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ABSTRACT 
 

 

Français 

Le développement dentaire est essentiellement étudié chez la souris, modèle mammifère 

le plus commun en biologie. Cependant, contrairement à la majorité des mammifères, les souris 

ne remplacent pas leurs dents. Ainsi, les mécanismes impliqués dans le remplacement dentaire 

mammalien sont encore inconnus. Au cours de cette thèse, nous nous sommes intéressés au 

développement et remplacement dentaire mammalien en utilisant le lapin Oryctolagus 

cuniculus comme modèle d’étude. Le lapin étant déjà séquencé, utilisé en recherche 

biomédicale, avec une période de gestation courte et remplaçant ses dents, il semblait être un 

modèle pertinent en odontologie. Le lapin était un modèle méconnu du point de vue du 

développement dentaire, j’ai donc d’abord réalisé une étude histo-morphologique afin de 

caractériser la mise en place des dents déciduales et permanentes. Des reconstructions 3D des 

tissus mous ont été réalisés à différents stades embryonnaires afin d’obtenir une chronologie du 

développement et remplacement dentaire. Cette chronologie commence aux premières 

observations morphologiques de l’initiation du développement des premières dents jusqu’à la 

minéralisation des dernières dents à se développer. Puis, suite à l’identification dans la 

bibliographie de gènes candidats potentiellement impliqués dans le remplacement dentaire, j’ai 

étudié les profils d’expressions de ces gènes afin de mieux comprendre la régulation spatio-

temporelle du remplacement dentaire chez le lapin. Nous avons ensuite replacé nos résultats 

sur le développement chez le lapin dans un contexte évolutif. Ainsi, j’ai réalisé une étude 

d’anatomie comparée chez les lagomorphes actuels et quelques fossiles afin d’identifier des 

variations morphologiques dentaires au cours de leur histoire évolutive. Nous nous sommes 

particulièrement intéressé à la mise en place des cuspides au cours de l’odontogénèse ainsi 
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qu’aux variations de la surface occlusale des dents supérieure tout au long de la vie des lapins 

et autres lagomorphes. En comparant les variations au cours de l’évolution avec celles 

observées lors de l’ontogénie dentaire chez le lapin nous avons identifié des processus 

d’hétérochronies du développement. Nous avons montré que la molaire actuelle du lapin suit 

un processus de péramorphose, donc de surdéveloppement, en comparaison aux lagomorphes 

fossiles. Le lapin est ainsi un modèle animal prometteur en biologie du développement et en 

évolution afin de mieux comprendre la mise en place du remplacement dentaire mammalien 

ainsi que les variations de forme dentaire au cours de l’évolution des mammifères. 

 

English 

Tooth development is essentially studied in mice, the favorite mammalian model in 

biology. However, mice do not replace their teeth on contrary to numerous mammals. So, the 

mechanisms involved in mammalian tooth replacement are still unknown. During this thesis, 

we focused on mammalian dental development and replacement using the European rabbit 

Oryctolagus cuniculus as animal model. The European rabbit is already sequenced, used in 

biomedical field, has a short gestation time and replaced its teeth, so rabbit seemed to be a 

relevant model in dental research. Rabbit dental development was not defined, so I first 

performed a histo-morphological study to characterize the development of deciduous and 

permanent teeth. 3D soft tissue reconstructions were performed at different embryonic stages 

to obtain a chronology of tooth development and replacement. This chronology begins with the 

first morphological observations of the initiation of the development of the first tooth until the 

mineralization of the last tooth to develop. Then, we identified in the bibliography candidate 

genes potentially involved in dental replacement. I studied the expression profiles of these genes 

in order to better understand the spatio-temporal regulation of tooth replacement in rabbits. We 

then returned our results to rabbit development in an evolutionary context. Thus, I performed a 
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comparative anatomy study in the current lagomorphs and some fossils in order to identify 

dental morphological variations during their evolutionary history. We were particularly 

interested in the setting of cusps during odontogenesis as well as in the variations of the occlusal 

surface of the upper cheek teeth throughout the life of rabbits and other lagomorphs. Comparing 

changes during evolution with those observed during dental ontogeny in rabbits allow us to 

identify heterochronous processes of development. We have shown that the current molar rabbit 

follows a process of peramorphosis, so an overdevelopment compared to fossil lagomorphs. 

The rabbit is thus a promising animal model in developmental and evolutionary biology to 

better understand the implementation of mammalian tooth replacement and tooth shape 

variations during mammalian evolution. 

 

Key words 

Tooth development, mammalian dental replacement, rabbit teeth, peramorphosis, 

heterochrony, odontongenesis, cusp 
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RESUME SUBSTANTIEL EN FRANÇAIS 
 

 

Les dents, une innovation chez les vertébrés, se sont diversifiés en forme, en nombre et 

en capacité de remplacement. En paléontologie, les dents sont très étudiées car elles sont les 

tissus minéralisés les plus solides et donc les mieux conservés durant la fossilisation. L’étude 

d’anatomie comparée des dents fossiles donne de nombreuses informations en évolution et 

taxonomie. De plus, les dents sont sujettes à une forte pression de sélection puisque la forme 

des dents corrèle avec le régime alimentaire. Ainsi, les variations morphologiques dentaires 

entre les espèces sont étudiées pour comprendre les conséquences des modifications de formes 

en évolution et écologie (i.e Gómez Cano et al., 2013; Renvoisé et al., 2012). Les dents font 

aussi partie des organes ectodermaux les mieux conservés chez les vertébrés. La dentition est 

ainsi un modèle pertinent en biologie évolutive du développement chez les vertébrés (Evo-

Devo). L’étude des dents dans un contexte d’Evo-Devo nécessite d’identifier les mécanismes 

moléculaires impliqués dans le développement et la morphogenèse dentaire afin de comprendre 

les variations morphologiques entre les espèces, éteintes ou actuelles. De même, l’étude des 

fossiles et les acquisitions morphologiques au cours de l’évolution aident à comprendre la 

morphogénèse dentaire. Le développement dentaire est étudié chez de nombreuses espèces 

comme les poissons cartilagineux (i.e. Rasch et al., 2016), les reptiles (i.e. Richman and 

Handrigan, 2011) et les mammifères (i.e. Renvoisé and Michon, 2014). Même si ces espèces 

sont phylogénétiquement séparés depuis approximativement 450 million d’années, les voies de 

signalisations impliqués dans le développement dentaire sont très conservés entre les vertébrés 

(Rasch et al., 2016). Les vertébrés ancestraux avaient la capacité de remplacer leurs dents de 

manière continue tout au long de leur vie, ils étaient polyphyodontes. La majorité des vertébrés 

actuels sont polyphyodontes, mais les mammifères ont perdu cette capacité de remplacement et 

la majorité d’entre eux possèdent deux générations dentaires au cours de leur vie 
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(diphyodontie), corrélé avec une augmentation de complexité de la morphologie dentaire. Chez 

les mammifères, la majorité des études d’odontogénèse utilisent la souris comme modèle. 

Cependant, la souris ne remplace pas ses dents donc les mécanismes du remplacement dentaire 

chez les mammifères sont mal connus. Nous avons donc décidé pour cette thèse d’utiliser le 

lapin (Oryctolagus cuniculus) comme modèle animal pour étudier (1) les mécanismes 

impliqués dans le développement et le remplacement dentaire chez les mammifères et (2) 

l’évolution des dents chez les lagomorphes.   

Un bon animal modèle doit pouvoir être élevé en laboratoire, donner de nombreux 

embryons, avoir une période de gestation assez courte et être séquencé. Dans le cadre de notre 

thématique de recherche, le remplacement dentaire est aussi un critère essentiel. Le lapin 

respecte tous ces critères, de plus il est déjà utilisé comme modèle animal en recherche 

biomédicale et orthodontie (Abtahi et al., 2018). La littérature disponible sur le développement 

dentaire chez le lapin est assez ancienne et incomplète, obtenues grâce à des techniques 

désormais obsolètes et avec un manque de connaissances sur certaines dents et stades de 

développement (Horowitz et al., 1973; Navarro et al., 1976; Ooë, 1980). Nous avons donc 

décidé de mettre à jour les connaissances sur la morphogénèse dentaire du remplacement 

dentaire chez le lapin en utilisant les techniques actuelles. Nous avons étudié chaque dent du 

lapin depuis l’initiation de la dent déciduale à la minéralisation de la dent de remplacement, soit 

entre 12 jours post fertilisation et 4 jours post natal, représentant 23 jours de développement. 

Nous avons réalisé des reconstructions 3D des tissus dentaires épithéliaux pour chaque dent à 

chaque stage en utilisant la microtomographie à rayons X. En complément, une étude 

histologique a été réalisée afin d’obtenir une description complète de la chronologie de 

l’odontogénèse. Nous avons ainsi obtenu une chronologie complète de la morphogénèse 

dentaire chez le lapin Oryctolagus cuniculus afin de pouvoir cibler les stades de développement 

importants pour l’étude moléculaire du remplacement dentaire mammifère. Au cours de cette 
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étude, nous avons aussi identifié une caractéristique des incisives de lapin non décrite jusque-

là. Ainsi, à la naissance, les incisives supérieures de lapin présentent des trous dans la dentine 

qui ouvrent la cavité pulpaire. Ces trous sont rapidement réparés par les odontoblastes 

préexistants qui continuent de secréter de la dentine malgré la perturbation. 

Les voies de signalisations supposément impliqués dans le remplacement dentaire sont 

majoritairement étudiés chez les souris transgéniques (Ahn et al., 2010; Popa et al., 2019) ou 

chez les espèces polyphyodontes (Tucker and Fraser, 2014; Whitlock and Richman, 2013). 

Seulement quelques données ont été collectés chez des espèces mammifères diphyondontes 

comme le furet ou le cochon nain (Jussila et al., 2014; Wang et al., 2019). Mais pour le moment, 

aucune étude ne suit le pattern d’expression de gènes candidats à chaque étape du remplacement 

dentaire. Nous avons donc utilisé le lapin comme animal modèle pour étudier la régulation 

spatio-temporelle du développement et remplacement dentaire chez les mammifères. Nous 

avons identifié dans la littérature cinq gènes candidats qui pourraient être impliqués dans le 

remplacement dentaire : Shh, Sostdc1, Runx2, Lef1 et Sox2. Nous avons suivi leur profil 

d’expression par hybridation in situ et la localisation des protéines par immunohistochimie à 

chaque étape clé du remplacement dentaire. La localisation des proteines Runx2 et Sostdc1 

correlent avec un mechanisme d’inhibition du remplacement. De plus, comme chez la souris, 

Shh et Sostdc1 sont localisés dans l’epithelium adamantin interne et pourraient réguler le 

pattern des cuspides. Le lapin semble ainsi être un modèle pertinent pour étudier le 

développement et le remplacement dentaire.  

En Evo-Devo, l’étude du développement peut permettre de mieux comprendre les 

processus évolutifs. Par exemple, les changements dans la vitesse ou la durée des évènements 

développementaux induisent des changements de taille ou de forme des organes au cours de 

l’évolution, ce sont les hétérochronies du développement. Ces hétérochronies peuvent être 

identifiées en étudiant les dents fossiles ainsi que l’odontogénèse des espèces actuelles. Les 
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différentes espèces fossiles de lagomorphes sont principalement définies par leurs dents. Ainsi, 

il y a eu des variations nettes de morphologie dentaire au cours de l’évolution des lagomorphes. 

Les dents des lagomorphes au Paléocène étaient modérément hyposondontes avec des racines 

alors que les lagomorphes actuels ont des dents hyselondontes à croissance continue (Kraatz et 

al., 2010). Les relations phylogéniques entre les lagomorphes sont souvent basées sur la 

morphologie de la troisième prémolaire inférieure (Čermák et al., 2015a; Hibbard, 1963) mais 

les modifications de forme des autres dents sont peu étudiées. Habituellement, la première 

molaire supérieure est la dent utilisée en anatomie comparée chez les mammifères. Nous avons 

donc décidé de suivre les variations de forme de la première molaire supérieure au cours de 

l’évolution des lagomorphes et de l’ontogénie du lapin Oryctolagus cuniculus. Chez les lapins 

adultes, les faces occlusales des dents jugales sont complètement plates. Cependant nous avons 

montré que les dents de lapins possèdent transitoirement des cuspides sur leur face occlusale.  

Les cuspides sont un caractère essentiel pour étudier l’histoire évolutive à travers l’étude de 

l’homologie des cuspides chez les mammifères.  Les terminologies utilisées pour définir les 

cuspides des lagomorphes dans la littérature sont nombreuses et il est difficile de trouver un 

consensus (Kraatz et al., 2010).  Afin de mieux définir les cuspides chez les lagomorphes nous 

avons étudié leur mise en place au cours de l’odontogénèse chez le lapin. Nous avons suivi 

l’ordre d’apparition des cuspides et nous les avons nommées d’après la nomenclature définie 

par Butler (1956). Nous avons observé au cours de la cuspidogénèse chez le lapin des millions 

d’années d’évolution dentaire par homologie de forme. Ainsi, au cours du développement de la 

molaire supérieure du lapin nous avons clairement identifié des homologies de forme avec le 

pattern tribosphénique commun chez les mammifères ancestraux. 

Les changements de formes dentaires continuent au cours de l’ontogénie chez les lapins. 

Nous avons donc étudié les changements de formes de la première molaire supérieure au cours 

de l’ontogénie du lapin et de l’évolution des lagomorphes. Afin de caractériser les changements 
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de la morphologie dentaire en relation avec l’âge nous avons étudiés la variabilité 

morphologique des molaires supérieures chez différentes espèces de la naissance à l’âge adulte. 

Puisque les dents de lagomorphes actuels sont à croissance continue, nous avons pu extrapoler 

la surface occlusale à différents stades d’usures en réalisant des sections virtuelles de 

reconstructions 3D de dents obtenues par microtomographie 3D.  Nous avons observé que les 

changements de forme dentaire pendant l’évolution des lagomorphes et l’odontogénèse chez le 

lapin semblent corréler, indiquant possiblement un mécanisme d’hétérochronie du 

développement.  Ainsi, il semblerait que les molaires supérieures de lapin ont évolué par 

péramorphose, avec une rétention des caractères ancestraux au début de l’odontogénèse ainsi 

que par l’apparition de nouveaux caractères, les crénulations. La mise en place des crénulations 

semble liée à la prolifération cellulaire à la base de la dent dans la zone de croissance. Ainsi, en 

perturbant la prolifération cellulaire par des irradiations, le pattern de crénulations est affecté. 

Toutefois, nous n’avons pas identifié la fonction de ces crénulations dans les dents de lapins.  

Pour conclure, le lapin semble être un modèle pertinent en recherche dentaire. Nous 

avons montré dans cette thèse que les lapins pouvaient être un modèle utile pour étudier la 

morphogénèse dentaire. L’étude du développement et du remplacement dentaire chez les lapins 

pourraient permettre de comprendre les mécanismes de remplacement dentaires chez les 

mammifères. Nous avons montré que les protocoles de biologie moléculaires utilisés chez la 

souris pouvaient être facilement transposés aux tissus de lapin. De plus, le développement de 

la dentition du lapin semble suivre l’évolution des dents des mammifères, les dents de lapins 

pourraient donc être un modèle pertinent dans les thématiques d’Evo-Devo dentaires.  
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rue teeth are an innovation in vertebrates and they then diversified in shape, number and 

replacement abilities among extant and extinct vertebrates. Teeth are highly studied in 

paleontology, first because teeth are the hardest mineralized tissues of the body and so are well 

preserved during fossilization. Using comparative anatomy, tooth fossils give information to 

study evolution and taxonomy. Then, teeth are subject to strong selective constraints due to the 

correlation between tooth shape and diet. So morphological variations of teeth between species 

are studied for understanding consequences of shape modifications in evolution and ecology 

(Gómez Cano et al., 2013; Renvoisé et al., 2012). Moreover, teeth are among the most 

conserved ectodermal organs throughout vertebrates. So, teeth are useful models to study 

vertebrate Evo-Devo. In tooth Evolutionary Developmental Biology, we need to identify the 

molecular mechanisms involved in tooth development and dental morphogenesis in order to 

understand the morphological variations of the teeth between extant and extinct vertebrates. 

Similarly, the study of fossils and morphological acquisitions during evolution helps to 

understand the dental morphogenesis. Tooth development is studied in numerous extant species 

as cartilaginous fishes (i.e. Rasch et al., 2016), reptiles (i.e. Richman and Handrigan, 2011) and 

mammals (i.e. Renvoisé and Michon, 2014). Even if these species are separated since 

approximately 450 million years, gene pathways involved in tooth development are highly 

conserved among vertebrates (Rasch et al., 2016). Basal vertebrates had the ability to replace 

their teeth during all their life span. Majority of the extant vertebrates still have a continuous 

tooth replacement system but mammals lost this ability and most of them possess two dental 

generations over their life, correlated with an increase in the dental shape complexity. In 

mammals, most of odontogenesis studies use the mouse as a model species. However, the 

mouse has no dental replacement. So, for now, the mechanisms of tooth replacement in 

mammals are poorly known. We thus decided in the present thesis to use the European rabbit 
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(Oryctolagus cuniculus) as a new model to study (1) mechanism underlying mammal tooth 

development and replacement and (2) Lagomorph tooth evolution. I here review in the scientific 

literature the actual knowledge about signaling events involved in tooth development and 

replacement in Amniota and summarize the knowledge available before this thesis about the 

rabbit tooth development and the evolutionary history of lagomorphs.  

 

Tooth development in Amniota 

 

Teeth are ectodermal organs: they are originating from two distinct layers of tissues, the 

epithelium and the mesenchyme. Teeth develop from the interaction of mesenchymal cells 

derived from the neural crest and oral epithelium cells (Chai et al., 2000). The signaling events 

involved in initiation of the tooth development are common with the other ectodermal organs 

as the hair or the salivary glands despite the diversity in form and function (Pispa and Thesleff, 

2003). Tooth development is commonly divided into the following stages: the thickening, the 

bud, the cap, the bell, and finally the maturation. Numerous signaling pathways between the 

epithelial and the mesenchymal cells have been identified in mice to explain all the stage 

transitions (Figure I. 1, Balic and Thesleff, 2015; Sharir and Klein, 2016). 

