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ABBREVIATIONS 
 

A  Anterior direction in figures 

AP  Alkaline phosphatase 

B  Buccal, direction of the cheek 

BBR  Boehringer blocking reagent 

BMP  Bone morphogenic protein 

Bp  Base pair 

cDNA  Complementary DNA 

Dig  Digoxigenin 

DTT  Dithiothreitol 

dNTP  Deoxyribose containing nucleoside triphosphate 

E  Embryonic day 

EDA  Ectodysplasin. In this thesis refers to EDA-A1 isoform 

EDAR  EDA-A1 receptor 

EDARADD EDAR associated death domain 

EDTA  Ethylenediaminetetraacetic acid 

Fc  Fragment crystallisable region of an immunoglobulin  

Fc-EDA Recombinant ectodysplasin-A1 protein with Fc region of IgG1 

Fc-EDAR Recombinant ectodysplasin-A1 receptor with Fc region of IgG1 

FGF  Fibroblast growth factor 

FOXI3  Forkhead Box I3   

HED  Hypohidrotic ectodermal dysplasia 

IC  Inhibitory cascade 

Ig  Immunoglobulin 

KO  Knock Out 

K14  Keratin 14 

L  Lingual, direction of the tongue 
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M  Molar 

MABT  Maleic acid buffer with tween 

MIM  Mendelian inheritance in man 

MQ  MilliQ-water 

NFED  National Foundation for Ectodermal Dysplasias 

NF-ĸB  Nucleic factor ĸB 

P  Postnatal day 

PBS  Phosphate Buffered Saline 

PCR  Polymerase chain reaction 

PFA  Paraformaldehyde 

SHH  Sonic Hedgehog 

SSC  Saline sodium citrate 

SEM  Standard error of mean 

tRNA  Transfer RNA 

µCT  Micro-computed tomography 

WNT  Wingless family 

XLHED X-linked hypohidrotic ectodermal dysplasia 

3D  Three-dimensional 
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1. INTRODUCTION 
 

During the course of the development of an individual, various problems can arise 

from genetic mutations that lead to deficiencies of essential proteins. Lack of an 

important protein participating in signalling and tissue construction can cause a 

developmental disorder, and a protein therapy that substitutes the missing protein 

during pregnancy could be an appealing solution to cure certain genetic disorders.  

 

In mice (Mus musculus) and humans, a protein called ectodysplasin (EDA) is 

crucial for the normal development of the organs arising from the ectodermal layer 

of an embryo (Mikkola et al., 1999). Teeth, hair, sweat glands among other 

ectodermal organs are affected in the absence of EDA leading to genetic diseases 

called ectodermal dysplasias. Ectodermal dysplasia is one of the genetic disorders 

that has received attention in order to develop replacement EDA-protein therapies. 

To be able to develop such a therapy, many questions need to be answered: What 

is the role of the protein in the development? What is the developmental time when 

the organs need the protein treatment? How does the organ development react to 

the protein? The development of organs is often non-independent but in constant 

interplay with the surrounding tissues, which should also be studied and understood 

when developing a protein therapy.  

 

Mouse cheek teeth or molars are an excellent example of non-independently 

developing organs and also a model system to develop protein therapies. In absence 

of EDA, mouse cheek teeth develop malformations of the surface cusp pattern and 

molar sizes along the jaw (Grüneberg, 1965). All these characteristics develop 

through interplays and cascades of activating and inhibiting signalling molecules. 

Understanding the role of EDA in cusp formation and size development though 

these interactions is important when developing an EDA-therapy to rescue 

dentitions of the developing babies lacking this protein. 
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2. ANATOMY OF TEETH AND DENTITION  
 

2.1. Anatomy of teeth 
 

Teeth in the animal kingdom come in various shapes and sizes though the basic 

structure of a tooth is consistent among all the species (Fig. 1). In mammals, the 

crown visible in the oral cavity sits on a tooth base and is held in the jaw bone with 

one or more roots. The crown is characterized by elevated peaks called cusps which 

are covered by hard, mineralised enamel that protects the tooth. Inside the tooth, 

mineralised tissue called dentin protects the core of the tooth. The dental pulp 

consists of connective tissue, blood vessels and nerves from the jaw bone. The roots 

are covered by mineralised connective tissue called cementum. 

 

Figure 1. Cross-section of the basic tooth anatomy. Tooth crown and base are 

composed of mineralised enamel and cementum protecting the dental pulp in the 

middle of the tooth. Blood vessels and nerves innervate the dental pulp from the 

jaw bone through the roots that are covered by mineralised cementum. 
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2.2. Comparison of the mouse and human dentition  
 

The mouse dentition is fairly simple with only two types of teeth. Each jaw quadrant 

consists of one continuously growing incisor and three molars with a toothless 

region called diastema in between (Fig. 2). The mouse dentition is monophyodont 

with one set of teeth while the human dentition is diphyodont with two sets of teeth: 

the deciduous and the permanent dentitions. The human deciduous dentition 

comprises 20 teeth, each jaw quadrant with two incisors, one canine and two 

molars. The permanent dentition consists of 32 teeth with two incisors, one canine, 

two premolars and three molars (Fig. 2). In spite of differences, the mouse molars 

share similarities with human permanent molars, as they both have three multi-

cusped molars that decrease in size posteriorly. 

 

Figure 2. The human permanent dentition and the mouse dentition.  The human 

permanent dentition consists of 32 teeth with several tooth types and the mouse 

dentition of 16 teeth with two tooth types: molars and continuously growing 

incisors. Both the human and mouse dentitions include three multi-cusped molars 

that decrease in size posteriorly. Occlusal view. A = anterior, P = posterior. 
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3. TOOTH DEVELOPMENT 
 

3.1. The principles of the tooth development 
 

Tooth develops from the ectodermal layer of the trilaminar embryonic disc formed 

in gastrulation. While the endodermal and mesodermal layers go on developing the 

other organ systems, the ectoderm gives rise to the nervous system and outer layer 

of the body: epidermis and its appendages such as teeth, hair, nails and sweat glands 

among other structures.  

In all vertebrates, teeth develop through fairly similar steps (Fig. 3) (Jernvall & 

Thesleff, 2012). In a developing embryo, the surface of the primitive oral cavity is 

lined with oral ectoderm that forms the oral epithelium. A tooth develops through 

a reciprocal communication between the oral epithelium and the neural crest 

derived mesenchyme (Jernvall & Thesleff, 2000). A structure called dental lamina 

follows the curve of a developing jaw marking the location of future dentition. The 

dental lamina forms tooth placodes (Fig. 3), localized epithelial thickenings that 

secrete several signalling molecules that signal to the underlying mesenchyme 

(Jernvall & Thesleff, 2000). The placodes form tooth buds that grow into the 

mesenchyme that condensates around it (Fig. 3).  

A signalling centre called the primary enamel knot differentiates on the tip of the 

bud (Fig. 3).  The formation of the primary enamel knot starts the morphogenesis 

of tooth development during which the tooth acquires its shape and the crown cusp 

pattern is determined (Jernvall et al., 1994; Jernvall & Jung, 2000). This primary 

enamel knot, first described by Ahrens (1913) is a group of non-dividing epithelial 

cells that secrete many signalling molecules (Jernvall et al., 1994, 1998; Vaahtokari 

et al., 1996b). The primary enamel knot induces epithelial proliferation in the tooth 

germ around it which leads to the formation of cervical loops that fold down and 

around the condense mesenchyme. First, this growth makes the tooth germ appear 

as cap-shaped at the cap stage when the cervical loops are still very small (Fig. 3). 

Starting from the cap stage, the primary enamel knot secretes fibroblast growth 



 
9 

 

factor 4 (FGF4) that stimulates proliferation of the dental epithelium and 

mesenchyme further growing the cervical loops (Jernvall et al., 1994). 

The epithelium adjacent to the dental mesenchyme is called the inner enamel 

epithelium. The space between the inner and outer enamel epithelium becomes 

filled with star-shaped cells and is called the stellate reticulum. Next, during the 

bell stage, the cervical loops grow and enclose the dental mesenchyme and 

depending on the final morphology of the tooth crown, either one or more cusps 

develop (Fig. 3). In single-cusped teeth, the primary enamel knot forms the only 

cusp that will develop. In multi-cusped teeth, signalling centres called the secondary 

enamel knots appear to the sites of future cusps (Jernvall et al., 1994). The primary 

enamel knot cells are removed through apoptosis, starting from the posterior end 

and the remaining anterior end forms the first secondary enamel knot (Vaahtokari 

et al., 1996a; Jernvall et al., 1998; Coin et al., 1999). The number and locations of 

secondary enamel knots define the final morphology of the tooth crown (Jernvall et 

al., 1994; Jernvall, 2000; Jernvall & Jung, 2000). The principle of the cusp 

formation is the same in the primary enamel knot and secondary enamel knots, they 

signal to the surrounding inner enamel epithelium cells and make them proliferate 

(Thesleff, 2003). The non-diving cells of enamel knot stay on the tip of the future 

cusp while the sides of the cusp grow downwards to the dental mesenchyme 

(Jernvall et al., 1994).  

Starting from the late bell stage, the mineralisation phase of tooth development 

begins. The secondary enamel knots are removed by apoptosis (Vaahtokari et al., 

1996a) and the inner enamel epithelium cells differentiate into cells that produce 

enamel, called ameloblasts. The dental mesenchyme cells differentiate into dentin 

producing cells, called the odontoblasts. The dentin secretion starts from the tips of 

cusps and enamel is secreted on top of the dentin. Cells called the cementoblasts 

differentiate to secrete cementum while the roots form and the tooth is innervated 

by neurons and blood supply from the jaw. Finally, the tooth erupts. The timings of 

the developmental stages of mouse molars are shown in the table 1.  
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Figure 3. The developmental stages of tooth development. A placode forms a 

tooth bud that grows into the mesenchyme. Next, the primary enamel knot appears, 

and cervical loops fold the tooth germ to a cap shape and enclose the tooth germ at 

the bell stage. The secondary enamel knots appear to the sites of future cusps.  

The tooth starts to mineralize when enamel, dentin and cementum are secreted. 

Finally, the roots grow, nerves and blood vessels innervate the pulp and the 

complete tooth erupts. (Modified from Jernvall & Thesleff, 2012). 

 

Table 1. The timings of the developmental stages in mouse molars. E = 

embryonic day. P = postnatal day. The gestation time is approximately 19-20 days. 

 1st molar 2nd molar 3rd molar 

Placode/initiation E11 E14-E15 P0 

Bud stage E12-E13 E15-E16 P1 

Cap stage E14-E15 E16-17 P3 

Early bell stage E16-E18 E18 P4-P6 

Onset of mineralisation P2 P3 P8 
 

References: Gaunt, 1955; Cohn, 1957; Hay, 1961; Jernvall & Thesleff, 2000; Peterka et 
al., 2002; Chlastakova et al., 2011 
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3.2. Comparison of the development of human and mouse dentition  
 

The principles of tooth development are the same in humans and mice, although 

humans have two sets of teeth and developmental timings of teeth are longer 

(Berkovitz et al., 2009). Both mice and human teeth develop through the same 

developmental stages: bud, cap, bell, mineralisation, and finally they erupt.  

