooth surface were investigated to explore

changes in root shape.
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Chapter 2: Material and methods
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The methods that were used in all chapters are described in this chapter.
In addition methods specific to individual results chapters are found

within each result chapter.

2.1. Mouse collection:

Mice with CD1 and FVB/N background were collected from the biological
service unit (BSU) of King's College London/ Guy’s hospital. The day when
the vaginal plug was found considered as day 0 of gestation. Two methods
were used to sacrifice the samples, CO2, which was used for pups over 10
days, and the other method was cervical dislocation, used for all the ages.
In both cases schedule 1 culling methods were used in accordance to
Home Office License. The mice were preserved on ice put in a box to be
taken to the department of Craniofacial Development in Guy's hospital for
dissection. WT CD1 mice were used in Chapters 3 & 4, while Eda and Edar
mutants (FVB/N background) were utilised in Chapters 5 & 6.

2.2. MicroCT (Microcomputed Tomography):

The whole head of the mice that were used in this thesis were scanned
using a GE Locus SP microCT scanner performed by the technician in
charge of the equipment (Dr Chris Healy). The specimens were
immobilized using cotton gauze and scanned to produce 14pum voxel size
volumes, using an X-ray tube voltage of 80kVp and a tube current of 80pA.
An aluminium filter (0.05mm) was used to adjust the energy distribution
of the X-ray source. The microCT was calibrated using a calibration
phantom of known geometry (a dense cylinder) within the field of
acquisition for each scan. We then carried out test reconstructions on this

object to determine the optimum conditions for reconstruction. This

50



method allows the centre of rotation to be determined precisely,
ensuring consistency in image quality, minimizing blurring and therefore
maximizing detection of object movement. This calibration phantom can
also be used for mineral density calibration, although in this study no
density measurements are presented. We did not use a calibration
phantom prior to scanning as it has been shown that perturbation of the
system can occur in between the phantom and sample acquisition (Patel

etal, 2009).

The scans were then characterized by myself by making three-
dimensional isosurfaces, generated and measured using Microview
software (GE). Microview software tools were used to select the region of
interest (ROI) and to generate a 3D reconstruction for the controls and
mutant teeth, either one tooth or multiple teeth at once. A 3D
reconstruction of a single tooth could take up to 1 hour.

All measurements carried out were performed twice at two different

times and compared to confirm repeatability and reproducibility.

2.3. Histology sections:

2.3.1. Preparation of tissues and slides: The samples were fixed in 4%
PFA at 4 °C for 3-10 days depending on their age and size of sample. Later
on they were decalcified using a solution made of 67.5% EDTA, 25% PFA,
and 7.5% PBS for a period ranged from 2-16 weeks depending on the age
of the sample. The younger the samples the less the decalcification time.
The decalcified solution was changed twice a week. After decalcification
the samples were dehydrated through a methanol series, then washed in
isopropanol, cleared in 1,2,3,4 Tetrahydronaphthalene and embedded in
paraffin wax. After that the embedded samples were sectioned at 10um on

a microtome and then mounted on Superfrost Plus slides using a water
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bath. Slides were left on a hot rack at 42°C overnight to dry before being

stored at room tempterature.

2.3.2. Trichrome Staining: slides were dewaxed using Histoclear twice
for 10 minutes each, then immersed in Ethanol series which are 100%,
90%, 70%, 50% 2 minutes each and washed with deionized water for 2
minutes. This was followed by leaving them for 10 minutes in a solution
made of Alcian blue 1% in 3% of acetic acid to stain acidic polysaccharides
such as glycosaminoglycans in cartilage. After the slides were rinsed
under running water for 10 minutes then washed in deionized water
before immersing them in Ehrlich’s Haemotoxylin for 2 minutes to stain
cell nuclei. After that the slides were rinsed under running water for 10
minutes then in deionized water. Slides were then left in
Polyphosphomolybdic acid 2.5%, which acts as a reagent for staining of
phenolics, alkaloids and steroids, for 10 minutes. After rinsing them with
deionized water, the slides were left in Sirius Red 0.5 % 1-2 hours to stain
collagens. Later on the slides were rinsed in Acetic acid 0.5 % twice then
they were shaken and dried. Finally the slides were dehydrated by
immersing them in 100% Ethanol three times (5 minutes each), rinsed in
Histoclear 2 times for 5 minutes and were then mounted with cover slips

using Neo-Mount.

2.3.3. Imaging: Nikon Digital Slight Camera was used to take images for
the slides at different magnification (10x, 20x, 40x); while for the
dissected teeth (as shown in chapter 5) LEICA software was used at 8.0x

magnification.
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Chapter 3: The response of molar roots to hypofunctional occlusion:
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3.1. Introduction:

In this chapter we have investigated the effect of hypofunctional occlusion
on the dimension and cellular constitution of the roots. Previous
experiments conducted on the effect of hypofunction have mainly used the
rat as a model due to their larger size, making them more amenable to
surgical intervention. A range of methods have been used to achieve
hypofunction, such as the insertion of blocking devices and removal of the
opposing teeth. Bite blocks were applied to rats and it was shown that it
leads to a decrease in alveolar bone volume and an acceleration of tooth
movement as a consequence of hypofunction (Mavropoulos et al., 2004,
Shitano, 2013). The use of bite-raising appliances in 5 weeks old rats
resulted in an elongation and over eruption of the mesial root of the upper
first molars after a 6 weeks period of hypofunction (Motokawa et al,,
2013). Extraction of the first and second lower molars on one side of the
jaw before eruption led to an elongation of the mesial root of the upper
first molar driven by increased proliferation of Hertwig'’s epithelial root
sheath (HERS) (Nakasone and Yoshie, 2011). This study also reported
hypogenesis of the cementum during root elongation. Rather than whole
tooth extraction, hypofunctional occlusion has also been induced by
removal of the crown of the upper molars on one side of 5 week old rats to
assess the effect on the opposite lower molars (Kinoshita et al., 1982).
This study reported elongation and over eruption of the lower molar roots
and a decrease in the height of the alveolar bone. Interestingly age
appeared to be a key factor in such experiments with lower molars
becoming more suprapositioned in young rats (4 weeks) than in adults
(26 weeks) when the crown of the upper molars was reduced (Fujita et al.,
2009). In these experiments, the alveolar bone height was higher in young

rats compare to the controls while no difference was found in adults.
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Hypofunction has also been achieved by adding composite filling (white
plastic filling) to the upper and lower incisors so that the molars can not
meet (Liu et al., 2015a). Here the effect of hypofunctional occlusion on the
alveolar bone was examined. They used 48 rats aged 5 weeks and divided
them into 3 groups; the 1st was the control group and were 24 rats; the 2nd
was the hypofunctional group (12 rats); and the other 12 were the
recovery group. The hypofunction group were kept for 4 weeks, while the
recovery group were on hypofunctional state and another 2 weeks for
recovery after the filling was removed.

Samples from the control and the other two groups of mice were collected
on weekly basis. The alveolar height and width were measured using the
same method as (Mavropoulos et al., 2010). The weight of the body and
the masseter muscles was also calculated. There was statistically
significant difference in the alveolar height and width between the
hypofunctional and control group after 2 weeks and until the end of the
experiment. The masseter muscle weight was lower in the hypofunctional
group compared to the controls. Interestingly, the recovery group gained
back their masseter muscle weight and the alveolar height and width after
2 weeks. The body weight in all the samples did not show any significant
difference when it was measured before sacrificing the samples, indicating
that the dietary intake was similar in all the different groups. These
experiments show that mastication force is important in shaping the
alveolar bone, modifying its volume, and also influencing the weight of the
muscles of mastication.

The studies mentioned above investigated either upper or lower teeth so
it is not known whether there is any difference in the response of the two

(upper and lower teeth) during hypofunctional occlusion. In addition,
many of these papers lack histological evidence to understand the

mechanism of root elongation. Further more, hypofunctional occlusion has
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mainly been studied in rats where root development is completed around
7 weeks after birth (postnatal day P50) (Losso and Nicolau, 2003).
Therefore many of the experiments were conducted while normal root
development was still occurring.

We decided to investigate the consequences of hypofunctional occlusion in
mice, where root development stops around P20 (Lungova et al., 2011).
This allowed the influence of occlusion after the cessation of root

development to be investigated.

Importantly in this chapter I will investigate the response of the upper and
lower teeth to a loss of occlusion force using both microCT and histology
sections in order to distinguish the mechanisms that derive any change in

the shape of the root.
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3.2. Materials and methods:

3.2.1. Alteration to Occlusion:

Litters of 5 weeks old mice were divided into 2 groups; the first group was
a control (N= 6 animals) and the second group underwent flattening of the
cusps of upper first molar on both sides of the jaw using a FG1/4 round
bur and dental hand piece without exposure of the pulp (N = 4 animals).
Numbers of mice were estimated from a power calculation where power
was 90%, and a large effect size was envisioned with small variation
assumed between littermates. The procedure was carried out while the
mice were under general anesthesia using Hypnorm: Water: Hypnovel
(midazolam 10mg/2ml) at a ratio of 1:2:1. For every 10mg of body weight
100pL of the prepared solution was injected intraperitoneally. After every
2-3 seconds of drilling the tooth was cooled down with a small cotton roll
dipped in a sterile 1x PBS. The control littermates did not undergo surgery.
Flattening of cusps was restricted to the upper first molars on both sides
of the jaw as the angle of the head made accurate lower molar operations
impossible. Both groups were fed on the same consistency and type of
food throughout their life i.e. before and after the grinding procedure.

The samples were sacrificed after 6 weeks from the time their teeth were
flattened by cervical dislocation. Later on the same experiment was
carried out on mice aged 9 weeks (N = 4 animals), who were sacrificed 2
weeks after the procedure. Mice were housed in the biological service unit
(BSU) of King's College London. All animal procedures were fed on the
same type of food throughout their life, covered under Home office
licenses and all animals used in the experiments were culled using

schedule 1 methods.
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3.2.2. MicroCT (Microcomputed Tomography):
Mice from all the groups were scanned using microCT, which was

described in chapter 2.

3.2.3. Measurements of MicroCT samples:

A. Measurement of root length and quantification of tooth eruption:

Root length in both the upper and the lower first molars was measured
from the Cemento-enamel junction to the root apex at sagittal section. We
didn’t use the cusps as an indication point for the length because the
upper teeth were flattened and we wanted to use the same method in both
the lower and the upper teeth. For the upper first molar, the mesial,
palatal and distal roots’ length were measured; while for the lower first
molar the mesial and distal were measured (Figure 3.1 A). In other
studies the mesial root has been shown to respond more strongly to
alterations in occlusion, therefore we concentrated on this root for further
analysis. The amount of eruption of the mesial root of both upper and
lower first molar was calculated by measuring the area from the cemento-
enamel junction to the alveolar crest when viewed by coronal section at

the buccal side (Figure 3.1 B).

B. Measurement of alveolar bone height:

In the lower jaw, the alveolar bone height was measured using two
methods; firstly from the alveolar crest to the base of the mandible at the
buccal side of a coronal section, at an area mesial and parallel to the

mesial root of the lower first molar. The other method that used to
measure the alveolar bone length was using (Fujita et al., 2009) method i.e.
from the centre of the mandibular canal to the alveolar crest from the
lingual and buccal sides of the jaw in a coronal section. These

measurements were done similarily in both the controls and the samples
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with hypofunctional occlusion (Ground samples) for comparison (Figure

3.10).

In the upper jaw, the alveolar height was measured from the alveolar crest
(next to the mesial root of the first molar) to the base of the zygomatic

arch where the mesial root is anchored (Figure 3.1 D).

C. Measurements of mesial root in cross section:

The width and length of the cross-sections of the lower first molars mesial
root was measured using microCT at two different levels, at the junction of
cervical and middle 3rd of the root, and at the junction of middle and
apical 3rd (Figure 3.7 A). The ratio between width and length at both
levels were compared in unoperated and ground individuals.

The measurement of the dimension of the cross section of the same root
was also done using more subjective method, which was at a level
correspond to a distance starts from the bifurcation area to 0.65mm and
1.25mm of the length of the mesial root. The 0.65 mm and the 1.25mm
were close to the previous junctional levels. This was done to confirm our

results.
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Figure 3.1: Measurements carried out from 2D uCT sections.

(A,C) Arrows indicate measurements taken of lower first molar and (B,D)
measurements on upper first molar. (A) Measuring the length of the lower
mesial root, (C) Alveolar height around the lower mesial root. (B) Amount
of eruption of the mesial root of the upper molars, (D) Alveolar bone

height around the upper mesial root.
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3.2.4. Histology sections:
Samples from both groups were decalcified, embedded in paraffin wax,
sectioned, and then mounted on slides for histologic study. This method

has been described in more detail in chapter 2.

3.2.5. Statistical analysis:

In all cases unpaired student t-test have been carried out to compare the
two groups, the controls and the ground samples (samples with
hypofunctional occlusion) using Prism 6.0 software. All data was checked
to confirm it followed a normal distribution before an unpaired student t-
test was used to compare the ground and control samples. For most of the
data we used a Shapiro-Wilk test, except for data sets with a number of
identical data points in which case we used the D’Agostino-Pearson. A
normal distribution was observed in all cases. Prism 6.0 software was
used to generate the normality tests and student t-tests. P value < 0.05

was considered to be significant.
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3.3. Results:

3.3.1. Exploring the number of the roots of the molar teeth in wild
type mice:

The first step we carried out was to confirm the number of the roots of all
the molar teeth, in order to check for natural variation. For this the
microCT was very helpful in achieving this goal. The number of the roots
in both upper and lower molars was calculated in more than 10 wild types.
We found that in wild types the upper molars (M1 and M2) had
consistently three roots while the respective lower molars had two roots
(Figure 3.2). This pattern of roots is the same as displayed in humans,
making mice a good model for research into human root patterning.

In contrast, the third molars (M3) in the mouse showed a wide variation,
with some third molars having a single root while others had the same
number of roots as their correspondents M2 and M1. Due to this variation

we decided to restrict our analysis to M1 and M2.
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Wild type

-

An upper molar

§

A lower molar

Figure 3.2: shows the number of the roots in wild type mice, which have

three roots in the upper molars (M1, M2) and two roots in the lowers

(M1,M2).
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3.3.2. Elongation of the mesial root of the lower first molar tooth

after hypofunctional occlusion:

To study the consequence of adult hypofunctional occlusion, five weeks
old mice were chosen for the study i.e. two weeks after the completion of
root development, and at the stage of sexual maturity. The cusps of the
upper first molars were flattened surgically preventing contact with the
lower first molar in half the littermates, the remaining controls being left
untreated. The mice were sacrificed after 6 weeks, aged 11 weeks having
been fed an identical soft diet. Analysis of microCT scans revealed that the
mesial root of the lower first molar was significantly elongated (Figure
3.3). The mean of the mesial root length in controls was 1.64 mm and in
the ground samples (samples with hypofunctional occlusion) was 2.07
mm with a P value of <0.0001. In order to see whether we could identify a
significant root elongation after a shorter period of hypofunctional
occlusion the experiment was repeated but this time using samples aged 9
weeks. In these samples the upper first molar was flattened and then the
animals were sacrificed after 2 weeks and compared to 11 weeks old
controls. Again both sets of mice were fed an identical soft diet.
Interestingly a significant difference was found between the two groups
for the lower mesial root after only two weeks of hypofunction (Figure
3.3). The mean of the root length in ground samples after 2 weeks of
hypofunctional occlusion was 1.84 mm compared to 1.64 mm in the
controls with a P value of 0.0009. When we compared all ground samples;
those left for 2 weeks compared to those left for 6 weeks there was a
significant difference between the two groups (P value 0.0022). The
longer the period that a tooth undergoes hypofunctional occlusion,
therefore, the longer the extension of the mesial root observed. These
results show that changes in length of roots can occur very rapidly even

after a short period without occlusion.
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Figure 3.3: A graph shows the difference in the length of the Mesial root
between the control mice and those having undergone hypofunction for 2

and 6 weeks. ** = P<0.01, *** =P < 0.001, **** =P <0.0001.
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After we identified the significant elongation of the mesial root of the
lower first molars, we then measured the distal root of the same tooth
using the same method. In contrast to the mesial root, the distal roots of
the ground samples didn’t show any significant elongation compare to
that of controls after 6 weeks of hypofunctional occlusion (Figure 3.4). It
is possible that the distal roots take a longer time to respond to
hypofunction compared to the mesial roots. This would require further

investigation with longer time points before analysis.
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Figure 3.4: A graph shows the length of the distal root of the lower first
molars in both groups (the controls and the grounds). The difference

between the two groups was not statistically significant P = 0.1987.

66



3.3.3. Elongation of the lower mesial root due to deposition of

cellular cementum, but no change in the histology of the distal root:

In order to investigate the mechanism involved in the elongation of the
mesial root of the lower first molar, the controls and the ground samples
were decalcified and processed for histology. The sections revealed that
the elongated lower molar roots of the ground samples had more cellular
cementum deposition at the lower end of the root compare to the controls
(Figure 3.5).