 

The first observation of tooth development initiation is a thickening of the oral 

epithelium, giving rise to the dental lamina. The surrounding mesenchyme condensates around 

the dental lamina, which forms a dental placode. During all the tooth morphogenesis, epithelial-

mesenchymal interactions occur to regulate the development. In the placode, an early epithelial 

signaling center grouping five signaling families has been identified to give at the epithelium 

an odontogenic potential: the Wnt, Shh, BMP, FGF, and Edar signaling pathways (Balic & 

Thesleff, 2015). All these signals regulate the proliferation and the budding of the placode; the 
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tooth begins its morphogenesis. The epithelial bud is more invaginated in the mesenchyme that 

continues to condensate around it. The bud also possesses a signaling center at the tip that is 

not proliferating: the primary enamel knot (Vaahtokari et al., 1996). Signals coming from the 

enamel knot induce the formation by the dental epithelium of the cervical loops; it defines the 

bud to cap stages transition. Cervical loops contain epithelial dental stem cells. At the cap stage, 

the primary enamel knot matures and is morphologically identifiable. Cells begin to histo-

differentiate; we can identify the different cell types that constitute the tooth germ. Then, at the 

bell stage, cells finish to differentiate, giving layers of functional ameloblasts and odontoblasts. 

For multicuspid teeth, secondary enamel knots appear and regulate the patterning of the tooth 

cusps. When cells begin to secrete mineralized tooth tissues, tooth finishes its morphogenesis 

and the maturation stage begins. The ameloblasts secrete enamel and the odontoblasts secrete 

dentin, the mineralized tissues of the tooth crown. Then, the cervical loops of the tooth close 

and differentiate in the Hertwig epithelial root sheath (HERS) cells to form roots (Zeichner-

David et al., 2003). Roots are then covered with dentin followed by an apposition of cementum.  

 

 

Figure I. 1. Histo-morphological stages and genetic control of tooth development in the mouse. In 

color, the mouse tooth development stages. In the boxes and arrows, some of the epithelium-mesenchyme 

interactions during mouse tooth development from initiation to crown morphogenesis. The genes in 

black are studied in this thesis (from Thesleff, 2004, colors modified). The color code is the same for all 

the figures. 
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In mammals, by comparing the height of the crown, rooted teeth are separated in two 

categories: Brachyodont teeth have a short crown whereas hypsodont teeth have a high crown. 

However, not all the teeth develop roots. Hypselodont teeth are defined by their ability to grow 

during all the life of the animal (Figure I. 2). In hypselodonts, the cervical loops at the basis of 

the tooth never close, inducing a dental stem cell maintenance and so a continuous renewal of 

the dental tissues (Renvoisé and Michon, 2014). Some epithelial stem cells markers have been 

identified in the cervical loops of the ever-growing teeth such as Sox2 (Juuri et al., 2012), Bmi1 

(Biehs et al., 2013) or Lgr5 (Sanz-Navarro et al., 2018, see Annex 1, p187). Tooth ever-growing 

ability in some mammals could compensates for the loss of the capacity to continuously 

replacing their teeth (Jernvall and Thesleff, 2012).  

 
Figure I. 2. Tooth renewal capacity varies among species. Reptiles have a continuous tooth 

replacement whereas majority of the mammals have a single tooth replacement and only some of the 

mammals have continuously growing teeth. (From Jernvall and Thesleff, 2012, colors modified). 
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Tooth replacement in Amniota 

 

Tooth replacement in Amniota is divided in categories in function of the number of 

tooth generations: the polyphyodonts continuously replace their teeth, the diphyodonts replace 

their teeth only once, and the monophyodonts do not replace their teeth (Bertin et al., 2018). 

The polyphyodonty is the ancestral condition of all vertebrate dentitions (Maisey et al., 2014; 

Rucklin et al., 2012).  

 

State of the art regarding dental replacement in polyphyodont reptiles 

 

Tooth replacement is mainly studied in polyphyodont species, which have the ability to 

replace their teeth during all their life span. Reptiles are polyphyodonts and some species can 

be raised in animal facilities. The ball python (Python regius) has a continuous tooth 

replacement throughout its life. The tooth replacement in the ball python begins by the 

formation of the replacement dental lamina (also named successional lamina) at the lingual 

extremity of the dental lamina (Figure I. 3). The replacement teeth bud from the vestibular side 

of this replacement dental lamina. The preservation of the replacement dental lamina is essential 

to maintain the continuous tooth replacement.  

 

Handrigan and Richman (2010b) showed that Shh is necessary for tooth initiation and 

morphogenesis as described in mouse (Hardcastle et al., 1998) but is not involved in the 

successional dental lamina formation. These authors also studied the Wnt signaling activity and 

the BMP pathway in the dental tissues of the ball python in order to identify the signaling 

pathways involved in tooth replacement (Handrigan and Richman, 2010a). Using LEF1 

staining, they showed that the canonical Wnt pathway is persistently active at the growing tip 

of the dental lamina and replacement dental lamina (Figure I. 3). They also showed that the Shh 
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expression domain and the canonical Wnt domain are complementary in the tooth tissues and 

that SHH may restricts Wnt activity. They suggest that canonical Wnt signaling could order 

tooth replacement by promoting proliferation of the replacement dental lamina tip in snakes.  

 

Dental stem cells have been identified in the lingual side of the dental lamina of the 

leopard gecko (Eublepharis macularius) (Handrigan et al., 2010). These stem cells are Lgr5+, 

Dkk3+ and IGfbp5+, genes already known as hair bulge stem cells (Jaks et al., 2008; Tumbar et 

al., 2004). These cells have low proliferation rates and are not directly involved in tooth 

morphogenesis. However, they may play a role in the maintenance of the replacement dental 

lamina.  

 

 

Figure I. 3. Tooth development and continuous dental replacement in Squamates. At the top, the tooth 

development stages in Squamates (adapted from Richman and Handrigan, 2011). At the bottom, the 

signaling pathways involved in tooth initiation and continuous tooth replacement (adapted from 

Handrigan and Richman, 2010a). In bold, the genes that are studied in this thesis. 
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Juuri et al. (2013) identified another dental stem cell population in reptile teeth, the 

Sox2+ cells. They localized Sox2+ cells in the replacement dental lamina of five reptile species: 

the American alligator (Alligator mississippiensis), the green iguana (Iguana iguana), the 

leopard gecko (Eublepharis macularius), the ball python (Python regius) and the corn snake 

(Elaphe guttata). They showed that Sox2 is expressed in the replacement dental lamina excepted 

in the tip. So, dental stem cells involved in maintenance of ever-growing tooth ability are also 

present in the replacement dental lamina allowing continuous tooth replacement.  

 

To sum up, in reptiles, the active canonical Wnt signaling in the replacement dental 

lamina and the presence of dental stem cells are involved in the maintenance of the dental 

renewal capacity.  

 

State of the art regarding dental replacement in diphyodont mammals 

 

Majority of the mammals are diphyodonts, their dentitions are limited to two dental 

generations. Diphyodonty is a character derived from the polyphyodonty, mammals shifted 

from numerous teeth with simple shape to more complex teeth with a limited replacement 

capacity (Luo et al., 2008). Studies done in tooth replacement in diphyodont mammals are 

reviewed below. 

 

Dental replacement in the ferret 

 

Ferrets (Mustela putorius furo) are diphyodonts, their genome is sequenced 

(MusPutFur1.0) and they are already used as model in biomedical field (Ball, 2006; Pillet et al., 

2009). Due to these characteristics, the ferret can be a good model for tooth replacement studies. 

Järvinen et al. (2009) described the tooth replacement of the canine and the premolars from 34 
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days post fertilization (dpf) to 2 days post-natal (dpn). They showed that the tooth replacement 

begins at the lingual part of the deciduous tooth by a budding of the dental lamina, giving the 

replacement dental lamina (Figure I. 4A). Then this replacement dental lamina elongates. In the 

canine, the permanent tooth develops from the replacement dental lamina when it is still 

connected to the deciduous tooth. In premolars, the dental lamina first detaches from the 

deciduous tooth and then gives rise in the permanent premolars.  

 

 

Figure I. 4. Initiation of tooth replacement in the ferret, the fruit bat and the minipig. Initiation of the 

tooth replacement of the lower third premolar for the ferret (A) and the minipig (C) and the upper third 

premolar for the fruit bat (B). Timing of development is indicated in days post fertilization or post-natal 

for the ferret and the minipig and in embryo size for the fruit bat. Summary of the dental replacement 
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has been obtained using the histological sections of ferret (Järvinen et al., 2009), fruit bat (Popa et al., 

2016) and minipig (Wang et al., 2014a).  

At the molecular level, Järvinen et al. (2009) showed that Sostdc1, a Wnt/BMP inhibitor, 

is expressed in the dental epithelium at the intersection between the deciduous tooth and the 

replacement dental lamina. They also showed that Shh has a similar expression pattern than in 

the mouse with an expression in the enamel knot and then in the inner enamel epithelium but 

no expression in the replacement region. Sox2+ stem cells have been identified at the lingual 

part of the replacement dental lamina with a free area of Sox2 in the tip of the replacement 

dental lamina (Juuri et al., 2013). Jussila et al. (2014) completed the study of tooth replacement 

in ferret by studying more developmental stages. By following Edar expression, they suggested 

that this signaling pathway is not involved in tooth replacement.  

 

These results provided the first molecular observations of the mechanisms of tooth 

replacement in mammals. They identified the same signaling events than in the reptiles with a 

regulation of the Wnt pathway by SOSTDC1 and the presence of Sox2+ cells, indicating the 

presence of epithelial dental stem cells. However, few developmental stages were studied in 

ferrets due to the difficulty to obtain embryos at the correct stage and the presence of seasonal 

estrus.  

 

Dental replacement in the fruit bat 

 

3D reconstructions and histological sections has been published to illustrate tooth 

replacement from the budding of the replacement dental lamina to the morphogenesis of the 

permanent tooth in the fruit bat embryos, Eidolon helvum (Popa et al., 2016). The authors 

showed that tooth replacement in the fruit bat always begins with a budding of the replacement 

dental lamina from the dental lamina at the lingual side of the deciduous tooth, as in the ferret 
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(Figure I. 4B). Then the separation of the replacement dental lamina from the deciduous tooth 

and the spatial arrangement between the deciduous and the permanent teeth can vary throughout 

the jaw (Figure I. 5). So, even if the tooth replacement always begins similarly, the spatial 

arrangement is variable and specific for each tooth. 3D reconstructions allow visualizing the 

spatial configuration of teeth during their development. This configuration is probably 

determined by specific signals according to the teeth. However, authors indicated that this 

species is no longer available for experimental purposes and that specimens studied were 

captured in 1972-73, so no molecular analyses can be realized. 

 

 

Figure I. 5. 3D-reconstructions of the dental replacement in the fruit bat. 3D-reconstructions of the 

canine, the second and the third premolar tooth replacement. In the fruit bat, variations of the spatial 

configuration of teeth during their development and replacement are observed. In function of the tooth, 

the replacement tooth develops in various position compared to their deciduous teeth: directly on the 
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lingual side for the canine, directly posterior for the second premolar and completely separated from 

the third premolar before starting its morphogenesis (figure from Popa et al., 2016). 

 

Dental replacement in the minipig 

 

Wang et al. (2014a) described tooth development in the minipig Sus scrofa as a model 

for diphyodonty. By their size and morphology, the minipig deciduous teeth are pretty similar 

to humans. The authors studied the development from 40 dpf to 90 dpn, so for approximately 

164 days (Wang et al., 2014a). The tooth replacement in the minipig begins as in the ferret by 

a budding of the dental lamina at the lingual part of the deciduous tooth. In the minipig, the 

replacement dental lamina is detected when the deciduous tooth is already at a late bell stage, 

later than for the ferret and the fruit bat. So, the timing of tooth replacement initiation varies 

from a species to another. In the minipig, the replacement lamina elongates, detaches from the 

deciduous tooth, and then starts its tooth morphogenesis (Figure I. 4C). At least 100 days are 

necessary from the appearance of the replacement dental lamina to the mineralization of the 

replacement tooth.  

 

Some molecular studies have been done in the minipig. Ki67 staining showed that more 

cells are proliferating in the lingual part of the replacement dental lamina (Wang et al., 2014a). 

The authors correlate this asymmetry of proliferation with the inclined growth of the 

replacement dental lamina in the minipig. Global transcriptome has been obtained for various 

stages during early morphogenesis of teeth; this transcriptome could be very useful to identify 

signaling events correlated with tooth replacement (Wang et al., 2014b). The authors indicated 

in the supplementary files that Wnt10B expression is up regulated between 40 and 50 dpf, stage 

were the replacement dental lamina begins its development in the minipig, indicating a role of 

the Wnt signaling in tooth replacement. It has also been shown that in vitro studies of tooth 
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development are possible in the minipig by transplanting the tooth germ in the mouse subrenal 

capsule (Wang et al., 2019). However, the slow development, the size of the animal and ethical 

concerns are significant obstacles to study tooth development in the minipig.  

Dental replacement in humans 

 

Humans are diphyodonts: incisors, canines and premolars are replaced once. Tooth 

development and replacement timelines are well known in humans. Histological sections that 

illustrate tooth replacement in human show that the permanent tooth is developing at the lingual 

position of the deciduous tooth (Kumar, 2014). However, very few studies give information 

about molecular mechanisms involved in human tooth development. 

 

Juuri & Balic (2017) reviewed the molecular processes involved in tooth number 

abnormalities in humans. Tooth agenesis, the absence of at least one tooth, can give information 

about tooth replacement when it affect only permanent teeth. Juuri & Balic summarize that 50% 

of the tooth agenesis are attributed to WNT10A mutations, and that mutations of the Wnt 

inhibitor AXIN2 affect the permanent tooth formation (Figure I. 6). Other genes have been 

identified in agenesis syndrome, as Pitx2, Msx1 or the EDA signaling pathway (Juuri & Balic, 

2017). Humans can also have supernumerary tooth formation, named hyperdontia. 

Developmental causes of supernumerary tooth formation are still unclear (Figure I. 6). Juuri & 

Balic listed mutated genes associated with supernumerary teeth. They indicate that Sox2, 

Runx2, IL11RA and Wnt pathway mutations are correlated with supernumerary teeth (Juuri & 

Balic, 2017).  

 

So, in humans numerous genes have been identified to be associated with tooth 

developmental failure. As in reptiles and ferret, the Wnt pathway seems to play an essential role 
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in the tooth replacement. However, molecular and cellular studies are not possible in humans. 

We need a model to clearly identify the role of these genes and how their mutations disrupt 

tooth development and replacement.  

 

Figure I. 6. Tooth number abnormalities in humans: hyperdontia and agenesis. At the top, schematics 

of possible mechanisms leading to tooth hyperdontia: continuous replacement, extra-tooth formation or 

continuous serial addition. Panoramic radiograph showing hyperdontia of a child (9 years old) with 

cleidocranial dysplasia. Panoramic radiographs of children (10 and 8 years old) showing agenesis with 

homozygous WNT10A mutation and AXIN2 mutation. At the bottom, schematics of possible mechanisms 

leading to tooth agenesis: no successional lamina formation or arrested successional tooth 

development. Missing teeth marked by asterisks (adapted from Juuri & Balic, 2017). 

 

From studies of various diphyodont species, we possess histological description of the 

tooth replacement and some candidate genes. However, studies are always limited by the 

constraints of the animal models. For now, no ideal diphyodont animal has been found to study 

the molecular basis of tooth development and replacement in mammals.  
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State of the art regarding dental replacement in monophyodont mammals 

 

To better understand dental developmental processes, majority of the genes involved in 

human tooth disorders have been studied in transgenic mice. Mice are monophyodonts (only 

one set of teeth), but some transgenic mice have been used to study tooth replacement. 

 

The mouse possesses one incisor and three molars per quadrant. The incisors have the 

ability to grow during the entire animal’s life due to stem cells maintenance in the incisor 

growing area. The molars develop from a continuous dental lamina, have roots and are never 

replaced. However, during molar development in the mouse we can observe a rudimentary 

successional dental lamina (RSDL) in the lingual part of the tooth germ (Dosedělová et al., 

2015). This RSDL structure is visible in the mouse molars from 16 dpf to 10 dpn and some 

Sox2+ cells can be identify at the lingual part of the RSDL (Figure I. 7). The RSDL will then 

regress, correlated with a loss of Sox2 signal and a decrease of proliferation in the RSDL 

(Dosedělová et al., 2015).  
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Figure I. 7. Rudimentary successional dental lamina in the developing mouse molar. Hematoxylin-

eosin staining and 3D-reconstructions of the dental lamina in the first lower molar. Arrow, rudimentary 

successional dental lamina; oe, oral epithelium; E, embryonic day; P, post-natal. Scale bars: 100 µm. 

(From Dosedělová et al., 2015). 

The RSDL in wild type mouse does not have odontogenic potential (Popa et al., 2019). 

However, some transgenic mice are able to develop a new tooth from the RSDL. Popa et al. 

(2019) showed that by stabilizing the Wnt/β-catenin signaling in the Sox2+ cells during embryo 

development, so in the lingual RSDL, they were able to maintain the proliferation of the RSDL. 

By isolating the RSDL in culture, they were even able to obtain a mineralized tooth. They 

showed that the RSDL could continue its development in transgenic mice thanks to the presence 

of Wnt signaling at the tip of the lamina when the RSDL is isolated from the main tooth. So, 

the deciduous molar seems to have the capacity to inhibit the development of the RSDL. By 

stabilizing Wnt/ β-catenin signaling, they observed expression of odontogenic markers as Shh, 

Fgf4, Fgf3, Bmp4 and Sostdc1 in the RSDL that are not expressed in controls. So, activation of 

the Wnt/ β-catenin signaling induces the odontogenic potential of the RSDL. 

 

Transgenic mice can also have variation in their tooth number without affecting directly 

the RSDL; some mutations induce the development of rudimentary teeth. Ahn et al. (2010) 

showed that inactivation of Sostdc1 in mouse induce elevated Wnt and Spry2/4 signaling and 
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the formation of supernumerary teeth. Sprouty mutants also present supernumerary teeth (Klein 

et al., 2006, see Annex 2, p213). On the contrary, the overexpression of Sostdc1 induces a 

diminution of the tooth number. Munne et al. (2009) described the Sostdc1 expression pattern 

during normal tooth development and indicated an intensive expression in the lingual side of 

the incisor, where a new incisor is developing in Sostdc1 deficient mutants. They hypothesize 

that theses extra-incisors are replacement teeth. So, SOSTDC1 seems to inhibit the tooth 

development and replacement in wild type mice (Figure I. 8A). This gene is described as an 

inhibitor of the Wnt signaling (Itasaki et al., 2003). Inhibiting Sostdc1 induces tooth formation, 

indicating that Wnt signaling plays a role as activator of tooth development. 
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Figure I. 8. Signaling pathways involved in tooth number regulation in the mouse. (A) Sostdc1 

signaling identified in mouse (from Ahn et al., 2010). (B) Signaling pathways involved in the 

development of a lingual bud in the mouse (from Togo et al., 2016, colors modified). (C) Role of the Wnt 

signaling in tooth induction and initiation (from Järvinen et al., 2018). 