The human deciduous teeth start to develop early in the pregnancy. The tooth buds 

of incisors, canines and 1st molars develop at 5 weeks of pregnancy (Hovorakova 

et al., 2007). At 9 weeks, the teeth reach the bell stage and the 2nd molar tooth bud 

develops (Hovorakova et al., 2007). The first permanent successor teeth start to 

develop next to the deciduous incisors at 5 months of pregnancy (Berkovitz et al., 

2009). The tooth bud of the permanent successor grows as an extension of the dental 

lamina from the deciduous tooth germ downwards on the lingual side of the tooth 

(Berkovitz et al., 2009). However, the human permanent molars develop without 

preceding deciduous teeth. The dental lamina extends posteriorly behind the 

deciduous molars and forms the placode of the 1st permanent molar at 4 months of 

pregnancy (Berkovitz et al., 2009). The 2nd  permanent molar bud develops at 6 

months in utero and the 3rd permanent molar bud much later, at 4 to 5 years after 

birth (Berkovitz et al., 2009). Although mice have just one set of teeth and 

continuously growing incisors, the development of human and mouse molars share 

many similarities. Just like human molars, the mouse molars develop without 

predecessor teeth and the molars develop sequentially from one placode. The mouse 

1st molar develops first, then closely after that the 2nd molar (Table 1.). The 3rd molar 

develops slightly later (Table 1.), and the timings of the development stages can 

vary between mouse strains (Chlastakova et al., 2011). 
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3.3. Development of molar size proportions 
 

In both, humans and mice, the three molars develop sequentially from one tooth 

placode. In the mouse, the 1st molar develops first and the following 2nd molar 

develops from an epithelial extension of the 1st molar, hereafter called the tail. The 

3rd molar develops in the same manner from the tail of the 2nd molar. As the 

development of molars is not independent, alterations in the development of the 

preceding molar can affect the subsequent molars as well (Kangas et al., 2004; 

Kavanagh et al., 2007). The molar sizes of many mammals such as mice and 

humans decrease in size posteriorly. However, in some mammals, molar sizes 

increase posteriorly or are equal. This has raised questions about the developmental 

mechanisms regulating molar proportions. 

The rules by which relative sizes of molars are defined during development have 

been suggested to follow a inhibitory cascade model (IC-model) (Kavanagh et al., 

2007). According to the IC-model, molar proportions are determined by a ratio of 

activating and inhibiting signals (Kavanagh et al., 2007). Activating signals from 

the surrounding mesenchyme enhance growth of molars and inhibiting signals from 

the preceding molar inhibit the growth of the subsequent molar (Kavanagh et al., 

2007). This mechanism was discovered by Kavanagh et al. (2007) in a study where 

the authors cultured developing mouse 1st molars with their tails intact or cut 

separately and analysed the growth of the 2nd molar. When this physical connection 

between the 1st and 2nd molar, the tail, was cut, the 2nd molar and 3rd molar initiated 

earlier and grew larger than when the tail was intact indicating that the inhibition 

was reduced (Kavanagh et al., 2007).  The specific molecules contributing to 

inhibition or activation are yet to be revealed, however, bone morphogenic protein 

4 (BMP4) and ActivinβA have been suggested to act as activators in mouse molar 

development (Kavanagh et al., 2007).  

The IC-model predicts molar proportions in majority of the studied mammal species 

(Kavanagh et al., 2007; Polly, 2007; Wilson et al., 2012; Halliday & Goswami, 

2013; Schroer & Wood, 2015; Evans et al., 2016). For mice and humans, the 
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balance of activation and inhibition creates molars that decrease in size posteriorly. 

However, the IC-model predicts that if the inhibition is weaker the molars are more 

equal in size or get larger posteriorly (Kavanagh et al., 2007). Depending on the 

strength of the inhibition along the tooth row the molar proportions fall on the 

predicted inhibitory cascade line or they fall in the vicinity of the line (Fig. 4) 

(Kavanagh et al., 2007). However, some species differ from the IC-model 

predictions for instance with 2nd molars that are relatively very large or even the 

largest molars (Polly, 2007; Wilson et al., 2012; Asahara, 2013; Halliday & 

Goswami, 2013). Some bear species are an example of species with 2nd molars that 

are larger than the 1st molars (Polly, 2007). The exceptions to the molar proportions 

predicted by the IC-model are developmentally interesting as they indicate that 

these species could have developed some alterations to the activation-inhibition 

mechanisms to create such diverging molar proportions (Kavanagh et al., 2007). 
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Figure 4. Schematic visualisation of molar proportions regarding the 

inhibitory cascade (IC) line. According to the inhibitory cascade model, the 

mammalian molar proportions follow the IC-line (Kavanagh et al., 2007). Molar 

proportions departing from the IC-line to the left (M1>M2<M3) or right 

(M1<M2>M3) are not explained by the IC-model and are proposed to require 

additional developmental regulation (Kavanagh et al., 2007). Modified from 

Kavanagh et al. (2007). 
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3.4. Development of molar cusps in mouse 
 

The mouse multi-cusped molar is divided into tooth crown areas with one or more 

cusps named after their location (Fig. 5). The anterioriormost cusp pair of lower 

molars is called the anteroconid. The second cusp pair is called the trigonid, 

followed posteriorly by the talonid cusp pair. The last singular cusp is called the 

hypoconulid. During tooth morphogenesis, the first cusps to develop are the 

trigonid pair, then the talonid pair, third the anteroconid pair and the last cusp to 

develop is the hypoconulid (Gaunt, 1955; Harjunmaa et al., 2014). The first 

appearing cusps grow highest, although mouse cusps are initiated close in time to 

each other and consequently all the cusp develop relatively similar in height. Only 

the anteroconid cusps and hypoconulid are notably smaller, or shorter than other 

cusps. The 2nd molar is otherwise as the 1st molar but it lacks the anteroconid cusps 

or they are very small. The 3rd molar has only very small trigonid cusps and small 

fused talonid cusps. 

 

Figure 5. The cusp nomenclature of mouse dentition. The cusp pairs are named 

after the name of the crown area: anteroconid cusps are in the anteroconid area and 

so forth. Hypoconulid is the only singular cusp. A = anterior, B = buccal. 
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Similarly to the IC-model, lateral cusp topography of the tooth crown has been 

suggested to be regulated by interactions of inhibiting and activating signalling 

molecules (Salazar-Ciudad & Jernvall, 2002). In this model, called the 

morphodynamic model, activating signalling molecules such as BMP4 promote cell 

differentiation to form an enamel knot (Salazar-Ciudad & Jernvall, 2002). The 

enamel knot secretes signalling molecules such as sonic hedgehog (SHH), which 

inhibit enamel knot formation and stimulate proliferation around the enamel knot 

(Salazar-Ciudad, Jernvall 2002). As the tooth germ grows, new enamel knots form 

to areas further away from existing enamel knots where concentration of inhibitors 

is lower and activating signalling molecules can overcome the inhibition (Salazar-

Ciudad, Jernvall 2002). 

During the crown morphogenesis both the primary and the secondary enamel knots 

express similar sets of signalling molecules: FGFs, BMPs, SHH and wingless 

family (WNT) signalling molecules as discussed by Thesleff (2003). FGFs are 

suggested to be key signals for proliferation and folding of the inner enamel 

epithelium: the enamel knot expresses Fgf4, Fgf9 and Fgf20 which are mitogens 

activating proliferation in the tooth germ (Jernvall et al., 1994; Kettunen & 

Thesleff, 1998; Jernvall & Thesleff, 2000; Häärä et al., 2012). In addition, 

ectodysplasin has an important role in the cusp development as in the absence of 

EDA molars develop fewer and malformed cusps (Grüneberg, 1965).  
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4. ECTODYSPLASIN IN TOOTH DEVELOPMENT  
 

4.1. EDA and ectodermal dysplasia 
 

EDA, a signalling molecule of the tumour necrosis superfamily, is the ligand of 

EDA signalling pathway that participates in the development of ectodermal organs 

(Mikkola et al., 1999). The role of EDA in development has gained increasing 

attention after mutated Eda gene leading to the absence of EDA protein was found 

to be the cause for a hereditary syndrome called X-linked hypohidrotic ectodermal 

dysplasia (XLHED, MIM #305100) (Kere et al., 1996; OMIM, 2018). XLHED 

belongs to hypohidrotic ectodermal dysplasias (HED), a group of rare 

developmental disorders that causes defects in the development of ectodermal 

organs.  

The XLHED and other HEDs are named after their most characteristic symptom: 

inability or decreased ability to perspire due to dysfunctional sweat glands (Clarke, 

1987). The inability to sweat during high fever can be fatal for neonatal children or 

lead to mental retardation if left untreated (Clarke et al., 1987; Blüschke et al., 

2010). Other typical symptoms are missing or malformed, peg-shaped teeth and 

sparse or missing hair (Clarke, 1987). In addition, various symptoms can occur and 

affect the health and wellbeing of XLHED patients including defects in other 

exocrine glands, abnormal mucus secretion, defects in nails, mammary glands, 

hearing, vision and immune system, to name a few (Clarke, 1987).  

The first description of XLHED in literature was written by Charles Darwin in 

1875. He described an Indian family with only males suffering from specific 

defects: sparse hair, malformed teeth and dry skin during hot weather (Darwin, 

1875). Up to this day, over 180 different ectodermal dysplasias have been described 

consisting of different symptoms from mild to severe and caused by different 

genetic mutations (Pinheiro & Freire-Maia, 1994; Visinoni et al., 2009). The most 

common type of ectodermal dysplasia is XLHED which is inherited recessively in 

the X-chromosome. Therefore males are affected more severely with the syndrome 
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and females are usually carriers or mildly affected. The prevalence of XLHED in 

population has been studied in Denmark and was 1.6 per 100, 000 persons. Other 

ectodermal dysplasias are rarer and caused by dominant and recessive autosomal 

mutations or dominant X-linked mutations, however, not all genetic backgrounds 

are known (Ferguson et al., 1999; Headon et al., 2001; Bal et al., 2007; Visinoni et 

al., 2009). 

Mice have a similar genetic disease with defects in teeth and other ectodermal 

organs, caused by a spontaneous mutation in Eda gene in the X-chromosome 

(Falconer, 1952). The Eda gene behind the human XLHED and the mouse Eda gene 

behind the mouse equivalent of XLHED have both been cloned and their mutations 

identified (Kere et al., 1996; Srivastava et al., 1997; Ferguson et al., 1997; Monreal 

et al., 1998; Bayes et al., 1998). Eda has two splice variants, EDA-A1 and EDA-

A2, however they bind to separate receptors and EDA-A2 does not participate in 

the development of ectodermal appendages (Yan et al., 2000; Newton et al., 2004). 

In this thesis EDA refers only to EDA-A1. The mice with dysfunctional Eda, 

hereafter called Eda knock out (Eda KO), are used for studying the roles of EDA 

in development of ectodermal organs and treatment for ectodermal dysplasia. 