No extension of the dentin part of the root was observed, as has been
shown when hypofunction was induced before cessation of root
development (Nakasone and Yoshie, 2011). This suggests that deposition
of cellular cementum is responsible for the elongation of the root of the
lower first molar when the root is no longer able to extend by HERS
growth, raising the tooth in an attempt to re-establish the occlusion with

the opposite first molar.
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Figure 3.5: Histology sections of the apical 3rd of the mesial root of a
lower first molar in 11 weeks aged samples. (A) and (B) represent the
control at 20x and 40x magnification respectively. (C) and (D) represent
the root of the ground sample, which were left for 6 weeks after teeth
cusps flattening. The white dots separate the cementum layer C from the
surrounding dentin D. It is clear that the amount of cellular cementum
deposited in the ground samples is more than that of the controls. The
(White) arrows in (A) and (C) compare the cellular cementum in the inner
side of the root; while the (Blue) arrows in (B) and (D) compare the

cellular cementum in the outer side of the root.
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Histology sections of the distal root of the same teeth i.e. lower first
molars did not show any difference in the amount of cellular cementum
between the controls and the ground samples, (Figure 3.6). The shape of

the distal roots also did not exhibit any change (Figure 3.7 B).

Control Ground

Figure 3.6: Histology sections of the distal roots of lower first molars in a

control and a ground sample. The white dots separate the cementum layer
-C- from the surrounding dentin -D-. The white and green arrows indicate
the length of the cellular cementum in both samples; no difference could

be noticed.
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3.3.4. Widening of the mesial roots of the lower first molar teeth after

hypofunctional occlusion:

In addition to a change in root length, the microCT analysis also indicated
a change in the shape specifically of the lower mesial root, particularly at
the lower (apical) part of the root, which appeared wider when viewed
sagittally in 3D after 6 weeks of hypofunction (Figure 3.7 B). Cross
sections through the apical part of the root showed that the ground roots
displayed an elliptical morphology compared to the more rounded

morphology observed in the control samples (Figure 3.7 C).
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Al Control

Cervical 3rd
Cervical-middle
3rd junction
Middle 3rd

Middle-apical

3rd junction
Apical 3rd

Ground

Figure 3.7: schematic figure & 3D of root: (A) Schematic figure of a lower
first molar. The black lines indicate the two levels at which measurements
of the dimensions of the mesial root have been carried out at cross
sections and they are:

At the level of the cervical and middle 3rd junction. .1

At the level of the middle 3rd and apical 3 junction .2

(B) Shows 3D reconstruction of lower first molars (buccal view), notice
the differences in the shape of the lower part of the mesial root between
the control (left) and the ground (right).

(C) Indicates 3D reconstruction of the mesial root of the lower first molars
(the areas that colored in orange) at cross section at the level of the
second line i.e. at the junction of the middle 3rd and apical 3rd of a control

and a ground sample.
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3.3.5. Widening of the mesial root of the lower first molar tooth after
hypofunctional occlusion was statistically significant when compared
to the controls and was due to cellular cementum deposition:

To quantify the shape change that we mentioned above, the ratio of the
width to length was compared in cross section of the mesial root in both
ground and control teeth. Shape change was compared in two regions of
the root, first at the junction of the cervical 31 and middle 3r4 junction of
the root, and second at the junction of the middle 3rd and apical 3rd
junction (lower 3rd of the root) of the root (Figure 3.7 A). A significant
difference in the proportion of width to length in the middle 3rd and apical
3rd junction part of the root was observed (P value 0.0345) (Figure 3.8 F).
Further towards the crown no difference was observed in the shape of the
root, which was rounded in both cases (near to a value of 1) (P value
0.1144) (Figure 3.8 D). In order to understand this change in shape, the
roots were assessed by histology. In the ground roots cementum was
deposited heavily on the side of the root compared to controls, where the
cellular cementum was deposited evenly all around the root (Figure 3.8
A,B). The shape change was therefore generated by a change in the
deposition of cementum rather than any change in the layout of dentine.
We mentioned that we also used another method to measure the
dimension of the root cross section. We chose two areas that were quite
similar to the level of the previous sections to confirm that the change in
the root happened at later stages of root development. The distance from
the bifurcation area to the 0.65 mm and 1.25 of the length of the mesial
root were chosen to measure the dimension of the cross section. At a
distance of 0.65 we couldn’t find any change in the root dimension in both
the ground and the controls, (Figure 3.8 C); however, at the 1.25 distance
there was a significant difference between both groups (Figure 3.8 E).
This means that the root shape change during hypofunctional occlusion by

deposition of more cellular cementum.
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Figure 3.8: Histology of cross sections showing the mesial root of lower
first molars at the level of the junction of the middle 3rd and apical 3rd. A/
represents the control, where the cementum deposited evenly around the
dentin, while B/ belongs to a ground sample and it is obvious that the
cellular cementum deposited heavily at one side of the root compared to
the other sides. The yellow dots outline the border between dentin D and
cementum C.

(C,D,E,F) are graphs show the difference in root dimension between the
controls and the ground samples with (C) at the level of 0.65mm from
bifurcation and no siginificant difference was found between the two
group similar to (D) which shows root dimension at the level of the
cervical and middle 3rd junction.

(E) and (F) show root dimension at 1.25 mm from bifurcation and at the
level of the junction between the middle and apical 3rdrespectively, where

there was a significant difference between the two group. * = P<0.05
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3.3.6. Over eruption of the mesial root of the upper first molar:

Previous studies have reported over eruption of the upper molars after
hypofunctional occlusion (Motokawa et al., 2013); therefore we used
microCT to assess the degree of over eruption in our samples after 6
weeks of hypofunction. When the distance from the Cemento-Enamel
Junction (CE]) of the mesial root to the alveolar crest was measured, a
significant difference was found between the hypofunctional group and
the controls for the upper first molar (Figure 3.9 A,B).

The same measurement was carried out on the mesial root of the lower
first molar, an unexpected decrease in eruption was found in the ground
samples compare to the controls (Figure 3.9 C). This finding agrees with
previous research that the mesial root of the upper first molar over erupts
during hypofunctional occlusion; however, our data suggests that the

lower first molar responds in a very different way.
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Figure 3.9: Shows over eruption of the upper first molar in the ground
samples due to hypofunctional occlusion. (A) 3D reconstruction of upper
and lower molars of a control (first column) and a hypofunctional sample
(second column). The black lines indicate the amount of eruption of the
mesial root from both the buccal view and palatal view. (B) A graph
showing the significant over eruption of the mesial root of the upper first
molars in the ground samples compared to the controls. (C) A graph
shows the impact of hypofunction occlusion on the eruption of the mesial
root of a lower first molar. The bone around the lower molar was
increased while there was no effect on the bone around the upper molar. *

= P<0.05, ** = P<0.01, *** =P < 0.001.
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3.3.7. Increase in alveolar bone height around the mesial root of the

lower first molar:

To understand the decrease in eruption around the mesial root of the
lower first molar we next measured the height of the alveolar bone around
the mesial root of the lower first molar in coronal section using the two
methods that we mentioned before. We found that the height of the
alveolar bone was significantly increased in the ground samples
(hypofunctional samples) compare to the controls (Figure 3.10 A,B,C).
However when the same measurement was carried out around the mesial
root of the upper first molar compared to control samples no change was
found between the two groups (Figure 3.10 D). This result indicates that
during hypofunctional occlusion the alveolar bone height increases in the
lower jaw, while in the upper jaw the alveolar bone height remains

constant.
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Figure 3.10: Graphs showing the difference in the alveolar bone height

between the controls and the ground samples from different views. (A)

The alveolar height comparison from Buccal side on coronal sections. (B)

The alveolar height comparison from Lingual side on coronal sections. (C)

The alveolar height comparison on sagittal sections. Notice that at all

these 3 sections the height of the alveolar bone was significantly increased

around the mesial root of the lower first molar in ground samples. (D) The

alveolar height comparison between the upper first molars from the two

groups on sagittal sections, there was no significant difference was found

between the controls and the grounds.
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3.3.8. No change in the length of the mesial root of the upper first
molar neither in their histology:

In contrast to the lower first molar the upper ground first molars did not
display any significant difference when length and width of all the roots
were assessed in comparison to controls, indicating different mechanism
at play for upper and lower teeth. Furthermore histology analysis of the

roots also didn’t show any difference (Figure 3.11).

Control Ground

Figure 3.11: Histology sections of the mesial root of upper first molars of
a ground and a control. No difference could be found between the two
concerning the amount of cellular cementum. The white dots separate

cellular cementum -C- from dentin -D-.
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3.4. Discussion:

In our samples we achieved hypofunctional occlusion by surgically
flattening the cusps of the upper first molar. Unfortunately the angle of a
mouse head prevented the same procedure being carried out for the lower
molars, and therefore we were unable to investigate the effect of grinding
on root length and tooth movement of lower molars. As our grinding
experiments did not damage the tooth pulp the surgery should not have
had a direct effect on the health of the tooth and its subsequent response
to hypofunctional occlusion. Given this, the differences we observed
between upper and lower teeth may represent real differences in
response, rather than a consequence of whether the tooth was ground
down or not. Our results show that hypofunctional occlusion was
characterised by an elongation of the mesial root of the lower first molars,
and a corresponding increase in the height of the surrounding alveolar
bone. Such an increase in the height of the alveolar bone has previously
been reported in the lower jaw in young rats with hypofunctional
occlusion, although older rats appeared not to respond in this way (Fujita
et al., 2009). We found an increase in root length even after two weeks of
grinding the teeth when mice aged 9 weeks old were used for this
purpose; the 9 weeks old and 5 weeks old can be considered similar as
root development at these stages is already stopped (Lungova et al., 2011).
In contrast in the upper jaw we observed an over eruption of the first
molars without an increase in the alveolar bone or increase in length of
the root. The effect on the upper jaw might be influenced by gravity, which
could bring the upper tooth downward without the need for significant
root elongation as it is well known that gravity has an effect on the human
body, such as sagging facial skin & loose facial muscles (Flament F, 2015).

It has also been shown that vertical tooth impaction increases in people

80



who are exposed to microgravity (Lakshmi and Sakthi, 2014, Saini, 2016),
highlighting the link between gravitational force and tooth changes.

In our experiment we performed hypofunctional occlusion on both sides
of the upper jaw firstly to have more similarity to human cases where both
sides will be at hypofunctional occlusion when they undergo orthodontic
treatment, and also we were concerned that the mice might develop a
preferential side if we carried out grinding of only for one side of the jaw.
It has been previously shown that a preferential use of one side of the
mouth can develop in cases of malocclusion or pain, (Diernberger et al.,
2008, Agerberg and Carlsson, 1975). The previous published research that
has been carried out on hypofunctional occlusion is variable about this
issue, for e.g. (Nakasone and Yoshie, 2011) used one side as an
experimental side and the other side (right) as a control but others like
(Mavropoulos et al., 2004, Motokawa et al., 2013) applied both sides of the
jaw to the hypofunctional occlusal condition. In many previous papers no
histological analysis was carried out to reveal the mechanism responsible
for the elongation of the molar roots. Here we show that the mesial root of
the lower tooth elongated by deposition of cellular cementum at the apex.
This deposition of cementum might push the tooth upwards in order to
make a contact with the opposite tooth and regain occlusion. This fits with
the current literature as cementum is known to be an adaptive tissue that
is deposited mainly in response to functional demands (Consolarol, 2012,
Hand, 2015). As cellular cementum is a hard tissue and does not remodel
like bone such extensive deposition can cause ankylosis (Acevedo et al.,
2015). We did not observe such ankylosis in our mice but perhaps if they
had been left for a longer time the deposition of cementum would have led

to loss of the periodontal ligament and a fusion with the bone.
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We also observed a change in the shape of the lower 3rd of the elongated
mesial root in the samples with hypofunctional occlusion. Cross section of
the roots showed a change from a circular shape in the controls to an
elliptical shape in the samples with hypofunctional occlusion. Such
changes in the shape indicate that occlusion does not just determine root
length but also shape. Histology sections of the controls and
hypofunctional samples revealed more cementum deposition on the inner
side of the roots after hypofunctional occlusion at the apical level while in
the controls the cementum was laid down at a similar thickness all around
the root. The dentin layer appeared unaffected, as would be expected as
the experiments were performed after the root was fully formed. The
difference in the pattern of cellular cementum deposition is therefore
behind the change in the root shape, and may influence the stability of the
tooth.

We could not find any change in the dimension of the root in cross section
at the upper part of the root i.e. at the cervical-middle 3rd junction or at
0.65mm distance from bifurcation. This part of the root is covered by
acellular cementum compared to the cellular cementum found apically,
suggesting that the shape changes are driven only by changes in cellular
cementum. In contrast to the lower molars, the mesial root of the upper
molars were shown to over erupt without any change in length. This is in
contrast to previous experiment on young rats that showed an increase in
root length in the upper (Motokawa et al., 2013), and probably reflects
difference in timing of the treatment (i.e. before or after cessation of root
development).

Using cervical-middle 3rd junction and middle-apical 34 junction or
specific length from the bifurcation both showed the same result in mice

because these animals are littermates, have the same background, are fed
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on the same type of food and lived in the same environment but the latter
(specific length) cannot be applied in humans because root length differs
according to ethnic group (Altherr et al,, 2007, Smith et al., 2000, Otuyemi
and Noar, 1996).

We therefore believe that comparing the root dimension according to the
relative regions of the root is better than using more objective positions,
which might not correspond to the same region in different individuals.
Our experiments were carried out after the completion of root
development in mice. Similar hypofunction experiments have previously
been carried out in rats but importantly most of these have been
performed during root development. In young rats hypofunction occlusion
has been shown to lead to formation of more root tissue (dentin) due to
elongation of Hertwig’s Epithelial Root Sheath (HERS) (Nakasone and
Yoshie, 2011). Mice have the advantage that the number of the roots of
their teeth is similar to that of humans making them a better and simpler
model when compared to rats which have more roots; upper first molar
has 5 roots, upper second molar has 4 roots, upper third molar has 3 roots
and lower first molar has 3 roots (Denes et al., 2013, Kinoshita et al.,
1982). In addition mice have other advantages, as they are more easily
amenable to genetic manipulation making it possible to investigate the
molecular aspects of hypofunction in transgenic mice in the future. This
will allow us to understand the signalling pathways and transcription
factors important in tooth movement and root growth and allow us to
potentially lineage trace the cementoblasts during hypofunction.

Only the mesial root of both upper and lower first molar responded to lack
of occlusion in our experiments. The mesial roots were also more
dramatically changed in previous experiments in rats (Nakasone and
Yoshie, 2011, (Motokawa et al., 2013). This may be because the mesial
root in rodents is next to (the diastema), which may make it more

responsive when forces are applied over a relatively short period of time.
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It is possible that the distal root would respond but over a much longer
timescale.

We have shown that in contrast to the rat, elongation of an adult mouse
tooth deprived of occlusion is due to deposition of cellular cementum at
the base of the tooth root. In the adult mouse the HERS would have
degenerated, preventing further root extension using this method. It is
likely that during hypofunctional occlusion in both mice and rats the same
mechanisms are employed, the difference being solely due to the
difference in the developmental stage of the roots at the start of the
experiments. This result is consistent with studies in adult monkeys
where hypercementosis was observed after hypofunctional occlusion
(Pihlstrom and Ramfjord, 1971). Hypofunction tests on rats at older ages
therefore would be predicted to give similar results to our findings in mice.
Our results indicate a difference in the response of the upper and lower
molars to lack of occlusion. Previous hypofunction experiments in rats
have concentrated on either the upper or the lower first molar, rather
than comparing the two in the same experiment and therefore direct
comparisons between the response of upper and lower molars has not
been made. Over eruption means projection of the tooth beyond the line of
occlusion; however the presence of the diastema region (an anatomical
space between the molars and the incisors) makes it difficult to predict
the occlusal plane in the area next to the mesial part of the first molar. The
amount of tooth eruption by measuring the distance form the alveolar
crest to the mesial cusp tip was calculated by (Kinoshita et al., 1982). Here
we compared the distance from the alveolar bone to the cemento-enamel
junction for our analysis as the cusp tips were worn off during grinding

and could not be used as reliable reference points.

From our results we concluded that hypofunctional occlusion in adults

causes change in the shape and length of the mesial root of the lower first
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molars by deposition of cellular cementum, accompanied by an increase in
the alveolar height, while in the upper jaw the teeth over erupt without

significant elongation or change in the alveolar bone.