 

On the contrary, some mutants are unable to develop teeth, as Runx2 null mice (Togo et 

al., 2016). At birth, the mutants do not have mineralized molars (they stopped their development 

during embryogenesis). However, during odontogenesis the Runx2 null mice can present a 

lingual bud with Sox2+ cells (Figure I. 8B). Interestingly, by inactivating both Runx2 and 

Sostdc1, the dental phenotype is rescuing in 25% of the mice at birth and this double mutant 

present less supernumerary teeth than Sostdc1 mutants. Togo et al. (2016) suggested that 

Sostdc1 and Runx2 have an antagonistic function in the tooth development. It has been 



41 
 

suggested that inhibition of Runx2 could arrest primary tooth development but stimulates the 

formation of a secondary tooth (Wang et al., 2005). 

 

Moreover, by expressing β-catenin in oral and dental epithelium, the tooth 

morphogenesis is disturbed. At the beginning of tooth development in mouse mutants, Järvinen 

et al. (2006) observed numerous small buds of teeth that possess each an enamel knot instead 

of a normal tooth bud with a unique enamel knot. In this mutant, the expression of Sostdc1 is 

not modified between mutants and wild type mice. By isolating the numerous buds in the 

mutant, they showed that all these buds had the capacity to give a mineralized tooth. These 

results suggest a direct role of the epithelial Wnt signaling in the formation of supernumerary 

teeth (Figure I. 8C). On the contrary, activation of Wnt signaling in the mesenchyme inhibits 

the sequential formation of the molars, indicating an opposite effect of increased epithelial and 

mesenchymal Wnt/ β-catenin signaling (Järvinen et al., 2018). 

 

To conclude, these various mutants indicate that the Wnt signaling seems to be a key 

regulator of the tooth number in mouse as previously shown in other species. SOSTDC1 is 

identified as an inhibitor of the Wnt signaling (Figure I. 8A), Runx2 plays a dual role in the 

tooth development and the presence of Sox2+ cells seems necessary to induce a tooth 

replacement (Figure I. 8B). The suggested signaling pathways that could regulate the tooth 

numbers are summarized in Figure I. 8C. These signaling pathways include numerous candidate 

genes identified in ferret but also those related to human pathologies. 

 

However, it is necessary to keep in mind that these results come from mutants with 

abnormal development of extra-teeth. This is why it is necessary to follow these candidate genes 

during the tooth development and replacement in a wild-type diphyodont mammal. 
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Rabbit as a model for tooth Evo-Devo studies 

 

We thus decided to use the rabbit (Oryctolagus cuniculus) as a new model to study tooth 

development and replacement. The rabbit is already an important model for biomedical research 

(Bosze and Houdebine 2006) and the whole genome has been sequenced (OryCun2.0). On 

contrary to the ferret, the rabbit does not have seasonal estrus, gives numerous embryos per 

litter, and when the environmental conditions are stabilized (temperature, food) the gestation 

time does not vary (31 days of gestation only). Rabbit teeth are sufficiently small to perform all 

the conventional molecular studies primarily designed for mice. Moreover, more complex gene-

targeting technology have been successfully applied in rabbit, as CRISPR/Cas9 system (Yan et 

al., 2014). 

 

The rabbit dentition is diphyodont with a replacement of one incisor and all premolars 

(Figure I. 9, Horowitz et al., 1973, see annex 4 p256). Rabbits are heterodont: they possess on 

each side two uppers and one lower incisors, three upper and two lower premolars and three 

upper and lower molars. 

 
Figure I. 9. Schematic representation of the rabbit skull and its dental formula. In red, the teeth that 

are replaced, in yellow the permanent teeth (replacement teeth and deciduous teeth not replaced). I, 

incisor; P, premolar; M, molar.  
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In rabbit, the deciduous premolars have a limited growth with root formation whereas 

permanent teeth are continuously growing (Sych & Reade, 1987). Concerning the incisors, the 

dI2 and the permanent I3 are ever-growing but the dI3 has roots.  

 

Rabbit tooth development 

 

Rabbit tooth development has been studied during the 70-80’s. Horowitz and 

collaborators did a complete chronology of deciduous tooth eruption using radiography, giving 

information on the mineralized part of the teeth (Horowitz et al., 1973). Navarro et al. did 

histological studies of the postnatal development in maxillary (1975) and mandibular cheek 

teeth (1976). However at birth the deciduous incisors and premolars are fully developed. In 

embryos, Ooë (1980) and Hirschfeld (1973) have studied the incisor development, but nothing 

has been reported for the cheek teeth development. All these studies give a composite 

chronology of the tooth development in rabbit and no molecular data has been acquired. The 

aim of this thesis is to characterize the precise chronology of the tooth morphogenesis in the 

rabbit and to follow the spatio-temporal regulation of the tooth replacement. By studying the 

tooth morphogenesis during ontogeny, we also point out possible links between rabbit tooth 

development and the evolution of the Lagomorpha cheek teeth. 

 

Characteristics of extant Lagomorpha  

 

The lagomorph order contains extant rabbits, hares and pikas. Lagomorpha is the sister 

group of Rodentia, named together the Glires. Lagomorphs are defined by their dentition: they 

possess two upper incisors one behind the other (Rose, 2006). In extant species, all the 

permanent teeth are hypselodont and adapted for feeding on grass and other vegetation. 

Lagomorphs are divided in two families, the Leporidae (rabbits and hares) and the Ochotonidae 
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(pikas). The Ochotonidae family contains only one living genus, Ochotona, which includes 30 

species living in North America and Central Asia (Hoffmann and Smith 2005). Ochotonidae 

have only two upper molars instead of Leporidae. Leporidae includes 11 living genera and 61 

species that have colonized Africa, Eurasia and North and South America. The European rabbit, 

Oryctolagus cuniculus, is the only extant species of the Oryctolagus genus. The common names 

hare and rabbit are used to designate different leporid genera (Figure I. 10). 

 

Figure I. 10. Molecular phylogeny of the extant Leporidae. Phylogeny obtained using seven gene 

fragments. Values above and below nodes represent the nodal support (MP=maximum parsimony 

bootstrap; ML=maximum likelihood bootstrap; and BI=bayesian inference posterior proba-bility) for 

associations among the 25 ingroup taxa. An asterisk indicates that the node was not supported by>50% 

bootstrap support. ( Simplified from Matthee et al., 2004) 
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Evolutionary history of Lagomorpha 

 

Duplicidentata mirorder contains the lagomorphs and their sister group, the mimotonids. 

Lagomorpha is a monophyletic group whereas recent analyses show that mimotonids are a 

paraphyletic group that contains the stem lagomrpha ancestor. Mimotonids, known from the 

late Paleocene to the middle Eocene, have two incisors in both upper and lower jaws and their 

cheek teeth are unilaterally hypsodont and rooted (Rose, 2006).  As mimotonids, the stem 

lagomorphs group was originated from Asia, and they diversified then in different continents. 

Stem Lagomorpha, as Dawsonolagus from late early Eocene, had hypsodont rooted cheek teeth 

and are described as morphologically transitional between mimotonids and lagomorphs (Li et 

al. 2007). The Oligocene marks the separation of the Lagomorpha in two families, the 

Ochotonidae and the Leporidae. At the end of the Miocene, the Leporidae are represented by 

the genera Alilepus, and especially Alilepus hibbardi, a suggested ancestor of the extant genera 

of Leporids (Jin et al. 2010).  

 

Lagomorpha teeth evolved from moderate hypsodont rooted cheek teeth in late 

Paleocene to hypselodont teeth. The shape variations of the P3 is highly studied because this 

tooth bears informative characters about phylogenetic relationships among Lagomorpha 

(Hibbard 1963; Cermák 2015). We decided in the present thesis to study the variation of the M1 

morphology during European rabbit ontogeny and lagomorph evolution notably because this 

tooth shows the typical bilophodont pattern of the jugal dentition of modern lagomorph and 

because it is the mostly used tooth for comparative anatomy purposes in mammals (Hershkovitz 

1971). 
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PART 1  

 TOOTH DEVELOPMENT AND REPLACEMENT IN 

ORYCTOLAGUS CUNICULUS 
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S 
 

 

ince decades, tooth development mechanisms in mammals are highly studied using 

mouse as model (i.e. Balic and Thesleff, 2015; Chavez et al., 2012; Lan et al., 2014). However, 

the mouse does not replace its teeth. As a consequence, mammal tooth replacement is poorly 

known. As previously presented in introduction, various species have been studied in order to 

identify a good animal model for dental replacement studies (Järvinen et al., 2009; Popa et al., 

2016; Wang et al., 2014a). However, for now, any model answer both morphological and 

molecular questions about mammal tooth replacement. A good mammal animal model has to 

replace its teeth, be easy to maintain, breed in large numbers in a laboratory facility, have the 

shorter generation time possible and be sequenced. If possible, it is even more interesting to 

have a model animal that has already been used for genetic manipulation techniques or in vitro 

studies.  

In this thesis, we decided to study tooth development and replacement using the 

European rabbit, Oryctolagus cuniculus as model. The European rabbit is already used as model 

in biomedical research, is sequenced, has already be used for CRISPR-CAS9 genetic 

manipulation and in vitro organ culture (Bosze and Houdebine, 2006; Glasstone, 1938; Yan et 

al., 2014). The European rabbit is currently used in dentistry research to study orthodontic 

process (Abtahi et al., 2018). Studying rabbit dental development with modern techniques is 

necessary, the available studies in literature being rather old and incomplete (Horowitz et al., 

1973; Navarro et al., 1976; Ooë, 1980). We show in this first part that the European rabbit is an 

efficient model to study both morphological and molecular mechanisms involved in tooth 

development and replacement. 
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Chapter 1.1 – Morphological characteristics of tooth development and 

replacement in Oryctolagus cuniculus 

 

The review of publications about rabbit tooth development and replacement leads to a 

composite developmental chronology, with a lack of knowledge about some tooth types and 

developmental stages. Moreover, the studies already carried out are about 50 years old, some 

techniques used in these papers are now obsolete (Glasstone, 1938; Horowitz et al., 1973; 

Yardin, 1968). Most of the current studies on rabbit dentition are about orthodontic or veterinary 

cares, with few studies on rabbit embryos (Abtahi et al., 2018; Meredith, 2007). 

In the following paper, we decided to update the knowledge on the dental 

morphogenesis in the European rabbit using modern techniques. We studied each rabbit tooth 

from the initiation of the development to the mineralization of the replacement teeth, so from 

12 days post-fertilization to 4 days post-natal, representing 23 days of development. We 

performed 3D reconstructions of dental epithelial tissues for each tooth using X-ray 

microtomography associated with a histological study to follow the rabbit dental development. 

We obtained the complete description of the histo-morphological chronology of the tooth 

development and replacement in rabbit. During this study, we also observed an undescribed 

rabbit incisor characteristic: at birth, the growing upper incisors of the rabbit present holes in 

the dentin, opening the pulp cavity. These holes are quickly repaired with a new apposition of 

dentin from the pre-existing odontoblasts that continue to secrete despite the disruption.  

The new dental morphogenesis chronology of the rabbit Oryctolagus cuniculus 

presented in the following paper will allow further molecular studies to better understand 

mammal tooth replacement. Moreover, the 3D epithelium surface reconstructions are available 

online in Morphomuseum for who is interested to re-use these surfaces for other scientific 

works.  
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Abstract 

Dental development mechanisms in mammals are highly studied using the mouse as a 

biological model. However, the mouse has a single, unreplaced, set of teeth. Features of 

mammalian tooth replacement are thus poorly known. In this paper, we study mammalian tooth 

development and replacement using the European rabbit, Oryctolagus cuniculus, as a new 

model. Using 3D-reconstructions associated with histological sections, we obtained the 

complete description of the histo-morphological chronology of dental development and 

replacement in rabbit. We also describe the presence of holes in the dentin opening the pulpal 

cavity in newborns. These holes are quickly repaired with a new and fast apposition of dentin 

from the pre-existing odontoblasts. The detailed dental morphogenesis chronology presented 

allows us to propose the rabbit Oryctolagus cuniculus as a suitable model to study mammalian 

tooth replacement 

 

Keywords 

Tooth development, mammalian tooth replacement, 3D-reconstructions, rabbit teeth 
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Introduction 

The signaling pathways involved in tooth development and morphogenesis are highly 

studied in mice (Balic and Thesleff, 2015), fishes (Rasch et al., 2016), or reptiles (Whitlock and 

Richman, 2013). Regarding tooth replacement (Bertin et al., 2018), a majority of fish and 

reptiles have the ability to replace their teeth continuously throughout their life (polyphyodonty) 

contrary to the majority of mammals that replace their teeth only once (diphyodonty). In 

mammals, most odontogenesis studies use the mouse as a model species and mouse tooth 

development is well described from its morphogenesis to the genetic mechanisms involved. 

Tooth development is commonly divided into five stages: the placode, the bud, the cap, the bell, 

and finally the maturation stages. At first, a dental placode appears from the oral epithelium by 

thickening. Next, at the bud stage, the dental epithelium invaginates, followed by a 

condensation of the dental mesenchyme. Then, the epithelium starts to fold, forming the cap 

stage; this stage marks the beginning of histo-differentiation. The tooth cuspidogenesis starts at 

the bell stage. Cells begin to secrete dentin and enamel layers at the late bell stage. In the 

maturation stage, the tooth gets fully mineralized. Because the mouse has no dental 

replacement, the mechanisms of tooth replacement in mammals are poorly known. Some 

studies have been done in the ferret (Järvinen et al., 2009; Jussila et al., 2014), the shrew 

(Järvinen et al., 2008), the fruit bat (Popa et al., 2016) and the minipig (Wang et al., 2014a, 

2019). Altogether, these studies have characterized the morphological changes involved in 

tooth replacement: the initiation of tooth replacement begins by a budding of the replacement 

dental lamina at the lingual part of the tooth stalk. Then the replacement dental lamina plunges 

into the mesenchyme and the tooth morphogenesis begins. Moreover, the first molecular 

observations of tooth replacement mechanisms in mammals have been done in the ferret 

Mustela putorius furo (Järvinen et al., 2009; Jussila et al., 2014). However, few developmental 

stages were studied due to the difficulty to obtain ferret embryos at the correct stage and the 
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presence of seasonal estrus. The shrew Sorex araneus is limited as a model because their 

deciduous teeth never erupt. In the fruit bat Eidolon helvum, 3D reconstructions and histological 

sections are good illustrations of mammalian tooth replacement but authors indicated that this 

species is no longer available for experimental purposes (Popa et al. 2016). Tooth development 

and replacement has also been described in the minipig Sus scrofa, whose teeth size and 

morphology are pretty similar to human teeth (Wang et al. 2014). However, at least 100 days 

are necessary from the appearance of the replacement dental lamina to the mineralization of the 

replacement tooth in the minipig. So, the slow development, the size of the animal and ethical 

concerns are significant obstacles to study tooth development in the minipig. For now, any 

model can answer both morphological and molecular questions about mammalian tooth 

replacement, and previous studies are restricted to some parts of dental development. We thus 

decided to use the European rabbit (Oryctolagus cuniculus) as a new model to study tooth 

development and replacement. The rabbit is already an important model for biomedical research 

(Bosze and Houdebine, 2006) and the whole genome has been sequenced (OryCun2.0, 2009). 

The rabbit dentition is diphyodont with a replacement of some incisors and all premolars 

(Horowitz et al., 1973). They possess two upper and one lower incisors, three upper and two 

lower premolars and three upper and lower molars on each side. Deciduous premolars have a 

limited growth with root formation whereas permanent teeth are continuously growing (Sych 

and Reade, 1987). Associated with this continuous growth, each permanent tooth in the rabbit 

is supposed to possesses a pool of mesenchymal and epithelial stem cells in its growing part, as 

in all hypselodont species (Tummers & Thesleff, 2003). Rabbit dental development has been 

studied during the 70’s and 80’s, Horowitz and collaborators (1973) completing a chronology 

of deciduous tooth eruption using radiography, giving information on the mineralized part of 

the teeth. Navarro carried out histological studies of the postnatal development in maxillary 

(1975) and mandibular cheek teeth (1976). However, the deciduous incisors and premolars are 
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completely mineralized at birth and thus Navarro et al. do not document their development. 

Hirschfeld et al. (1973) and Ooë (1980) have studied the incisor development in embryos, but 

nothing has been reported for the cheek teeth development. Michaeli et al., (1980) gave a 

simplified chronology of rabbit cheek tooth development during embryogenesis without 

separating each tooth and with histological illustrations only for the post-natal stages.  All these 

studies result in a composite and fragmental chronology of the tooth development in rabbit. The 

purpose of our work is to supply a complete report of the development of all deciduous and 

permanent teeth in the rabbit. We decided to study rabbits from 12 days post fertilization to 4 

days post-natal in order to obtain a complete chronology of tooth development from the 

initiation of the deciduous tooth to the mineralization of the replacement teeth. Using 

histological studies and 3D-reconstruction of soft tissues, we present the developmental and 

morphological characteristics of rabbit teeth. 

 

Material & Method 

Samples  

Embryos and newborn rabbit samples used for histology and X-Ray microtomography 

were obtained through collaboration with a standard production for feeding recorded at the 

Biology Departmental livestock establishment (EDE) n°38044102. We worked on common 

rabbit breeding regularly crossed with wild rabbits to ensure genetic mixing. The gestation 

period for a rabbit is about 31 days. We collected embryos at 12, 14, 16, 18, 20, 22, 24, 26 and 

28 days post fertilization (dpf) and rabbits at 0, 1, 2, 3 and 4 days post-natal (dpn). 3 to 21 

embryos were analyzed for each developmental stage. For juvenile and adult rabbits, 

observations were made on 230 specimens of Oryctolagus cuniculus from the Muséum National 

d’Histoire Naturelle (MNHN, Paris, France). Age of the specimens were not indicated so we 

used the skull size as proxy, our sampling contained skull size from 36.65 to 108.8mm. In the 
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230 specimens, only four still had their deciduous teeth. Each tooth is specifically named: we 

use ’I‘, ’P‘ and ’M‘ for incisor, premolar and molar respectively; the deciduous teeth are 

indicated with a ’d‘; the tooth number is in exponent for the upper teeth and in index for the 

lower teeth.  

 

Histology  

After dissection of the upper and lower jaws, samples were fixed overnight in 4% PFA. 

Samples were then rehydrated and fixed in Holland Bouin solution during 1 day. Jaws were 

demineralized for 1 to 7 days in Morse’s solution (10% sodium citrate + 22% formic acid) or 

in RNase-free 12.5% EDTA + 2.5% PFA during 6 weeks, according to the subsequent 

experiment to be performed. Then, jaws were embedded in paraffin and serially sectioned with 

a Leica microtome (7 μm thick slices). Sections were carried out in parasagittal or frontal plane. 

For histological purpose, samples were dewaxed in xylene, and then colored via an optimized 

Masson's trichrome protocol with aniline blue, hemalum and fuschin. 