 

4.2. EDA signalling pathway in mouse teeth  
 

The EDA signalling pathway (Fig. 6) consists of the ligand EDA, the receptor 

EDAR and the cytosolic EDAR associated death domain protein called EDARADD 

that together activate an intracellular signalling cascade leading to transcription of 

target signals of EDA pathway (Mikkola & Thesleff, 2003). EDA is expressed in 

the oral epithelium and outer dental epithelium outside the tooth germ (Pispa et al., 

1999; Laurikkala et al., 2001). After secretion EDA is cleaved and travels to bind 

EDAR in the inner enamel epithelium and the primary enamel knot (Laurikkala et 

al., 2001). This activates EDARADD and ultimately leads to an activation of a 

transcription factor called nucleic factor ĸB (NF-ĸB) (Yan et al., 2000). In all 

ectodermal dysplasias, the EDA signalling pathway is disrupted leading to defects 
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in development of teeth and other ectodermal organs. Mutations in EDA, EDAR or 

EDARADD can arrest the EDA signalling since NF-ĸB stays inactive. Because 

dysfunctional EDA signalling does not completely arrest the development of 

ectodermal organs, EDA is generally thought to have a regulative role in the 

network of signalling molecules in the development of these organs. 

 

Figure 6. EDA binds to EDAR to set off the EDA signalling pathway. EDA is 

secreted in the oral epithelium and binds to EDAR on the tooth germ. Intracellular 

signalling cascade releases NF-ĸB that starts the transcription of the target genes. 

Modified from (Laurikkala et al., 2001; Mikkola & Thesleff, 2003) 

 

4.3. Regulators and downstream target genes of EDA in molar development 
 

Revealing the regulatory mechanisms of EDA signalling and its downstream targets 

in different ectodermal organs is important to understand the exact roles of EDA in 

development. Although the development of different ectodermal organs is similar 

and shares many signalling molecule families (FGF, SHH, BMP, WNT), the 

specific roles of signalling molecules can vary depending on the ectodermal organ. 
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In tooth development, the signalling molecule WNT6 stimulates the expression of 

Eda in the oral ectoderm and outer enamel epithelium (Laurikkala et al., 2001). 

Mesenchymal ActivinβA stimulates the expression of Edar in the inner enamel 

epithelium (Laurikkala et al., 2001). Downstream targets of EDA have been studied 

in detail in other ectodermal organs but they remain to be fully elucidated in teeth. 

Häärä et al. (2012) showed that one of the downstream targets of EDA signalling 

in tooth is Fgf20. FGF20-deficient mouse molars are small and the anteroconid 

cusps reduced or absent resembling the phenotype of Eda KO mouse molars (Häärä 

et al., 2012). FGF20 directly stimulates proliferation in the dental mesenchyme and 

also induces epithelial proliferation and folding by inducing Fgf3 expression (Häärä 

et al., 2012). Fgf3 is expressed in the dental mesenchyme and primary enamel knot 

at the cap stage (Kettunen et al., 2000). In addition, the expression of Fgf3 is 

reduced in the Eda KO mouse teeth supporting its role as a target of Eda (Pispa et 

al., 1999). Mesenchymally expressed Fgf10 is another suggested downstream target 

of EDA signalling (Pispa et al., 1999). FGF10 induces proliferation in the dental 

epithelium (Kettunen et al., 2000). In vitro, FGF10 partially rescues the cusp 

number of Eda KO molars leading to speculation that FGF10 stimulates molar 

growth (Pispa et al., 1999).  

Forkhead-box transcription factor 3 (Foxi3) has been suggested to be downstream 

of EDA (Drögemüller et al., 2008; Shirokova et al., 2013; Jussila et al., 2015). 

Heterozygous mutation in Foxi3 is behind the canine ectodermal dysplasia in 

hairless dogs which have abnormal and missing teeth (Drögemüller et al., 2008; 

Kupczik et al., 2017). In mice, conditional deletion of Foxi3 leads to small and 

reduced cusps and fused molars (Jussila et al., 2015). 

  

4.4. Disrupted molar development of EDA deficient mice 
 

The molars of Eda KO mice are reduced in size and cusp number (Grüneberg, 

1965). The cusps are smaller, round and often fused together with the adjacent cusp 

of the cusp pair (Grüneberg, 1965). The anteroconid and hypoconulid cusps are 
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usually missing (Grüneberg, 1965). The molar proportions have also changed with 

2nd and 3rd molars of Eda KO are relatively larger than in the wild type (Grüneberg, 

1965). In addition, the 3rd molars are missing in 17-55 % of the mice depending on 

the mouse strain (Gruneberg, 1966; Pispa et al., 1999; Kristenová-Čermáková et 

al., 2002). 

To understand how the lack of EDA signalling changes the molar development and 

the molar phenotype, the development of Eda KO and wild type mouse molars has 

been compared. In the wild type, Eda and Edar are both expressed during the bud, 

cap and bell stages: Eda is expressed in oral epithelium and outer dental epithelium 

and Edar first in the tip of the bud, then in the primary enamel knot and later in the 

inner enamel epithelium (Laurikkala et al., 2001). In the Eda KO mice, the 

disturbed development can first be seen as a reduced size of the tooth bud of the 1st 

molar at the bud stage (Pispa et al., 1999). The reduced size becomes more 

noticeable at the cap stage with abnormal shape and shorter primary enamel knot 

(Pispa et al., 1999). From the bell stage onward, the cusp development of the Eda 

KO molar is reduced with fewer and closely located cusps (Pispa et al., 1999).  

The reduced cusp number and molar size during the development has been 

speculated to be a result of disturbed function of the primary enamel knot in Eda 

KO mice (Pispa et al., 1999). The primary enamel knot is smaller and several 

signalling molecule genes (Bmp4, Shh, Wnt10a, Fgf4) are expressed at lower levels 

in the Eda KO molars suggesting that they are direct or indirect targets of EDA 

(Pispa et al., 1999). The reduced size and function of the primary enamel knot and 

disturbed spatial distribution of secondary enamel knots in Eda KO molars indicate 

that EDA signalling is important in the correct development of the cusp pattern 

through the primary enamel knot (Pispa et al., 1999). The importance of EDA 

signalling for the development of the primary enamel knot and cusp development 

is also supported by the observation, that in vitro added EDA increases the size of 

the primary enamel knot in Eda KO molars (Harjunmaa et al., 2014). Furthermore, 

the size of the primary enamel knot has been reported to be predictive about the 

final cusp number of a molar (Harjunmaa et al., 2014). 
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4.5. Manipulation of mouse molar phenotype through EDA pathway 
 

Transgenic mice overexpressing Eda under the keratin 14 (K14) promoter have 

helped to investigate the role of EDA by making its effects more conspicuous 

(Mustonen et al., 2003). K14 is expressed in the dental epithelium (Dassule et al., 

2000), and mice expressing Eda under K14 produce EDA protein throughout the 

dental epithelium. The overall cusp pattern of these Eda overexpressing mice is 

fairly normal, but cusp pairs are more separated bucco-lingually compared to the 

wild type cusps (Kangas et al., 2004). In addition, the crest connecting the bucco-

lingual cusp pairs is straight rather than v-shaped as in normal mice (Kangas et al., 

2004). Along the middle of the molar, there is a longitudinal crest (Kangas et al., 

2004; Harjunmaa et al., 2012). Also, a premolar-shaped, small extra tooth develops 

to the diastema (Mustonen et al., 2003; Kangas et al., 2004; Harjunmaa et al., 

2012). In the K14-Eda mice, the availability of receptors (EDAR) can limit the 

EDA signalling even when EDA is abundant. In addition, overexpression of Edar 

in the tooth epithelium causes a development of an extra lingual cusp on the 2nd 

molar (Pispa et al., 2004). Also the molar sizes changes with the 1st molar being 

smaller and the 2nd and 3rd molars wider (Pispa et al., 2004). Overexpression of 

Edar also rescues the cusp number and phenotype of Eda KO mice (Tucker et al., 

2004). Simultaneous overexpression of Eda and Edar causes a special feature: a 

cingular cusp on the buccal side of the 1st molar and extra lingual cusp in the 2nd 

molar (Harjunmaa et al., 2012). To summarise, overexpression of Eda, Edar or 

them both alters crown morphology by creating more separated cusps with more 

pronounced crests formations, some small additional cusps and altered molar 

proportions. 

The development of molar size and cusp number have been studied also in vitro by 

culturing Eda KO mice 1st molars in conditions where concentrations of EDA can 

be adjusted and controlled (Harjunmaa et al., 2012, 2014). By adding EDA to the 

culture at E13 plus four days or E13 plus seven days, the cusp number rescues back 

to the wild type values (Harjunmaa et al., 2012, 2014).  
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4.6. EDA treatment for ectodermal dysplasia 
 

Currently, patients with ectodermal dysplasia can only receive medical help for 

their various symptoms but no treatment has been developed to prevent the 

development of the disorder. The notion that majority of ectodermal dysplasias are 

caused by EDA deficiency during the development, and yet the receptor is 

functional, has led to research for developing a treatment for XLHED with 

administering EDA during the development of ectodermal organs. Most of the 

ectodermal structures such as teeth develop partly or fully during pregnancy. This 

adds challenges to the development of treatments in terms of the route of 

administration of the drug and how to follow up physiological responses of the 

embryo to a drug. For delivering EDA to embryos, a recombinant Fc-EDA-protein 

capable of crossing the placenta has been developed (Gaide & Schneider, 2003). 

This protein has the EDAR-binding site of EDA to activate the EDA-signalling in 

target cells expressing Edar and the fragment crystallisable (Fc) region of the 

human immunoglobulin G1 (IgG1) to deliver EDA to the embryo (Gaide & 

Schneider, 2003). During pregnancy, IgG1 travels across the placenta to the embryo 

by binding to specific Fc receptors (Batra et al., 2002). This quality can be utilized 

in the in utero treatments when the Fc is bound to EDA and mediates the transport 

of the molecule to the bloodstream of embryos from the maternal blood (Gaide & 

Schneider, 2003). Fc-EDA is a hexamer containing six EDA molecules linked to 

three dimeric Fc domains and it binds specifically to EDAR with half-life of 1½ 

days in the blood stream (Gaide & Schneider, 2003). The EDA domain of Fc-EDA 

is conserved between mice and humans (Gaide & Schneider, 2003).  

Gaide & Schneider (2003) showed that Fc-EDA can permanently rescue ectodermal 

structures in Eda KO mice when intravenously administered to pregnant mice at 

E11, E13 and E15. Sweat glands, sebaceous glands, eye lid and meibomian glands, 

tail hair and ear hair were rescued but different hair types of mice were only 

partially rescued (Gaide & Schneider, 2003). The molar size and cusp phenotype 

rescued but the missing 3rd molar did not (Gaide & Schneider, 2003). Also, later 
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administration days at E15 and E17 rescued the 2nd molar but not the 1st molar 

indicating that the 1st molar requires EDA earlier than E15 (Gaide & Schneider, 

2003). Postnatal treatment administered intraperitoneally on separate days at P2, 

P3, P5 or P9 did not rescue molars or the other structures, except the sweat glands 

(Gaide & Schneider, 2003).  

Casal et al. (1997, 2005, 2007) used dogs with ectodermal dysplasia as a canine 

model of XLHED for studying the role of EDA in the development of deciduous 

and permanent dentition, a characteristic shared by dogs and humans but not mice. 