The mechanism for the over eruption of the upper teeth is unclear, but as
the height of the tooth and bone did not change we can imagine that
movement towards occlusion was accompanied by an increase in bone
remodelling underneath the tooth allowing it to be raised. The upper and
lower molar teeth therefore use different mechanisms to reach occlusion,

something that should be considered and studied further.
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Chapter 4: The effect of excessive force (hard diet) on the roots of

molar teeth
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4.1. Introduction:

Having shown the influence of lack of occlusion on root dimensions we
decided to investigate the effect of attrition on roots. Research has
previously been carried out to investigate the effect of food consistency on
alveolar bone dimension, volume of alveolar bone, width of the
periodontal ligament, and weight of the masseter muscle. The masseter
muscle is one of the four muscles of mastication; the other three being the
temporalis, lateral pterygoid, and medial pterygoid. A previous
experiment using 26 3 week old rats, divided the rats into two groups
according to their diet intake, those on hard diet compare to those on soft
(mash) diet (Denes et al., 2013). After 6 weeks all the samples were
collected and scanned using MicroCT. The alveolar bone width was then
measured in cross section, along with the width of the periodontal
ligament around the root of the molars and the cross sectional surface
area (um2) of the roots. These measurements were carried out at three
different levels of the roots: the cervical, middle, and apical parts and for
all the samples. The result from this experiment revealed that the samples
that were on a soft diet acquired a narrower alveolar process, thinner
periodontal ligament space and had narrower roots at all the 3 levels but
mainly at the apical 3rd (lower part of the root). It has also been shown
that diet consistency has a direct effect on the volume of the alveolar bone
(Mavropoulos et al., 2010).

Here 60 rats, with age average of 21 days, were studied, of which 44 rats
were kept on soft diet for 21 weeks. After this period the 44 rats were
again divided into 2 groups (22 rats on each); the 1st group continued to
be on a soft diet while the other group (rehabilitation group) were fed on
a hard diet for another 6 weeks. A control group of 16 rats were fed a

hard diet throughout the experiment, which took 27 weeks in total. After
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the experiment the rat’s body weight was measured, to make sure that it
did not change as the diet changed. All the rats were then were sacrificed
and microCT was used to analyse the mandible alveolar bone by
comparing bone volume, trabecular thickness and trabecular separation
between the different groups. The results showed that the trabecular bone
volume was lower and the alveolar bone process was wider in the soft diet
group compared to the control and the rehabilitation group, although the
rehabilitation group was less affected compared to the control group.
Using micro CT they also measured the volume of the bone located
between the incisor and the first molar of the lower jaw, the height of the
bone from the mental foramen to the bifurcation area of the lower first
molar, and the width, which represented the area located in the middle of
the height between the apices of the roots of the 1st molar. From this it
was found that the alveolar height was shorter but wider in the samples
that were on hard diet. The rehabilitated group also had a wider alveolar
bone compared to those were on soft diet at the conclusion of the
experiment (27 weeks).

In the above experiments the samples that were kept on soft diet were
considered to have received less mastication forces i.e. hypofunctional
occlusion. These two processes appear to have similar effects on bone
density as (Mavropoulos et al.,, 2004) showed that both hypofunctional
occlusion and soft diet resulted in lower alveolar bone density, since in

both cases less forces were exerted on the mandible.

These previous studies documented changes that happen to the length,
shape, and the content of the alveolar bone with little information about
the tooth roots themselves. In particular there is a lack of data on the
changes in dimension of the roots, with the exception of Denes (Denes et
al., 2013) who mentioned that the surface area of the root was altered but
not their length. In addition, there is a lack of histology sections to observe

the differences at the cellular level. Furthermore, these experiments were
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all performed using rats, which have the advantage over mice that they
are bigger making their manipulation much easier. However, we preferred
to use a mouse model because as we mentioned before we can use
transgenic mice in the future if required and also because we found that
mouse molars have the same number of roots as human molars, i.e. upper
molars have three roots and lower molars have two roots unlike rats
(Denes et al., 2013)Denes et al.,, 2013) and therefore are more similar
morphologically to human teeth. For this purpose we used MicroCT and
histology sections to understand the changes that might happen in

response to changes in diet.
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4.2. Material and methods

4.2.1 Mouse samples

Wild-type mice on the CD1 background were collected from the Biological
Service Unit (BSU) of King's College London (Guy’s hospital). The day
when the vaginal plug was found was considered as day 0 of gestation. 16
mice were used that belonged to two different litters from two different
mothers and were in the same cage i.e. mixed. The mice were divided into
two groups when they reached 15 days old (P15); the first group was
placed on a hard diet, while the second group was kept on a soft diet
(mash). The mice were fed rat and mice No.3 breeding diet from the
Special Diet Service Company. The experiment was started at P15 because
this is the stage when the first molars have just started to erupt and the
mice are beginning to eat independently rather than relying on milk
exclusively. At P15, however, the roots are still developing, so the
experiment spanned the transition between growing and non-growing
HERS. Mice from both groups were sacrificed at two different time points
corresponding to P25 (6 mice) and P64 (9 weeks o0ld)(10 mice) in order to
study the effect of being on soft diet for a longer period. Mice were

sacrificed using cervical dislocation.
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4.2.2. Tissue histology

Samples were fixed and then processed for histology were first decalcified
in Morse’s solution. P25 and P64 samples were immersed in Morse’s
solution for respectively 1 and 2 days (Shibata et al., 2000, Fernandes et al.,
2007, Morse, 1945). Morse’s solution is made of equal amounts of solution

A and Solution B, which are made up as follows:

Solution A: 90% formic acid 1 part

Distilled water 1 part

Solution B: Sodium citrate =~ 20 grams

Distilled water 100 c.c.

Otherwise, tissue histology followed the steps described in chapter 2.

4.2.3. MicroCT analysis

As we mentioned before in chapter 2 the head of the sacrificed mice were
scanned using microCT to perform our analysis and measurements. The
measurements performed on these samples were similar to those taken in
Chapter 3, which were root length and root dimensions (width and length
at cross section) measured at two levels; at the junction of the middle 3rd
and the apical 3rd (lower 3rd of the root) and at the junction of the middle

3rd and the cervical 34 (middle 3r4 of the root).
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4.2.4. Statistical analysis

In all cases unpaired Student t-tests were carried out with Prism 6.0
software to compare the group kept on a soft diet with the control group
kept on a hard diet. A p value < 0.05 was considered to be significant. The
9 weeks old samples passed both D'Agostino & Pearson omnibus and/or
Shapiro-Wilk normality tests; however the same test was not applicable to
P25 samples because of the small number of the data as we used 6 litters

for this case i.e. 3 in each group (Hard and soft diet group).
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4.3. Results

4.3.1. A hard diet results in tooth surface attrition

Litters aged 15 days (P15) were divided into two groups. Half were given
a hard diet composed of pellets (N = 3), while the other half was given a
soft diet of mash (N = 3). The dietary composition of the two feeds was
identical, the only difference being the consistency. P15 was chosen as this
is the time of eruption of the first molar and therefore the molars would
not have had any previous opportunity to be worn (Lungova et al., 2011).
Soft and hard diets fed mice were sacrificed after ten days (i.e. samples
aging P25) (N = 6 but having dentition on the right and left side means the
number of the teeth became 12 i.e. 6 teeth for each group) and underwent
scanning using microCT. This allowed us to view the teeth in 3D and take
measurements. We started by reconstructing the crowns of the lower first
molars in 3D from both groups (hard diet and soft diet group). The first
molar was chosen as it is the first tooth to erupt and it is also the biggest
tooth, which means it receives most of the mastication force. The 3D
models generated revealed that the cusps were flatter and more rounded
in the group that had been on the hard diet compare to those on the soft
diet (Figure 4.1). This result confirms that a hard diet causes attrition of

the teeth even after a relatively short period of time.
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Figure 4.1: 3D reconstruction of the lower first molar of P25 animals kept
on a hard diet and a soft diet. The blue and red dots indicate the contour of
the cusps. Notice the difference in the height of the cusps between both

groups.
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The experiment was then repeated but this time, the mice were left on
soft/hard diet until they became 9 weeks old (N = 10 heads). At 9 weeks,
the mice were sacrificed, scanned, and decalcified for histology. Similar to
the P25 mice 3D reconstructions of the crowns of the first lower molars
were carried out. As expected, given the phenotype after 10 days, the 9
weeks samples also showed flattening of the cusps on a hard diet, with a
pronounced loss of the crown pattern when compared to littermates on a

soft diet (Figure 4.2).
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Figure 4.2: 3D reconstructions of the lower first molar in 9 weeks old
mice, which were fed either a hard or soft diet for 49 days. The blue and
red dots follow the contour of the cusps. Notice that the cusps are flatter

and more rounded in the teeth of the animals that were kept on hard diet.
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4.3.2. Elongation of the mesial root of the lower first molars in the
samples on a hard diet with no change in the distal root

Having established that a hard diet causes attrition and wearing of the
cusps, we wanted to know whether such changes in the crown could have
any effect on the dimensions of the roots. Using microCT we measured the
length of the mesial and distal roots of the lower first molars of all the
animals kept on either mash or hard diet. We found an elongation of the
roots that occurred in P25 and 9 weeks old animals kept on a hard diet
compared to those on a soft diet (Figure 4.3). This suggests that exposure

to a hard diet, even for a short period of time, causes root elongation.

s
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Length of the mesial root
of lower first molars (mm)
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Length of the mesial root of
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Figure 4.3: A graph shows elongation of the mesial root of the lower first
molars in mice kept on a hard diet. A/ in P25 mice and B/ 9 weeks old
mice. The P value in 9 weeks old samples (0.0012) was higher than in P25
samples (0.0030) suggesting that the longer the exposure to a hard diet,
the longer the elongation of the root. Note: the numbers in the figures are
double of what have been mentioned because first molars from right and

left side were counted.
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Unlike the mesial root, the distal root did not show any change in length
when 9 weeks old animals were kept either on a hard or a mash diet

(Figure 4.4).
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Figure 4.4: A diagram showing the length of the distal root of the lower
first molars in samples that were on a hard diet compared to those on soft

diet. P value=0.1312
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4.3.3. Wider molar roots in hard diet animals:

Having established that the mesial root of the lower first molar elongates
in response to a hard diet we carried out width measurement as used
previously in chapter 3, concentrating on the mesial root as this root
appeared to be particularly sensitive to dietary hardness. A 3D
reconstruction of the mesial root of the lower first molar from both groups
(hard and soft diet) at both ages, i.e. P25 and 9 weeks old, revealed that
the root appeared wider in its lower part in the samples that were on the
hard diet (Figures 4.5 and 4.6). This encouraged us to do a precise
measurement of root dimension from the microCT in all the samples and
compare them. Our calculation revealed that the P25 and 9 wks samples
that were on a hard diet show a significant difference in the dimension of
their roots in cross section when measured at the lowest (apical) part of
the root when compared to their age matched correspondents that were
on a soft diet. To confirm our results we also measured root dimension in
the upper part of the root (at the level of the cervical and middle 3rd
junction), and found that the dimension of the root at this level did not
exhibit any differences (Figure 4.7). These findings show that the
dimensions of the lower part of the mesial roots of the lower first molars

increased in response to pressure from a hard diet.
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Figure 4.5: 3D reconstruction of the mesial root of a lower first molar in a
P25 mouse that was on a hard (left) or soft diet (right). The red lines show
the level at which the root widens. The line clearly shows that the one on
the hard diet (left) has a wider bucco-lingual width compared to the one

on a soft diet (right). The red dots on the cusps again confirm the attrition.
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Figure 4.6: 3D reconstruction of the mesial root of a first lower molar in 9

weeks old mice that were kept on a hard (left) or soft diet (right).
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Figure 4.7: The graph shows the bucco-lingual dimensions of the mesial
root of the first molar in 9 weeks old and P25 samples both in the lower
part of the root (junction of the middle and cervical 3rd) (A, B), where
there is no significant difference between mice kept on a hard diet and
those kept on a mash diet. The bucco-lingual dimensions of the roots at
the level of the junction of the apical and the middle 3rd show a difference
between the two samples (hard and mash diet) that is significant at both

ages i.e. P25 (C) and 9 weeks old samples (D).
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4.3.4. Increased deposition of cementum at the apical 3rd of the
mesial root of the lower first molars:

4.3.4.1.In P25 mice:

In mice, roots stop extending around P20 (Lungova et al,, 2011). Therefore,
in our samples the roots would have still been extending during the first
few days of our experiment. Given this we might expect a longer extension
of HERS in the hard diet samples, which would result in longer roots due
to longer dentin apposition. Alternatively, a longer root may be due to
cementum deposition. We therefore studied the base of the roots at P25 to
understand what tissue was contributing to the extra root length.
Histology of the roots of the P25 revealed that the amount and the location
of acellular cementum deposition were different in mice kept on a hard
diet compared to those kept on a soft diet. The acellular cementum in the
hard diet samples was obvious in section and was distributed all around
the apical part of the inner side of the mesial root of the lower first molar.
In contrast, the mice kept on a mash diet had much thinner acellular
cementum, which was deposited in patches along the inner part of the
root giving it a narrower dimension (Figure 4.8). In young mice the dentin
reached all the way down to the base of the tooth. Therefore, the increased
root length observed on microCT pictures cannot be due to the deposition
of cementum at the base of the tooth as observed in our hypofunction
tests in chapter 3. The increase in length is therefore caused by an
increase in dentin deposition, following an increase in the downward
extension of the HERS; however the increase in width appears to be

mainly caused by increased deposition of acellular cementum.
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Figure 4.8: Histology sections of the mesial root of a lower first molar of
P25 mice kept on a hard diet (upper row) and soft diet (lower row). The
yellow dots outline the acellular cementum layer from the dentin and the
periodontal ligament. Magnifications of the inner side of the root (black
boxes) and the outer side (blue boxes) show that with of hard food the
acellular cementum deposition is thicker and distributed all around the
root, while mice kept on a soft diet have thinner and more vertically

directed cementum that is almost entirely located on the inner side of the

root.
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4.3.4.2. In 9 weeks old mice

Similar analysis of cementum by histology was used on the 9 week old
samples. In these samples it was presumed that the HERS would not have
been active for most of the diet experiment. The sections revealed that
there was much more cellular cementum deposition at the apical end of
the mesial root of the lower first molars in mice kept on hard diet than in
those kept on soft diet. At this stage the changes in cementum deposition
involved cellular rather than acellular cementum as observed in the P25
specimens. We noticed that the cellular cementum in the hard diet
samples increased both vertically and horizontally around the apical part

of the root (Figure 4.9).

105
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Figure 4.9: Histology sections of the mesial root of lower first molars of 9
weeks old mice, one from a mouse kept on a hard diet and the other from
one was on soft diet for approximately 7 weeks starting from P15. Notice
that there is more cellular cementum deposition around the mesial root of
mice kept on a hard diet (upper row) than those kept on a soft diet (lower
row). The yellow dots outline the cellular cementum layer (C) from the
surrounding layers, which are (D) dentin, (B) alveolar bone, (RC) root

canal, and (PDL) periodontal ligament.
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4.3.5. No attrition in first upper molar crowns nor any change in the

length of the upper roots

Having shown attrition and root defect in the lower first molars we then
analysed the upper first molars to see whether both upper and lower first
molars underwent similar effects. Unexpectedly, 3D reconstruction of the
crowns of the upper first molars revealed that there was no noticeable
loss in the dimension of the cusps of mice kept on a hard diet compared to
those kept on a soft diet even after 9 week (Figure 4.10). Furthermore, no
statistically significant difference in root length could be found in the
upper first molars of mice kept on a hard diet compared to those kept on a
soft diet at both ages (Figure 4.11). This result was found for all three
roots of the upper first molars (mesial, distal, palatal). Extension of first
molar root length therefore appeared to be linked with the degree of tooth

wear.
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Soft diet Hard Diet

occlusal view

Palatal view

Figure 4.10: 3D reconstruction of the crown of 9 weeks old first upper
molars. The purple dots follow the cusps pattern. No difference could be
noticed in the dimension of the cusps in mice kept on a hard diet

compared to those kept on a soft diet.
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Figure 4.11: Graph shows the length of the mesial, distal, and palatal
roots of the upper first molars in P25 and 9 weeks old samples. These
roots did not show any significant difference in their length when we

compared mice kept on hard diet with those kept on soft diet.
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4.4.. Discussion

In this chapter we aimed to identify whether an increase in occlusal
surface forces by introducing a hard diet can have an effect on the
dimension and composition of the roots. Firstly, we started by analysing
the shape of the cusps of the first molars of mice kept either on a hard or a
soft diet, in two groups of mice, one 25 days old in which tooth roots had
only recently finished their development and at 9 weeks old in which root
development had been completed for at least 6 weeks. Our analysis
confirmed an effect of the diet on the height of the cusps of the crowns of
the lower first molars, which was decreased in the group of mice kept on a
hard diet. Concomitantly, we found an elongation of the lower mesial roots
of the lower first molars in both 9 weeks old and P25 mice kept on a hard
diet. The analysis of the P25 mice kept on a hard diet revealed a
statistically significant elongation of the mesial root that occurred rapidly

and was evident after 10 days of diet change (from P15 to P25).