 

In situ hybridization  

Specific probes for Osteocalcin and K14 have been designed using the rabbit genome 

available online (OryCun2.0, 2009). Each probe has been sequenced before use, and then 

probes were synthesized with RNA-dig labeling nucleotides. Classical mouse in situ protocol 

has been optimized to be compatible with rabbit tissues. Tissues were treated with HCl 0.2M, 

with proteinase K 5µg/ml and then incubated with TEA-Acetic anhydride. Hybridization step 

were done at 62°C. Sections were whashed in a warm washing buffer (1X SSC and 50% 

formamide) and in MABT solution. After 2 hours in a blocking solution, slides were covered 

of anti-Dig-AP-antibody solution at 4°C overnight. Sections were washed with MABT and 

NTMT with teramisol. Sections were stained with BM purple solution and mounted in Aquatex.  
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X-ray microtomography and 3D reconstruction 

Conventional X-ray microtomography allows reconstructing 3D models of mineralized 

tissues such as bony head and teeth, thus providing a non-invasive access to internal structures. 

Using phosphotungstic acid (PTA) staining, that binds heavily to various proteins and 

connective tissue (Metscher, 2009); we were able to detect soft tissues by X-Ray 

microtomography. After fixation, half-head samples were stained in a solution 0.3% PTA in 

70% ethanol between 1 week and 8 months according to the size of the sample. Oldest 

specimens were demineralized to better detect the soft tissue staining. Once the PTA contrast 

staining was complete, samples were embedded in paraffin and radiographed using a Phoenix 

Nanotom S (GE Measurement and Control), which was set up with a tungsten source X-ray 

tube operating at 100 kV and 70 µA for the mineralized tissues and 60kV and 70µA for the soft 

tissues. The Phoenix datosx2CT software was applied to gather radiographies in a reconstructed 

3D volume, in which the voxel size ranged from 1 to 12 μm depending on the size of the 

specimen. Post-treatment of 3D volumes, including virtual sectioning as well as sub-volume 

extractions, was performed using VG-studio max software. Surface smoothing was done with 

Meshlab software. Incisors hole positions were detected using VG-studio max software and 

frontal sections were done at each hole using a rotation section plane to respect the natural 

curvature plane of the incisors. We studied 59 holes from ten incisors (6 individuals), the two 

remaining insisors were used for histology purposes. The centroid of the incisor section was 

drawn using ImageJ software and mesio-distal and linguo-vestibular axes were positioned in 

the incisor section. An angle was calculated to determine the hole position, with the mesial 

position at 0° (and 360°), the vestibular at 90°, the distal at 180° and the lingual position at 

270°. Plots were made using R software and the ggplot2 library.  
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Figure 1. 1. 3D-reconstructions of the epithelial part of the upper incisors during 

development. Development of the dI1, dI2, dI3 and I3 from 14 to 28 days post-fertilization (dpf). 

Indicated in blue, the vestigial incisor; in pink, the interdental lamina; in black (dotted line), 

the dental tissues; in black (arrow), the replacement tissues. M, mesial; L, lingual; O, occlusal. 

 

Results  

Chronology of incisor development and replacement 

We have observed the establishment of the incisors on the upper and lower jaws. The 

dI1 and the dI2 incisors in the upper and lower jaws appear synchronous in their development. 

Rabbits have another incisor in the maxillary, named the dI3, which is replaced during ontogeny. 

We will focus here on the description of the upper incisors (Figure 1. 1), since we do not observe 

dental replacement in the lower ones. All our 3D reconstructions of the epithelial parts of the 

incisors are available in Morphomuseum (3D Dataset will remain locked until publication of 

the main article, Bertonnier-Brouty et al., 2019). 
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Vestigial incisor dI1 

At 18 dpf, the first upper incisor is already mineralized with dentin surrounded by dental 

soft tissues very close to the oral epithelium. This dI1 is a vestigial tooth; it will not give rise to 

a functional incisor (Figure 1. 2, A). At 24 dpf, the dI1 has passed through the oral epithelium 

and is now trapped in the oral mucosa (blue triangle in Figure 1. 1, Supplementary 1. 1). At 

28 dpf, the dI1 is shed. 

 

dI2 

At 18 dpf, the dI2 is at the cap stage, linked mesialy to the other dI2 and in rotation. As 

in mouse (Mucchielli and Mitsiadis, 2000), the dI2 rotates antero-posteriorly and become 

parallel to the long axis of the jaws, contrary to molars that stay perpendicular to the jaw axis 

(Figure 1. 1). At 20 dpf, the dental lamina that links the teeth together is completely disorganized 

and the two dI2 are no longer linked. The dI2 has already secreted a thin layer of dentin and the 

3D reconstructions show that the vestibular and lingual cervical loops are well formed. These 

structures are supposed to contain the stem cells that will allow the continuous growth of the 

tooth during the animal’s entire life. At 22 dpf, the teeth are completely separated. At 24 dpf, 

the dI2 occlusal surface is very close to the oral epithelium and highly mineralized. The dI2 

presents enamel in its entire mineralized surface. We observed a big cervical loop at the 

vestibular side and a very small one at the lingual part and this incisor has a fold on its vestibular 

surface on the mesial side.  

 

Figure 1. 2. 3D-reconstructions of the mineralized part of the rabbit teeth. (A) Mineralized 

tissues of the upper incisors from embryo to adult. (B) Mineralized tissues of the upper cheek 

teeth from newborn to adult. (C) Mineralized tissues of the lower cheek teeth in newborn and 

adult. (D) Tooth nomenclature: “I”, “P” and “M” for incisor, premolar and molar; the 

deciduous teeth are indicated with a “d”; the tooth number is in exponent for the upper teeth 

and in an index for the lower teeth. In blue the vestigial incisor, in red all the deciduous teeth 

that will be replaced. 
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At 26 dpf, the dI2 is close to erupt. The secretion of enamel at the vestibular and lingual part of 

the tooth continues. At 28 dpf, the dI2 is erupting. At birth, the unworn dI2 presents enamel in 

the entire erupted occlusal surface. In direction to the growth zone, we detect enamel in the 

vestibular and the lingual part, and then the enamel production in the lingual part stops and 

enamel is secreted only in the vestibular part of the tooth (Supplementary 1. 2). At 4 dpn, the 

dI2 are worn in their occlusal surface, showing the dentin. In the juvenile, around 1 month post-

natal, we observed that the dI2 present enamel only in the vestibular surface, so the entire part 

with enamel in the lingual and vestibular position is already worn (Figure 1. 2, A). In adult, the 

dI2 is ever-growing. We observed that the dI2 and the I3 do not have the same shape at the 
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occlusal surface, the dI2 has a sharper beveled edge form compared to the I3, linked to the gnaw 

ability of the dI2. 

 

dI3 

At 18 dpf, we observed the dI3 in a transitional stage between bud and cap at the distal 

position of the dI2. At the vestibular part of the dI3, we observed an epithelium structure distally 

oriented that is probably a dental lamina rest (Figure 1. 1, pink triangle). At 20 dpf, the dI3, still 

connected to the dI2, is now in a cap stage and rotates antero-posteriorly. At 22 dpf, dI3 is still 

linked to the oral epithelium but separated to the dI2. We observed a lingual budding of the 

replacement dental lamina in the dI3 (Figure 1. 1, black triangle). At 24 dpf, the dI3 is already 

well mineralized and now perfectly orientated compared to the working position. The dI3 

presents small cervical loops at the vestibular and lingual part of the tooth. We detect the 

replacement dental lamina of the dI3 attached to the antero-lingual part of the tooth, already 

parallel to the oral epithelium. At 26 dpf, the cervical loops of the dI3 are reduced; we observed 

the start of the root formation. The replacement dental lamina has grown but is still linked to 

the dI3. At 28 dpf, the dI3 has erupted to the oral epithelium but still do not exit of the oral 

mucosa. The dI3 is the only incisor that develops roots; the pulpal cavity seems to close. The I3 

is in a bud stage and no longer linked to the dI3. At birth, the dI3 present enamel in the entire 

occlusal surface. The I3 continues its development in a cap stage. At 4 dpn, the permanent I3 

begins to mineralize, the roots of the dI3 are still in mineralization. The dI3 is worn in the 

occlusal surface, showing the dentin. In the juvenile, the roots of the dI3 have finished 

mineralizing and we observed root resorption. The I3 is now well mineralized and will soon 

replace the dI3 (Figure 1. 2, A). Interestingly, the I3 is entirely covered by enamel on the while 

the dI2 have enamel only in the vestibular part of the tooth (Supplementary 1. 2). In adult, the 

I3 is still entirely covered by enamel, only the worn occlusal surface shows dentin (Figure 1. 2, 

A). 
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Figure 1. 3. Hole repartition in the upper incisor. (A) Distribution of the holes in 10 upper 

incisors from 0 to 4 day post-natal (dpn). (B) Distribution of the holes in the two dI2 from a 

same individual. Each arrow indicates a fold. (C) Histological sections of a hole in a 0 and (D) 

4 dpn individual. (E) Osteocalcin staining and (F) Keratin 14 staining in a 0 dpn incisor. 
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Specificity of the rabbit incisors: dentin holes in the newborn incisors  

The dI2 incisor mineralizes at 24 dpf, a thin and continuous layer of dentin is secreted 

by the odontoblasts. Enamel is first secreted in all the surface of the dI2, then restricted to the 

vestibular and lingual sides to finally be secreted only in the vestibular part of the tooth (Fig.S2). 

In samples from 24 dpf to 28 dpf, the dentin layer of the dI2 is continuous; no uneven formation 

of dentin is detected. However, we observed dentin defects in newborn rabbits. In rabbits from 

0 to 4 dpn, we detect the presence of holes in the dentin of the dI2, opening the pulp cavity at 

specific locations, the lower incisors are not affected (Figure 1. 3, A-D). Older samples, from 

juveniles to adults, do not have holes in their incisors, indicating a mechanism of tooth repair. 

 

To study the appearance and repair of the holes, we identified 59 holes in 10 dI2 incisors 

from six individuals from 0 to 4 dpn. We precisely localized each hole in frontal section of the 

incisor by calculating an angle in function of the incisor centroid and the mesio-distal and 

linguo-vestibular planes (Figure 1. 3, A). We observed that the majority of the holes are at the 

distal side of the tooth (73%), and some in the mesial part (27%). No hole is observed in the 

vestibular or lingual part of the incisor.  

 

By comparing the repartition of the holes in right and left incisors of a same individual, 

we conclude that holes are independently localized in the two incisors on the proximo-occlusal 

axis; we did not observe any symmetry (Figure 1. 3, B). Moreover, the number of holes is 

variable from one tooth to another, even in the same individual. Interestingly, on the 3 and 4 

dpn rabbits, we observed a reparation system by the presence of dentin and cells inside the hole 

(Figure 1. 3, D). This reparation seems very efficient as the holes appear at birth and are repaired 

two days later.  
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We decided to use Osteocalcin in situ staining as a marker for the dentin formation 

process (Figure 1. 3, E). We observed that the cells in the holes are odontoblasts still expressing 

Osteocalcin, so still in a secretion stage. These secreting odontoblasts, coming from the pre-

existing odontoblast layer, could explain the presence of new dentin in the holes. Keratin 14 

staining indicates the epithelial cells (Figure 1. 3, F). We wanted to check if the holes could 

deform the layer of epithelial cells. We detect in the incisor a perfect layer of ameloblasts that 

is not disrupted by the presence of the hole that are formed at the mesial or distal edges of the 

enamel layer.  

 

Therefore, these holes are present only in newborns at the mesial or distal limits of the 

enamel layer, are repaired by the pre-existing odontoblasts and no longer observed during 

adulthood. Holes seem thus to occur in a very short period of development around or just after 

the birth of the animal.  

 

Chronology of cheek teeth development and replacement  

We observed the establishment of the cheek teeth on the upper (Figure 1. 4) and lower 

(Figure 1. 5) jaws. We focus here our description on the mechanisms of tooth replacement. The 

steps of the tooth replacement are illustrated in the figure indicating all the tooth tissues (Figure 

1. 6). All our 3D-reconstructions of the epithelial parts of the cheek teeth are available in 

Morphomuseum (Bertonnier-Brouty et al., 2019). 

 

 

 

Figure 1. 4. 3D-reconstructions of the epithelial tissues and histology in rabbit upper cheek 

teeth from 14 dpf to 28 dpf. 3D-reconstruction of the epithelial tissues of the upper cheek teeth 

and frontal sections associated for each tooth. Indicated with the black arrow, the permanent 

premolars. M, mesial; L, lingual; O, occlusal; D, distal; V, vestibular. 
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At 12 dpf, the oral epithelium is regular in thickness; we detect no morphological trace 

of tooth development initiation. Two days later, the oral epithelium has thickened in the upper 

and lower jaws, forming the dental lamina (Figure 1. 4, Figure 1. 5). The dental lamina thickens 

continuously over a large part of each mouth quadrant and the mesenchyme seems condensed 

around it, forming the dental placode. In contrast to humans (Juuri and Balic, 2017), the rabbits 

do not have a unique continuous dental lamina around the jaw arch but distinct dental laminas 

for the right cheek teeth, the incisors and the left cheek teeth. At 16 dpf, we observed the 

budding of the dental lamina with a high condensation of mesenchyme around it. At this stage, 

it is still impossible to name the teeth, the epithelium being continuous in thickness and shape 

over the entire length of the bud. In the upper jaw, the budding tooth row is rounded, following 

the vestibular commissure, and measures 1.3mm long from the mesial to distal part of the bud 

(Figure 1. 4). In the lower jaw, the budding tooth row is straighter and smaller with only 0.8 

mm long (Figure 1. 5). From 18 dpf on, we can identify the teeth and so we will now described 

the development of each tooth individually. Rabbit cheek teeth have a thin and long dental stalk 

compared to the mouse or the fruit bat (Dosedělová et al., 2015; Popa et al., 2016).  

 

We observed that the development of the dP4 is the fastest, followed by the dP3, dP3 and 

dP4 that are synchronous and then by the dP2 so we described tooth development following these 

categories. For the molars, the M1 is the first to develop and then the development timing 

follows the mesio-distal organization plan. The lower molar begins their development before 

the upper molar.  

 

 

Figure 1. 5. 3D-reconstructions of the epithelial tissues and histology in rabbit lower cheek 

teeth from 14 dpf to 28 dpf. 3D-reconstruction of the epithelial tissues of the lower cheek teeth 

and frontal sections associated for each tooth. 
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dP2-P2 

At 18 dpf, the dP2 is at a transition stage between bud and cap (Figure 1. 4). The tooth 

is connected to the oral epithelium and to the followed tooth by the interdental lamina. At the 

mesial part of the dP2, the interdental lamina is present in almost all the diastema length with 

an oral epithelium link only in the mesial and distal extremities. At 20 dpf, the dP2 is in a cap 

stage. The interdental lamina at the mesial part has disappeared but is still present in the distal 

part of the dP2. The dental lamina stalk begin to detach from the oral epithelium. At 22 dpf, the 

dP2 is in a bell stage. Initiation of the replacement begins with an epithelial bud from the dental 

lamina in the lingual part of the dP2, called the replacement dental lamina (also named 

successional lamina). At 24 dpf, the dP2 is completely detached from the oral epithelium. The 

replacement dental lamina, still connected to the dP2, plunges into the mesenchyme by keeping 

a lingual orientation (Figure 1. 4). The interdental lamina is now very thin but still connects the 

replacement dental lamina of the dP2 to the replacement dental lamina of the dP3. At 26 dpf, the 

dP2 begins its mineralization. The dental replacement lamina of the dP2 is still growing in a 

lingual direction. At 28 dpf, the dP2 have the crown completely mineralized and just begins to 

mineralize at the root level. The P2 is in a cap stage and is localized in a disto-lingual plane 

compared to the dP2. At birth, the dP2 is completely mineralized from the occlusal surface to 

the roots and the P2 is still in a cap stage. Four days later, the P2 is now at the bell stage and 

begins to move from its lingual position to apical to the dP2. Then, around 1 month old, the 

rooted dP2 is pushed by the P2 (Figure 1. 2, B). The dP2 has a completely worn crown surface 

and the roots begin to reduce, the P2 is ready to erupt. P2 is hypselodont (with an unlimited 

growth) whereas the dP2 was hypsodont. In adult, the P2 display a complex shape with 

numerous folds filled with cementum at the mesial part of the tooth. 
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dP3-P3 / dP3-P3
 / dP4-P4 

At 18 dpf, the dP3, dP3 and dP4 are at the cap stage. The teeth are linked to the oral 

epithelium and connected to each other with the interdental lamina. (Figure 1. 4). At 20 dpf, the 

dP3, dP3 and dP4 are in a bell stage (Figure 1. 4, Figure 1. 5). Initiation of the replacement begins 

in the lingual part of the teeth; we detected the replacement dental laminas. The tooth 

replacement begins in the dP4 and we observed a shift in the initiation of replacement with a 

gradient of development from the distal premolar towards the most mesial premolar. The 

interdental lamina continues to link all the teeth together but the dental lamina begins to be 

detached from the oral epithelium. At 22 dpf, the dP3, dP3 and dP4 are at the bell stage. All the 

premolars display a replacement dental lamina in the lingual side, and in the dP4, we can see 

that this dental lamina begins to dive in the mesio-lingual direction. Each upper and lower tooth 

is still connected to the others but  dental lamina is completely detached from the oral 

epithelium. At 24 dpf, the premolars have finished their morphogenesis and now mineralize by 

secreting dentin and enamel. The replacement dental laminas are highly invaginated into the 

mesenchyme and are still attached to some elements of the interdental laminas. The replacement 

dental laminas from the dP3 and dP4 grow in a mesial orientation whereas the replacement 

dental lamina of the dP3 grows towards the base of the deciduous tooth while maintaining its 

lingual orientation. The interdental lamina is resorbed around the dP3, detached of the dP3, 

broken between the dP3 and the dP4, and very thin between the other upper teeth. At 26 dpf, the 

deciduous premolars are now highly mineralized in their occlusal surface. The replacement 

dental laminas are budding to give the replacement teeth. The P3 is developing at the lingual 

basis of the dP3, the P3 in a mesio-distal plane of the dP3 and the P4 in a mesio-lingual plane of 

the dP4. At 28 dpf, the dP3, dP3 and dP4 are mineralized to the roots. The permanent premolars 

are all in the cap stage, localized at the basis of the deciduous teeth in different positions: The 

P3 is localized at the basis of the dP3 in the lingual side, the P3 is in a mesio-vestibular plane 
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compared to the dP3 and the P4 is in a mesio-lingual plane compared to the dP4. At birth, the 

deciduous premolars are well mineralized with dentin, enamel and cementum. The P3, P
3 and 

P4 are in a bell stage. The P3 begins to migrate from its lingual position to under the dP3 whereas 

P3 and P4 are still in their developing position. At 2 dpn, the P4 begins to mineralize followed 

two days later by the P3 and P3. These permanent premolars are now positioned under their 

deciduous teeth (Figure 1. 2, B, C). Then, around 1 month old, the rooted deciduous teeth dP3, 

dP3 and dP4 are pushed by the permanent premolars (Figure 1. 2, B). The deciduous premolars 

have a completely worn crown surface and the roots begin to reduce, the permanent teeth are 

ready to erupt. All the permanent cheek teeth are hypselodont. In adult, the P3 and P4 have a 

molarized bilophodont shape with a lingual fold filled with cementum, whereas the P3 has a 

complex shape with more folds at the mesial part of the tooth (Figure 1. 2, B, C).  