Similar symptoms are observed in dogs suffering from XLHED as in human 

patients: their teeth are often peg-shaped, and several teeth are missing (Casal et al., 

1997). Casal et al. (2007) reported that postnatally administered five iv-injections 

(at P2, P5, P8, P11, P14) of EDA can rescue the number of permanent teeth close 

to the wild type and improve the shape of some of the teeth. No rescue was observed 

in the deciduous teeth which develop before birth or in the permanent molars (Casal 

et al., 2007). As the rescue was not complete, Casal et al. (2007) speculated that the 

treatment should be given earlier, before birth, when the deciduous teeth develop. 

Mauldin et al. (2009) reported that the same EDA treatment given later can rescue 

the dentition but details of the analysis were not shown. 

Although no adverse effects were observed in the mouse and dog mothers in the in 

utero Fc-EDA treatments (Gaide & Schneider, 2003; Casal et al., 2007), when 

developing a medical therapy for embryos, all unnecessary exposure to the foreign 

molecule in mothers should be avoided if possible to minimise risks of unexpected 

side effects to the treatment. Administration of Fc-EDA through amniotic fluid has 

been recently tested in mice for exploring alternative routes of EDA treatment 

(Hermes et al., 2014). Embryos swallow amniotic fluid and conveniently intestine 

epithelial cells have Fc-receptors to deliver Fc-EDA to the embryo’s blood stream. 

The treatment was performed by injecting a single dosage of Fc-EDA directly to 

mouse amniotic sacs at E15. The treatment resulted in successful rescue of sweat 

glands and guard hair (Hermes et al., 2014). The molars were reported to be larger 

in size and their cusp pattern close to that of the wild type mouse.  
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Fc-EDA is a potential candidate for developing a treatment for human patients with 

XLHED. Edimer Pharmaceuticals developed Fc-EDA protein therapy under the 

name of EDI200 and conducted a couple of clinical trials with it (Huttner, 2014). 

EDI200 passed a phase I safety study (Clinicaltrials.gov database, identifier: 

NCT01564225) by showing no adverse effects. A phase II clinical trial in patients 

with XLHED has been carried out (Clinicaltrials.gov database, identifier: 

NCT01775462) with male infants up to 14 days of age treated two times per week 

in total five times with 3 mg/kg/dose or 10 mg/kg/dose (Huttner, 2014). Edimer 

Pharmaceuticals stopped the XLHED research at 2016 and has not published follow 

up results of the study. However, National Foundation for Ectodermal Dysplasia 

(NFED) reports on its website that EDI200 given postnatally in the clinical trials 

did not result in expected outcomes (NFED, 2018a). Investigators of the clinical 

trial speculated that administration of EDI200 postnatally was too late for correcting 

the development and achieving rescue of the organs (NFED, 2018a). A Swiss 

foundation called EspeRare is continuing the work of developing a therapy of 

EDI200 now with name ER-004 (EspeRare, 2018). They will follow the results of 

the previous clinical trial by Edimer Pharmaceuticals and aim to conduct a phase II 

clinical trial for administering ER-004 in utero in early 2018 (NFED, 2018b). So 

far, two twin boys with a XLHED have been treated with ER-004 at 26th and 31th 

weeks of pregnancy in a “Trial to Cure” type of a study and have shown positive 

preliminary results in the development of sweat glands and teeth (EspeRare, 2018; 

NFED, 2018c). Considering the long developmental time of human dentition, full 

picture of the rescue of tooth phenotype and dentition is not yet available for full 

analysis. Important questions to be answered for developing a medical therapy for 

a XLHED include the optimal dosage and timing of the treatment aiming to EDA 

sensitivity windows in all the ectodermal organs. 
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5. AIMS 
 

The first aim of this study was to determine the time windows and developmental 

stages during which each mouse lower molar is sensitive to EDA. This information 

can be useful for clinical purposes as mouse and human teeth, despite their 

differences, go through similar developmental stages. 

The second aim of this study was to detect the location of Edar in three-dimensional 

reconstructions of the expression area in both wild type and Eda KO mouse lower 

molars to detect if Edar is expressed in both signalling centres: the primary enamel 

knot and secondary enamel knots. The developing dental mesenchyme of these 

molars were also reconstructed to visualise the developing cusps and to compare 

the developmental stage of the molars between the Eda KO and wild type mice. 

Because the overall aim of my work was to identify when and where EDA 

signalling is active during individual tooth development, the third aim of this study 

is to examine how mouse lower molar size proportions are regulated. Specifically, 

I tested whether the seemingly universal inhibitory cascade (IC) rule determining 

molar proportions across mammalian species can be broken by manipulating the 

development of individual teeth with temporally restricted EDA-treatments. 
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6. MATERIALS AND METHODS 
 

6.1. In situ hybridisation for Edar 
 

6.1.1. Animals and tissue preparation  

 

Skulls of Eda KO mice treated with Fc-EDA were obtained from Dr. Pascal 

Schneider (the University of Lausanne, Switzerland). The mice with mutated Eda 

gene and their wild type controls were derived from bred pairs of B6CBACa-AW-

J/A-EdaTa/O mice (000314; Jackson Laboratory, Bar Harbour ME) (Gaide & 

Schneider, 2003). Developing mice were treated with Fc-EDA (1mg/kg) at different 

days of development, and each treatment lasted 24 hours. The earliest treatments 

started on embryonic day E11.5 and the latest treatments on postnatal day P5. The 

prenatal treatments were administered by intravenous injection to the pregnant mice 

and the postnatal treatments by intraperitoneal injections to the pups. The EDA 

treatment was stopped after 24 hours by injecting recombinant Fc-EDAR protein 

(30 mg/kg) to the mice. Fc-EDAR is a soluble EDA receptor that binds to EDA and 

prevents the EDA-signalling (Gaide & Schneider 2003). The mice were sacrificed 

at the age of P27-31. The treatment protocol has been described in Gaide & 

Schneider (2003). In my study, for simplicity, I refer to the treatment days by the 

EDA-injection day. For example, the treatment day E11 refers to the EDA treatment 

that was administered at E11.5 and lasted until E12.5 when the EDAR injection was 

given. 

The in situ hybridisation tissue samples of developing lower molars were collected 

from E14.5 and E16.5 old mouse embryos. These stages were chosen to study the 

localisation of Edar in the primary enamel knot at E14 and in the secondary enamel 

knots at E16. The mice were in inbred C57Bl/6 background and under 

ESAVI/2363/04.10.07/2017 license. Eda KO embryos were generated by mating 

an Eda KO male and an Eda heterozygous female. As the Eda gene is X-
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chromosomal, the male has XEda-/Y genotype and the female XEda-/XEda+. In this 

mating scheme, 50 % of the pups were expected to be Eda KO, 25 % wild type and 

25 % heterozygous.  

The appearance of a copulation plug was taken as E0 and was used to estimate the 

age of the embryos. The females were sacrificed with carbon dioxide and cervical 

dislocation. The embryos were collected and sacrificed by decapitation. The 

embryos were dissected in 1x phosphate buffered saline (PBS) under microscope 

(Olympus SZX9). The developmental stage of embryos was confirmed based on 

limb morphology (Martin, 1990). The heads were collected and the brains removed. 

The heads were fixed in 4 % paraformaldehyde (PFA) for three days in shaker at 

+4 °C. The PFA was changed on the second day of fixing.  

The embryos were PCR-genotyped from tail samples to differentiate the Eda KO 

homozygotes, heterozygotes and wild type siblings (Appendix 1). The existence of 

Eda allele in wild type mice was confirmed with primers that amplify a 120 base 

pair (bp) long DNA sequence from the intron on the 3' –side of Eda exon 1. The 

Eda KO allele does not have this sequence and therefore a band is not produced. 

The wild type and heterozygous mice were separated from each other by using 

primers that bind on both sides of the sequence that is deleted in the Eda KO allele. 

As a result of the deletion, these primers amplify a 168 bp long sequence of the Eda 

KO allele, and a 1073 bp long sequence of the wild type allele (Probst et al., 2008). 

The homozygous Eda KO mice and wild type mice were chosen for the study. Each 

developmental stage was studied using mice from the same litter. 

The samples were embedded into paraffin through rising ethanol series and xylene 

by using a tissue processor (Leica ASP 200) (Appendix 2). The heads were serially 

sectioned to 10 µm slices with a microtome (Microm Hm355). The samples were 

collected on Menzel-Gläser Superfrost Ultra Plus microscope slides and dried in 

room temperature overnight. The sections were fixed to the slides on a hot plate at 

70 °C. 
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6.1.2. Probe preparation  

 

The Edar antisense RNA probe used to localise and detect the mRNA of Edar 

(Laurikkala 2001) was provided by Professor Irma Thesleff’s laboratory (Institute 

of Biotechnology, The University of Helsinki). The sense probe was used to ensure 

probe specificity. The insert for both probes was 1415 base pairs long (bases 260-

1677 of AF160502 of NCBI nucleotide database). The plasmid with the Edar 

cDNA was linearised with specific restriction enzyme (Appendix 3). The linearised 

plasmid was purified with GeneJet PCR purification kit (ThermoScientific).  The 

probe was synthesised through in vitro transcription and digoxigenin (dig) labelled 

nucleotides (Roche) were used in the synthesis. Digoxigenin is a steroid extracted 

from Digitalis purpurea plants. Anti-dig antibody was used to specifically detect 

the digoxigenin label. 

 

6.1.3. In situ hybridisation 

 

The Edar expression was localised by using a routine in situ hybridisation protocol 

(Appendix 4). The molar sections were deparaffinised in xylene and moved to 

water-based solutions gradually through alcohol series. Proteinase K was used to 

digest proteins to facilitate the access of the probe to the target sequence. Glycine 

and PFA were used to stop the protein digestion. To reduce unspecific binding of 

the probe, the samples were treated with acetic anhydride. The hybridisation buffer 

had formamide to lower the melting point of nucleic acids and saline sodium citrate 

(SSC) to decrease the electrostatic interactions between the mRNA and the probe. 

Denhardt’s solution was used to avoid non-specific binding of the probe. The probe 

was denatured in heat block to open secondary structures of RNA prior to 

hybridisation. To remove the unbound probe, the samples were washed in a solution 

containing formamide and SSC, and the possible remaining probe was degraded 
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using RNase A-enzyme. Boehringer blocking reagent (BBR) was used to block 

non-specific attachment sites for the antibody to reduce background signal. After 

blocking, the samples were incubated with anti-dig antibody coupled with alkaline 

phosphatase (AP) enzyme and the antibody bound to the dig-labelled nucleotides. 

Next antibody was visualised using a commercial BM Purple substrate solution that 

was added on the samples. The BM Purple substrate precipitated as purple colour 

on the location of the probe as the AP-enzyme phosphorylated the substrate at the 

sites of the antibodies. The colour reaction was observed under a microscope 

(Olympus SZX9) and stopped when the strength of the expression signal was 

sufficient. 