This root change in reaction to a hard diet could be explained as an attempt
to compensate for the loss in the total length of the tooth due to attrition, to
restore the occlusion between upper and lower teeth. In Chapter 3 and in
other studies (Nakasone and Yoshie, 2011), it has been shown that a loss of
occlusion stimulates root growth as tooth roots elongate during
hypofunctional occlusion. We also observed an increase in root width at the
lower third of the mesial roots of the first lower molars. The roots may also
undergo such adaptation to tolerate the increase in mastication forces as an
increase in root diameter potentially increases the surface area for
connection to the periodontal ligament. Our result is consistent with results
obtained by (Denes et al,, 2013), who showed that the roots of the upper
molars are narrower when rats are fed on a soft diet, although this study
analysed upper teeth only while we only found a significant difference in the

lower molars.
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Interestingly, we did not observe any change in root width at the level of the
middle third of the mesial roots of the lower first molars of 9 weeks old and
P25 mice, which suggests that the changes at the lower third of the roots
have happened after completion of the formation of the middle third of the
roots. Our histology analysis revealed that the increase in width of the
medial root of the lower first molars was caused by an increase in cementum
deposition. In P25 mice kept on a hard diet there was more acellular
cementum deposition at the lower third of the mesial root all around the
inner side of the root compared to little acellular cementum observed in a
similar location in animals kept on a soft diet. This difference was even more
apparent in sections of the 9 weeks old samples but the type of cementum
deposited was different, as we could see more cellular cementum in older
mice instead of the acellular cementum that was observed in younger mice.
At both stages, therefore, a hard diet leads to higher deposition of cementum
and wider roots. In P25 mice, the root elongation could have been due either
to the elongation and expansion of Hertwig’s Epithelial Root Sheath (HERS),
or to cementum deposition at the base of the tooth. It is clear from previous
chapters that HERS plays an important role in guiding root development and
in mice, HERS grows until P20 (Lungova et al, 2011). Interestingly the
histology showed that the dentin extended up to the end of the root at P25,
strongly suggesting that the increased root length in the hard diet group at
this early stage was due to enhanced extension of HERS, followed by the
differentiation of more odontoblasts and the laying down of more dentin. In
contrast the extension observed in 9 weeks old mice appears to be mostly
due to cementum being deposited at the base of the tooth root. These
contrasting mechanisms for extending the length of the root are therefore
very time-dependent, with a switch occurring between the two mechanisms

as the mouse ages and HERS is lost.
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In our samples the upper teeth did not show attrition or any change in the
length of their roots. This was unexpected as we could not find any
mention in the literature of differences in attrition rate between upper
and lower teeth. It is possible that there are differences because as the
mandible is the jaw that moves during mastication it might receive more
occlusal forces than the upper jaw. In the papers that were mentioned
before, Denes et al., 2013 and Mavropoulos et al., 2010 the result of the
experiments were tested only on the upper (Denes et al,, 2013) or the

lower teeth (Mavropoulos et al., 2004).

We mentioned previously that attrition might cause clinical problems such
as pain, sensitivity, deterioration of the appearance of the teeth, and
fracture of the teeth. However, attrition can have advantages, especially
when the dentition of ancient and modern humans are compared. Ancient
dentitions had flat occlusion due to attrition and this flat occlusion could
have presented many advantages, such as a lack of traumatic intercuspal
occlusion, lack of TM] problems, lack of decay due to the wearing off of the
grooves and pits, lack of crowding due to the interproximal wear of the
teeth, and better masticatory efficiency (Neiburger, 2002) (Kaifu et al,
2003, Sicher, 1953). Therefore, we cannot say that a hard diet necessarily
has a negative impact on teeth; however thinking of the roots, the increase
in deposition of cellular and acellular cementum observed in our
experiments might cause ankylosis and subsequent difficulty in extraction,
surgery, and orthodontic movement because, as previously mentioned
cementum, unlike bone, does not undergo remodelling. It is important to
further study changes in root morphology in response to changes in tooth
crown occlusal surface loss because practically in the clinic this may allow
dentists to predict root ankylosis by just observing the shape of the crown

without the need for further investigation with x-rays.
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In conclusion, we have shown here that elongation and changes in the
dimension of the mesial roots of the lower first molarsin response to a hard
diet happens even after a short time of changes in the diet. Such alterations
however, were only observed in conjunction with tooth wear, which
suggests that the two observations are related. In the upper first molars,
where no tooth wear occurred, no change in root length was observed,
further suggesting that dietary effect on tooth root shape only occurs in

response to attrition.
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Chapter 5: The role of the Eda pathway in morphogenesis of molar
roots
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5.1. Introduction:

We mentioned in chapter 1 that we will use Eda and Edar mutants to

study the consequences of enamel loss on root shape in adult mice (to be
described in Chapter 6). In order to do so we have first investigated the
role of this pathway in root development in order to understand how
mutations impact on the morphology of roots. The Eda pathway consists
of: the ligand Ectodysplasin A EDA, the receptor EDAR, and the specific
intracellular adaptor Edaradd (Edar associated death domain). When EDA
binds to EDAR it will trigger formation of a complex containing Edaradd,
Traf6, Tab2 & Tak1. The latter in turn will activate the IKK complex (Nemo,
IKK alpha, IKK beta). The IKK complex causes proteasomic degradation of
the IxB inhibitory protein, which releases the NF-xB dimer (nuclear factor
kappa-light-chain-enhancer of activated B cells). This dimer is then able to
enter the nucleus to activate target transcription factors (Mikkola et al.,
1999, Cui et al,, 2002, Headon et al., 2001, Yan et al., 2000, Courtney et al.,
2005) (Figure 5.1). The NF-kB pathway has been shown to have a role in
the inflammatory response and in a number of developmental processes
such as the development of ectodermal derivative organs such as teeth,
hair, salivary and sweat glands (Lawrence, 2009, Hayden and Ghosh, 2012,
Ghosh and Karin, 2002).
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Figure 5.1: Shows Eda pathway and its downstream effectors. Adapted

from (Clauss et al., 2008). The Eda ligand stimulates the pathway by
binding to the receptor Edar at the cell membrane. This then activates a
number of intracellular steps starting with Edaradd, Tab2, Tak1, then
Nemo. Proteasomic degradation of IxB by Nemo and IKK (alpha and beta)
allows the NF-xkB dimer to enter the nucleus and play a role in processes

such as osteoclastic differentiation and ectodermal morphogenesis.
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5.1.1. Phenotypes of mutations in the Eda Pathway:

Mutation in Eda, or Edar, or Edaradd causes a syndrome known as
Hypohydrotic Ectodermal Dysplasia (HED), which can affect humans, mice,
cattle, and dogs; the characteristic features of this syndrome have been
described by a number of authors (Nordgarden et al., 1998, Kere et al.,
1996, Srivastava et al., 1997, Monreal et al., 1999, RamaDevi et al., 2008,
Bal et al,, 2007, Clarke, 1987, Charles et al., 2009, Lewis et al., 2010, Lee et
al,, 2014, Song et al,, 2009, Pispa et al., 2008, Laurikkala et al., 2002, Clauss
etal,, 2010, Sadier et al., 2014, Tucker et al., 2000, Gruneberg, 1966,
Gruneberg, 1965, Gruneberg et al., 1972). The main characteristic features

of HED are the followings:

Sparse hair e

Thin and dry skin e

Partial or complete absence of sweat glands causing hyperthermia o

Dysmorphogenesis of nails e

Hypoplasia of salivary glands causing dry mouth e

Hypodontia i.e. less number of teeth e

Enamel hypoplasia causing flattening of the cusps at early age, This e
last phenotype we will be discussed more in detail in the next

chapter (Chapter 6).
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Patients might also present with, microdontia, peg shaped teeth, variation
in the number of the cusps of teeth. Such variation in the number of the
cusps has been studied widely by scientists who have shown disruption of
the structure and size of the enamel knot in Eda and Edar mutants (Pispa
et al, 1999). The enamel knot represents a signalling centre for cusp
formation and odontoblasts differentiation (Jernvall et al., 1994, Thesleff
etal, 2001, Cho etal,, 2007, Butler, 1956). The enamel knot in Eda
mutants is smaller than WTs whereas in Edar mutants it had a rope like
shape. In both cases, however, the resultant teeth have the same
phenotype of shallow and fewer cusps, indicating that both defects
(smaller or mis-shapen primary enamel knot) have similar consequences
for tooth morphogenesis (Tucker et al., 2000, Pispa et al., 1999, Koppinen
etal, 2001), Images from a patient with HED highlight the dental and

facial features that that are characteristic of this syndrome (Figure 5.2).

Figure 5.2 : Hypohidrotic ectodermal dysplasia patient. (A) and (B) shows
that they have sparse hair and C shows the lack of some teeth

(hypodontia) and peg shaped teeth. Adapted from (Hekmatfar et al., 2012).
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Although in patients mutations in Eda are linked to Hypodontia, in mice
mutations in this pathway have also been linked to the presence of
supernumerary teeth (Peterkova et al.,, 2005, Charles et al., 2009, Sadier et
al., 2014). It is believed that the observed supernumerary teeth in mice
are derived from normally vestigial tooth buds. These vestigial buds
develop in the diastema region of mice but disappear during later
development due to lack of survival signals. The most posterior vestigial
tooth germ in this diastema region will fuse to the first molar tooth bud
and therefore contribute to the crown formation of the first molars
(Peterkova et al., 2005, Peterkova et al., 2002, Prochazka et al., 2010,
Witter et al,, 2005, Wang and Fan, 2011). In the case of Eda and Edar
mutants this last vestigial tooth does not fuse with the first molar and
forms a small premolar like tooth within the diastema region. In addition
to these supernumeraries, however, the mouse also shows hypodontia as
the third molar is often missing in half of the cases, fitting with the human

hypodontia phenotype.

HED can be inherited in different patterns (Kere et al., 1996, Headon and
Overbeek, 1999, Monreal et al., 1999, Headon et al., 2001, Clarke, 1987),

which are:

X-linked recessive pattern: This is the most common pattern of e
inheritance. In this case a gene located on the X chromosome is
mutated. As we know, males have one X chromosome and one Y
chromosome, unlike female, which have two X chromosomes. For
this reason a mutation in one copy of a gene on the X chromosome
is enough for the syndrome to occur in males, while females are
carriers with milder or no symptoms. As Eda is X linked this is the

case for mutations in this gene.

119



Autosomal dominant pattern: This pattern is less common. In this

case the presence of one copy of a mutated gene in each cell is
enough for the syndrome to occur.

Autosomal recessive pattern: This form is also less common

compared to the X- liked pattern. In this case the presence of two

copies of a mutated gene in each cell is necessary for the syndrome

to occur.

Both dominant and recessive autosomal patterns of inheritance

have been shown to involve Edar.
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5.1.2. Expression of Eda pathway during the development of tooth

crown:

The Eda ligand is expressed in a variety of tissues throughout the
developing body. It is expressed both in epithelially derived tissue e.g. skin,
tooth, as well as in mesenchymally derived tissue, e.g. thymus, bone, and
the mesenchyme of salivary and mammary glands; while the receptor,
Edar, is expressed in the epithelium in a complementary manner to Eda;
however at the cap stage Edar is expressed in the enamel knot (Tucker et
al,, 2000, Srivastava et al., 1997, Kere et al., 1996, Pispa et al., 2003, Haara
etal, 2011, Miletich and Sharpe, 2003, Laurikkala et al., 2001, Koppinen et
al,, 2001) (Figure 5.3). As would be expected the intracellular Edaradd is

also expressed in the enamel knot (Headon et al.,, 2001).

Cap stage Bell Stage

—————

Il Eda
I Edar
Edaradd

Figure 5.3: shows Eda pathway expression during the cap stage of tooth

development.
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5.1.3. Rescue of the Eda pathway:

For a long time scientists have tried to identify whether it is possible to
rescue the malformations of the organs that are affected by mutations in
the Eda pathway using different approaches and different animal models.
Among those who used mice models are: (Gaide and Schneider, 2003)
who showed that it is possible to rescue Eda phenotypes in offspring of
Eda mutant mice by injecting intravenous recombinant EdaA1, which was
engineered with an Fc domain to allow the protein to cross the placenta.
In this case the sweat gland, tail shape, hair and tooth morphology could
be rescued after injecting pregnant mothers of pups at E11.5, however
loss of the third molar (hypodontia) was not rescued. Another trial to
rescue the tooth phenotypes was carried out by (Tucker et al., 2004) who
could successfully rescue the size and the number of the cusps in Edar
mutants by crossing them to constitutively active Edar transgenics. The
defect in branching of submandibular salivary glands, which was due to
mutation in Eda pathway, has also been rescued by providing
recombinant Eda A1 in organ culture (Wells et al., 2010). Addition of Shh
could also rescue branching in Eda mutant glands, indicating that Shh acts
downstream of the Eda pathway (Wells et al., 2010). However, contrary to
the rescue in salivary glands, initiation of hair placodes in Eda null skin
couldn’t be rescued by addition of Shh (Pummila et al., 2007).

Activation of Eda and Edar by injecting (mAbEDAR1) in mice models that
have dysfunction of salivary glands in consequence to radiation was able
to restore the rate of salivary flow to the pre-irradiation rate, suggesting a
long term role of the Eda pathway not only in development but also in
regeneration (Hill et al., 2014). Injection of IgGI:EDAI recombinant into
amniotic fluid has also been used to rescue Eda mutant mice (Hermes et
al., 2014). They were able to successfully rescue mouse pups; however

they showed that the amount of the correction of the symptoms was
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highly dependent on the amount of the injected dose. The number of the
cusps in Eda mutants has also been partially restored using Fgf10 beads in
cultured tissue, suggesting that the Fgf pathway acts downstream of Eda

(Pispa etal., 1999).

Other animal models that have been used to rescue the phenotypes of Eda
pathway mutation were dogs. Eda mutations have been identified as
naturally occurring in some dogs (Casal et al., 2007). The phenotypes of
naturally occurring Eda mutations, such as the decrease in lacrimal
secretion, sweating, and hypodontia, have been rescued by intravenous
injection of recombinant Eda A1 (Casal et al., 2007). Importantly in this
case the injections were given to the pups postnatally, rather than
involving injection of a pregnant mother. An important finding from these
studies was that it was possible to rescue all the permanent teeth, as dogs
have two sets of teeth (i.e. deciduous and permanent) similar to humans.

Thus late injections of Eda can rescue important aspects of the syndrome.
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5.1.4. Clinical trials on human patients:

After the obvious success of scientists in rescuing animal models, clinical
trials on human patients were carried out by Edimer pharmaceutical

company (http://edimerpharma.com). Edimer is concerned about the

treatment of rare dermatological disease including hypohydrotic
ectodermal dysplasia. EDI200, which is recombinant protein of IgGI:EDA-
A1, was given to newborn human embryos during their first week of life;
unfortunately the desired results haven’t been obtained, however, the
company is continuing its investigation to find out a treatment and it also
still continuing their experiment on those babies mentioned above in the
hope that may be their permanent teeth could be rescued (Fate, 2016).
These results show that further investigations are required to find out the
appropriate treatment for Hypohydrotic ectodermal dysplasia patients,
which is currently restricted to the use of some rehabilitation treatments
e.g. teeth implantation, orthodontic treatment, the use of artificial tears,

etc.
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5.1.5. Root defects:

Little is known concerning the role of the Eda pathway in tooth root
development. In chapter 1 we mentioned that mutant tabby (Eda-/-) and
Crinkled (Edaradd -/-) mice exhibited tooth defects when compared to
wild types (Gruneberg, 1965, Gruneberg, 1966, Gruneberg et al., 1972).
Gruneberg found that the teeth were smaller and the number of the roots
was reduced. Some of the upper molars presented with single roots, while
in the lower molars the number of the roots ranged from normal (double
root) to a single root (Gruneberg, 1966).

In human patients, another effect of mutation of this pathway that has
been reported frequently is taurodontism (Crawford et al., 1991, Glavina
etal, 2001, Gros et al.,, 2010, More et al., 2013). Taurodontism was also
reported associated with mutations in some other genes that are known to
have a role in tooth development such as Msx1 and Wnt 10A (Ceyhan et al,,
2014, Yang et al.,, 2015). Taurodontism is defined as the enlargement of
the pulp at the expense of the root (Keith, 1913) and it is believed to be
the consequence of disruption in Hertwig’s epithelial root sheath (HERS)
during root formation (Witkop et al., 1988). Taurodontism is often
associated with other syndromes as it has been shown that 28.9%-34.8%
of patients with hypodontia exhibited taurodontism compared to below
9.9% of control groups (Seow and Lai, 1989, Nirmala et al., 2013, Schalk-
van der Weide et al.,, 1993, Gupta et al., 2011, Darwazeh et al., 1998,
Shifman and Chanannel, 1978). Such data show that the incidence of
taurodontism is not always associated with syndromes and mutations but
can occur in both primary and secondary teeth in patients with no history
of any medical diseases or syndrome but in a smaller proportion
compared to those with syndromes. Other syndromes in which teeth
might exhibit taurodontism are Amelogenesis imperfecta,

hypophosphatesia, rickets, and down syndrome (Hegde and Srikanth,
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2014, Sabandal et al., 2015, Chaussain-Miller et al., 2003, Alpoz and Eronat,
1997, Sekerci et al.,, 2014).