 

Figure 1. 6. Summary of the dental replacement progression in rabbit. The black triangle 

shows the initiation of the replacement dental lamina, the black star the separation of the 

replacement dental lamina and the deciduous tooth and the white triangle the morphogenesis 

initiation of the permanent tooth. Scale bar: 200µm 
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dP4-P4 

At 18 dpf, the dP4 is at the cap stage. The dP4 is connected to the oral epithelium and to 

the other teeth of the row by the interdental lamina (Figure 1. 5). 2 days later, the dP4 is at the 

bell stage and the initiation of the replacement has begun at the lingual part of the tooth, where 

we detect the replacement dental lamina. At 22 dpf, the dP4 is the first cheek tooth to mineralize. 

The tooth is detached from the oral epithelium, but the replacement dental lamina is still 

connected to the deciduous tooth. At 24 dpf, the replacement dental lamina is detached from 

the dP4 that is detached to the other teeth. The replacement dental lamina plunges into the 

mesenchyme keeping the lingual orientation. At 26 dpf, the P4 is budding from the replacement 

dental lamina at the lingual basis of the dP4 crown. At 28 dpf, the dP4 is completely mineralized 

and the P4 is at the cap stage, localized at the basis of the dP4 in the lingual side. At birth, the 

P4 is the first permanent cheek tooth to mineralize and begins to migrate from its lingual position 

to below the fully mineralized dP4. Two days later the permanent tooth is well-localized bellow 

the dP4. At 4 dpn, the dP4 is the first cheek tooth to erupt (Figure 1. 2, C). Then, around 1 month 

old, the dP4 has a completely worn crown surface and the roots begin to reduce, the P4 is ready 

to erupt. P4 is hypselodont with a continuous growth. In adult, the P4 has a molarized 

bilophodont shape (Figure 1. 2, C). 

 

M1-M
1 

At 18 dpf, the M1 is in a bud to cap stage transition and the M1 in a bud stage (Figure 1. 

4, Figure 1. 5). At 20 dpf, the M1 and M1 are in a cap stage. At 22 dpf, the M1 is at the early bell 

stage and the M1 is in the cap stage. We observed an epithelial bud at the lingual part of the M1 

and M1, indicating a transient rudimentary successional lamina. At 24 dpf, The M1 and M1 are 

in a bell stage and the lingual buds are no more visible. Molars are connected distally to the M2 

and M2 but only the M1 is still connected to a premolar mesialy. At 26 dpf, the M1 begins its 
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mineralization and the M1 finishes its morphogenesis. At 28 dpf, the M1 and M1 have the crown 

completely mineralized, with dentin, enamel and cementum. Then, in juveniles and adults, we 

observed that the molars are hypselodont with a bilophodont shape (Figure 1. 2, B, C). 

 

M2-M
2 

At 22 dpf, we observed the budding of the continual lamina at the distal part of the tooth 

row that will give the M2 and M2 by serial addition of molars (Figure 1. 4, Figure 1. 5). At 24 

dpf, the M2 and M2 are in a cap stage, and these teeth are still attached mesialy to the interdental 

dental lamina. At 26 dpf, the M2 and M2 are in the cap stage and are the only teeth connected 

with the remains of dental and interdental lamina. At 28 dpf, the M2 is now detached from the 

dental lamina and is in a bell stage. The M2, in cap stage, is still linked to the dental lamina. At 

birth, the M2 begins to mineralize its occlusal surface whereas the M2 is in bell stage. At 2 dpn, 

the M2 and M2 are mineralizing with dentin, enamel and cementum (Figure 1. 2, B, C). Then, 

in juveniles and adults, we observed that the molars are hypselodont with a bilophodont shape. 

 

M3-M
3 

At 28 dpf, we observed a completely separated dental lamina that is budding in the distal 

part of the lower tooth row that will gives the M3 (Figure 1. 5). In the upper row, we also detect 

the budding of the dental lamina in the distal part of the M2 that will give the M3 (Figure 1. 4). 

At 2 dpn, the M3 is at the cap stage, followed two days later by the M3. Then, in a juvenile 

around 1 month old, we observed that the M3 is well mineralized but not erupted (Figure 1. 2, 

B). In adult, the M3 and M3 are highly reduced compared to other molars. Among 188 observed 

adult Oryctolagus cuniculus specimens, two lacked the upper third molars with no sign of loss, 

indicating that this tooth can sometimes not be fully developed. 
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Figure 1. 7. Chronology of dental development and replacement for each rabbit tooth from 

12 dpf to 4 dpn. 

 

To summarize, the development of the maxillary teeth is late compared to the mandible 

counterparts and all the teeth of a same row are not synchronized. In the upper and lower rows, 

the dP4 is the first forming tooth, that will be followed by the dP3, and then, only in the 

maxillary, by the dP2 (Figure 1. 7). The development of replacement teeth follows the same 

order. Regarding the molars, the M1 is the first to develop, followed by the M2 and finally the 

M3.  

 

Discussion 

We show here the morphology (Figure 1. 6) and the chronology of rabbit teeth 

development (Figure 1. 7). Using 3D reconstructions, we were able to clearly identify the 

different steps of tooth development and replacement. Our study contains more developmental 

stages and we separated the results for each tooth, allowing us to obtain a complete and more 

precise chronology than the ones available in the literature (Hirschfeld et al., 1973; Michaeli et 
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al., 1980; Navarro et al., 1975; Ooë, 1980). 3D-reconstructions from the placode stage lead to 

the conclusion that the canine and first premolars dP1 and dP1-2 are never detected in rabbit 

embryos. These results suggest a complete loss of these teeth in rabbits, contrary to vestigial 

tooth rudiments in mice (homologous to the dP3 and dP4), detected in early tooth development 

(Sadier et al., 2019; Viriot et al., 2002). However, some observations still need to be clarified, 

as the epithelium link between the vestigial incisor dI1 and the dI2. This relationship was already 

problematic for Ooë (1980), who discussed the localization of the dI2 compared to the dI1. In 

mammals, replacement teeth begin their development at the lingual part the deciduous 

predecessor (Järvinen et al., 2009). Here the dI1 and dI2 incisors are in a mesio-distal plan and 

not in a vestibulo-lingual plan, so it seems more similar to serial development with an 

interdental lamina between deciduous incisors. However, the rabbit dI2 has the specificity of 

being the only tooth to be deciduous and ever growing. For other teeth, the ever-growing ability 

appears only in permanent teeth. Hirschfeld et al. (1973) concluded that due to its ever-growing 

capacity the so-called dI2 is the permanent tooth coming from the dI1. More data on the precise 

dynamics of the tooth development between 16 and 18 dpf are needed to fully understand the 

nature of the so-called dI2. Reconstructions of the concerned structures during the transition 

from bud to separated teeth in 3D should help to conclude on the links between these incisors.  

 

One particularity of incisor development in rabbits is the appearance of holes that occur 

only in newborns. The cause of these holes is unknown. These tooth defects have been observed 

in all our samples, indicating a common phenomenon. We did not find in literature any 

description of systematic presence of tooth defects at one specific age in rabbits or other species. 

In this study, we worked on common rabbit breeding regularly crossed with wild rabbits to 

ensure genetic mixing, limiting the possibility that these dental abnormalities are specific to one 

genetic selection in a closed breeding. Some hypotheses can be considered to explain the hole 
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formation, as a possible mechanical compression due to the development of adjacent teeth or 

bone mineralization or the result of molecular signals. It could be interesting to identify which 

mechanical forces at birth could be responsible for tooth fractures without morphologically 

affecting the other tissues. These causes could be purely mechanical (development of the bones 

or the other upper incisors) or molecularly facilitated (involvement of signaling pathways 

involved in root resorption for example). The observed reparation system, which systematically 

takes place in the first days of an animal's life, indicates an ability of quick tooth repair, probably 

due to the high secretion capacity of the odontoblasts in the ever-growing incisor. This speed 

in tooth repair is incompatible with the classical reparative dentin that require differentiation 

and migration of new odontoblasts from a pulpal progenitor cell (Moses et al., 2006). So here, 

another type of tertiary dentin could close the hole, the reactionary dentin that is formed from 

a pre-existing odontoblast.  

 

The 3D-reconstructions of the rabbit premolars indicate that the permanent upper 

premolar begins its morphogenesis in a mesio-vestibular plane compared to its deciduous tooth, 

so in the opposite side in contrast to the other teeth. Popa et al. (2016) presented in the fruit bat 

different modalities of tooth replacement throughout the jaw. They showed, using 3D-

reconstructions, that the canine, the second and the third premolar do not have the same 

modalities of replacement due to the relative position of the deciduous and permanent teeth. In 

rabbit, the initiation of the tooth replacement always begins by a growth of the dental lamina at 

the lingual position of the tooth that will give the replacement dental lamina as in the ferret or 

fruit bat (Jussila et al., 2014, Popa et al., 2016). Then, the separation between the first generation 

of teeth, the oral epithelium and the replacement dental lamina can vary. First, the teeth lose 

their connection with the oral epithelium. Variations are then observed; the replacement dental 

lamina can first be separated from the tooth or from the interdental lamina. Concerning the tooth 
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position of the second generation compared to the first it also depends on the teeth as in the 

fruit bat. For the lower premolars and the upper incisor, the permanent teeth develop directly 

on the lingual side of the deciduous teeth. For the upper cheek teeth, the position of the second-

generation development varies for each premolar. The tooth replacement begins at the lingual 

part of the deciduous tooth, but then the replacement dental lamina plunges and develops in 

different orientation depending on the tooth. The P2 is localized in a disto-lingual plane 

compared to the dP2, the P3 is in a mesio-vestibular plane compared to the dP3 and the P4 is in 

a mesio-lingual plane compared to the dP4. Indeed, the P2 and P3 develop on the same frontal 

plan, with one lingualy and the other vestibulary. Then, all the permanent teeth migrate under 

the associated deciduous teeth. Compared to the fruit bat or the ferret (Järvinen et al., 2009; 

Popa et al., 2016), the rabbit dental replacement lamina seems to plunge much deeper into the 

mesenchyme before it begins to initiate its permanent tooth morphogenesis, as observed in the 

minipig (Wang et al. 2014).  

 

During rabbit molar development, we observed buddings at the lingual part of the first 

molars that quickly disappear. Same tooth shape has been observed in the mouse; a rudimentary 

successional dental lamina (RSDL) is visible in the lingual part of the M1 tooth germ 

(Dosedělová et al., 2015). The RSDL in mouse as in the rabbit does not have odontogenic 

potential (Popa et al., 2019). However, by stabilizing the Wnt/ β-catenin signaling in the RSDL, 

it is possible to obtain a new tooth (Popa et al., 2019). The molars can be considered as 

deciduous teeth that are never replaced (Luckett, 1993); the study of this budding observed in 

the rabbit with the molecular information obtained in mutant mice could identify why these 

teeth are not replaced. 
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In this study, we have shown that the rabbit seem to be a good model in dental research. 

Rabbits are already used in odontological studies but we showed here that they are also useful 

for studying tooth morphogenesis. Studies of tooth development and replacement in rabbits 

could allow understanding the mechanisms of mammalian tooth replacement. We showed that 

common molecular experiments can be done in rabbit tissues as in situ hybridization and rabbits 

can also be a relevant model to use more advanced techniques as CRISPR/Cas9 technology 

(Yan et al., 2014). Compared to other species used to study tooth replacement (the ferret, the 

fruit bat, the shrew and the minipig), rabbit embryos are easy to get, with large litters of embryos 

and a pretty short gestation time (31 days). The main disadvantage to the study of the rabbit 

compared to the other models already proposed is an incomplete dentition with the lack of the 

canines. However, rabbits have also ever-growing permanent teeth, allowing study of other 

issues such as dental stem cells maintaining in addition to mammalian dental replacement.  

 

Conclusion 

We provided here the description of the complete histo-morphological chronology of 

the tooth development and replacement in rabbit. It can be considered as a new dataset that 

allows a better understanding of the dental replacement among mammals. The 3D-

reconstructions gave useful information about the geometric organization of the dental 

replacement and the precise knowledge of the dental development and replacement chronology 

in this species is a starting point that will allow further studies of gene functions at specific time 

windows.  
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Supplementary files 

 

 

Supplementary 1. 1. Histological sections of the rabbit upper incisors and lower cheek teeth. 

(A) Frontal and sagittal sections of the upper incisors from 18 dpf to 4 dpn. Indicated with 

black arrows, the replacement dental lamina. (B) Frontal sections of the lower third premolar 

from 0 dpn to 4 dpn. L, lingual; O, occlusal. Scale bar: 200µm. 
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Supplementary 1. 2. Views of the 3D reconstructions of the upper incisors mineralized tissues 

and virtual sections of the incisors. In sections, the dentin appears in grey and the enamel in 

white. Indicated in blue, enamel layer in the dI2; in yellow, enamel layer in the dI3; in red, 

enamel layer in the I3. The white dotted line indicates the frontal section plane illustrated in the 

white rectangle. V, vestibular; M, mesial. Scale bar: 1mm. 
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Chapter 1.2 – Spatio-temporal regulation of tooth replacement in Oryctolagus 

cuniculus 

 

Even if the majority of mammals are diphyodonts, few is known about mammalian tooth 

replacement (Jernvall and Thesleff, 2012). Genetic pathways possibly involved in tooth 

replacement are mainly studied using transgenic mice (Ahn et al., 2010; Popa et al., 2019) or 

polyphyodont species (Tucker and Fraser, 2014; Whitlock and Richman, 2013). Only few 

genetic data have been collected in diphyodont mammals such as the ferret or the minipig 

(Jussila et al., 2014; Wang et al., 2019). So for now, no study follows candidate genes during 

all the developmental steps of the tooth replacement in a mammal.  

In the following paper, we propose to use the rabbit as animal model to study spatio-

temporal regulation of mammalian tooth development and replacement. We showed previously 

that we could study tooth replacement steps in the rabbit using embryos from 14 days post 

fertilization to newborns. In this study, we followed gene expression or protein localization of 

five candidate genes supposed to be involved in tooth development and replacement: Shh, 

Sostdc1, Runx2, Lef1 and Sox2 by immunohistochemistry or in situ hybridization at each 

replacement step. We present the spatio-temporal regulation of tooth replacement in the rabbit 

lower cheek teeth in order to visualize in the same frontal sections the deciduous and the 

replacement tooth. 

We conclude that expression pattern of Runx2, Sostdc1 and Lef1 in the mesenchyme 

are correlated with the inhibition of tooth replacement whereas epithelial Lef1 and Sox2 are 

expressed in tooth replacement structures. Moreover, as in the mouse, Shh and Sostdc1 are 

expressed in the inner enamel epithelium and may regulate the cusp pattern formation. So, we 

show in the following paper that rabbits are an useful animal model for molecularly studying 

mammalian dental replacement. 
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Abstract 

Mammalian tooth replacement mechanisms are poorly known due to the absence of an animal 

model adapted to laboratory animal facilities. The single tooth replacement in mammals differs 

from the continuous dental replacement of more commonly studied non-mammalian 

vertebrates. In this study, we use the European rabbit, Oryctolagus cuniculus, as a model to 

study mammalian tooth development and replacement. We describe development and 

replacement of rabbit premolars and provide data on some key regulators of mammalian dental 

development and replacement. We show that as in the mouse, rabbit molars develop transiently 

a rudimentary successional dental lamina, which quickly disappears. We detected the stem cell 

marker SOX2 in the lingual side of the replacement dental lamina and in the cervical loops of 

the premolars and molars. We shown that Shh expression pattern in the rabbit is the same than 

in mouse. We also demonstrate that RUNX2 is differentially localized between the deciduous 

and the permanent premolars as Lef1 and Sostdc1, both involved in the Wnt pathway.   

 

 

Keywords: deciduous tooth; permanent dentition; Rabbits; Tooth germ; Embryonic 

development 

mailto:ludivine.bertonnierbrouty@ens-lyon.fr


87 
 

Introduction 

In dental research, and more especially in tooth developmental biology, the mouse is the 

favorite mammal model. As consequences, the signaling pathways involved in mouse tooth 

development and the molecular mechanisms responsible of the ever-growing ability of their 

incisors are well known (i.e Tummers & Thesleff, 2003; Lan et al., 2014; Sharir & Klein, 2016). 

However, the mouse lost its ability to replace teeth unlike the majority of mammals that replace 

their teeth once during life (diphyodonty). Thus, tooth replacement is more commonly studied 

in non-mammalian vertebrates as fish and reptiles (Rasch et al., 2016; Richman and Handrigan, 

2011) that have the ability to replace their teeth continuously during all their lifespan 

(polyphyodonty). So, due to the lack of common diphyodont model, tooth replacement 

mechanisms are still poorly known in mammals.  

 

In order to better understand morphological and cellular mechanisms involved in 

mammalian tooth replacement, some non-model mammals as the ferret (Jussila et al., 2014), 

the elephant shrew (Järvinen et al., 2008), the minipig (Wang et al., 2014a) or the fruit bat (Popa 

et al., 2016) have been studied. Altogether, these studies have characterized the morphological 

changes involved in tooth replacement: the initiation of tooth replacement begins by a budding 

of the replacement dental lamina at the lingual part of the epithelial tooth stalk. Then the 

replacement dental lamina plunges into the mesenchyme and the tooth morphogenesis begins. 