 

6.2 Imaging and 3D-reconstruction 
 

6.2.1. Reconstruction of Edar expression 

 

To study Edar expression patterns in relation to developing tooth shape, I prepared 

three-dimensional reconstructions of the in situ hybridisation sections. For 

reconstructing Edar expression in three-dimensions, the in situ hybridisation slides 

were scanned by the service provided by BI Histoscanner in the Institute of 

Biotechnology, University of Helsinki. The scanner used was Pannoramic 250 

Flash II (3DHISTECH). Images of the individual molar sections were taken using 

CaseViewer software (version 2.0). Damaged sections were replaced with adjacent 

non-damaged sections and the tooth germs in the sections were aligned using 

landmarks in Avizo software (version 9.0.1). The further reconstruction was done 

in ImageJ software (version 1.49c) (Schneider et al., 2012). Typical for the method, 

individual sections of in situ hybridisation had slight differences of intensity in their 

BM purple colour reaction. To eliminate these differences and to match expression 

intensities between slides, the brightness and contrast of sections were adjusted to 

match to the overall background of all sections. To obtain the Edar expression only 
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in the inner enamel epithelium and enamel knots, the oral epithelium, outer enamel 

epithelium and stellate reticulum were cut out of the images using the free-hand 

tool. This eliminates Edar expression of the tissues above the inner epithelium 

which would otherwise obscure the expression patterns when constructing an 

occlusal image of Edar expression in the developing molar. Since Edar is not 

expressed in the dental mesenchyme (Laurikkala et al., 2001), the mesenchyme was 

left in the images to reconstruct the morphology of the developing teeth. Image 

stacks were converted to 8-bit grey scale and the grey values were inverted and 

assigned to 16 colours to visualise the intensity differences within the expression 

area. Occlusal image of Edar expression was created by taking the maximum 

intensity Z-projection from the image stack. The brightness-contrast relationship 

was adjusted once more for Edar expression intensity to be roughly the same 

between samples. This eliminated the problem of slides that have been stained with 

different intensities during the in situ hybridisation. To construct three-dimensional 

shape of the developing tooth germs, the mesenchymes were segmented manually 

with ImageJ. The edges of mesenchymes were drawn and separated using the 

threshold tool. The resulting binary stacks were smoothed using ‘mean’ filter in 

ImageJ with the same radius for all samples. The three-dimensional surface of the 

mesenchyme was reconstructed using the 3D viewer tool.  

 

6.2.2. Micro-computed tomography scanning of EDA treated mice 

 

The EDA treated mouse skulls were scanned with x-ray micro-computed 

tomography (µCT) to analyse the cusp patterns and proportions of the lower molars 

in three dimensions. The µCT scanning employs x-rays that travel through a 

rotating sample and are detected by a detector behind the sample. The scanner used 

was Skyscan 1272 (Bruker) and the scans were reconstructed using Nrecon 

software (version 1.6.10.4) (Bruker). Detailed scanning and reconstruction settings 

can be found in the appendix 5. 
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6.3. Measurements and statistical analyses 
 

6.3.1. Measurements of the cusps and relative sizes of molars 

 

The images of the EDA treated lower molars were generated using volume 

rendering tool in Avizo software. A coding system for the cusp analysis was 

created: 0 = no cusp, 0.25 = ¼ cusp, 0.5= half a cusp, 0.75= ¾ cusp, 1 = full cusp. 

The rescue rate of cusp number of each treatment day was determined by dividing 

the cusp number of the teeth of each treatment day with the mean wild type cusp 

number. The rescue rates were compared with the Eda KO. Some of the treated 

skulls lacked the 3rd molar and in the analysis, they were included as zeros. 

The tooth sizes were studied by measuring the occlusal area of each tooth with the 

freehand tool in ImageJ software. To analyse the sizes of the 2nd and the 3rd molars 

relative to the 1st molar within a jaw, the average area of the 2nd molar and the 3rd 

molar were divided by the average area of the 1st molar. The relative size values 

were compared to the inhibitory cascade model (Kavanagh et al., 2007). In the 

treatment day E14.5-E15.5 samples, the 1st and 2nd molar of one skull were fused 

together on the right side of the jaw. The right side of this jaw was excluded from 

the analysis. 

 

6.3.2. Statistical analyses 

 

The results of mice treated with EDA were statistically analysed to test the 

treatment days when EDA rescues the cusp number. In other words, which days 

yielded a statistically significant increase in the cusp number compared to the cusp 

number of the Eda KO control group. This was done with the 1-tailed 

randomisation test in R Studio (Appendix 6). The statistical analysis was done 

separately to the 1st, 2nd and 3rd molars by comparing EDA treatment day group one 
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at the time to the Eda KO control. First, the difference of the means of the control 

group and a treatment group was calculated. Next, the values of both groups were 

mixed, and new groups of the original sizes were created by randomly selecting 

values from the mix of values. The difference of the means of these new groups 

was calculated. This was repeated 10 000 times. The number of cases when the 

difference in means were higher or the same as the difference in means of the 

original groups was counted and its proportion out of 10 000 was counted for 

obtaining a p-value for the treatment group.  
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7. RESULTS 
 

7.1. Morphological comparison of the EDA treated, Eda KO and wild type 
molars 
 

The morphological differences between the EDA treated molars, wild type and Eda 

KO molars were evident (Fig. 7). Compared to the wild type, the Eda KO molars 

had a reduced cusp number with small and round cusps (Fig. 7A). The 1st molar 

lacked the anteroconid and hypoconulid cusps and the talonid cusps were fused. 

The 2nd molar missed the hypoconulid and the trigonid and talonid cusps were 

fused. Also notable was the size difference between the Eda KO and the wild type 

molars. The EDA treatment rescued the cusp number of individual molars to 

resemble more that of the wild type with larger, sharper and more distinctly 

separated cusps (Fig. 7B).  

 

Figure 7. EDA increased cusp number to resemble the wild type. A) Difference 

in molar morphology of wild type and Eda KO mice. B) Highest cusp rescue of 

EDA treated Eda KO mice molars: the 1st molar at E12.5, the 2nd molar at E15.5 

and the 3rd molar at P2. Arrows for rescued molars. A=anterior, B=buccal. Scale 

bar 1000 µm 
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7.2. The development of cusp number had sensitivity windows for EDA 
 

Each molar had a time window during the development when the cusp number was 

most efficiently rescued with the EDA treatment (Fig. 8). The 1st molar was 

sensitive to the treatment from E12.5 to E15.5 with highest rescue rate at E12.5 

(Fig. 8A). The rescue was partial with an average of 66 % of the wild type 1st molar 

cusp number. The 2nd molar was sensitive to the treatment from E14.5 to E16.5 with 

highest rescue rate at E15.5 (Fig. 8B). The average rescue rate was 86 % of the wild 

type 2nd molar cusp number. The 3rd molar had two sensitivity windows, first from 

E14.5 to E16.5 and the second from P1 to P5 (Fig. 8C). The first sensitivity window 

had the highest cusp rescue rate with an average of 81 % of the wild type 3rd molar 

cusp number. The treatment during the second sensitivity window led to exceeding 

the wild type 3rd molar cusp numbers at P1 and P2. The details of the sensitivity 

windows can be seen in the table 2. 
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Figure 8. Molars had EDA sensitivity windows. Cusp number rescue of EDA 

treated Eda KO molars on different days of development relative to the wild type 

values. The EDA sensitivity windows (green lines) of A) the 1st molar from E12.5 

to E15.5, B) the 2nd molar from E14.5 to E16.5, C) the 3rd molar from E14.5 to 

E16.5 and the second from P1 to P5. Eda KO as control (red colour). Error bars for 

standard error of mean (SEM). Detailed values in the table 2.  
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Table 2. The detailed values of cusp number rescue of the EDA sensitivity 

windows. The cusp rescue rate is expressed as percentage of cusps of the wild type 

cusp number. SEM= Standard Error of Mean (%). N= number of mice. P= P-value 

of one-tailed randomization test. Dashed line separating the first and second 

sensitivity windows of the 3rd molar. 

Molar Treatment day 

/ control 

Cusp 

number 

% of the 

wild type 

SEM 

(%) 

P N 

1st Molar E12.5-E13.5     4.48 66.36 5.07 0.0434 6 

 E13.5-E14.5          4.08 60.49 9.88 0.2046 3 

 E14.5-E15.5           3.92 58.02 1.23 0.0492 3 

 E15.5-E16.5           4.50 66.66 0 0.2474 1 

 Wild type 6.75  14.43  3 

 Eda KO 3.33 49.38 2.47  3 

2nd Molar E14.5-E15.5    3.63 73.73 6.73 0.1477 3 

 E15.5-E16.5     4.25 86.44 0 0.2536 1 

 E16.5-E17.5 3.5 71.19 5.08 0.0498 3 

 Wild type 4.92  8.33  3 

 Eda KO 2.92 59.32 1.70  3 

3rd Molar E14.5-E15.5 2.33 75.68 11.78 0.0957 3 

 E15.5-E16.5 2.5 81.08 0 0.2548 1 

 E16.5-E17.5 2.13 68.92 2.34 0.0495 3 

 P1-P2                      3.25 105.41 4.68 0.0476 3 

 P2-P3                      3.33 108.11 2.70 0.0459 3 

 P3-P4 2.96 95.95 10.55 0.0486 3 

 P4-P5 2.66 86.49 10.81 0.0483 3 

 P5-P6 3 97.30 4.68 0.0479 3 

 Wild type 3.08  30.05  3 

 Eda KO 1.30 41.90 13.31  3 
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7.3. Developmental differences of the wild type and Eda KO molars  
 

The histological reconstructions of the mesenchyme showed that the developing 

wild type 1st molar had a typical shape of the cap stage on E14.5 (Fig. 9A). The 

dental mesenchyme had a longitudinal groove in the middle and cervical loops had 

started to grow around the dental mesenchyme. Compared to the wild type, the 

development of the 1st molar of the Eda KO was delayed at E14.5 with remarkably 

shorter and narrower dental mesenchyme (Fig. 9B). The dental mesenchyme also 

lacked the longitudinal groove and the cervical loops were smaller. However, the 

development of the tail which forms the 2nd molar was more advanced in the Eda 

KO than in the wild type.  

On E16.5 the wild type 1st molar had reached the bell stage with cervical loops 

enclosing the dental mesenchyme and the first two cusps developing (Fig. 10A).  

The 2nd molar was in the early cap stage. In the Eda KO, the dental mesenchyme of 

the 1st molar was considerably smaller, narrower and had fewer cusps (Fig. 10B). 

The 2nd molar dental mesenchyme was relatively large compared to the wild type. 

The 2nd molar development was advanced with longer cervical loops surrounding 

the dental mesenchyme. Furthermore, the Eda KO 2nd molar had already formed 

the tail for the 3rd molar which had not yet developed in the wild type (Fig. 10B). 

 

7.4. Edar was expressed in the primary enamel knot of E14.5 molar 
 

In the wild type, the Edar expression was most intense in the primary enamel knot 

following the longitudinal groove in the centre of the 1st molar at E14.5 (Fig. 9A). 

Edar was also expressed in the inner enamel epithelium and in the tail. In the Eda 

KO, Edar was also localised in the primary enamel knot and the inner enamel 

epithelium (Fig. 9B). Edar was expressed in the midline of the molar, although the 

most intense expression was divided to the anterior and posterior ends of the molar. 

Edar expression could be seen in low levels in the tail as well. Edar antisense probe 

was specific as the sense probe did not show signal (Data not shown). 
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Figure 9. Edar was expressed in the primary enamel knot and the inner enamel 

epithelium of cap stage (E14.5) molars. Edar expression A) in the wild type and 

B) in the Eda KO molars. Arrowheads = primary enamel knots. The white dashed 

lines = locations of in situ hybridisation sections. The black dashed lines = edges of 

the tooth epithelium. Red lines = reconstruction of the mesenchyme. A = anterior, 

L = lingual. Scale bars 100 µm. 
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7.5. Edar was expressed in the secondary enamel knots of E16.5 molars 
 

In the wild type, Edar was expressed in the secondary enamel knots and also in the 

inner enamel epithelium and in the stellate reticulum of the 1st molar at E16.5 (Fig. 