The aims in this chapter are:

To assess the phenotypes that occurs as a consequence of mutationsin .1
Eda pathway.

To explore the prevalence of taurodontism in Eda pathway mutant .2
mice and compare this to patients with XLHED.

To investigate the expression of genes in this pathway (Eda, Edar, .3

Edaradd) during murine root development.
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5.2. Materials and methods:

5.2.1. Mice collection: Wild types (WT) with FVB/N background and
mutant mice (homozygous and heterozygous Eda & Edar) were sent from
Edinburgh University, school of biology. The samples were of different
ages starting from P5 (5 days postnatally) up to 1 year. These samples
were analysed and compared taking into consideration their age and
genotype. The wild types that were used for in situ hybridization and
immunohistochemistry were obtained from King’s college biological

service unit at Guy’s Hospital and were on a CD1 background.

5.2.2. MicroCT scan and 3D reconstruction: as mentioned before in

chapter 2.

5.2.3. Histology sections: as mentioned before in chapter 2.

5.2.4. In situ hybridization: After the preparation of the samples and
mounting them on slides, in situ hybridization was carried out to detect
Eda and Edaradd expression around the root of molars in sections of
samples aged P5, P9, and P10 wild type and E15.5 as control.

5.2.4.1. Preparation of riboprobes: a mixture made of:

DECP-H20 7.5 ul
Transcription buffer (5X) 4 ul

DTT 2 ul
Dig-U- NTPs 2ul
(dig RNAase labeling mix)

Linear Plasmid 3ul
RNAase inhibitor 0.5l
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Polymerase (for Edaitis T7) 1 pul

This mixture was incubated for 3 hours at 37°C, and then another 1 pl of
T7 was added to the mixture after 1 hr of incubation. Then 2 ul of DNasel
was added and all together were incubated at 37 °C for 15 minutes. The
next step was cleaning of the probe, which was done by adding 100ul of
H20, 10 pul LiCl (4M) and 300ul EtOH. Then these were stored at -20 °C
for 30 minutes; later on the solution was spun to full speed for 15 minutes.
The liquid was removed about 10 pl of the solution and the pellet left in
the bottom of the Eppendorf then 500 pl of EtOH was added and spun for
5 seconds then all the EtOH is removed and the pellet left to dry for about
10 minutes. After this 40 ul of DECP-H20 was added and mixed with the
pellet and spun for few seconds then 1 ul of the probe was mixed with 1pul
of loading dye and 4ul of H20 and checked on 1% gel for 5 minutes and

the probe was stored at -20 ° C.

5.2.4.2. Prehybridization of slides (1stday): Slides showing the root of
M1 and M2 were selected from mutant and WT mice at P5,9 and 10. Slides
were inserted into a sterilized Coplin jar. In the 1st step they were
dewaxed by immersion in Histoclear 2 times, 10 minutes each then they
were rehydrated; in EtOH 100% 2 times, 5 minutes each. After that EtOH
series started from 95%, 90%, 80%, 70%, 50%, until 30% each step lasted
for 2 minutes. After that PBS was used two times, 5 minutes each. Then
the slides were left in 4% PFA for 30 minutes. Then the slides were
incubated in a solution made of 50 pul proteinase K and 50 ml of a mixture
prepared from (1 ml Tris/HCI2, 1 ml EDTA, 48 ml DECP H20) for 10
minutes. After that the slides were treated with PBS for 5 minutes
followed by adding of 4% PFA for 30 minutes. Two times wash with PBS; 5
minutes each then left in 2xSSC for twice for each 5 minutes. After that
Tris/Glycin buffer was added to the Coplin jar for 15 minutes. Then the

slides were removed from the Coplin jar and the Tris/Glycin buffer was
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drained off and we put them in a Plastic chamber (5 slides in the same
chamber) and 17.5 ml of Hybridization solution was added and incubated
at 55 °C for 3 hours. Then 22 pl of probe with 67 ul of hybridization
solution was mixed in Eppendorf and incubated at 80 °C for 5 minutes
before adding it to the chamber and incubating it (The chamber)
overnight at 55 °C.

5.2.4.3.Posthybridization washes: In the next day the slides were
inserted in the Coplin jar again to be washed with at series of solutions at
different temperature starting with 2xSSC 2 times, 20 minutes each, then
again 2xSSC for 20 minutes but this time at 50 °C followed by 20 minutes
in 1xSSC at 55 °C. Then 1xSSC at 60 °C then the solution was changed with
1xSSC and cooled down to room temperature for 10 minutes. This time
the Coplin jar was filled with NTE and left for 15 minutes at room
temperature then a solution made of 50 ml NTE and 46 pl of RNase A
(pipette with filter tips) was added to the Coplin jar and left for 30
minutes at room temperature. After that they were washed with NTE for
15 minutes followed by a quick rinse with 2xSSC then another solution of
2xSSC was added and incubated at 50 °C for 1 hour; later they were rinsed
quickly with 1xSSC (pre-warmed at 55 °C). After that the slides were
immersed in 1xSSC at 55 °C for 1 hour then new solution of 1xSSC was
added and left at 60 °C for another 1 hour before washing them with
1xSSC at room temperature for 30 minutes. After that they were left in
BBR (ready made and stored at -20 °C) for 60 minutes. The next step was
Antibody reaction which was done by preparing a solution made of
diluting anti-DIG-Fab fragments 1:5000 in 1% of blocking solution (BBR in
MAB-T) before adding this the slides were washed with MAB-T to remove
excess BBR solution. Then the cover slips with little balls of putty rubber
were attached to the slides gently and 300 pl of the preparation was

pipetted and inserted into the space between the cover slip and the slide.
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After that they were incubated at 4 °C for 3 days. Note: Both 1xSSC and
2xSSC pre-warmed whenever it was necessary to use them at (50,55, or

60) °C.

5.2.4.4. Detection of anti-DIG antibody: The next step was the detection
of anti-DIG antibody; this was performed by the following steps: 1st of all
the cover slips were removed using forceps then the slides washed with
TBST (each 50 ml of TBST consist of: 5ml 10x TBS, 45ml H20, 0.5 ml 0.1
Tween-20) 4 times for 10 minutes each then washed with TBST again but
for 20 minutes. After that they were washed with NTM three times, 10
minutes each. Then to stain the slides a mixture of (250 ul of BM purple, 1
ul of Levamisole and 2.5 pl of 0.1 Tween-20) was prepared for each slide
and centrifuged for 2 minutes at 13000 rpm before applying it on the slide
under a coverslip which was prepared as previous and then left at room
temperature in a plastic box in which wet tissue was applied and the
slides were checked 3 times daily until the expression of the gene was
seen. To stop staining the slide were washed with PBS and then fixed in

4% PFA for 30 minutes at room temperature overnight at 4 °C.

5.2.4.5. Mounting of the slides: After washing the slides with PBS again
to getrid of the PFA 4% then they were mounted using glycerol 90%
between the slide and the cover slip. Then the cover was fixed with a clear

nail polish.
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5.2.5. Immunohistochemistry:

5.2.5.1. For EDAR: This was carried out to detect Edar so P10 mice wax
sections were deparafinated in histoclear and rehydrated in Ethanol series
to PBS. Endogenous peroxidase was quenched with 3% H20> for 30
minute in PBS and the antigen retrieval was performed with 0.5M EDTA,
0.1M Tris and 0.01% TweenZ20 at 952C for 30min. The sections were
blocked with 10% Goat serum (G6767, Sigma), 0.1% Blocking Reagent
(NEL701A001KT), 1% BSA (A9647-50G, Sigma), 0.075% tween20 in PBS
for 1Thour at RT. Primary antibody, EDAR (sc-15289, Santa Cruz
Biotechnology) was added at 1:100 dilutions in blocking solution over
night at 4C. After washing in PBS + 0.075% Tween20, sections were
blocked again for 30min at RT before adding the biotinilated secondary
antibody (E0466, DAKO) at 1:300 in blocking solution for Zhours at RT.
The staining was done using Perkin-Elmer kit (NEL701A001KT) according
to manufacture instructions and the mounting with FluoroshieldTM DAPI
(ab104139, Abcam).

5.2.5.2. For Shh (Santa Cruz Shh H-160): this experiment also takes 2
days just like the above. Slides were deparafinized and rehydratated in
histoclear and through an ethanol series. Slides were then ed twice each
for 5 minutes with PBS & left it for 45 min at RT in 3% H202 in methanol.
Then they were then washed in PBS and left in a microwave in citric buffer
(pH =6,0 and 0,01M) for 20 min in 97°C. After the citric buffer has cooled
(10-20 min) the slides were washed in PBS twice each for 10 minutes. The
slides were blocked in 10% serum + 1% BSA in PBT for 1-2 hours, and
then dried and laid out in a humidified box, and the primary antibody
added (antibody in block solution 1:80). Approximately 150ul of antibody
was added per slide, which were then covered with parafilm and left O/N
4°C. On the second day the antibody was washed off in PBS six times each
for 15 minutes, then blocked in 10% serum + 1% BSA in PBT 1-2 hours.

After that the slides were dried and laid out in a humidified box, and the
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biotinilated secondary antibody (anti-rabbit) added at a dilution of 1:50 in
block solution. Approx. 150ul was added per slide, which were then cover
slipped and left for RT for 1 hour. The antibody was washed off with PBS
six times each for 15 minutes. Then the ABC Elite VectaStain was made up
30 min prior to use (two drops A, than two drops B in 5 ml PBS) followed
by drying the slides, laying out in a humidified box. The edges of each slide
were traced with a DAKO pap pen, and then 250ul of vector stain solution
was added per slide for 30 min RT uncovered. Stain was washed off stain
in PBS three times each for 15 minutes & a DAB reaction made up with
250ul added to each slide. Once the colour reaction had come up the slides
were placed in PBS to stop reaction. Slides were dehydrated and

counterstained in eosin alcohol before mounting.

5.2.6. Dental Panoramic Tomographs (DPT) of Eda A1 mutant
patients: DPT of 20 anonymous patients with Eda A1 mutation were
obtained from the hypodontia clinic at Guy’s hospital/ London. All these
patients had attended the hospital for dental treatment. These scans were
of recent and current patients and were all the scans available at that time
in the clinic that had a confirmed EDA mutation as the cause for their
ectodermal dysplasia. Other Ectodermal dysplasia patient scans were
available and could be used in the future if the patients had undergone
genetic testing. From the 20, data of only 15 patients (aged 6-16 years)
were used; the other five DPT x-rays couldn’t be used as in two of them no
permanent tooth was formed and in the rest the roots of the permanent
molars were not developed yet. These x-rays were used to detect the
prevalence of taurodontism. For this purpose we registered the project
with the Research and Development (R&D) department at Guy’s and St
Thomas’s Hospital trust. As the data were all collected as part of the
patient’s dental treatment and were anonymous NHS ethical approval was

not required.

132



5.2.7. Detection of taurodontism in mice mutants and patients: To
find out the rate of taurodontism distribution in patients and mutants
mice we examined their first and second molars, ignoring the third molars
because as we mentioned in Chapter 3 they showed variation in the
number of their roots in Wild type mice. The teeth were divided into
three groups according to the level of their root division as follows: If root
division had started at the apical third the tooth was considered
Taurodont (also known as hypertaurodont (Shaw, 1928); however if that
division was at the middle third then they were classified into the Delayed
bifurcation group (also known as mesotaurodont (Shaw, 1928), and lastly
if the bifurcation of the roots started at the cervical third, the teeth were
classified as normal (Figure 5.4). A number of complex measuring systems
have been used to identify taurodontism reviewed in (Jafarzadeh et al.,,
2008) but we wished to choose something simple that could accurately be
used on the DPT scans we had available. The percentage of delayed
bifurcation and taurodontism were calculated in regard to all the teeth
that were examined i.e. the percentage of taurodontism in the upper M1
was found in regard to all the upper M1. The mutant mice models that

were investigated for taurodontism were aged 8 weeks and older.

Cervical 3rd

Middle 3rd
Apical 3rd

Normal Delayed bifurcation Taurodontism

Figure 5.4: Schematic explanation of our classification for roots according

to the level of the bifurcation.
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5.3. Results:

5.3.1. Irregularity in the number and shape of the roots in mouse
mutants: We mentioned in chapter 3 that the number of the roots of the
first and second molars in both jaws is similar to that in human i.e. three
roots in the upper molars and two roots in the lower molars. We excluded
the third molars because they showed a wide variation between all the
WTs. Given this we then compared the wild type number to the number
observed in mutants (Eda and Edar) using microCT to reconstruct the
roots in 3D to reveal the root pattern. We identified that the mutants
showed a large variation in the number of roots, which was characterized
by having either extra or a reduced number of roots. The shape of the
roots was also affected by the mutation. For example we could see that
some upper molars had two roots with one of the roots being bigger than
the other root giving an impression that the large root was formed by the
fusion of two roots. In total we examined 34 Edar mutant samples and
found that 33% of the upper first molars showed two roots instead of the
usual three; however that percentage was higher in the second molars as
40% of the mutant teeth presented with two roots rather than three. The
lower teeth also presented with a reduced number of roots, however in
some cases an extra root was evident (Figure 5.5). Due to the variation in
root number the average root number in mutants was two or three,
agreeing with the WT specimens, however, this did not reflect the true

variation observed.
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W'Id type Mutant

An upper molar

A lower molar

Figure 5.5: 3D reconstruction of an upper and a lower M1 of a WT and a
mutant. The upper teeth have 3 roots in WTs while in Eda & Edar mutants
that number is variable, the one in this figure presents with two roots
belongs to an Edar mutant. Lower teeth in WTs have two roots however
again that number can be affected by mutation; the figure shows a lower
molar with 3 roots in an Eda mutant. The red arows indicate the individual

roots.
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5.3.2. Irregularity in the number of teeth in mouse mutants:

As mentioned in the introduction, many papers have shown that the Eda
pathway mutants sometimes could present with less or more number of
teeth compare to wild types. The presence of supernumerary teeth in
these mutants is confined to the lower jaw. We therefore decided to
investigate the percentage of these teeth in Edar mutants and to document
their variable shapes.

The tooth in the diastema space next to the first molar was considered to
be the supernumerary tooth. It was presented either on one side of the
jaw or on both sides. The supernumerary teeth in the mutants were
characterized by variation in shape and size and were associated both
with the absence and the presence of the third molar. In order to identify
which situation was more common than the other (absence or presence of
the third molar with a supernumerary) we calculated the number of the
samples that had supernumerary teeth and have third molars then we
compared their percentage to those didn’t have third molars using 34
Edar mutant mice. Counting right and left sides of the jaw we found out
that 12 out of 68 half lower jaws had supernumerary teeth and that counts
about 18% of the Edar mutant samples. We then found out that 8 out of
those 12 half jaws the presence of supernumerary teeth was associated
with the absence of the third molars and that means about 67% of the
samples; however the 33% remaings didn’t have third molars i.e. the
other 4 out of 12, table 5.1 . The presence of a supernumerary may
therefore impact on the likelihood that the third molar will form, although
larger numbers of mice would be necessary to prove whether these two

elements were dependent on each other.
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% Of SN teeth
In the upper
jaw

% Of SN teeth in the
lower jaw

% Of mutant samples in
association with the
presence
Or absence of the 3rd molar
In the lower jaw

3rdmolar | 3rd molar
absent present

18

67 33

Table 5.1: The percentage of the supernumerary teeth in association to

the presence or absence of the 3rd molars in 34 Edar mutant mice.
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The supernumerary teeth exhibited different shapes and sizes, for
example they could resemble a premolar or a molar or barrel shape

(Figure 5.6).

WT Mutant

Premolar Like shape

Molar like shape

Barrel shape

Figure 5.6: lllustrating the lower molars of a wild type sample on the left
and mutants having supernumerary tooth. The coloured teeth represent
the supernumerary teeth. Notice that they exist with different shapes and

sizes.
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5.3.3. Fusion of teeth roots: another rare phenotype, which was seen in
the mutants, was fusion of the roots of two lower teeth in one of the Edar
mutant samples. In this case fusion may have been caused by fusion of the

HERS of the two teeth (Figure 5.7).