Nevertheless, none of these animals is well adapted to laboratory animal facilities due to their 

gestation time, size or by the presence of seasonal estrus. Due to these constrains, the studies 

on diphyodont replacement are restricted to morphological description or incomplete gene 

expression tracking. Indeed, molecular signaling involved in mammalian tooth replacement are 

still unknown.  
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By studying the signaling pathways involved in mammalian tooth number regulation in 

mutant mice (Ahn et al., 2010; Järvinen et al., 2018; Munne et al., 2009) or human pathologies 

(Juuri and Balic, 2017), some candidate genes as Runx2, Sostdc1, Shh and the Wnt signaling 

have been identified. These genes also play major roles in tooth development and dental 

morphogenesis (Seppala et al., 2017; Sun et al., 2016; Kim et al., 2018). RUNX2 is known to 

regulate tooth number in humans (Cobourne and Sharpe, 2010). A mutation of RUNX2 causes 

multiple supernumerary teeth (Lo Muzio et al., 2007) whereas a RUNX2 duplication induces a 

reduction of the tooth number (Merametdjian et al., 2019). In mouse, an over-expression of 

Sostdc1 induces a reduction of the tooth number and the loss of Sostdc1 expression leads to the 

development of extra-teeth (Ahn et al., 2010; Munne et al., 2009). SOSTDC1 plays also a major 

role in cusp formation and tooth patterning in mice (Kim et al., 2018). SOSTDC1 is known as 

an inhibitor of the Wnt/BMP pathway (Itasaki et al., 2003) and Shh pathway is a major target 

of the Sostdc1-regulated Wnt signaling (Ahn et al., 2010). Moreover, Shh has been shown to 

play numerous roles during vertebrate tooth development, such as tooth development initiation 

morphogenesis or ameloblasts polarization (Seppala et al., 2017). Järvinen et al. (2018) showed 

in mouse that the activation of the Wnt signaling in the epithelium leads to tooth induction 

whereas the activation of Wnt signaling in the mesenchyme inhibits sequential tooth initiation. 

Moreover, studies in polyphyodont species showed that the Wnt signaling pathway, followed 

by studying the Lef1 marker, seems to be a key regulator in ordering tooth replacement and 

maintaining a regenerative domain at the tip of the replacement dental lamina (Gaete and 

Tucker, 2013; Handrigan and Richman, 2010a). Sox2 marker has been studied in the ferret: 

Sox2+ cells are localized in the lingual part of the teeth and in the replacement dental lamina, as 

in numerous polyphyodont reptiles (Juuri et al., 2013). Sox2 is a marker for the epithelial stem 

cells in the mouse ever-growing incisors (Juuri et al., 2012) and is also known to interfere with 

the Wnt signaling by binding to β-catenin and by regulating LEF1 in the adult mouse incisor 
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(Kormish et al., 2010; Sun et al., 2016). However, none of these candidate genes has been 

studied during all the steps of the mammalian tooth development and replacement.  

 

In this study, we propose the European rabbit Oryctolagus cuniculus as a new model in 

tooth developmental biology. Rabbits are already used in orthodontic research (Al-Hamdany et 

al., 2017) and we previously described the histo-morphological chronology of the tooth 

development and replacement in the rabbit (Bertonnier-Brouty et al., 2019). Tooth development 

in the rabbit follow the same stages than those defined in the mouse: the placode, the bud, the 

cap, the bell, and finally the maturation stages. Dental replacement in rabbit begins at the bell 

stage of the deciduous tooth by a budding of the epithelium in the lingual part of the dental 

lamina: the replacement dental lamina is formed (Figure 2. 1, red). This replacement dental 

lamina grows and plunges into the surrounding mesenchyme and then begins its morphogenesis 

and give rise to the replacement tooth (Figure 2. 1, pink).  As in mice (Dosedělová et al., 2015), 

we observed a transient rudimentary successional dental lamina in the rabbit molar, 

morphologically similar to the replacement dental lamina while the molars are not replaced 

(Figure 2. 1, orange).  Rabbit appears as a relevant model for its dental features: the incisors 

and premolars are replaced, the first molars present rudimentary successional dental laminas, 

and the deciduous teeth have a limited growth whereas the permanent teeth are ever-growing. 

Here, we studied the spatio-temporal regulation of the mammalian tooth development and 

replacement by providing data on some key regulators. We described the expression patterns 

of Shh, Runx2, Sostdc1, Lef1 and Sox2 during rabbit lower cheek tooth development and 

replacement. We compare the expression patterns of these candidate genes during tooth 

development and replacement of the premolar and in the rudimentary successional lamina 

transitorily observed in rabbit molars.  
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Figure 2. 1 - Morphological features of tooth development and replacement in the rabbit. (A) 

Lingual view of the 3D reconstructions from 18 to 28 days post fertilization (dpf) (adapted from 

Bertonnier-Brouty et al. 2019). Tooth nomenclature: “P” and “M” for premolar and molar; 

the deciduous teeth are indicated with a “d”; the tooth number is in index for the lower teeth. 

The dotted line indicates the section plane for each number represented in B. (B) Frontal 

section illustrations of the third lower premolar from 18 to 28 dpf. (C) Histology of a rabbit 

third lower premolar at 22 dpf. (D)  Histology of a rabbit first lower molar at 22 dpf. L, lingual; 

O, occlusal; D, distal; M, mesial. Scale bars: 500µm.   
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Material & Method 

Samples  

Embryos and newborn rabbits were obtained through collaboration with a standard 

production for feeding located at the Biology Departmental livestock establishment (EDE) 

n°38044102. We collected samples from a common rabbit breeding regularly crossed with wild 

rabbits to ensure genetic mixing. The gestation period is about 31 days. We collected litters of 

embryos at 12, 14, 16, 18, 20, 22, 24, 26 and 28 days post fertilization (dpf) and rabbits at 0, 1, 

2, 3 and 4 days post-natal (dpn). For each stage, 4 to 21 embryos were collected. Each tooth is 

specifically named: we use ’P‘ and ’M‘ for premolar and molar respectively; the deciduous 

teeth are indicated with a ’d‘; the tooth number is in index for the lower teeth.  

 Histology  

After dissection of the lower jaws, samples were fixed overnight in 4% PFA. Samples 

were then rehydrated and fixed in Holland Bouin solution during 1 day. Jaws were 

demineralized for 1 to 7 days in Morse’s solution (10% sodium citrate + 22% formic acid) or 

in RNase-free 12.5% EDTA + 2.5% PFA during 6 weeks, according to the subsequent 

experiment to be performed. Then, jaws were embedded in paraffin and serially sectioned with 

a Leica microtome (7 μm thick slices). Sections were carried out in frontal plane.  

In situ hybridization  

Specific probes for Shh and Sostdc1 have been designed using the rabbit genome 

available online (OryCun2.0, 2009). Each probe has been sequenced before use, and probes 

were synthesized with RNA-dig labelling nucleotides. Classical mouse in situ protocol has been 

optimized to be compatible with paraffin-embedded rabbit tissues. Tissues were treated with 

HCl 0.2M, with proteinase K 5µg/ml and then incubated with TEA-Acetic anhydride. 

Hybridization step were done at 62°C. Sections were whashed in a warm washing buffer (1X 
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SSC and 50% formamide) and in MABT solution. After 2 hours in a blocking solution, slides 

were covered of anti-Dig-AP-antibody solution at 4°C over night. Sections were washed with 

MABT and NTMT with teramisol. Sections were stained with BM purple solution and mounted 

in Aquatex.  

Immunohistochemistry 

Citrate buffer pH 6 was used for antigen retrieval. Sections were incubated in 3% H2O2 

to inactivate the endogen peroxidases. Sections were incubated in primary antibody in 1% BSA 

and 10% goat serum overnight. Primary antibody against SOX2 (1:300, Santa Cruz 

Biotechnology, sc-365823), RUNX2 (1:300, Santa Cruz Biotechnology, sc-390351), and LEF1 

(1:300, Santa Cruz Biotechnology, sc-374412) were used. For immunohistochemistry, signal 

was amplified using biotinylated secondary antibodies and ABC kit (Santa Cruz Biotechnology, 

sc-516216). Sections were stained with peroxidase-DAB complex. For immunofluorescence, 

staining were visualized using Alexa Fluor Plus 647 (1:300) and mounted in fluoroshield with 

DAPI.  

 

Results 

Morphological features of rabbit tooth replacement are presented in Figure 2. 1. 

Although the expression of some genes has been already described during tooth development 

in other species (Jussila et al., 2014; Juuri et al., 2013), a complete analysis of  these genes in a 

single species is lacking. We decided to describe protein localization of RUNX2, LEF1 and 

SOX2 and the expression of Sostdc1 and Shh in the rabbit for all the developmental stages 

during diphyodont tooth development and replacement. We followed these genes during the 

development and replacement of the lower premolars and in the rudimentary successional 

dental lamina (RSDL) of the first lower molar. This RSDL in M1 of 22 dfp rabbits is similar in 
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shape to the replacement dental lamina but quickly fail to develop. Following its gene 

expression may be helpful to identify which genes are necessary to maintain tooth replacement 

establishment.  

 

RUNX2 localization 

RUNX2 mutations cause cleidocranial dysplasia in humans, dentally characterized by 

multiple supernumerary teeth (Cobourne and Sharpe, 2010). We decided to follow Runx2 

protein during dP4 replacement in order to identify how it could modulate tooth number. At 14 

dpf, during tooth development initiation, RUNX2 is localized in the mesenchyme surrounding 

the placode, with more RUNX2+ cells in the vestibular mesenchyme part of the placode (Figure 

2. 2, A1). At 16 dpf, the mesenchyme surrounding the dental bud is RUNX2+, excepted on the 

lingual side of the dental lamina (Figure 2. 2, A2). Runx2 is also localized in the vestibular part 

of the dental epithelium. At 18 dpf, RUNX2 is localized in the mesenchyme at the vestibular 

part of the tooth and around the cervical loops (CL). We also detect RUNX2 in the vestibular 

part of the outer enamel epithelium (OEE). The lingual part of the dP4 is free of RUNX2. 

Between 20 and 24 dpf, Runx2 is localized in the mesenchyme all around the dP4 but not in the 

lingual part of the replacement dental lamina (Figure 2. 2, A4-6). At 26 dpf, the entire 

mesenchyme surrounding the P4 is RUNX2+ and few cells of the vestibular OEE are also 

RUNX2+. At birth, RUNX2 is localized in the entire mesenchyme around the P4 (Figure 2. 2, 

A8).  

 

Figure 2. 2. RUNX2 localization during tooth development and replacement. RUNX2 is localized 

by immunohistochemistry and immunofluorescence in the fourth lower premolar from 14 days post 

fertilization to 1 day post-natal (A) and in the first lower molar from 20 to 24 days post fertilization 

(B). Zoom of the replacement zone is located next to the global view. In blue, DAPI, in Red, RUNX2. 

Scale bar: 250µm. 
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In the M1, the vestibular OEE is RUNX2+ in the vestibular part of the tooth from 20 to 

24 dpf. At 20 dpf, before the morphological appearance of the RSDL, the mesenchyme 

surrounding the tooth is RUNX2+ (Figure 2. 2, B1). At 22 dpf, the RSDL is surrounded by 

Runx2+ cells. The localization of RUNX2+ cells is not modified when the RSDL and the dental 

lamina regress at 24 dpf (Figure 2. 2, B3).  

So, RUNX2 is involved in rabbit tooth development. Moreover, the mesenchymal 

RUNX2 free area around the lingual part of the dental lamina and the replacement dental lamina 

in deciduous premolars is correlated with the tooth replacement capacity and is not found in the 

replacement teeth or molars. Togo et al. (2016) suggested that RUNX2 directly or indirectly 

limits the number of SOX2+ cells in mutant mice. As RUNX2 seems correlated with tooth 

replacement ability, we decided to follow SOX2 localization during tooth development and 

replacement in the rabbit.  
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Figure 2. 3. SOX2 localization during tooth development and replacement. SOX2 is localized by 

immunohistochemistry in the fourth lower premolar from 14 days post fertilization to 1 day post-natal 

(A) and in the first lower molar from 20 to 24 days post fertilization (B). Zoom of the replacement zone 

is located next to the global view. The dental replacement structures are highlighted in black dotted 

lines. Scale bar: 250µm. 

 

SOX2 localization 

SOX2 is known to be expressed in the tooth during development and maintained during 

adulthood in ever-growing teeth where it is considered as an epithelial stem cell marker (Juuri 

et al., 2012). SOX2 pattern has been described in the ferret, the mouse and numerous reptiles 

(Juuri et al., 2013). In these species, the lingual part of the tooth is SOX2+. We thus decided to 

follow the localization of the SOX2+ cells during the development and the replacement of the 

dP4 in the rabbit (Figure 2. 3, A). At 14 dpf, the entire oral and the dental epithelium is SOX2+. 

At 16 dpf, the staining is more localized in the lingual part of the bud (Figure 2. 3, A2). At 18 

dpf, SOX2 is localized in the lingual part of the dental lamina, the OEE, in the CL and in some 
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parts of the inner enamel epithelium (IEE). At 20 and 22 dpf, we detect SOX2 in the CL of the 

dP4. The cells of the replacement dental lamina are SOX2+ except at the tip (Figure 2. 3, A4-5). 

At 24 dpf, SOX2+ cells are limited to the lingual part of the replacement dental lamina except 

at the tip. At 26 dpf, the P4 has begun its morphogenesis; cells of the CL and the lingual part of 

the OEE are SOX2+. The SOX2+ pattern of the P4 at 26 dpf is similar to the pattern of the dP4 

at 18 dpf (Figure 2. 3, A7/3). At birth, SOX2+ cells are localized in the CL and in the lingual 

part of the dental lamina. 

 In the M1, the SOX2+ pattern at 20 dpf is the same that the one in dP4 at 18 dpf, with 

an expression in the lingual part of the OEE, in the IEE and in the CL ((Figure 2. 3, B1/A3). At 

22 dpf, the RSDL and the CL are SOX2+ but not the OEE between these two structures. At 24 

dpf, the dental lamina is degenerating but still SOX2+. The CL are also SOX2+ (Figure 2. 3, B) 

So, the SOX2+ pattern does not vary between the deciduous premolar, the replacement 

premolar and the developing molar. SOX2+ are localized in the lingual part of the developing 

teeth and in the cervical loops, where the epithelial stem cells are supposed to be, suggesting a 

probably essential role during tooth development. Tooth replacement begins in the lingual part 

that is SOX2+, but the presence of SOX2 is not sufficient to initiate tooth replacement. SOX2 

is known to interfere with the Wnt signaling by binding to β-catenin and by regulating LEF1 

(Kormish et al., 2010; Sun et al., 2016). The Wnt signaling is also inhibited directly or indirectly 

by RUNX2 (Togo et al., 2016). As RUNX2 seems correlated with tooth replacement and SOX2 

is localized in the tooth replacement tissues we decided to follow the localization of LEF1.  

 

LEF1 localization 

LEF1 is a transcription factor that mediates the nuclear response to canonical Wnt 

signals and activates downstream genes by association with β-catenin (Eastman and 
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Grosschedl, 1999). Moreover, LEF1 has been shown to control stem cell renewal in mouse 

incisor (Sun et al., 2016). Thus, we decided to follow the localization of LEF1 during rabbit 

tooth development and replacement. At 14 dpf, LEF1 is localized in the dental epithelium of 

the dP4 and only in the vestibular part of the mesenchyme (Figure 2. 4, A1). At 16 dpf, LEF1 is 

localized in the dental bud and in the mesenchyme surrounding the bud, with more cells LEF1+ 

at the vestibular part. At 18 dpf, we detected LEF1+ cells in the IEE, in the lingual part of the 

OEE and the dental lamina. LEF1 is also localized in the dental mesenchyme, with more 

mesenchymal LEF1+ cells in the vestibular part of the dP4 (Figure 2. 4, A3). At 20 dpf, LEF1 is 

still detected in the IEE, excepted in the CL. LEF1+ cells are detected in the lingual part of the 

replacement dental lamina and especially in the tip. LEF1+ cells are localized in the dental 

mesenchyme but we do not detect anymore the asymmetry between the lingual and vestibular 

mesenchyme. At 22 dpf, the tip of the replacement dental lamina is highly LEF1+. Mesenchymal 

LEF1+ cells are only seen around the epithelial cells (Figure 2. 4, A4). At 24 dpf, the tip of the 

replacement dental lamina is still highly LEF1+. At 26 dpf, LEF1+ cells are localized in the 

replacement tooth, with LEF1+ cells in the IEE and in the mesenchyme surrounding the tooth. 

On contrary to the staining in the dP4, we do not detect LEF1+ cells in the lingual OEE of the 

P4. Then, at birth, LEF1+ cells are found in the IEE of the P4 and in the mesenchyme around the 

dental epithelial cells.  

Localization of LEF1+ cells in M1 at 20 dpf is highly similar to the LEF1+ pattern in the 

dP4 at 18 dpf (Figure 2. 4, B1/A3). At 22 dpf, we detect LEF1+ cells in the lingual part of the 

dental lamina and in the RSDL. At 24 dpf, the tip of the degraded dental lamina is no more 

LEF1+. 

Figure 2. 4. LEF1 localization during tooth development and replacement. LEF1 is localized by 

immunohistochemistry in the fourth lower premolar from 14 days post fertilization to 1 day post-natal 

(A) and in the first lower molar from 20 to 24 days post fertilization (B). Zoom of the replacement zone 

is located next to the global view. Scale bar: 250µm. 
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 So, LEF1 localization differs between the deciduous and replacement premolars. A 

high number of LEF1+ cells in the lingual part of the dental lamina and the OEE is correlated 

with the initiation of the tooth replacement. Moreover, LEF1 is also expressed in other 

structures of the deciduous tooth, indicating a role during tooth development. LEF1 being 

downstream mediator of the Wnt/β-catenin signaling pathway, we wanted to follow another 

regulator of this pathway: Sostdc1. SOSTDC1 is an inhibitor of the Wnt signaling (Ahn et al., 

2010; Itasaki et al., 2003) and is involved in mouse tooth morphogenesis (Cho et al., 2011), so 

we decided to follow its expression during rabbit tooth development and replacement.  
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Sostdc1 expression  

SOSTDC1 (also named ectodin, Usag-1, and Wise) has been identified as tooth number 

modulator (Munne et al., 2009). We decided to follow Sostdc1 expression during the dP3 

development and replacement. At 18 dpf, Sostdc1 is expressed in the vestibular part of the OEE, 

in the CL and in the mesenchyme surrounding the CL (Figure 2. 5, A1). At the lingual part of 

the dP3, we observed that Sostdc1 is not expressed in the lingual epithelial layers of the dental 

lamina. At 20 and 22 dpf, Sostdc1 is expressed in the OEE, in the vestibular layer of the 

replacement dental lamina and in the mesenchyme around the CL (Figure 2. 5, A2-3). Then, at 

24 dpf, we detect expression of Sostdc1 in the IEE and we observe a loss of Sostdc1 expression 

in the tip of the replacement dental lamina. At 26 dpf, the P3 begins its morphogenesis and we 

do not detect Sostdc1 expression. At 28 dpf, Sostdc1 is expressed in the ameloblasts, in the OEE 

of the P3 and in the mesenchyme surrounding the CL.  
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Figure 2. 5. Sostdc1 and Shh expression during tooth development and replacement. Sostdc1 (A) and 

Shh (C) expression detected by in situ hybridization in the third lower premolar from 18 to 28 dpf and 

Sostdc1 expression in the first lower molar (B) at 20 and 22 dpf. In gray, zoom on the dental replacement 

area. The dental replacement structures and the expression pattern are highlighted in black dotted lines. 

Scale bar: 250µm. 