10A). The Edar expression was relatively high in the anteroconid, trigonid and 

talonid cusps with a weaker expression area between the cusps of the 1st molar. In 

the 2nd molar, Edar was expressed in the primary enamel knot and in the early tail 

forming the 3rd molar. 

Similarly, in the Eda KO 1st molar, Edar expression was relatively high in the 

secondary enamel knots and weaker in the inner enamel epithelium and in the 

stellate reticulum (Fig. 10B). The expression could be seen in the trigonid cusps 

and in the first talonid cusp. The rest of the cusps had not developed yet. In the 2nd 

molar, Edar was expressed in the anterior end of the molar in the primary enamel 

knot and in the inner enamel epithelium. Compared to the wild type 2nd molar, the 

expression area extended laterally closer to the edges of the molar and was antero-

posteriorly shorter. Edar was expressed in the tail of the 2nd molar, as in the wild 

type. However, the expression area was not continuous from the 2nd molar.  
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Figure 10. Edar was expressed in the secondary enamel knots, the inner enamel 

epithelium and stellate reticulum of bell stage (E16.5) molars. Edar expression 

A) in the wild type and B) in the Eda KO molars. Arrowheads = secondary enamel 

knots. The dashed white lines = locations of in situ hybridisation sections. The black 

dashed lines = edges of the tooth epithelium. Red lines = reconstruction of the 

mesenchyme. A = anterior, L = lingual. Scale bars 100 µm. 
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7.6. EDA treatment changed the molar proportions 
 

The wild type molar occlusal areas matched the predictions of mouse molars in the 

IC-model (Fig. 11A). Compared to the wild type, the molar areas of the Eda KO 

2nd and 3rd molars were larger relative to the 1st molar (Fig. 11A).  

In majority of the EDA treatment groups, the 2nd molar area was 86-98% of the 1st 

molar area (Fig. 11A). On three treatment days (E11.5, E13.5 and E15.5) the 

treatment caused the 2nd molar area to exceed the 1st molar area. The largest 3rd 

molars resulted when EDA was given at P1 and P2, with 57 % and 56 % of the 1st 

molar area, respectively, yet the 3rd molar size never surpassed the 1st molar size. 

The molar proportions in all groups, wild type, Eda KO and EDA treated Eda KO 

stayed on the right side of the inhibitory cascade line never crossing to the left side. 

Schematic presentation of the shift in molar proportions as the function of the 

treatment day are shown in the Fig. 11B. First the increase in the 1st molar size shifts 

molar proportions slightly down but close to the IC-line. Then, the relative size of 

the 2nd molar increases causing the molar proportions to be well below the IC-line. 

Finally, the latest treatments cause the increase in the 3rd molar size, pushing molar 

proportions towards the IC-line and more equal tooth size proportions.    
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Figure 11. Targeting the EDA sensitivity windows of molars separately altered 

molar proportions. A) EDA treated molars shifted to the right and up in the 

morpho-space as the 2nd and 3rd molars grew larger relative to the 1st molar. B) 

Schematic presentation showing that the shift towards right was in the EDA 

treatment at the sensitivity window of the 2nd molar. Red dashed line visualising 

when M2 or M3 area is equal to M1. Back line for the inhibitory cascade line 

(Kavanagh 2007). The X-axis for the 2nd molar area relative to the 1st molar area. 

The Y-axis shows the same for the 3rd molar.  
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8. DISCUSSION 
 

Based on this study, EDA appears to be required at multiple time points of tooth 

development. Both the early stages of crown patterning when the primary enamel 

knot is active and during the secondary enamel knot stages when the individual 

cusps form, require EDA. The expression of Edar in all these signalling centres 

suggests that EDA’s function is transmitted through the primary enamel knot and 

the secondary enamel knots during molar development.  

The advanced development of the 2nd and 3rd molars in the Eda KO mice compared 

to the wild type indicates reduced inhibition from the undersized 1st molar. This 

proposes that inhibition-activation balance is altered in absence of EDA signalling.  

Teeth from mice with temporally restricted EDA treatments show that individual 

treatments changed the molar area proportions by enhancing the growth of 

individual molars. This EDA treatment breaks the inhibitory cascade model by 

altering the inhibition-activation balance in the molar development. The results 

support the IC-model by demonstrating that targeting individual molars can break 

the IC-model in vivo in a controlled manner. 

 

8.1. EDA is essential for molar development at early crown patterning  
 

The aim of this study was to determine the time windows when EDA is essential 

for individual molar development. My results of increased cusp number with EDA 

treatment show, that rather than being responsive to EDA throughout the molar 

development, the 1st, 2nd and 3rd molar each have specific EDA sensitivity windows. 

The sensitivity windows of molars follow each other in time as can be expected 

from the sequential development of molars.  
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The sensitivity window of the 1st molar starts with high sensitivity at E12.5, stage 

that corresponds to the formation of the tooth bud, and extends to the early cap 

stage. This is also the stage when the primary enamel knot develops. The 1st molar 

remained sensitive to EDA treatments the following four days when the secondary 

enamel knots develop. In general, the sensitivity windows of the 1st molar yielded 

rather subtle rescue rates compared to the other molars. I speculate that the 

relatively low rescue rates in the sensitivity window can be explained by 

insufficient time of EDA treatment to rescue the 1st molar that is relatively large 

with many cusps that take three days to appear. The sensitivity window of the 1st 

molar also had some variation in the cusp rescue between the days in the sensitivity 

window. In the E13.5 treatments, two out of three mice had a one-cusped 1st molar. 

The highest degree of rescue actually occurred in E15.5 treatment. However, only 

one sample was available of the E15.5 treatments, and as with the E13.5 treatments 

(N=3), a larger number of experiments would be needed to evaluate these treatment 

days. Nevertheless, the high rescue rate of cusps in E12.5 and E14.5 treatments was 

statistically significant, suggesting that the overall sensitivity window for the 1st 

molar is from E12.5 to E15.5. 

The rescue rate of the 2nd molar was higher than in the 1st molar. This supports my 

suggestion that the smaller the molar and the fewer cusps it has, the greater effect 

the one-day EDA treatments have. The sensitivity window of the 2nd molar starts at 

E14.5 when the tail forming the tooth is developing. I speculate that EDA could 

rescue the cusp development of the 2nd molar already through this tail that in the 

Eda KO mice is developing at E14.5, as seen in my results. This is supported by the 

result that Edar is already expressed in the tail. The highest rescue of the cusps in 

the 2nd molar occur around the bud and cap stages of development just as was the 

case in the 1st molar.  

The 3rd molar was exceptional with two separate sensitivity windows. The first 

sensitivity window with weaker effect on the cusp number occurred simultaneously 

with the 2nd molar. This suggests that EDA could enhance the development of the 

3rd molar by rescuing the development of the 2nd molar. The in situ hybridisation 
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results of Edar expression support this by showing that the tail developing into the 

3rd molar is already responsive to EDA at E14.5 as it expresses Edar. The second 

sensitivity window resulted in full rescue of cusp number. The 3rd molar is the 

smallest molar with the least number of cusps. Therefore, the full rescue was 

reachable even with the short one-day EDA treatment. The developmental timings 

of the 3rd molar has been reported to vary between mouse strains (Chlastakova et 

al., 2011) but the sensitivity window occurs approximately at the time of the 

reported bud and cap stages. The longer lasting sensitivity window could also 

indicate that the 3rd molar is more flexible in its development and as a result fully 

responsive to EDA during several days. The first sensitivity window was oddly 

followed by two days of complete non-reactiveness to EDA. The non-sensitive days 

were followed by the second sensitivity window, during which the treatments 

resulted in a full rescue of cusp number. One interesting future prospect would be 

to check if the Edar expression is downregulated at these days to explain the 

unresponsiveness to EDA.  

My results of EDA’s importance at the early crown patterning stages are supported 

by previous in vitro studies in which EDA rescued the cusps when given from E13 

onward (Harjunmaa et al., 2012, 2014). However, culture studies can alter the 

developmental timings of molars and that is why in vivo studies provide more 

accurate results. My results of EDA sensitivity windows support the previously 

reported results of Gaide & Schneider (2003) who showed that transplacental in 

vivo EDA treatment rescues molars when given at E11, E13 and E15. Their 

treatment was continuous without using antagonist Fc-EDAR to stop the EDA 

signalling. In my results, the EDA sensitivity windows of molars are in that same 

time period. However, my results provide more information by showing the exact 

EDA sensitivity days and the cusp rescue of each separate day. The sensitivity 

windows of the 1st molar and the 2nd molar are supported by Gaide & Schneider 

(2003) who reported that giving EDA at E15 (without stopping the reaction with 

Fc-EDAR) rescued the 2nd molar but not the 1st molar. One difference to the 

findings of Gaide & Schneider (2003) is my result of the second postnatal 
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sensitivity window of the 3rd molar. Gaide & Schneider (2003) did not see rescue 

of any molars with postnatal treatments given either at P2, P3 or P5.  

My results contrast with a study by Hermes et al. (2014). In this study, the authors 

administered EDA to the amniotic fluid at E15 and reported a full rescue of the 1st 

molar of the mouse. My results show that EDA given at E15 is too late to rescue 

the 1st molar even though it still targets the EDA sensitivity windows of the 2nd and 

3rd molar. This is also shown by Gaide & Schneider (2003). The reliability of the 

result that the 1st molar rescues at E15 by Hermes et al. (2014) can be argued as 

they had only analysed one mouse. Even more, the untreated Eda KO sibling was 

also reported to have a full wild type dentition. The provided image for comparing 

these molar phenotypes displayed upper molars of the EDA treated mouse with 

lower molars of the negative controls making the results impossible to assess. If 

their observation is true, I speculate that some mouse strains can have slightly 

delayed EDA sensitivity or the 1st molar is responsive to EDA still at E15. In my 

results, the E15.5 treatment day had a high sensitivity to EDA as well, although the 

sample size was only one mouse. 

EDA treatment has also been given to dogs in vivo and postnatally with a partial 

rescue of permanent dentition and no rescue of deciduous dentition, leading to 

speculations that EDA is needed prenatally for more complete rescue (Casal et al., 

2007). Although mice lack deciduous dentition, my results on mouse molars show 

that the 1st and 2nd molars need to be rescued prenatally. 

To conclude, the EDA sensitivity windows of all molars occur at the early stages 

of crown patterning when the number and locations of cusps are determined.  This 

suggests that EDA is vital when the primary enamel knot and secondary enamel 

knots develop. EDA rescues the cusp number most effectively when the primary 

enamel knot differentiates but also with lower efficiency on the following days, 

during secondary enamel knot differentiation. In other words, the role of EDA in 

cusp development has a great importance during the primary enamel knot formation 

but is essential for secondary enamel knot development as well. 
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8.2. Edar expression in the primary and secondary enamel knots explains the 
sensitivity windows 
 

The second aim of this study was to locate the expression of Edar in three-

dimensions to learn more about the location and mechanism of the EDA signalling. 