2 teeth sharing 1
root

Figure 5.7:/3D reconstruction of two teeth sharing the same root.
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5.3.4. Taurodontism and delay bifurcation in the roots of Eda mutant
mice and XI-HED Patients:

The presence of taurodontism in patients with Eda pathway mutations has
been shown in the literature (Crawford et al., 1991). We therefore
investigated the prevalence of the taurodontism phenotype in both mice
mutant models and patients and compared the prevalence in both samples

as following:

A. In mice:
Here we wanted to understand the pattern and distribution of
taurodontism. Histology sections from the taurodont teeth revealed that

the pulp tissue occupied the root in the absence of root canals (Figure 5.8).
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WILD TYPE

MUTANT

Figure 5.8: 3D reconstruction and histology sections of an upper second
molar in both a WT and an Edar mutant. Notice the difference in the shape
of the root from buccal view in a wild type (A) and a mutant (D). (B) and
(E) show the top view of the roots in the wild type (B), in which we could
see three separated roots each with its own canal, but the taurodont tooth
from the mutant (E) has a single root with a single canal. Lastly, the
histology section in the wild type (C) shows a tooth with a pulp in the
crown and shows the separated root canals (the third root couldn’t be
seen on this section), while in the root of the mutant (F) lacks a proper

root canal and instead the pulp occupied the whole root.
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In this study we divided the teeth into normal, delayed bifurcation, and
taurodont according to the level of the division of their roots as shown in
(Figure 5.4). The teeth of the 34 Edar mutant mice were examined in 2D
and 3D planes; unfortunately we didn’t have enough Eda mutant samples
to include them in the test. The results show that the upper teeth have
more tendencies to be taurodont than the lower teeth. Collectively the
percentage of taurodontism and delayed bifurcation was higher in the
upper molars compare to the lower molars. Moreover, the second molars
in both the upper and the lower jaws appeared to be more affected by
taurodontism and delayed bifurcation compared to their correspondent
first molars. In total 30.3% of the upper and lower second molars
presented with delayed bifurcation and 32.6% with taurodontism
compare to 6.05% and 9.1% for the first molars in both jaws that
exhibited delayed bifurcation and taurodontism respectively (Table 5.2).
This analysis highlights that taurodontism and delayed bifurcation in Edar

mutants mostly affected the upper teeth especially the second molars.
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Upper teeth Lower teeth
15t molar 20d molar Total 1t molar | 2nd molar Total
Teeth Teeth
Mice
Delay 4,55 24.2 1.5 6.1
bifurcation %
Taurodontism | 9.1 53 0 3
%
Patients
Delay 44.8 37.5 0 18.2
bifurcation %
Taurodontism | 51.7 62.5 16.7 36.7
%

Table 5.2: The distribution of Taurodontism and delay bifurcation

phenotype in 34 mutant mice and EDA A1l mutant patients.

143



B. In patients with Eda A1 mutation:

Digitalized DPT x-rays (Dental panoramic tomography) of 14 Eda A1l
mutant patients were collected from Guy’s hospital/ London (Figure 5.9).
The first and second molars of both upper and lower jaws were examined
and the ratio of delayed bifurcation and taurodontism prevalence was
calculated using the same method that was used for mutant mice, which
could be applied on the 2D xrays (DPT) of the patients easily. We found
that in these patients the upper teeth exhibited higher incidence of
delayed bifurcation and taurodontism compared to the lower molars and
that the second molars of both arches had a higher rate of taurodontism
compared to the first molars (Table 5.2). These results confirm that Eda
A1 mutant patients show high prevalence of taurodontism and delayed
bifurcation in their upper teeth and in the second molars compared to the
first molars, agreeing with the findings generated by our analysis of Edar

mutant mice.

Figure 5.9: Dental Panoramic Tomography (DPT) of a hypohidrotic

ectodermal dysplasia patient. The arrows indicate taurodont teeth.
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5.3.5. Early detection of Taurodotism in Eda mouse mutant:

The high prevalence of taurodontism in the mutant samples encouraged
us to investigate whether it is possible to detect taurodontism at earlier
stage of root development. It was shown previously that in the mouse root
development starts from P4 (postnatal) until P20 (Lungova et al,, 2011),
based on this we examined mutants during root development (P9 and P10
samples) and compared the findings to wild type mice of the same age.
MicroCT and histology sections were used to identify if there was any
difference between WT and mutants at this stage. 3D reconstruction of the
lower first molar at P9 in wildtype mice showed that there was an
invagination of the buccal and the lingual surfaces of the tooth at the
beginning of root formation in an attempt to form two roots (Figure 5.10
A,B). However such intention could not be detected in some mutant
samples that were of similar ages (Figure 5.10 E,F). This phenotype,
however, was not observed in all samples, with many mutant teeth
showing the start of bifurcation, agreeing with the incomplete penetrance
of this phenotype. The histology sections of an upper second molars from
two samples revealed that there was mineralization at the bifurcation area
of the roots of wild type samples at P10 (Figure 5.10 C,D) but mineralised
tissue had not reached this part of the tooth in most of the mutants
(Figure 5.10 G,H). This result shows that it is possible to detect
taurodontism at early stages of root development.

We investigated the HERS region in our histology sections in more detail
to try to understand the mechanism behind the defect. In WT samples the
HERS in the middle of the tooth were often positioned at 90 degrees to the
tooth, indicating the start of a bifurcation (Figure 5.10 D). In contrast the
HERS appeared slightly more vertical in the EDA mutant samples (Figure
5.10 H), indicating that the taurodont phenotype was caused by changes in

the angle of HERS. More samples would be necessary to follow this further.
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WILD TYPE

MUTANT

Figure 5.10: 3D reconstruction of a lower first molar of a wild type (A,B)
and an Eda mutant (E,F), aging P9, show that in the mutant the base of the
crown remains round with no invagination, the black arrows indicate the
direction of the HERS laying down the mineralized tissue, which tries to
form multiple roots. Histology sections from trichrome staining of the
upper second molars of a wild type (C,D) and an Edar mutant (G,H). The
White arrows indicate the HERS, which exists in both groups. The Red
arrows indicate the formation of bifurcation in a wild type (C), which does

not form in the mutant (G).
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5.3.6. Eda, Edar, and Edaradd expression during root development:

Knowing that these mutants exhibited a root phenotype encouraged us to
investigate whether these genes (Eda, Edar, and Edaradd) are expressed
during root development.

The expression of Eda and Edar during early stages of tooth development
is already known (Tucker et al., 2000) in which it was shown that Eda and
Edar are both expressed in the dental epithelium; but their expression
during root development is unknown. For this purpose we carried out in
situ hybridization and fluorescent immunohistochemistry on sections of
wild type samples aged P9 (9 days postnatally) to localize the Eda, Edar,
and Edaradd expression. In all the cases positive controls were used i.e.
tissue sections in which the expression pattern of these molecules are
already known (Laurikkala et al., 2002, Schmidt-Ullrich et al., 2006,
Shirokova et al., 2013, Tucker et al,, 2000). Eda Protein was highly
expressed in the mesenchyme, specifically in the area of the beginning of
root formation and where division or the root starts, (Figure 5.11 A,B). As
a positive control I could detect Eda expression in the epithelium that
surrounds the whiskers on the same slide section (Figure 5.11 C). Similar
expression pattern analysis was carried out for Edaradd. For this [ was
aided by a research technician in the lab as I was having problems with
getting the probe to work. Together we found that Edaradd was
expressed in the HERS (Figure 5.11 G,H). The positive control was
Edaradd expression in the epithelium that surrounds the whiskers (Figure
5.11I). We had problems getting the Edar in situ probe to work and
therefore changed to immunohiostochemistry. Here we detected Edar
protein in the epithelium of HERS (Figure 5.11 D,E). In this case the
control was a E15.5 molar which was at the cap stage, which showed clear
expression of Edar localised to the developing primary enamel knot

(Figure 5.11 F). In summary we show that the eda pathway is expressed
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during root development. This indicates that Eda switches its expression
from epithelial in the crown to mesenchymal in the root during

development; however, Edar and Edaradd expression remains in the

epithelium. The target tissue for Eda signaling is therefore the epithelium.

A
Tv;

EDA

EDAR

EDARADD

Figure 5.11: Shows the expression of Eda pathway during root
development in wild types. (A) Shows the expression of Eda during root
development (B) higher magnification of Eda expression in odontoblasts
(white arrows), (C) a control section shows Eda expression in the
whiskers. (D) and (E) are fluorescent immunohistochemistry for Edar
expression, which is concentrated in the HERS; while (F) is the control for
Edar expression in the enamel knot of an E15.5 cap stage molar. (G) and
(H) are situ hybridization to detect Edaradd during root development that
is expressed in the HERS and (1) is the control of Edaradd expression in
the whiskers. Note: Figures from (D) to (I) were produced with the help of
a research technician (Juan Fons Romero), who also photographed the

specimens.
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5.3.7. Downregulation of Shh in Edar mutants:

We mentioned earlier in chapter 1 that Shh plays a role in root
development and also some literature has shown downregulation of Shh
in the developing tooth in Eda and Edar mutant mice, linking these two
pathways together (Kangas et al., 2004, (Melnick et al.,, 2009). We
therefore wanted to analyse the expression of Shh protein during root
development in Eda pathway mutants. For this purpose
immunohistochemistry was carried out in P10 Edar mutants and wild
type mice. This stage was selected as the root defect is just starting to be
visualized in the Edar mutant M1 and M2, while the M3 had not yet started
HERS development. In our WT samples high levels of Shh were located in
the ameloblasts in the second and third molars, as expected (Bitgood and
McMahon, 1995), however surprisingly we only detected low levels in the
developing HERS. In the Edar mutants we observed a possible
downregulation of Shh expression in the ameloblasts in the M2 and M3,
although expression was still observed (Figure 5.12).

As Immunohistochemistry is not a quantitative method we were not able
to establish whether the levels of Shh were reduced or not, and further
investigation using a method such as qPCR would be beneficial. Another
problem was the variability in the mutants as not all teeth showed a
taurodont phenotype (Table 5.2), and therefore not all teeth would be

predicted to show the same change in downstream pathways.
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Upper 2nd molar

Wild type

Mutant

Figure 5.12: Immunohistochemistry for Shh in P10 aged WT (A,B) and a
mutant(C,D). In the WT (A,B) Shh expression, which is mainly in
Ameloblast cells (Am), is more than its expression in the mutant (C,D).
Notice that the developmental stage of the mutant third molar (D) is well
behind the WT third molar (B); as there is no enamel neither dentin
deposition in the mutant third molar yet. The Red arrows in (A,C) indicate
the bifurcation, which exist in both the WT and the mutant, because
taurodontism does not happen in all the mutants.

(0d) refers to Odontoblast, (P) to Pulp, (E) to enamel, (D) to dentin.
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5.4. Discussion:

The variation in the number of roots, shape of roots, and the presence of
taurodontism in the mutants provide strong evidence of a role for the Eda
pathway in shaping the roots of molar teeth, agreeing with the results of
Gruneberg (Gruneberg, 1965; 1966; Gruneberg et al., 1972). Here,
however we were able to use microCT and 3D reconstruction, to get a
better idea of the morphological changes compared to the previous
studies.

It was possible that the root defects observed were secondary to crown
defects, as it is known that Eda pathway mutants can have small crowns,
which might lead to a reduced number of roots. The size of the first molar
crown was particularly variable, influenced by the presence or absence of
a supernumerary tooth, and therefore the loss of contribution from the
posterior vestigial tooth germ. However we observed both increased and
reduced numbers of roots with little correlation between root number and
crown size. Rather, a direct role of the Eda pathway in root development
appears likely given that we have shown that this pathway is expressed in
the region of HERS during root development. HERS have previously been
shown to play an essential role in shaping the root (Thesleff, 2003b, Ge et
al,, 2013b); and therefore the presence of Edar and Edaradd in the
Hertwig’s Epithelial Root Sheath HERS, and the change in angle of the
HERS observed in some mutants, suggests that they might control the
direction of the cells. Eda was expressed in the mesenchyme during root
development similar to its expression in salivary and mammary glands
(Pispa etal.,, 2003, Haara et al., 2011, Tucker et al., 2000); however, as
always Edar expression was still in the epithelium. Knowing that Edar is
the receptor means that the Eda effect will subsequently be on the
epithelial tissues, in this case the HERS. In (Figure 5.13) we summarize the

expression pattern of Eda pathway during tooth root development.
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Dental follicle\\\
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inner enamel epithelium \

Pre-odontoblast cells

- [] Eda
& [ Edar + Edaradd

Figure 5.13: a schematic figure showing our result about Eda, Edar, and
Edaradd expression during root development. Eda (pink colour) was
expressed in the mesenchyme (odontoblasts and preodontoblasts); while

Edar and Edaradd (blue colour) were expressed in the HERS.
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The histology sections revealed that HERS could be seen in the developing
roots of P9 mutants and suggests that loss of the Eda pathway didn’t cause
apoptosis or necrosis of the HERS cells but most probably it changed the
angle of division of the cells.

We mentioned that HERS cells secrete Ameloblastion (Zeichner-David et
al., 2003), the latter plays a role in tooth root development (Hirose et al.,,
2013) and odontoblast differentiation (Begue-Kirn et al., 1998, Fong et al.,
1998), therefore it could be that mutation of Eda pathway affected HERS
function via altering Ameloblastin secretion. More studies are required to
be able to investigate such links with ameloblastin, and the defects in the

mutant HERS.

Another possible cause of the change in the shape and number of the roots
is that the Eda pathway might affect root development via down
regulation of Shh. It has previously been shown that Shh expression is
reduced in Eda mutant tooth germs at initiation and the cap stage (Kangas
et al, 2004). We mentioned in chapter 1 that Shh has a key role in root
development because it is a downstream target of TGF-13/BMP signaling
which is essential for root development (Huang et al,, 2010, Oka et al,,
2007a). Shh has been shown to be able to rescue the branching of
submandibular salivary glands in Eda pathway mutants (Wells et al,,
2010) and therefore addition of Shh to the HERS might be able to rescue
the taurodont phenotype. This would be an intriguing experiment for the

future.
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Concerning taurodontism, our method for classifying the roots of the teeth
into normal, delayed bifurcation, and taurodontism was a precise, easy
method, and could be applied simply on the DPT x-rays of the patients and
the microCT of the mutant mice, unlike other methods, which depended
on more complicated mathematical analysis (Shifman and Chanannel,
1978, Feichtinger and Rossiwall, 1977). Further more, the comparison
between the ratio of taurodontism in human and mutant mice revealed
that there is a close similarity in the distribution of taurodontism in both
samples. That similarity is an indication that mice models can be used
successfully in the future for further investigations about the effect of the
Eda pathway on teeth. The prevalence of taurodontism was higher in the
upper teeth compared to the lower teeth. This result is consistent with the
findings that many tooth anomalies, such as taurodontism, hypodontia,
and dens invagination, are more common in the upper jaws compare to
the lower jaws (Shokri et al.,, 2014). However, taurodontism has also been
quoted as occurring more commonly in mandibular molars (Jafarzadeh et
al., 2008). Interestingly, however, in this review the main study referred
to in this context in fact showed a much higher incidence in maxillary
molars, compare to the mandible (MacDonald-Jankowski and Li, 1993),
suggesting that this statement is just a misquote. Although the mechanism
of tooth development have not been shown to be different in the upper
teeth compared to the lower teeth it appears likely that taurodontism is
more common in the upper jaw because the formation of three roots in
these teeth is more complicated compared to the formation of two roots in
the lower teeth. The formation of triple roots involves additional folding of
the HERS, with more points around the circumference of the tooth where
the direction of HERS has to be controlled. This additional folding may be
more vulnerable to changes in signaling molecules. We also showed that
the second molars from both jaws exhibited more taurodontism than the

first molars and this has been mentioned to occur in humans (Keith, 1913,
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MacDonald-Jankowski and Li, 1993) where it has been stated that
taurodontism increases as one proceeds from the first to the last molar. As
the number of roots is the same in the first and second molars the pattern
of bifurcation cannot explain this difference in prevalence so most
probably the time difference between the development of first and second
molars had an impact on the incidence of the root defect.

We were successful in detecting taurodontism at early stages of tooth
development by using microCT and histology. This finding is significant as
it shows that scanning can be used as a method to diagnose taurodontism
in patients at early stages. Such early diagnosis is key as it allows an early
time window for possible correction of the defect by the application of Eda
protein or Eda pathway agonists. This is an interesting avenue which

could be tried out in the mouse.