 

In the first lower molar (Figure 2. 5, B), we observed that Sostdc1 is expressed in the 

vestibular part of the dental lamina, in the OEE and in the CL at 20 dpf. We observed a free 

area of Sostdc1 in the lingual part of the dental lamina. At 22 dpf, the RSDL has developed in 

this Sostdc1- area (Figure 2. 5, B2). The lingual part of the dental lamina is still Sostdc1-. 

However, we detect Sostdc1 expression in the lingual basis of the RSDL.  

Sostdc1 is thus differentially expressed between the deciduous and replacement 

premolars and between the RSDL and the replacement dental lamina, with Sostdc1- area 

correlated with a tooth replacement initiation. In mice, tooth number defect observed in 

Sostdc1-null mutants have been linked to the Shh signaling pathway (Ahn et al., 2010). Indeed, 

they showed that Shh signaling might participate in a negative-feedback loop that controls the 

level of Wnt signaling in order to restore a proper balance between Wnt and Shh signaling. 

Moreover Kim et al. (2019) suggested that SHH regulates cusp patterning in mouse tooth 

development by modulating Wnt signaling by SOSTDC1. We thus decided to follow Shh 

expression during rabbit tooth development and replacement.  

 

Shh expression 

SHH is essential for tooth development initiation by inducing invagination of the early 

dental lamina in the mesenchyme, and later during development, SHH is involved in tooth 

morphogenesis (Seppala et al., 2017). By modeling the Wnt signaling, SHH is involved in tooth 

number abnormalities in Sostdc1 mutant mice (Ahn et al., 2010). We thus decided to follow 

Shh expression during the dP3 development and replacement. At 18 dpf, Shh is expressed in the 
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enamel knot (Figure 2. 5, C). At 20 dpf, Shh is expressed in the IEE and we do not observed 

expression in the replacement dental lamina. The expression pattern is similar in 22 and 24 dpf 

(Figure 2. 5, C1-2). At 26 dpf, Shh is still expressed in the IEE of the dP3 and we do not detect 

Shh expression in the P3. At 28 dpf, the ameloblasts of the dP3 are Shh+ as the IEE of the P3 

(Figure 2. 5, C4). 

Therefore, the dP3 and the P3 show same Shh expression patterns, in the IEE. Shh is 

never expressed in the dental lamina or the replacement dental lamina during replacement 

initiation or development. Shh expression thus does not seem to directly regulate tooth 

replacement in the rabbit, but is involved in tooth development. 

 

Discussion 

We studied patterns of gene expression and protein localization of five genes supposed 

to be involved in tooth development and replacement. All of them were expressed in rabbit 

teeth, confirming their roles during rabbit tooth development. Some of the expression patterns 

vary between the deciduous premolar, the replacement premolar and the molar, indicating a 

possible role in the regulation of tooth replacement.  

 

Stem cell maintenance and ever-growing teeth 

Permanent premolars and molars are ever-growing in the rabbit, on contrary to the 

deciduous premolars. We shown that this ever-growing ability seems correlated with the 

presence of SOX2+ cells in their cervical loops (Figure 2. 6) compared to the mouse molars that 

present a very limited SOX2+ aera (Juuri et al., 2013). It should be interesting to follow SOX2+ 

cells in adult rabbit teeth in order to compare cheek ever-growing teeth with the well-known 

mouse ever-growing incisor. Moreover, SOX2 seems to co-localize with RUNX2 in the CL of 
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the deciduous tooth but not in the CL of the permanent premolar. Togo et al. (2016) showed 

that these two proteins seem to interact in mutant mice, inducing a reduction of the SOX2+ cells. 

In order to understand how cells may be regulated in the CL, it would be interesting to quantify 

expression of Runx2 and Sox2 in the deciduous and permanent premolars. Studying the 

differences of gene expressions between the deciduous and the permanent teeth may allow 

understanding the evergrowing ability of one tooth compared to the other.  

 

 

Figure 2. 6. Synthesis of expression patterns. Synthesis of observed gene expression patterns and 

protein localizations. On the top, genes expression of Sostdc1, Shh and protein localization of Sox2 and 

Lef1. Expression patterns of Shh are missing for the molar. Below, protein localization of Runx2, Sox2 

and Lef1 during the entire tooth development. 



103 
 

Tooth morphogenesis 

In rabbit, Shh is expressed in the IEE and seems to co-localize with LEF+ and Sostdc1+ 

cells during the bell stage, when the cusps forms (Figure 2. 6). Kim et al. (2019) suggested that 

SHH regulates cusp patterning in mouse by modulating Wnt signaling by SOSTDC1. We 

shown that these genes involved in mouse cusp patterning are also expressed in rabbit; it will 

be interesting to follow their expression patterns in toto in order to compare it with the cusp 

appearance and morphogenesis in the rabbit.   

 

Tooth replacement 

RUNX2+ cells localization in the lingual part of the tooth correlate with tooth 

replacement inhibition in the premolars. This observation concords with results obtained in 

humans: an increase in RUNX2 induces a reduction of the tooth number (Merametdjian et al., 

2019). In molars, the RSDL appears when the tooth is surrounded by RUNX2+ cells; however, 

this RSDL is then unable to develop further. So, free areas of RUNX2 expression may be 

correlated with the maintenance of the replacement dental lamina. Sostdc1 is also presented as 

a tooth replacement inhibitor in mice (Munne et al., 2009). In the rabbit, the replacement dental 

lamina and the RSDL initiate their development in a Sostdc1- area whereas Sostdc1 is expressed 

in all the OEE of the replacement tooth and its dental lamina (Figure 2. 6). In the molar, Sostdc1 

is expressed in the RSDL, which then disappear. So, Sostdc1 may be a repressor of tooth 

replacement. Now that we know that Sostdc1 is differentialy expressed, functional studies with 

rabbit tooth organe culture could help to define the role of SOSTDC1 during mammalian tooth 

replacement. Expression pattern of SOX2 in the premolar of the rabbit is similar to the one 

observed in the canine of the ferret during tooth replacement (Juuri et al., 2013). SOX2+ cells 

seem not sufficient to initiate tooth replacement due to their expression also in the lingual part 

of the permanent premolar (Figure 2. 6); but these cells are maintained in the lingual tooth part 
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of so many species that its function seems to have been conserved during evolution. A SOX2+ 

lineage tracing during tooth replacement could help to better understand SOX2 function. LEF1+ 

cells are localized in the tip of the replacement dental lamina, as in reptiles (Handrigan and 

Richman, 2010). Then, absence of LEF1 expression in the lingual part of the OEE and its 

expression in the lingual mesenchyme of the replacement tooth are correlated with the absence 

of a third dental generation. In mutant mice with a stabilized β-catenin signaling in the RSDL, 

Popa et al. (2019) were able to obtain a new tooth from the RSDL by isolating it in culture. In 

rabbit, LEF1 is localized in the RSDL of the molar but is not sufficient to induce a tooth 

replacement. The Wnt signaling can be regulated in culture using inhibitors; it could be 

interesting to follow how deciduous premolars, permanents premolars and molars of rabbit are 

affected by modifying the Wnt signaling in rabbit tooth culture.  

 

Conclusion 

We provided here the description of five gene expression patterns during tooth 

development and replacement in rabbit. These expression patterns provide useful information 

about the spatio-temporal regulation of the dental development and replacement in a diphyodont 

species. Our molecular observations in the rabbit is a starting point that will allow further 

studies of gene functions at specific time windows.  
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PART 2 

TOOTH SHAPE MODIFICATIONS DURING LAGOMORPHA 

EVOLUTION 
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F 
 

 

or centuries, teeth have been studied to understand vertebrate evolution, especially in 

mammals where morphological variations of the teeth allow reconstructing evolutionary 

lineages. Nowadays, the field of the evolutionary developmental biology investigates the 

molecular and developmental mechanisms to better understand evolutionary processes. 

Developmental heterochrony, the change in the timing or rate of developmental events inducing 

change in size and or shape of the organs during evolution, can be identified by studying both 

tooth fossil record and extant morphogenesis. Lagomorpha fossil record is mainly documented 

by tooth fossils, so we already know that Lagomorpha teeth evolved from moderate hypsodont 

rooted cheek teeth in late Paleocene to hypselodont teeth, with clear variations of shape (Kraatz 

et al., 2010). Phylogenetic relationship among Lagomorpha are often based on variation of 

shape of the P3 tooth (Čermák et al., 2015a; Hibbard, 1963), but shape modifications of the 

others teeth are not well documented.  

 

We decided in this second part to study the variation of the first molar morphology 

during lagomorph evolution and in Oryctolagus cuniculus ontogeny. In adult, the rabbit tooth 

occlusal surface is completely flat. However, we showed that transiently rabbit cheek teeth 

possess cusps. First, using the 3D-reconstructions of the tooth epitheliums we were able to 

follow the rabbit cuspidogenesis of the molars during embryogenesis. Then, by studying tooth 

occlusal shape of many extinct and extant lagomorph (see Annex 3, p244), we obtained 

information about developmental heterochrony during lagomorph evolution. We found out that 

the evolution of the rabbit cheek teeth can result from developmental heterochronies.  
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Chapter 2.1 – Oryctolagus cuniculus cuspidogenesis 

 

The tooth morphology, in particularity the occlusal surface, is an essential characteristic 

to study evolutionary history through the study of cusp homology among mammals. Cusp 

terminology in the rabbit Oryctolagus cuniculus or in other extant or extinct lagomorphs is a 

problematic subject in the literature (Kraatz et al., 2010). Lagomorph ancestors possess a typical 

tribosphenic cusp pattern, which then changed a lot during lagomorph evolution. Extant species 

have cusps at birth that are then quickly worn to give flat ever-growing cheek teeth. Studies 

about cusp homologies are mainly based on extinct stem lagomorph keeping cusps during all 

their life span, not considering developmental homology. From all the pre-existing studies, 

Kraatz et al. tried in 2010 to obtain a consensual lagomorph cusp pattern based on topological 

study of the lagomorph teeth. However, this proposed lagomorph cusp nomenclature is not 

homologous with other mammals due to the absence of tooth developmental knowledge in 

Lagomorpha. 

In this chapter, we propose a new rabbit cusp identification based on the tribosphenic 

pattern and cusp homologies. Using 3D-reconstructions of the epithelium tissues during tooth 

development, we were able to obtain the counterprint of the developing mesenchyme and so 

study the cusp formation in molariform teeth. By studying the appearance order of the cusps 

during tooth development, we obtained a chronology of cusps formation and then named these 

cusps following the terminology of the primary cusps defined by Butler (1956).  

We observed that during the 4 days of development necessary for the rabbit 

cuspidogenesis, we could recognized by homology millions of years of mammal dental 

evolution. To conclude, during rabbit molar tooth development we identified clear cusp 

homology with the ancestral tribosphenic pattern. 
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Abstract 

The tooth morphology is a distinctive character to study evolutionary history of mammals 

through the study of cusp homology. From one haplodont tooth, early mammals acquiered a 

three cusped shape, called the tribosphenic molar present primitively in all groups of mammals. 

Cusp homologies are known among most mammals. However, cusp terminology in the 

European rabbit teeth or in other extant or extinct lagomorphs is a problematic subject due to 

their highly derived tooth shape. Lagomorph ancestors possessed a typical tribosphenic cusp 

pattern, which changed a lot during lagomorph evolution. Extant species have cusps at birth 

that are quickly worn down to flat ever-growing cheek teeth. We propose a new rabbit cusp 

identification based on the tribosphenic pattern and cusp homologies. Using 3D-reconstructions 

of the epithelium tissues during tooth development, we were able to study the cusp formation 

in molariform teeth. By studying the appearance order of the cusps during tooth development, 

we obtained a chronology of cusps formation. We shown that we could recognized by 

homology millions of years of mammal dental evolution during the rabbit cuspidogenesis. 

 

Keywords: cusp formation; Oryctolagus cuniculus; tribosphenic; odontogenesis; 

developmental heterochrony 
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Introduction 

Similarity of morphological structure derived from a common ancestral form among 

species defin the homology. Studying these homologies among species can give evidence for 

evolution. Embryological development provides one of the best evidence to decipher 

homologies (Laubichler, 2000). Early stages of development often reveal similarities that are 

less apparent in final structures. These developmental homologies between species can be 

compared to the ancestral relationships between them in order to better understand how 

developmental processes evolved. In paleontology, molar pattern is an essential trait to retrace 

the evolutionary history of mammals. From one haplodont tooth with a simple crown pattern, 

early mammalians developed a three cusped shape (paracone, protocone and metacone) called 

the tribosphenic molar. This tribosphenic molar is present primitively in all groups of mammals 

and is a main characteristic of the mammalian tooth shape. This ancestral tribosphenic pattern 

gave rise to the various molar patterns. For instance, the quadritubercular molar appeared first 

in late Cretaceous by addition of one cusp, the hypocone (Hunter and Jernvall, 1995; Luckett, 

1993). Studying the ontogeny of molar pattern in extant species is necessary to better 

understand the diversity of tooth shapes in extant and extinct mammals. Except few exceptions 

listed by Butler (1956), the first cusp to develop is the paracone on the upper teeth and the 

protoconid on the lower teeth; the other cusps arise from a marginal zone around these primary 

cusps (Butler, 1956). Mammal cusp morphogenesis is mainly studied in mouse due to the large 

number of embryos needed at different developmental stages (Ahn et al., 2010; Pantalacci et 

al., 2017; Petit, 2017). So, in numerous species the cusps are only identified by a topological 

approach of the functional tooth. However, when the teeth are highly derived from the ancestral 

tribosphenic molar, the topology could not well define cusp homologies. Extant lagomorphs 

represent such a case, with cheek teeth highly derived and ontogenetic modifications of the 

crown shape during the animal’s life. Therefore, lagomorph cusp pattern is problematic, mostly 
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due to the central cusp in the unworn upper cheek teeth (Averianov, 1998; Kraatz et al., 2010). 

The lower cheek tooth cuspidogenesis is better understood, due to a clear tribosphenic 

organization with the trigonid and the talonid easily identifiable in newborns (Glasstone, 1938; 

Kraatz et al., 2010). In order to decipher the cusp homologies between the current lagomorphs 

and their ancestors, we decided to follow the cuspidogenesis in the first upper molar of the 

European rabbit, Oryctolagus cuniculus. Rabbit teeth quickly display a flat occlusal surface due 

to wear and exhibit a bilophodont morphology. However, rabbit cheek teeth have cusps at birth. 

To avoid the wear effect, we followed the chronology of the cusp appearance before tooth 

eruption. Using 3D-reconstructions of dry and soft dental tissues, we here present the 

developmental and morphological characteristics of the crown surface in Oryctolagus 

cuniculus. We show that millions of years of mammalian tooth evolution are observable within 

few days of rabbit development. 

 

Materiel & Methods 

 

Samples  

Embryos and newborn rabbits studied by X-Ray microtomography were obtained 

through collaboration with a standard production for feeding located at the Biology 

Departmental livestock establishment (EDE) n°38044102. The gestation period for a rabbit is 

about 31 days. We collected embryos at 20, 22, 24, 26 and 28 days post fertilization (dpf) and 

rabbits at 0, 1, 2, 3 and 4 days post-natal (dpn). We worked on common rabbit breeding 

regularly crossed with wild rabbits to ensure genetic mixing. Each tooth is specifically named: 

we use “M” for molar; the tooth number is in exponent for the upper teeth.  
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X-ray microtomography and 3D reconstruction 

Conventional X-ray microtomography allows reconstructing 3D models of mineralized 

tissues such as bony head and teeth, thus providing a non-invasive access to internal structures. 

Using phosphotungstic acid (PTA) staining, that binds heavily to various proteins and 

connective tissue, according to the Metscher method (Metscher, 2009), we were also able to 

detect soft tissues. After fixation, half-head samples were stained in a solution of 0.3% PTA in 

70% ethanol between 1 week to 8 months according to the size of the sample. Oldest specimens 

were demineralized to better detect the soft tissue staining. Once the PTA contrast staining was 

complete, samples were embedded in paraffin and radiographed. Specimens were radiographed 

using a Phoenix Nanotom S (GE Measurement and Control), which was set up with a tungsten 

source X-ray tube operating at 100 kV and 70 µA for the mineralized tissues and 60kV and 

70µA for the soft tissues. The Phoenix datosx2CT software was applied to gather radiographies 

in a reconstructed 3D volume, in which the voxel size ranged from 1.6 to 7.5 μm depending on 

the size of the specimen. Post-treatment of 3D volumes, including virtual sectioning as well as 

sub-volume extraction and surface creation was performed using VG-studio max software. 

Surface smoothing was done with Meshlab software.  

 

Tooth topography and measures 

Colored cusp topography was obtained using CloudCompare software. Mesenchymal 

surfaces were orientated in an occlusal position and cusp topography was obtained using the 

Height ramp function. Outlines of the occlusal surface were drawn using GIMP software. The 

crown area and the crown width were measured using ImageJ software.  
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Results 

Using 3D reconstructions of the dental mesenchyme during tooth development, we 

followed the cuspidogenesis in the first upper molar of the rabbit before tooth eruption (Table 

3. 1). We used the 3D-reconstruction of the epithelium-mesenchyme junction as a proxy of the 

occlusal surface of the tooth. For each stage, we measured the crown width and the crown area.  

 

 
paracone metacone protocone 

main 

parastyle 
hypocone paraconule metaconule mesostyle 

Secondary 

parastyle 

22 dpf X X        

24 dpf X X X X      

26 dpf X X X X X X X   

28 dpf X X X X X X X X  

4 dpn X X X X X X X  X 

Table 3. 1. Cusp presence in the M1 during odontogenesis. 

 

At 20 days post fertilization, the M1 is still in cap stage, the folding of the inner enamel 

epithelium has not begun, cusps are not yet present. At 22 dpf, the epithelium start to fold and 

we can identify the first cusps at the epithelium-mesenchyme junction. At this stage, we 

observed a big central cusp, and a small developing cusp at its distal side (Figure 3. 1A). By 

following the nomenclature described by Butler (1956) and used during mammalian ontogeny 

by Luckett (1993), we can consider that the first cusp is the paracone and the smallest one the 

metacone. A crest links these two cusps. Two days later, at 24 dpf, the crown area has increased 

by 130% (Figure 3. 1B). The crown has expanded mesialy, with a new cusp connected to the 

two previous one. We homologize this cusp with the parastyle of other mammals due to its 

localization. However, in rabbits this parastyle is a major cusp of the crown shape, so we will 

named it the main parastyle. The crown is also wider with an augmentation of the crown width 

of around 42%. At the lingual part of the crown, we detect appearance of a cusp, considered to 

be the protocone. At this stage, the three main cusps defining the tribosphenic pattern are set 

up.  From 24 to 26 dpf, the crown increase in width by 48% and in the crown area by 158%.  