The ligand EDA has previously been shown to be expressed in developing molars 

in the oral epithelium throughout the development (Laurikkala et al., 2001). In the 

light of this, EDA seems to be needed all the time. On the other hand, my results 

show that molars have specific EDA sensitivity windows for cusp development.  

This does not exclude that EDA could not have other roles in addition to 

participating in cusp development. However, EDA expression alone does not tell 

everything about the EDA signalling activity. Above all, it is the receptor 

expression that regulates when and where the EDA signalling is active. Previously 

the expression of Edar has been studied in wild type mice and it has been reported 

to be expressed complementary to EDA’s expression in the placodes, bud tips, the 

primary enamel knot and the inner enamel epithelium between secondary enamel 

knots (Tucker et al., 2000; Laurikkala et al., 2001). My results largely support these 

observations. However, Laurikkala et al. (2001) reported that they did not observe 

Edar expression in the secondary enamel knots but only in the inner enamel 

epithelium between the developing cusps. However, my results show that Edar is 

expressed in the secondary enamel knots. Laurikkala et al. (2001) analysed Edar 

expression from individual slides of in situ hybridisation which shows limited 

expression of Edar. The specific molar sections shown might not reveal the Edar 

expression if they were chosen from a silent area. My study is the first one to show 

Edar expression in three dimensions together with mesenchymal development, 

revealing that the expression pattern is dynamic reflecting the crown patterning. 

The confirmation that Edar is in fact expressed in the secondary enamel knots 

supports the proposals that EDA is essential for both the primary enamel knot and 

the secondary enamel knots and rescues the cusps through them (Harjunmaa et al., 

2014). Furthermore, my reconstructions of Edar expression in Eda KO molars show 
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how the receptor expression is retained in the tissue even when no ligand is 

produced. 

 

8.3. In the Eda KO, smaller 1st molar projects weaker inhibition to the 
following molars 
 

An additional observation of my study was the changed developmental timings of 

molars in the Eda KO mouse. Previous studies (Pispa et al., 1999; Laurikkala et al., 

2001) report that in the Eda KO mouse, the 1st molar development is delayed which 

shows already at bud and cap stages of tooth development. In contrast, the 

development of the 2nd molar is advanced (Gruneberg, 1966; Sofaer, 1969; Pispa et 

al., 1999). My results support these studies as the 1st molar development was 

delayed showing as reduced size and delayed development of the tooth germ 

morphology and the 2nd molar development was advanced. In addition, I observed 

that also the 3rd molars start developing earlier in Eda KO mouse than in the wild 

type. I propose that the advanced development of the 2nd and 3rd molars in Eda KO 

mice can be explained with the inhibitory cascade rule. The 1st molar that is reduced 

in size projects less inhibition to the following molars and they can consequently 

start developing earlier.  

 
8.4. Does EDA rescue cusps by promoting enamel knot differentiation or 
growth? 
 

According to the cusp rescue results, EDA has its largest importance during the 

primary enamel knot and secondary enamel knot development. How does EDA 

participate in the development of cusps through the enamel knots? The 

morphodynamic model suggests that enamel knots develop through concentration 

differences of activators and inhibitors in the inner enamel epithelium (Salazar-

Ciudad & Jernvall, 2002). Activating signalling molecules promote enamel knot 

differentiation and the enamel knots secrete signalling molecules that promote 

growth of the tooth germ. The proliferating signals also inhibit enamel knot 



 
50 

 

differentiation  (Salazar-Ciudad & Jernvall, 2002). As the tooth germ grows, the 

concentration of the inhibitors decrease further away from the enamel knot allowing 

the activators to form new enamel knots (Salazar-Ciudad & Jernvall, 2002).  

Although the downstream target genes of EDA signalling pathway are not well 

known, EDA seems to promote enamel knot differentiation and also molar growth. 

Eda KO mouse molars are smaller and have fewer cusps than the wild type molars 

and with added EDA, the molar size and cusp number can be rescued (Pispa et al., 

1999; Gaide & Schneider, 2003). I propose that EDA primarily promotes enamel 

knot differentiation and as such, acts like an activator in the morphodynamic model. 

This is supported by studies which show that without EDA the primary enamel knot 

develops smaller (Pispa et al., 1999) and that EDA increases primary enamel knot 

size in Eda KO molars (Harjunmaa et al., 2014). Next, as the primary enamel knot 

differentiates it starts to secrete inhibitors that stimulate growth around the enamel 

knot. One proposed inhibitor is SHH (Harjumaa et al., 2012, 2014) whose inhibition 

causes cusp formation closer to each other. Furthermore, inhibiting SHH partially 

rescues cusp development in Eda KO teeth (Harjunmaa et al. 2014). Because Shh 

is initially expressed in the enamel knots, there is at least an indirect link between 

Edar and Shh in teeth. In the developing hair, EDA stimulates Shh expression 

(Fliniaux et al., 2008). Another known downstream target of EDA is Fgf20. EDA 

stimulates the expression of Fgf20 in the enamel knots and FGF20 stimulates 

proliferation (Häärä et al., 2012). It is plausible that one role of EDA is to promote 

enamel knot induced growth of the tissues so that new secondary enamel knots and 

cusps have enough space to be initiated.  

 

8.5. Temporally restricted EDA treatment breaks the IC-model 
 

The third aim of this study was to see if the predictions of the IC-model on molar 

proportions can be broken with EDA treatment of individual molars. This was 

accomplished as the 2nd and the 3rd molars grow relatively larger when EDA was 

administered during the sensitivity windows of these molars. This led to a shifting 
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towards the right from the IC-line. I propose that when targeting EDA only to 

individual molars, for instance the 2nd molar, the molar receives more activation in 

relation to the inhibition and as a result, the molar size increases. The 1st molar does 

not grow because its EDA sensitivity window has passed and it is not reactive to 

the EDA treatment anymore. These results are potentially the first example of 

systematic breaking of a developmental rule regulating the development of 

sequential structures and organs. The IC-rule is based on experiments performed on 

the growing mouse molar and assumes that each molar in a row is a replay of the 

same developmental program. 

Targeting EDA specifically to the 2nd molar also increased the size of the 3rd molar. 

This result contrast the IC-model, according to which a larger 2nd molar should 

inhibit the 3rd molar more than a smaller one. I propose that the reason why the 3rd 

molar was able to grow larger, is that EDA can affect the development of the 3rd 

molar through the 2nd molar. This is supported by the observation, that the 3rd molar 

has its first EDA sensitivity windows at the same time with the 2nd molar, at E14.5 

to E16.5. This is when the tail that forms the 2nd and 3rd molars develop and Edar 

is expressed in the tail making it responsive to EDA. Targeting EDA to the 2nd 

molar alone was not possible and that is why the 3rd molar could grow larger as 

well. This might only be the case in the Eda KO mice, as I noticed that their 3rd 

molar starts to develop earlier than in the wild type. In the wild type the tail that 

forms the 3rd molar develops later. 

In a bigger picture, IC-rule explains the nonindependent development of relative 

molar sizes along the jaw line in various mammalian species, however, some 

species diverge from it with the posterior molar getting larger or the largest molar 

being the 2nd or 3rd molar (Kavanagh et al., 2007; Polly, 2007; Wilson et al., 2012; 

Halliday & Goswami, 2013; Evans et al., 2016). My study proposes that these 

exceptions to the IC-rule could be developmentally attainable by targeting 

individual molars ‘on the fly’. It is noteworthy that this kind of temporal regulation 

does not need to be spatially defined, only a temporal drop or increase in ligand 

production would be enough to deviate teeth from the IC-prediction. The 2nd molar 
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can be made the largest molar, possibly with the temporally specific activation by 

EDA.  

To gain more information about the IC-model and how molar proportions could be 

altered in different species within the frames of altering developmental regulation 

during evolution, future studies could be made with possible combinations of 

temporal activation or inhibition. For example, no species have been found to have 

the 2nd molar as the smallest molar. Is it possible to create this kind of molars by 

using EDA to boost the activation of the 1st and 3rd molar and in the middle when 

2nd molar develops, block the effect of EDA by administering the EDA antagonist 

Fc-EDAR that binds to EDA making it inactive. If creating this kind of artificial 

series of switching activation on and off is possible, why has evolution not created 

species with these kinds of molars? Is it developmentally too difficult or 

functionally not adaptive? 

In general, these results provide better understanding of activation-inhibition 

regulation of development, especially because IC-rule has been extended to other 

systems such as limbs and digits (Young et al., 2015). These results can also be of 

interest for scientists researching evolution and phylogeny of species. Fossil teeth 

are often the only remains of extinct species. Different tooth characters such as size 

and cusp morphology are used for interpreting evolutional relations between 

species. The importance of tooth morphology in evolution research lays a great 

emphasis to understanding the developmental mechanisms of these characters to 

understand how these characters and their changes should be interpreted; how tooth 

characters change gradually or non-gradually, independently or linked together as 

species adapt, develop and change to others.  

 

8.6. Developing an ectodermal dysplasia treatment for humans 
 

The knowledge gained from this study should be helpful for optimising the 

administration timing of EDA therapy for patients with XLHED. Because tooth 

development is largely conserved between species, this study provides information 
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of the developmental stages when EDA could be crucial for tooth development in 

human teeth. Human permanent molars and mouse molars develop similarly 

without preceding deciduous molars. My results show that EDA is most essential 

at the bud and early cap stages during the crown patterning but EDA is also needed 

during the bell stage. If EDA treatment for humans would work similarly as it does 

for mouse, EDA should be given when the molars are in the bud, cap and bell stages. 

The optimal timings of EDA therapy administrations could be estimated from my 

results and the developmental timing of the human dentitions. The deciduous 

incisors, canines and 1st molars are at bud stage about 5 weeks of pregnancy and 

advance at bell stage at 9 weeks of pregnancy which is when the 2nd molar is at bud 

stage (Hovorakova et al., 2007). The permanent 1st molar is at bud stage at 4 months 

in utero, the 2nd molar at 6 months and the 3rd molar around 4 to 5 years after birth. 

The other permanent teeth are at bud stage at 5 months of pregnancy (Berkovitz et 

al., 2009).  
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11. APPENDIXES 
 

 

APPENDIX 1. Genotyping of Eda KO and wild type mice for in situ 
hybridisation 
 

Wild type PCR mix 

MQ     14.2 µL 

10xDynazyme buffer   2 µL  (Thermo Scientific) 

10 mM dNTP    0.5 µL  (BioNordika) 

Oligo 61978 10 pmol/µL  1 µL  (Sigma-Aldrich) 

Oligo 6826 10 pmol/ µL  1 µL  (Sigma-Aldrich) 

Dynazyme    0.3 µL  (Thermo Scientific) 

Template    1 µL 

 

Wild type PCR programme 

95 °C 5 min 
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95 °C 30 min 

55 °C 30 min 

72 °C 45 min 

Repeat above steps 30 times 

72 °C 10 min 

4 °C 15 min 

 

DNA fragments produced were 120 bp long. 