The presence of supernumerary teeth was restricted to the lower jaw,
although vestigial tooth germs are also located in the diastema region of
the upper jaw. Defects in the Eda pathway therefore appears to
specifically affect the vestigial tooth germs of the lower jaw. As the
supernumerary teeth form from vestigial placodes it is possible that these
placodes are more advanced in the lower jaw compared to the upper jaw
and therefore form more readily when signaling pathways are disrupted.
Supernumerary teeth are also associated with changes to Bmp and Wnt
signaling (Ectodin mutants), and Fgf signalling, and again are more
commonly found in the lower jaw (Ahn et al., 2010, Lagronova-Churava et

al., 2013, Porntaveetus et al., 2012)

Although we concentrated our analysis on tuarodontism using Edar
mutant mice we think that Eda mutants will also show similar results as
we could see taurodontism also in the Eda mutants that we have (2 adults

heads in total). In general Eda and Edar phenotype are very similar, as
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would be expected from loss of the same pathway (Clauss et al., 2010),
although some differences in the shape of the Eda and Edar cusps have
been observed (Charles et al., 2009), which most probably happened
because mutation in Eda and Edar has affected the enamel knot differently.
In cases of Eda mutation the enamel knot exists but it is small while during
Edar mutation the enamel knot cells are organized into a rope-like

structure at the cap stage (Tucker et al., 2000).

Our conclusion is that Eda pathway plays a significant role in shaping the
root of the molar teeth, following on from this pathways earlier role
controlling tooth number and crown morphogenesis. We also confirm that
Eda mutant mice can be considered as a good model for further study
because of their high similarity in the phenotypes they share with human

patients.
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Chapter 6: The impact of tooth surface loss in Eda mutants on adult

molar root morphology
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6.1. Introduction:

We mentioned in the previous chapter the oral and dental manifestation
observed in patients with mutations in the Eda pathway, such as
hypodontia, conical shaped teeth, reduced number of cusps, taurodontism,
etc. In this chapter we aimed to investigate the effect of the early loss of
enamel on the morphology of the roots of these mutants. Early loss of
enamel on the surface of teeth is well known in Eda patients, for example
in a study where 16 XI-HED patients (8 male and 7 female) were examined
they found that all had enamel hypoplasia (Yavuz et al., 2006). It has also
been described that the teeth (deciduous and permanent) in these
patients have a moth eaten appearance because of enamel hypoplasia
complicated by other features of the syndrome such as missing multiple
teeth and defects in frontal bone and nasal bones which can cause
malocclusion (Witkop et al., 1975, Heddie O. Sedano, 2013, Garcia-Martin
etal.,, 2013, Priya et al,, 2013, Yamini ], 2014). These authors also
described the enamel as being soft and having a chalky appearance that
could be easily removed due to hypomineralization. Similar enamel
phenotypes have been described in mouse mutants with loss of Eda and
Edar, confirming that mutations in the Eda pathway can cause enamel
defects (Sofaer, 1969, Risnes et al., 2005). Edar is expressed in the inner
enamel epithelium which will go on to form the ameloblasts, suggesting
that Eda signalling plays a key role in differentiation of these important

cells (Tucker et al., 2000).

Eda and Edar mutant mice have also been shown to have flattened cusps
at birth due to defects in the enamel knot, therefore, the teeth of adult Eda
and Edar mice have reduced cusps, due to both a defect in morphogenesis
of the crown and also secondarily due to tooth wear caused by enamel

defects (Tucker et al., 2004).
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In addition to the defects in enamel associated with loss of function, over
expression of the receptor Edar also affected the enamel with a complete
or partial loss of this layer (Tucker et al., 2004, Pispa et al., 2004).
Overexpression of the Eda pathway in mice has been achieved using a
constitutively active Edar (i.e. the activation of the pathway is ligand

independent) driven in the epithelium using a Keratin 14 cre.

In the molars, where the enamel was present it was thin and had a chalky
appearance indicating a defect in its mineralization (Tucker et al., 2004,
Pispa et al,, 2004). In these mice the enamel defect was shown to be due to
partial or complete failure of the ameloblasts to differentiate. The same
phenotype was noticed when Eda-A1 was also over expressed in mice
using the K14cre promoter (Figure 6.1, 6.2) (Mustonen et al., 2003,
Kangas et al., 2004). The K14Eda mice have a less severe phenotype than
the K14Edar mice, as levels of the receptor Edar are a limiting factor for
Eda signalling in K14Eda. In the K14Eda transgenic mice the molars were
narrower and smaller and the enamel layer of the crown was severely
reduced (Kangas et al.,, 2004 ). These findings above were mostly
confirmed before the eruption of the teeth to exclude the effect of
mastication and biting on the thickness of the enamel layer. The loss or

overexpression of the Eda pathway is therefore linked to enamel defects.

In addition to these transgenic lines, mice with much more subtle changes
in the Eda pathway have been generated. These include the Tg951 mice
where levels of Edar signaling are slightly raised. This line carries multiple
copies of a yeast artificial chromosome containing 200kb of mouse
genomic DNA across the Edar locus, causing a high level of Edar
expression that has been shown to lead to hair and gland changes (Mou et
al., 2008, Chang et al., 2009). Subtle changes in the cusp pattern have been
reported in this line but other aspects of the tooth have not been

investigated (Rodrigues et al., 2013)
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Wild type K14-Eda-A1
A B

Figure 6.1: Shows lower incisor in a WT (A) and a mutant (B) with over
expression of EDA A1 in the epithelium. The arrow in both pictures
indicate enamel layer, which is absent in the mutant (B). Adapted from

(Mustonen et al., 2003).
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These K14 driven overexpression studies have also shown defects in the
morphology of the teeth, such as an increase in the number of cusps and a
change in the position of the cusps, but also a change in the number of
teeth with the formation of supernumerary teeth (Tucker et al., 2004,

Mustonen et al., 2003, Kangas et al., 2004) (Figure 6.2).

These supernumerary teeth were similar to those observed in the Eda
pathway loss of function mutants as they form from the survival of the

diastema tooth buds.
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Figure 6.2: 3D reconstruction of the molar teeth in 3 type of mice models,
K14 Eda (where there is over expression of Eda in the ectoderm), Wild
type WT, and Tabby (Eda-/-). [t was noticed that the cusps in both K14
Eda and Tabby were flattened when compared to the WT due to a
combination of defective cusp morphogenesis and increased tooth wear.

Adapted from (Kangas et al., 2004).
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In this chapter our aim was to analyse the effect of enamel loss, as
observed in Eda pathway mutants, on root morphology in adult mice using
microCT and histology sections. As we have shown in Chapter 5, the roots
of Eda mutants form incorrectly with a defect in bifurcation and in root
number, while in the previous chapters we showed the effect of altered
mechanical force on the morphology of fully formed teeth. In this chapter
we wished to combine these various ideas to see whether, in addition to
those defects previously shown, enamel hypomineralisation had a further
impact on the morphology of the roots in adult mice. As such enamel

defects can be used as a model of heavy tooth wear.
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6.2. Material and methods:

The majority of materials and methods used in this chapter were
previously mentioned in chapter 5 (microCT and 3D reconstruction,
histology sections, and Dental Panoramic Tomographs (DPT) of Eda Al

mutant patients).

Concerning mice models we again used a collection of FVB/N background
mutant mice that were sent from Edinburgh University, School of Biology
and wild types with FVB/N background. In addition to these lines, in this
chapter we also used Tg951 mutant mice (3 samples) aged 6 months and
compared them to wild types of FVB/N background of similar age i.e. aged

6 months.

For these Tg951 mice we performed measurements similar to those
outlined in chapter 3 for detecting the changes in root dimension and we

also used the same statistical methods and software.
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Results: .6.3

Flattened cusps of the molar teeth in XL-HED patients and .6.3.1
mouse models:

Although our main concern was the root, it was important to first
establish that the Eda mutations did indeed cause enamel hypoplasia,

and, as a consequence, enamel loss.

Firstly we examined the x-rays of the EDA-A1 mutant patients. Loss of
the crown surface could be detected from the x-ray of most of the
patients (Figure 6.3). In many cases the patients had had restorations,
probably linked to the weaker enamel, which meant the natural crown
shape could no longer be accurately assessed. In our patient sample we
were not able to analyze the roots in any detail because the data we
had were from 2D x-rays, which prevented clear imaging of root

morphology.
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Figure 6.3: Dental Panoramic Tomograph (DPT) of three of EDA-A1 male
patients shows early loss of the crown, which is more obvious in the

anterior teeth.

We then moved to the Eda pathway mutants using microCT to create 3D
reconstruction. Here the cusps of the molars appeared severely worn
when compared to WT animals of similar ages taking a similar diet
(Figures 6.4, 6.5). The pattern of wear was particularly evident in the
anterior of the mouth, affecting the M1 and supernumerary teeth,

suggesting greater pressure in this area.
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Figure 6.4: 3D reconstruction and 2D sections of the lower teeth of a wild
type (A,B) and an Eda-/- mutant (C,D). The yellow arrows in (A) and (C)
indicate the cusps, which are worn off in (C); while the blue arrows in B
and (D) indicate enamel layer, which is very thin and absent in most of the
surfaces in (D). M1: first molar, M2: second molar, M3: third molar, and

SN: supernumerary tooth.

166



Mutant

A lower molar

Figure 6.5: 3D reconstruction of a lower first molars of a wild type and a
mutant. Notice the flattened crown in the mutants and complete absence

of the cusps.

It was clear that in the mutants the cusps were severely flattened compare
to the WT. So in both cases ( human patients and mutant mice with a
mutation in Eda) an obvious loss of the crown surface was noted. This
result agree with what has been previously reported (Sofaer, 1969, Risnes

et al, 2005, Kangas et al., 2004).
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6.3.2. A bulging at the apical part of the roots of the Eda mutants:

Having confirmed that Eda mutants have enamel hypoplasia and early
surface loss, we carried out an investigation into the shape of the roots of
these mutants in older specimens (6 months to 1 years old) using microCT
(N =4). Interestingly the molars in older mutants presented with roots
that bulged at their apical parts (Figure 6.6 C,D), unlike the roots of the
aged wild type mice which were much straighter (Figure 6.6 A,B). Such
bulbous roots had not previously been highlighted in our analysis of
younger Edar mutants (chapter 5), suggesting that this phenotype is
additional to those associated with the mutant at earlier stages.
Unfortunately we only had access to a relatively small sample of aged mice,
and given the additional complications of the prevalence of taurodontism
and supernumerary teeth (see chapter 5) it was difficult to accurately
assess from microCT whether such bulging was a feature of all older Eda
mutant mice. Interestingly, however, these bulbous ends were not
restricted to the mesial root, as was observed in our hypofunction and diet

experiments, as the distal root was also severely affected (Figure 6.6 D).

In many cases the most apical part of the tooth broke off during extraction,
leaving a piece of root still in the jaw, suggested that the teeth would be

very difficult to extract (Figure 6.6 E).
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MUTANT

Figure 6.6: Illustrates root morphology in wild type (A,B) and Mutant
(C,D,E). The bulging of the root is clear in the mutants on 2D x-ray (C), 3D

reconstruction (D), and after extraction (E).
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In order to understand the cellular nature of these large bulges the teeth
were decalcified and sectioned for histology. Histology showed that these
bulges were formed of cellular cementum, indicating hypercementosis
(Figure 6.7). The WTs and the mutant samples that were compared were
the same age in each case to exclude the affect of age on the roots as it is

already known that cementum deposition naturally increases with age.

Figure 6.7: Trichrome staining of sections of the lower (apical 3rd) part of
the mesial root of lower first molar in a wild type (WT) and a mutant. The
green dots separates the cellular cementum area of the root. Notice that
the cellular cementum deposition in the mutant is more extensive when

compared to the WT.
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We aimed to measure the Eda samples using microCT in the same way as
we had in Chapter 3, however this was compromised by the fact that the
teeth were smaller in size compared to WTs, which made direct

comparison impossible.

6.3.3. Tg951 mutants:

We mentioned in the introduction that Transgenic mice (Tg951) mice

have been generated in which the level of Edar signalling is slightly raised.
This subtle elevation of the Eda pathway leads to changes in hair and

gland development, with slight change in tooth cusp pattern (Rodrigues et
al., 2013). However no information has yet been generated about the root.
As we wanted to reveal the effect of tooth surface loss on the root, and
given that there is an enamel defect in K14 Edar mice models (Aberg et al.),
we investigated the effect of elevated levels of signalling on the crown and
the the roots in comparison to wild types of similar ages (all aged 6

months).

6.3.3.1. Obvious loss of the enamel layer in Tg samples:

3D reconstruction of the lower first molars in Tg samples (N = 6) revealed
that the crown of these teeth underwent an excessive surface loss
compared to the wild type (N = 4) resulting in the flattening of the the
cusps (Figure 6.8). We think that early flattening of the cusps is due to the
level of Edar in the tooth as other factors such as diet and age were
excluded Although the cusps were affected in this mutant the size of the

teeth appeared normal compared to the wildtypes (Figure 6.8).
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6.3.3.2. Increase in the thickness of the mesial root of lower first

molars:

Knowing that the crowns of lower first molars were flattened in these
samples we assessed the roots in 3D. In contrast to the Edar mutants
studied in Chapter 5, the Tg951 mice had normal numbers of roots
compared to wildtypes (2 for lower M1, M2, 3 for upper M1,M2). However,
our analysis revealed that the mesial roots of the Tg mutants were much
larger when compare to the mesial roots of wild types (Figure 6.8). This

difference being most marked when the tooth was viewed laterally.
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Figure 6.8: 3D reconstruction of lower first molars in a wild type (WT)
and a Tg mutant both aged 6 months. The red arrows indicate the cusps, it
is clear that the cusps in Tg mutants are strongly flattened compare to that
of the WT. Then the blue lines show the dimension of that roots in both
the WT and the mutant and we could easily see a difference between the

two.
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We then measured the area at the junction of the middle third and the
apical third of the lower mesial roots (similar to our previous analysis
performed in chapter 3) in mutants and wild types of similar ages using
microCT. The result revealed that there was a significant difference
between Tg mutants and WT, with the mutants having much broader
mesial roots (Figure 6.9). In these mutants also the distal root showed no

change in dimension.
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Figure 6.9: A graph shows the difference in the area of the lower part of
the mesial root in lower first molars in wild types (WT) and the Tg

mutants.
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As in our previous studies on Eda mice, histology investigation of the Tg
samples also revealed the presence of large amounts of cellular cementum

at the apex of the root compared to WTs (Figure 6.10).

WT Tg mutant

Figure 6.10: Histology sections of the mesial root of lower first molars in
a WT and a Tg mutant, both aged 6 months. The white dots separate the
cementum layer C from Dentin D and the surrounding tissues. It was clear
that the amount of cementum in Tg mutants was increased compared to

the WT.
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2.3. The upper teeth did not show any change in the dimension of

their roots:

3D reconstruction of the crown of the upper first molar in Tg951 mutants
(Figure 6.11 B,D,F) showed a big difference in the number and shape of
the cusps compare to WT (Figure 6.11 A,C,E). In each case the number of
cusps, the shapes of the cusps, and the pattern of the groves in the Tg
mutants were different from that of the wild types, agreeing with the
published crown changes in this transgenic (Rodrigues et al., 2013).
Although such difference made the comparison difficult however, unlike
for the lower molars, we did tooth wear was not obvious in the upper first

molars.
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Occlusal view

Buccal view

Palatal view

Figure 6.11: comparison of the crown of the upper molars between WT
and Tg mutant. The red dots in (A) and (B) on the cusps of the occlusal
view highlight the differences in the shape of the cusps in both samples.
The red arrows in (C) show the groves between the cusps of the WT that
do not exist in the mutant (D). The arrows in (E) indicate the presence of

two palatal cusps compare to the presence of one in the Tg mutant (F).
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Despite the difference in cusp pattern the roots in 3D appeared normal
when compared to WTs of the same age. The same root measurements
that were performed on the mesial root of the lower first molar were
therefore also carried out on the mesial roots of the upper first molars;
however no significant difference was found between the two groups i.e.
(WTs and Tgs) (Figure 6.12). The root phenotype therefore was therefore
only observed in those teeth with tooth wear, even within the same

individual.
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Figure 6.12: A graph shows that no significant difference exists in the
dimension of the mesial roots of the upper first molars in WTs and Tg

mutants.
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6.4. Discussion:

In this chapter we used adult Tg951 and Eda-/- mutant and transgenic
mice to study the effect of enamel surface loss on roots. Following an
assessment of the crowns and cusp pattern in the mutants we proceeded
to the roots. The cusps of the lower first molars in these older mice (Eda-
/- and Tg951) were worn, confirming that these mice are good models for
following the consequences of tooth wear. The lower third of the mesial
roots of these teeth were enlarged in both cases, i.e. increased and
decreased Eda pathway signalling, with the Eda mutants also showing
bulging distal roots. Using histological sections we noticed the presence of
a thickening of cellular cementum at the lower end of the mesial roots in

these teeth.

Our results from this chapter were similar to that of the chapter 4, in
which we have shown that a hard diet resulted in the elongation of the
lower mesial roots through deposition of more cellular cementum. Our
data therefore confirm that cellular cementum plays a central role in

adapting the roots in adult teeth in response to hypofunctional occlusion.

Interestingly, deposition of excessive amounts of cellular cementum is
associated with Paget’s disease (where patients have heavy deposition of
cementum around the teeth especially in the maxilla), which has been
linked to changes in activation of NF-kB (Daroszewska and Ralston, 2005,
Tan and Ralston, 2014). As the Eda pathway acts upstream of NF-kB it
suggests that the hypercementosis we saw could be directly due to
changes in levels of NF-kB within the cementoblasts. Alternatively, the
hypercementosis could be a secondary response to the heavy tooth wear,
rather than due to the action of this pathway in the root. Our results
favour the second scenario as hypercementosis was only associated with
teeth that also had tooth wear. It would be important, however, to confirm
this by investigating levels of NF-kB signalling in adult cementoblasts in

the various transgenic mice.
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Although we were able to measure root size from the microCT
reconstructions; however we were not able to accurately quantify the
ammount of cellular cementum in our histology samples. We initially tried
to assess the amount of cementum from histology section selecting
sections where the root canal could be seen properly (as shown in Figure
6.7, 6.10). However we found this method to be fairly inaccurate due to
subtle differences in the angle of section through the tooth and due to the
irregular nature of the cementum laid down, particularly in the mutants. A
much more accurate method would have been to measure all the cellular
cementum layers by pooling histology sections to recreate the cementum
of the whole root using software such as FIJI in IMage]. This was not
achieved due limitation of time confounded by the time needed to

decalcify the old aged samples.

It is already known that the size of the teeth in Eda mutants are smaller
than that of WT (Gruneberg, 1965, Gruneberg, 1966, Gruneberg et al.,
1972, Tucker et al,, 2004, Clauss et al., 2010, Charles et al., 2009), with
severe morphological changes (chapter 5) and therefore comparison of
the root dimensions of these teeth (i.e. Eda-/- and WT) was not possible.
In contrast the Tg951 teeth were of similar size with no gross anatomical
changes associated with root number or morphology. Therefore we were
able to measure the dimension of the roots in Tg951 mice and show that
the mesial root was broader than the wildtypes. This increase in the width

of the Tg951s being down to increased cellular cementum deposition.

In this chapter we mainly used Eda-/- mutants to study tooth surface loss
effect on the roots as our Edar -/- mutants were mostly of a younger age.
We would expect a similar effect in both mutants, which would be fairly

easy to test with more samples.

Although we found out there was enamel loss in the DPT x-rays of our
patients unfortunately we couldn’t measure the roots for a number of

reasons mainly; the x-rays were in two dimension (2D), the patients were

180



of different ages, and also as we mentioned in chapter 3 that in human
root length differs according to ethnic group (Altherr et al., 2007, Smith et
al., 2000, Otuyemi and Noar, 1996) and in our case the x-rays were
anonymous and nothing revealed beside their gender and age. So it will be
very helpful in the future to collect more data from ectodermal dysplasia
patients especially 3D x-rays to explore more about tooth morphology and

specifically about the root.

As in chapter 4 tooth wear in the TG951 mice was only observed on the
lower molars, with the upper teeth showing no flattening despite the
changes in the anatomy of the cusps (Rodrigues et al.,, 2013). This
therefore confirms that wear patterns in mice are concentrated on the

lower teeth.

From this chapter we conclude that the loss of tooth surface results in
deposition of excessive cellular cementum in the lower mesial roots,
which in turn cause changes in the dimension of the lower third of the

roots, impacting on ease of extraction of the teeth.
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Chapter 7: General Discussion
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In summary the results that we discovered in each chapter were as

follows:

1. In chapter 3 we identified that hypofunctional occlusion led to root
elongation and changes in the shape of the lower third of the mesial root
of the lower first molars in adult mice. Such changes happened even when
the hypofunctional occlusion lasted for only a short time; as shown by our
analysis after two weeks. These changes were caused by increased
deposition of cellular cementum, rather than due to elongation of the root
because of the growth of Hertwig’s epithelial root sheath (HERS), which
has been shown to be the mechanism in young rats. In contrast to the
lower molars, the upper molars were over erupted without any change in
the dimension of their roots. This work has been accepted for publication

in the European Journal of Orthodontics (see appendix).

2. In chapter 4 we concluded that hard diet, in addition to causing attrition
of the crowns, also caused elongation and widening of the mesial root of
lower first molars, with these changes starting as early as 10 days after
administration of the hard diet. Surprisingly, the upper first molars did
not undergo attrition nor any change in the dimension of their roots. We
identified that in younger samples (analysed at P25) elongation of HERS
and deposition of acellular cementum were both responsible for such
changes; while in older samples (9 weeks old) deposition of more cellular
cementum was the main tissue responsible for the changes in root

morphology.
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3. In chapter 5 we showed that mutation of the Eda pathway results in
changes in the number of roots, formation of supernumerary teeth, fusion
of roots of adjacent teeth, and taurodontism in mice. Moreover, we also
found that the presence of the supernumerary teeth in the diastema
region of the lower jaw was associated with the absence of lower third
molars in 67% of cases. Concentrating on taurodontism, we showed that
the upper second molars showed the highest incidence of taurodontism in
both mutant mice and in patients with X-linked Hypohidrotic ectodermal
dysplasia. We also showed that Eda, Edar, and Edaradd were all expressed
during root development suggesting a primary role in root bifurcation.
Interestingly during root development we showed that Eda is expressed in
the mesenchyme, while Eda and Edar were expressed in the epithelial

cells of HERS.

4. In chapter 6 we observed that tooth surface loss is obvious in HED
human patients, Eda mutant mice models, and Tg951 mice, which are
characterized by higher levels of signaling through the receptor Edar. The
tooth surface loss in mutant mice models was more aggressive than wild
types and we could reveal that it was associated with hypercementosis
and thickening of the mesial root of the lower first molars. Given the
results from chapter 4 we conclude that increased deposition of
cementum in the adult transgenic mice was a secondary phenotype driven

by changes in occlusion caused by enamel hypoplasia.

The above results highlight that the shape and dimension of roots are
widely affected by the forces applied to their crowns with changes
occurring throughout the animal’s life. We have shown that in the case of
Hypofunctional occlusion and consumption of hard diet there was an

elongation of the mesial root of the lower first molars and expansion of
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the lower (apical) third through deposition of more cellular cementum

(Figure 7.1).

It might seem that these two situations (Hypofunctional occlusion and
consumption of hard diet) run contrary to each other and still the root
reacted similarly; however we think that both situations share a similarity.
The similarity is the loss of occlusion i.e. the contact between upper and
lower teeth. In the first experiment the root has elongated to achieve
contact with the opposite tooth and in the second experiment the root has
also elongated to regain a contact with the opposite tooth, which might
have been lost due to tooth surface loss as a result of consuming a hard
diet. It is also possible that the deposition of more cellular cementum in
the second experiment (hard diet consumption) was laid down in order to
strengthen the root so that it can more easily tolerate the excessive
occlusal force. In this case such deposition would have caused elongation
of the root along with expansion of the lower part of that root so that it

mimics the phenotype observed in the case of hypofunctional occlusion.
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Figure 7.1: Summary of chapter 3 and 4 showing that normal occlusion
(A), which then changed into hypofunctional occlusion (B) and into
excessive force status when a hard diet is consumed (D). In both cases the
mesial root of the lower first molar has elongated and expanded at its
lower part (C,E). Notice that in the case of (B) the crown of the upper
molar was flattened to achieve hypofunctional occlusion; while in case of
(D) the crown of the lower molar is flattened because of consuming hard
diet. Also in case of (B) beside elongation of the lower mesial root there is

over eruption of the upper molar (red line), which we didn’t find in case of




As we mentioned after grinding, diet change, and enamel hypoplasia the
dimension of the mesial lower roots at the apical 3r4 (lower part of the
root) altered. This led us to another conclusion, which is that whenever an
adult root elongates then the dimension of its lower part, is also going to
change.

Cellular cementum played a big role in these changes in adult samples,
however in younger samples HERS as well as acellular cementum were
the responsible tissues for the changes to occur, as observed in our P25
samples, which were on hard diet for 10 days started from P15. These
samples still showed elongation and expansion of the mesial root of the
lower first molars. Moreover, when we sectioned the lower part of the
mesial roots where the change in the shape has happened; we found out
that cellular cementum was deposited mostly on the inner surface of the
root compare to the outer surface of the same root (i.e. mesial root of the
lower M1) as shown in chapter 3 (Figure 3.5, 3.8). The exact reason
behind this is unclear, however cementum on the inner surface of the root
might provide more support to the tooth. Another reason behind the
asymmetrical deposition could be mesial drifting of the teeth; it is well
known that teeth drift mesially with time and it has been mentioned that
mesial drifting could be a compensatory mechanism of tooth surface loss
(van Beek, 2004, Moss and Picton, 1967, Orthlieb and Laurent, 2000). It is
possible that deposition of cementum on the inner side of the root will
stimulate drift of the tooth mesially and this might be how the tooth

responds to changes in occlusion (Figure 7.1).
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During hypofunctional occlusion the response of upper molars was
different from that of the lower molars, despite the upper molars also
sitting next to a diastema region in the jaw. We still don’t know the exact
mechanism that causes such difference in the response of the lower and
upper teeth but it could be because lower teeth have two roots and are
surrounded by a thinner bone, which alters the mechanical load on the
tooth, compared to the upper molars, which have three roots making them
more stable inside the jaw bone and more difficult to change their position.
This difference in the anatomy may make them more resilient to change in
response to alterations in occlusion. It is also possible that the upper
molars take a longer time to respond therefore longer experiments are
required to test this. Interesting, upper molars appeared less susceptible
to tooth wear in the mouse compared to lower molars (both after a hard
diet and in Tg951 transgenic mice). This implies different forces are
applied to upper and lower teeth during mastication in the mouse.
Hypercementosis was therefore found in our mice mainly on the lower
jaw. This result is consistent with studies in patients where it was found
that hypercementosis mainly affected the lower teeth in a study from x-
rays of 200 German patients (Burklein et al., 2012). These differences
between the upper and lower jaw may therefore also be found in humans.
In the Eda mouse mutants and XLHED patients it was the upper molars
that particularly showed taurodontism, again stressing key differences

between upper and lower molars.

In the hypofunction and diet experiments we identified changes in the
roots of the lower first molars and specifically in their mesial root. We
would expect to see changes in all roots but perhaps changes in the other
molars and the distal root are very subtle and might develop over a longer

time period. Defects in the distal root were observed in older Eda mutants
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suggesting that this root will respond to long-term tooth wear. The
susceptibility of the lower first molar to change could be due to the fact
that it is the largest tooth of the lower jaw and therefore it encounters a
large load. The mesial root may be more susceptible due to its position
adjacent to the diastema area, which would provide more space to
undergo adaptation. Such a specific change in the mesial root may
therefore be specific to rodents and not evident in animals without a
diastema. Having said this, we can use rodents as good models to test the
effect of hypofunction etc as the mesial root provides a very quick and

sensitive read out of changes in force.

It was interesting to see the extent that mutations in Eda and Edar can
affect the shape, size and number of the roots, these morphology defects
being generated during root development due to defects in HERS. In adult
Eda mutants we also discovered changes in root composition with more
cellular cementum deposition compare to the controls but unfortunately
we were not able to quantify the changes observed in mutants as we did in
the previous chapters. The reason for this is that the teeth in these
mutants are already known to be smaller than wild types making size
comparison between the two impossible. In particular the mutant roots
were of variable length, and often fused, so that we could not measure
accurately specific points along their axes. We conclude that the
hypercementosis that we observed in the adult Eda pathway mutants is
not due to a direct role of Eda in the roots (unlike the morphological
changes affecting the shape of the roots in the juvenile mouse) but is
secondarily caused by attrition and early loss of the cusps of the teeth due
to enamel hypoplasia. This is backed up by the results form the Tg951
mice and the findings from chapter 4 where hypercementosis was only

observed in mice that also showed attrition of their cusps.
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To test this it would be ideal to investigate the effect of enamel hypoplasia
on mice that do not have additional root morphology defects at birth. One
candidate for this is the Fgf10 heterozygous mouse, which has recently
been shown to suffer from enamel hypoplasia caused by reduced salivary
output (May et al., 2015). These mice have normally shaped molars and so
we would be able to specifically look at the effect of enamel hypoplasia on

hypercementosis without additional complicating matters.

It is important to mention that the average root length in the 11 weeks old
control samples in chapter 3 was 1.637 mm, while the average for the 9
weeks old controls (Hard food samples) in chapter 4 was 1.85 mm. This
was unexpected, as we would have predicted more uniformity between
our studies. In this case the 9 weeks old samples had longer roots then the
11 weeks old samples. We believe the reasons for such differences could
be because the mice were from different mothers, the mice also lived in
different environments at different times, as there was approximately 1.5
years difference between the two experiment. The mice we used were
CD1s, which is an out bred strain. To get less variation across litters we
could have used an inbred strain such as C57Bl6. This would have meant
the litters should have been much more similar, however, the litter size
would have been much smaller, as such inbred lines have fewer pups. The
CD1s allowed us to have large litters, which we could split into
experimental and control. As the variation within a litter in our controls
was very small we think this justifies this choice of mouse background. A
difference in root length may also have been caused as the controls in
chapter 3 were fed on a mash food diet after the grinding of the teeth of
the other group. Other reasons could be because the food consistency was
not quite similar during both periods. In these experiments we always
used litters from one mother when we were comparing experimental and

control to avoid any errors that might arise due to these factors.
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Having highlighted our main results it is important to put these results in
context with previously published studies in this area. Firstly deposition
of cellular cementum during hypofunctional occlusion agrees with the
findings of (Pihlstrom and Ramfjord, 1971) who showed hypercementosis
in adult monkeys during hypofunctional occlusion. Secondly
hypercementosis and hard food consumption has been correlated by
many archeologists who have assessed the dentition of ancient people and
found that attrition from eating hard food was associated with
hypercementosis of the roots (Comuzzie and Steele, 1989, Martinon-
Torres et al.,, 2011, Margvelashvili et al., 2016). In chapter 5 and 6 besides
showing the phenotypes associated with Eda pathway mutation we also
identified the expression pattern of the Eda pathway during root
development and also the similarity in the prevalence of taurodontism in
human patients and mice mutants. Furthermore we found out that the
enamel hypoplasia and early tooth surface loss was followed by
hypercementosis and widening of the root confirming our result from

chapter 4.

Although our findings are mainly in mice many of the conclusions may be

relevant to human teeth such as:

e Knowing that hypofunctional occlusion in adults causes deposition
of cementum while in youngsters this causes elongation of HERS
could be a good reason to favor carrying out orthodontic treatment
at early ages and it is already known that root development
continues for 1.5 to 3 years after eruption as mentioned in chapter
1 (Table 1.2) and this characteristic has also been widely used for

age estimation.
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e Knowing that attrition of the teeth is associated with
hypercementosis of the roots. Attrition could therefore be
considered as an alarm when treating adult patients, as extraction,

surgery, orthodontic movement, etc may be complicated.

e The deposition of cementum in the cases mentioned above is
concentrated on the inner side of the root, which might cause
mesial drifting of the teeth, a point that should be considered

whenever launching a hypofuntional occlusion treatment.

e Knowing the phenotypes of Eda pathway mutation can have an
impact on the treatment plan, which should be tailored for the
patients for e.g. the presence of taurodontism and defects in the
number of roots can complicate endodontic treatment and
extraction when they are needed. As well as enamel hypoplasia,

which is already known and treated accordingly.
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Although this thesis has generated a lot of data there are several avenues
that we were unable to explore due to time constraints. If we have had

more time [ would have liked to carry out the below experiments:

1. Analysing 3D x-rays of hypohidrotic ectodermal dysplasia patients
and histology sections of their extracted teeth would be of great
help to characterize the phenotypes of the roots and to see the rate

of cellular cementum deposition in these patients.

2. To investigate the effect of hypofunctional occlusion in two group of
rats i.e. young and adults, using the same experiment that we have
performed in mice to be more confident about our results, which
stated that developed roots respond by hypercementosis while
developing roots respond by HERS elongation. For these
experiments we specify rats because in mice the teeth attrition can’t
be carried out earlier than P28 (4 weeks old) at which time point

the roots have completely developed and HERS disappeared.

3. Allowing the experiments to last for a longer time especially the diet
experiments to find out whether the upper teeth respond to the

changes or not.

4. Exploring whether it is possible to rescue the taurodont roots in
Eda pathway mutants using the available methods for rescuing

other phenotypes in Eda pathway mutants.

5. Carrying out experiments to evaluate the expression of
Ameloblastin, which is known to have a role in root development, in

Eda pathway mutants and compare it to its expression in wild types.
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The reason behind this experiment is as we mentioned in chapter 5
that the HERS in Eda pathway mutants didn’t stop growing but
expression of key genes such as Ameloblastin have been altered in

the mutant, similar to what we found concerning Shh.

. To use a different mouse model of hypoplastic enamel without

innate root morphology defects such as Fgf10 mutants.
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