The primer sequences: 

Oligo 61978: CGG TTA AAA GTT GTT TCA ACG G 

Oligo 6826: CGG TGC TTG TTT TTT CGT GTC 

 

Eda KO PCR mix 

MQ      18.53 µL 

10x (NH4)2SO4 buffer    2.5 µL 

25 mM MgCl2     1.5 µL 

1 mM dNTP     0.125 µL (BioNordika) 

100 µM A      0.22 µL (Sigma-Aldrich) 

100 µM D     0.1 µL  (Sigma-Aldrich) 

Taq       1 µL  (Thermo Scientific) 

Template     1 µL 

 

Eda KO PCR Programme 
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94 °C 3 min 

94 °C 45 min 

60 °C 45 min 

72 °C 45 min 

Repeat 2x35 times 

72 °C 10 min 

4 °C 15 min 

 

The Eda KO DNA fragments produced were 168 bp long. The wild type fragment 

produced is 1073 bp long. 

The primer sequences: 

A: 5' -GTG AGG ACC TCC TCC CTC AT-3' 

D: 5' -CGC AGA AGA GAA TCC GTC TC-3' 

 

APPENDIX 2. Paraffin embedding programme of the tissue processor 
 

MQ   1 min 

Ethanol 50 %  1 h 

Ethanol 70 %  2 h 

Ethanol 94 %  1.5 h 

Ethanol 100 %   0.5 h, 2 x 45 min 

Xylene   3 x 45 min 

Paraffin wax   1 h, 2 x 2 h 
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APPENDIX 3.  Preparation of the probe 
 

All steps were carried out in room temperature unless otherwise stated. 

For the antisense probe, the plasmid vector PCRII-TOPO with Edar cDNA insert 

was linearised with EcoR V enzyme (Thermo Scientific) for the antisense probe 

and with Hind III (Fermetas) for the sense probe. 

 

Plasmid     10 µg   (Invitrogen) 

Restriction enzyme    2 µL  (Thermo Scientific) 

Buffer D     5 µL  (Thermo Scientific) 

MQ      Up to 50 µL 

Incubation 2-3 hours at +37 °C 

The linearisation was checked in 0.8 % agarose gel with uncut plasmid as a control.   

 

In vitro transcription 

The antisense probe was synthesised through in vitro transcription by using RNA 

polymerase Sp6 (Promega) and the sense probe by using T7 (Promega). The probes 

were labelled with digoxigenin (dig) –labelled nucleotides.  

 

Linearised plasmid DNA    1 µg 

Wilkinson’s 5 x Transcription buffer  4 µL  (Promega) 

0.1 M Dithiothreitol (DTT)   2 µL  (Promega) 

Dig-nucleotide mixture   2 µL  (Roche Diagnostics) 

RNase inhibitor (25 U/10 µL) 40 µL/µL 1 µL  (Promega) 
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RNA polymerase (20+20) 19 µL/µL, 1000 units 2 µL   (Promega) 

Incubation for 2 hours at +37 °C 

 

The remaining plasmid DNA was degraded with 1 µL DNase enzyme (Promega) 

for 15 min at +37 °C. The transcription reaction and the purity of the probe was 

checked with 1.5 % agarose gel. The probe was precipitated.  

 

Nuclease free water 60 µL 

7.5 M NH4-acetate  40 µL 

Absolute ethanol 300 µL 

Precipitate 30 min at -70 °C or overnight at -20 °C 

 

The probe was isolated by centrifuging at 13 000 g for 20 min at +4 °C, washing 

the probe pellet with 500 µL 70 % ethanol and by centrifuging for 10 min at 13 000 

g at +4 °C. The ethanol was evaporated at room temperature to dry the probe and 

the probe was dissolved in 30 µL nuclease free water.  

 

 

APPENDIX 4. In situ hybridisation  
 

All steps were carried out in room temperature unless otherwise stated. The details 

of used solutions are after the protocol. 

Pre-hybridisation steps: 

Xylene     5 min 

Xylene     5 min  
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Xylene     10 min 

100 % Ethanol    10 min 

90 % Ethanol    10 min 

70 % Ethanol    10 min 

50 % Ethanol     10 min 

MQ      10 min 

MQ      10 min 

PBS      10 min 

Proteinase K (1 µg/mL)  10 min   

0.2 % Glycine in PBS   10 min  

PBS      10 min  

PBS      10 min 

4 % PFA in PBS, pH 7.5  20 min  

PBS      10 min 

PBS      10 min 

Acetylation     10 min  

PBS      10 min 

0.2 N HCl     10 min 

PBS      10 min 

1:1 PBS:Pre-hybridisation buffer  5 min  

Prehybridisation buffer at 65 °C  1-2 h 
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Hybridisation: 

Probes were diluted to a concentration 1 µg/mL in hybridisation buffer and 

denatured at 80 °C for 3 min and moved on ice for 5 min. The slides were covered 

with the probe solution and incubated in a box with humidifying paper dampened 

with humidifying solution. The hybridisation was carried out in 65 °C overnight. 

 

Post-hybridisation steps:  

5xSSC, 50 % Formamide, 0.1 % Tween-20 at 65 °C   0.5-1 h * 

5xSSC, 50 % Formamide, 0.1 % Tween-20 at 65 °C   0.5-1 h 

5xSSC, 50 % Formamide, 0.1 % Tween-20 at 65 °C   0.5-1 h 

1:1 5xSSC/50 % Formamide: RNAase A buffer    10 min 

RNAase A buffer        5 min * 

RNAase A buffer with RNAase A (1µg/mL)    15 min  

RNAase A buffer       10 min 

RNAase A buffer       10 min 

1xMABT        30 min 

1xMABT        30 min 

 

Antibody binding: 

The slides were covered with block solution for one hour and then covered with 

antibody solution and incubated overnight at +4 °C. The slides were protected from 

drying during both of the steps by covering them with parafilm. 
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Detection of the probe: 

1xMABT at +4 °C    30 min 

1xMABT at +4 °C    30 min 

1xMABT at +4 °C    30 min 

1xMABT at +4 °C   30 min 

AP buffer    10 min 

AP buffer    10 min    

BM Purple (Roche Diagnostics) was used as the AP-enzyme substrate, 120 

µL/slide. The colour reaction was monitored under a microscope (Olympus SZX9) 

until the colour reaction was visible (approximately 2 or 3 days). 

PBS     10 min 

4 % PFA in PBS   15 min 

PBS     10 min 

PBS     10 min 

MQ     Rinse 

The samples were mounted with Aqueous Mounting Medium (Shandon Immu-

MountTM , Thermo Scientific) 

 

In situ hybridisation solutions: 

 

Proteinase K (1 µg/mL)    For 200 mL 

50 nM Tris, pH8     3.33 mL 3 M Tris, pH 8 

5 mM EDTA buffer     2 mL 0.5 M EDTA 
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1 µg/mL Proteinase K (Roche Diagnostics)  11.4 µL of 17.5 mg/mL stock 

MQ       Up to 200 mL 

 

0.2 % Glycine in PBS    For 200 mL 

Glycine      0.4 g    

PBS       Up to 200 mL 

 

Acetylation      For 200 mL 

0.1 M Triethanolamine, pH 8    20 mL 1M Triethanolamine 

Acetic anhydride     500 µL 

MQ       Up to 200 mL 

 

Hybridisation buffer     For 100 mL 

50 % Formamide     50 mL of 100 % stock 

5xSSC, pH 7      25 mL of 20x stock 

1xDenhardt’s solution  (Sigma-Aldrich)  2 mL of 50x stock 

0.1 % Tween 20      1 mL of 10 % stock 

50 µg/mL tRNA (Roche Diagnostics)  100 µL of 100 mg/mL stock 

50 µg/mL heparin     100 µL of 50 mg/mL stock 

 

Humidifying solution    For 50 mL 

60 % Formamide     30 mL 
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5xSSC       12.5 mL of 20x stock 

MQ       Up to 50 mL 

 

5xSSC, 50 % Formamide, 0.1 % Tween 20 For 1 L 

Formamide      500 mL 

5xSSC       250 mL of 20x stock 

Tween 20      10 mL 10 % stock 

 

RNAase A buffer     For 1 L 

10 mM Tris-HCl, pH 7.5    3.33 mL of 3 M Tris-HCl 

0.5 M NaCl      100 mL of 5 M NaCl 

0.1 % Tween 20     10 mL of 10 % Tween 20 

MQ       Up to 1 L 

 

RNAase A buffer with RNAase A (1 µg/mL)  For 200 mL 

RNAase A (Roche Diagnostics)   20 µL of 10 mg/mL stock 

RNAase A buffer     Up to 200 mL 

 

1xMABT      For 1 L 

5xMABT      200 mL 

0.1 % Tween 20     10 mL 10 % Tween 20 

MQ       Up to 1 L 
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Block solution     For 5 mL    

10 % BBR (Roche Diagnostics)   500 µL 

1xMABT      4.5 mL 

 

Antibody solution     For 2.5 mL 

Block solution      2498.75 µL  

Anti-Digoxigenin-AP Fab fragments (Roche diagnostics) 1.25 µL (1/2000 dilution) 

 

AP buffer      For 400 mL 

100 mM Tris, pH 9.5     40 mL of 1 M Tris 

100 mM NaCl      8 mL of 5 M NaCl 

50 mM MgCl2      20 mL of 1 M MgCl2 

MQ       Up to 400 mL 

 

 

APPENDIX 5. The µCt-Scanning settings 
 

Source Voltage (kV)    60 

Source Current (uA)   166 

Camera binning    2x2 

Image Pixel Size (um)   10 um 

Rotation Step (deg)   0.2 

Frame Averaging   ON (3) 
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Random Movement   ON (10) 

Filter      AL 0.25 mm 

Flat Field Correction   ON 

Reconstruction:  

Beam Hardening Correction (%) 60 

Smoothing    0 

Ring Artifact Correction  0  

 

 

APPENDIX 6. R script for randomisation test  
  

Example with data from P5 treatment group 

#read file to “data” as .csv 

data = read.csv("x.csv", sep=";") 

#Null hypothesis = sample1 measurement mean is smaller than that of sample2 

#Hypothesis = sample1 measurement mean is larger than the same as that of 
sample2 

 

#Define the groups that will be measured, make sample 1 the one that has larger 
mean if you want to do one-tailed 

sample1=subset(data, stage=="p5") 

sample1.measure=sample1$area 

sample2=subset(data, stage=="eda_ko") 

sample2.measure=sample2$area 

 

#calculate means for both groups 

mean.sample1=mean(sample1.measure) 

mean.sample2=mean(sample2.measure) 
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#calculate the difference between the group means 

diff=(mean.sample1-mean.sample2) 

 

#create an empty vector where the subtracted random means will be placed. ‘reps’ 
defines the number of randomization experiments that will be carried out.  

reps=10000 

results = numeric(reps)  

 

#combine the data points in sample1.measure and sample2.measure 

x = c(sample1.measure,sample2.measure)  

 

#sample-command organizes the x randomly, and saves this randomly organized 
dataset into ‘temp’. ‘temp1’ takes as many data points as are in your sample1 group 
from the beginning of the temp. ‘temp2’ takes the rest of the data points. There are 
the newly organized random groups of the original data. results[i] adds the 
difference between the means of the first and second group to the results position i. 
As a result, each of the 10 000 positions of results is filled with one value of the 
difference between the means of randomly sampled groups. 

for (i in 1:reps) { 

  temp = sample(x) 

 