 



121 
 

 

Figure 3. 1. Cusp pattern and area of the crown of the first upper molar during odontogenesis. (A) 

At the top, cusp surface of the M1 from 22 to 28 dpf. Color depends on the height of the cusps, in red the 

highest, in blue the lowest. 3D reconstruction of the M1 occlusal surface at 4 days post-natal. At the 

bottom, diagram representing the cusps in red and the crests in dotted lines. In grey, the valleys. Pa, 

paracone; Me, metacone; Pas, Parastyle; Pr, protocone; Hy, hypocone; Pl, paraconule; Ml, 

metaconule; Mes; mesostyle. M, mesial; D, distal; L, lingual; V, vestibular. Scale bar: 250 µm. (B) Area 

of the crown. In horizontal axis, the stages of development and in vertical axis the area of the crown in 

mm². In dark, the outlines of the M1 crown. In color, the relative size of the M1 occlusal surface according 

to the different stages of development. Scale bar: 500 µm. 
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The main change is the development of the disto-lingual part of the tooth with the appearance 

of a new cusp, defined as the hypocone (Figure 3. 1). We observed the formation of the trigon 

basin in the middle of the crown. In its lingual side, we detected the appearance of two small 

cusps: presumably the paraconule (mesial) and the metaconule (distal). A mesial crest is 

forming, the preprotocrista. At 26 dpf, we detected the first apposition of dentin at the top of 

the cusps and globally the M1 has reached its eruption shape. From 26 to 28 dpf, the M1 

undergoes its biggest size variation with an increase in the crown width of 74% and in the crown 

area of 184% (Figure 3. 1B). At this stage, we detected an extra-cusp at the vestibular part of 

the parastyle, presumably named mesiostyle. The tooth is mineralizing at the top of the crown, 

so essentially at the mesial part of the tooth. The small extra-cusps are from inter-individual 

shape variations. In embryos, we followed cusp shape at the epithelium-mesenchyme junction.  

In new-born rabbits, teeth are too mineralized to reconstruct the soft tissues so we decided to 

follow the external crown shape, including the layer of enamel compared to previous stages. 

From 28 dpf to birth, we observed an increase in the crown width of 4%, probably due to the 

method modification and the inter-individual variations. The crown area continues to grow with 

a 25% increase detected. The cusp pattern in newborns has been studied in five M1 in order to 

identify the cusps always present in the newborn rabbit and detect the small inter-individual 

variations. We identify eights cusps present in all of the newborns. We detected a cusp between 

the paracone and the main parastyle, due to its localization we decided to name this new cusp 

the secondary parastyle. We conclude that the biggest cusp at the center of the tooth is the 

paracone, and that the four others main cusps detected at each corner are: the metacone 

(vestibulo-distal), the hypocone (linguo-distal), the protocone (mesio-lingual), and the main 

parastyle (mesio-vestibular). Secondary cusps, paraconule, metaconule and the secondary 

parastyle, are located around the two basins, the trigon basin at the center of the tooth and at its 

vestibular side, the secondary basin (Table 3. 1).  
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Discussion 

We decided to follow the usual developmental cusp initiation to identify the cusps in 

rabbits embryos and thus to analyze cusp homology between rabbits and other mammals 

(Butler, 1956; Luckett, 1993). So, we named paracone the central main cusp in rabbits, already 

formed at 22 dpf. Then, at 24 dpf, the crown shape of the rabbit tooth is highly similar to the 

ancestral tribosphenic (or tritubercular) pattern. Osborn (1907) described that almost all the 

Mesozoic genera show tribosphenic molars (Figure 3. 2) and Van Valen that the tribosphenic 

pattern was common at the end of the Cretaceous (1994).  
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Figure 3. 2. Molar cusp pattern variations during mammalian evolution and rabbit development. (A) 

Tribosphenic and quadritubercular molars of various mammalian species from Late Jurassic to the 

Miocene. Cusps patterns following Davis, 2011; Lopalin & Averianov, 2006; Butler, 1977; Kraatz et 

al., 2010. In grey, valleys. Not at scale. (B) Cusp pattern during rabbit ontogeny. 

  

This ancestral pattern is well characterized in fossils, easily recognizable by the presence 

of three main cusps: the paracone, the metacone and the protocone. The tribosphenic tooth has 

a triangle shape with the protocone at the apex (Osborn, 1907). Already in 1907, Osborn 

indicated that the cusps appear in the same order when comparing embryogenesis and evolution. 

The cusp and crest pattern observed in 24 dpf rabbits is for instance very similar to the cusp 

pattern observed in Kokopellia fossils, an extinct Marsupialia from Early to Late Cretaceous 

(Davis 2011, Figure 3. 2). We observed the similar “L”-shaped crest containing three cusps 

from the mesio-vestibular to the distal side of the tooth and the protocone lingualy, positioned 

at the middle of the tooth length. The general tooth shape is also similar with a triangle form 

with the protocone in apex and a metaflexus at the vestibular side of the tooth.  

 

At 26 dpf, we detect the appearance of the hypocone, the last main cusp to develop. 

During mammalian evolution, the hypocone is also the last of four main cusp to appear, 

convergently many times during mammalian evolution (Hunter and Jernvall, 1995; Luckett, 

1993). Appearance of the hypocone, originating from the postprotocingulum in Lagomorpha, 

induces an increase of the occlusal area (Hunter and Jernvall, 1995). Mimotonids are described 

as the likely ancestors of Lagomorpha (Kraatz et al. 2009). Gomphos elkema, a mimotonid from 

the Eocene, possesses a clear tribosphenic pattern with a hypocone (Figure 3. 2A, Kraatz et al. 

2010). The cusp pattern of Gomphos is probably closely linked to the cusp pattern observed in 

young extant Lagomorpha. Stem Lagomorpha from the Eocene already present flat occlusal 

surface, complicating the study of cusps homologies. From the late Miocene, Alilepus hibbardi, 

a suggested ancestor of the extant genera of leporids, displays an occlusal surface very similar 
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to current adult leporids (Jin et al. 2010). Indeed, as in extant Lagomorpha, the hypocone and 

the protocone are separated by a lingual hypoflexus, defining the bilophodont pattern. During 

development, we observed that the general shape of the crown surface changes with the 

appearance of the hypocone, the tooth becomes rectangular. At 26 dpf, the mesial crest is well 

set-up and the protocone is now in the mesio-lingual side of the tooth, similarly to the quadri-

tubercular molars (Figure 3. 2B).  In newborns, we defined two cusps as a parastyle because 

rabbits possess five main cusps compared to the usual four main cusps of the quadritubercular 

molars. The so-called main parastyle is probably one cusp novelty in the rabbits, which requires 

a new name to complete the actual nomenclature. This cusp appear very early in development, 

disrupting the order of appearance observed during evolution. About 4 days of development 

elapse between the appearance of the paracone and the hypocone, cusps whose apparition 

during the evolution is separated by millions of years. Therefore, during development, the 

evolutionary history of the first upper molar of the rabbit is revisited, dental development 

extending past the mammalian ancestral ontogeny in older ages. This change of occlusal shape 

over evolutionary time scales is a developmental heterochrony (Gould, 1977).  We observed an 

over-development of the dental crown pattern in rabbits compared to Cretaceous mammals and 

ancestor representatives, a peramorphosis. Sadier et al. (2019) showed that in mouse, tooth 

patterning is far from straight, in link with the mouse evolutionary history. In rabbit molar 

development, we do not observed tooth fusion as in the mouse, however the new crown shape 

is also probably obtained by modifying or refining an established developmental pattern during 

embryogenesis. As showed in the mouse (Sadier et al., 2019), the extant patterning mechanisms 

involved in the tooth shape are modified versions of the ancestral ones. Variations of tooth 

shape during development, correlated with the variations during evolution, could be the result 

of these numerous modifications of patterning mechanisms. Modifications of patterning 

mechanisms imply modifications of genetic regulation. Cusps are formed during tooth 
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development in the inner enamel epithelium. At each cusp tips, secondary enamel knots are 

observed, so each cusp is associated with a signaling center. We can suppose that the genetic 

cusp regulation network is highly dynamic during rabbit cuspidogenesis, allowing these big 

variations of shape from one stage to another. Jernvall (1999) showed that morphological 

variations in size and number of cusps can be explained by only small developmental changes, 

and a very little increase in developmental complexity can induce a big increase in shape 

complexity in mammalian cheek teeth. So, we can hypothesize that by studying developmental 

process responsible of the tooth shape variations during rabbit cuspidogenesis we may identify 

which are these small changes in the developmental program that induced changes in tooth 

shape during mammalian evolution. One way to study in more details cusp developmental 

mechanisms would be a transcriptomic analyze. Pantalacci et al. (2017) showed that 

transcriptomic approach could be used in evolutionary developmental biology in order to 

identify transcriptomic signatures and that transcriptomes differ most during crown 

morphogenesis. So it could be possible to identify the morphogenetic processes involved in 

tooth crown morphogenesis. To conclude, rabbit odontogenesis and particularly the crown 

morphogenesis seems closely linked to the evolutionary history of the mammals.  By studying 

transcriptomic variations in link with the morphological changes, we could identify the 

developmental processes that have been modified during mammalian evolution.  
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Chapter 2.2 – Lagomorpha crown shape variations during development and 

evolution  

 

Present-days living Lagomorpha are divided into two families that together comprise 12 

genera and 91 species spread over almost every continent. The phylogenetic relationships 

between these species are known (Matthee et al., 2004) as the morphological changes of the P3 

during Lagomorph evolution. However, the first upper molar, the mostly used tooth for 

comparative anatomy in mammals, has been poorly studied in extant Lagomorpha species. 

Moreover, even if Major (1899) already identified the morphological changes of the rabbit ever-

growing M1 between newborns and adults more than a century ago, no studies are available in 

the literature to clearly characterize these morphological changes during rabbit ontogeny.  

In this paper, we proposed to investigate the development and the evolution of the 

Lagomorpha dentition following the first upper molar changes. In order to characterize changes 

in dental morphology related to age, we studied the morphological variability of cheek teeth in 

different species of extant and extinct lagomorphs from birth to adulthood. Using X-ray 

microtomography, we were able to extrapolate the occlusal surface at different wear stages by 

making virtual sections of 3D tooth reconstructions. We observed modification of the occlusal 

tooth shape during ontogeny in Lagomorpha.  

To conclude, comparison of dental changes during Lagomorph evolution and rabbit 

odontogenesis allows us to suggest developmental heterochrony modifications of molar 

development during their evolution. Our results suggest that Oryctolagus cuniculus upper 

molariform teeth evolved by peramorphosis by a retention of ancestral characters at the 

beginning of the ontogeny as well as by the later occurrence of novel characters, the 

crenulations. 
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Abstract 

During lagomorph evolution, cheek teeth changed considerably, from rooted to unrooted 

evergrowing teeth, with modifications of the occlusal morphology. The adult upper cheek teeth 

of extant lagomorphs are characterized by the presence of two lophs separated by a lingual 

enamel fold. We observed that juveniles and adults have different morphologies of their 

occlusal surfaces. To characterize changes in dental morphology related to age, we studied the 

variability of cheek teeth in 37 different species of lagomorphs. Using microtomography, we 

were able to extrapolate the occlusal surface at different wear stages by making virtual sections 

of 3D-reconstitutions. We demonstrate that unworn first upper molars of leporids have a 

crescent valley structure and those of ochotonids display a vestibular fold. These characters 

disappear few weeks after birth, when the lingual re-entrant fold invagination increases. This 

fold is smooth in juveniles and can become increasingly crenulated with age in the majority of 
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the leporid species. Furthermore, the chronology of the morphological modifications occurring 

during dental development corresponds step by step to what is observed between basal and 

derived species of lagomorphs. This observation leads us to hypothesize of a peramorphic 

dental evolution of lagomorphs that follows the ancestral character states during ontogeny. 

 

Keywords: Evolution, Tooth Development, Lagomorpha, Ontogeny, Peramorphosis, 

Heterochrony 

 

 

Introduction 

Both the fossil record (Asher et al., 2005; Meng, 2004) and molecular phylogenies 

(Huchon et al., 2002; Kriegs et al., 2007) support the existence of a Glires grandorder that 

gathers living Lagomorpha and Rodentia as well as fossil stem groups. Glires are overall 

characterized by the gnawing function implemented by their two pairs of enlarged and ever-

growing incisors. The basal dichotomy of Glires is clearly marked, among many other 

characters, by the persistence of a second pair of upper incisors in the Duplicidentata like 

Mimotonida and Lagomorpha whereas these incisors are lost in the Simplicidentata like 

Mixodontia and Rodentia (Chuan-Kuei et al., 1987). The initial radiation of Glires likely 

occurred in eastern Asia after the End-Cretaceous Extinction (O’Leary et al., 2013), and circa 

5 Ma after this event, a diversity of stem lagomorphs and stem rodents was already present in 

fossil assemblages from the Middle Paleocene of China (Li et al., 2016; Wang et al., 2007, 

2016). However and despite consistent efforts, the evolutionary history of lagomorphs is far 

from settled. Yet Litolagus, which is known from the early Oligocene of North America and 

China, is considered as the most basal Leporidae (Fostowicz-Frelik, 2013) whereas 

Sinolagomys appears as the most basal Ochotonidae currently known (Erbajeva et al., 2017). 
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Currently living Lagomorpha are divided into two families that together comprise 12 

genera and 91 species (Hoffmann and Smith, 2005). The family Ochotonidae (Pikas) only 

contains the genus Ochotona and its 30 species native to mountainous and rather cold regions 

of western North America, and Central Asia (Hoffmann and Smith, 2005; Nowak, 1999). The 

subfamily Leporidae (Hares and Rabbits) is more diverse as it includes 11 living genera and 61 

species that have a natural range covering most of the world’s major land masses (Hoffmann 

and Smith, 2005; Nowak, 1999). Importantly, the subfamily Leporidae includes the European 

rabbit (Oryctolagus cuniculus) that is an important model for biomedical research (Bosze and 

Houdebine, 2006) as it is also a powerful model for the study of genome-based phenotypic 

variations throughout domestication (Carneiro et al., 2014). 

Dentitions of fossil and extant mammals provide pivotal characters that allow 

reconstructing lineages and tracing their evolutionary history (Osborn, 1907; Rose, 2006). 

Throughout the evolutionary history of Lagomorpha, incisors remain relatively stable because 

these teeth are highly constrained functionally. At the opposite, premolar and molar teeth 

underwent substantial transformations since the Paleocene. Premolars and molars of 

Lagomorpha notably display a trend in crown heightening over evolution such that extant 

lagomorphs possess deciduous premolars with high crowns and finite growth (hypsodonty) 

while permanent premolars and molars have ever-growing crowns without roots 

(hypselodonty). In modern Leporidae like the European rabbit, the adult cheek dentition 

comprises five lower and six upper hypselodont teeth per dental quadrant. Most lower and upper 

cheek teeth exhibit similar crown patterns, thus involving bilophodont molars (M1-2 and M1-2) 

and molarized bilophodont premolars (P4 and P3-4) that together make up the core of cheek 

dental rows. Teeth located at row extremities display either a complex shape (P3 and P2) or are 

highly reduced (M3 and M3). The situation is slightly different in Ochotonidae because the M3 

is lost in this family, but the overall arrangement of the cheek dentitions remains similar to this 
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of Leporidae. Historically, the third lower permanent premolar (P3) was mainly targeted by 

paleontologists because this tooth includes many informative characters to investigate 

phylogenetic relationships among Lagomorpha (Čermák et al., 2015b; Hibbard, 1963). In the 

present work, we however choose to study the upper first molars (M1) notably because this 

tooth shows the typical bilophodont pattern of the jugal dentition of modern lagomorph. 

In all vertebrates, the crown of a tooth develops and gradually mineralizes from its 

occlusal part (cusp tips) to its cervical part (crown base). Many mammals whose diets are highly 

abrasive develop teeth that grow continuously throughout life (Janis and Fortelius, 1988). In 

these latter, the dental crown never finishes its development and rhizogenesis is not initiated 

(Bertin et al., 2018). This is the case of permanent premolars and molars in modern rabbits 

whereas deciduous premolar teeth have a finite growth. In these continuously growing teeth (or 

hypselodont teeth), the cervical portion of the crown continues to develop and mineralize while 

the occlusal part erupts and gradually wears out through functional abrasion. Continuous 

growth and eruption of the crown are offset by the abrasion resulting from the mastication of 

ingested food (Müller et al., 2014). The continuous abrasion of the occlusal surface is of great 

interest because it enables to exhaustively characterize the successive morphologies of the 

dental crown during the whole life of the animal by using increasing wear stages. Historically, 

many authors have attempted to simulate crown abrasion of hypsodont toothed mammals in 

order to reconstruct series of progressive wear stages either by juxtaposing various specimens 

of ascending age (Madden 2015), or by mechanically abrading teeth (Viriot 1996), or by 

virtually abrading dental 3D models (Angelone et al., 2014). The basis of the present study 

consisted in a careful monitoring of the morphogenesis of the M1 from birth to adulthood in 

Lagomorpha, with particular attention paid to the European rabbit Oryctolagus cuniculus. 

Three-dimensional models of dental crowns produced by X-ray microtomography and occlusal 

surface pictures allowed assessing morphological variations of crown pattern in 877 M1s of 37 
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different species of extant and extinct Lagomorpha. By collecting a whole series of occlusal 

morphologies between eruptive and advanced wear stages, we were able to characterize the 

intraspecific variation of the occlusal surface related to dental ontogeny, and to separate it from 

the inter-individual variation. We observed modification of the occlusal tooth shape during 

ontogeny in Lagomorpha. In extant leporids, the tooth crenulates and the number of 

crenulations increased when the individual gets older. Our comparison of dental evolutionary 

trends and rabbit odontogenesis allows us to suggest modifications in the timing or rate of molar 

development during their evolution. All of our results suggest that Oryctolagus cuniculus upper 

molariform teeth evolved by peramorphosis by retention of ancestral characters at the beginning 

ontogeny as well as by the occurrence of novel characters, the crenulations. 

 

Materiel & Method 

 

Sampling 

We studied 534 skulls belonging to 36 different extant and 1 extinct species of 

Lagomorpha. A detailed list of investigated specimens is given in the Supplementary table 4. 1. 

Specimens were studied either in situ or borrowed from the collections of the American 

Museum of Natural History (AMNH, New-York, USA), the Musée National d’Histoire 

Naturelle (MNHN, Paris, France), and the Musée des Confluences (MCL, Lyon, France). 

Oryctolagus cuniculus (240 specimens, skull size from 36.65 to 108.8mm) and Lepus capensis 

(67 specimens, skull size from 50.5 to 92.5mm) are the two species in our sampling with 

developmental series from newborns to adults. Three specimens of Palaeolagus haydeni 

coming from the White River Formation (Colorado, USA) were borrowed from the geological 

collections of the Université de Lyon (UCBL-FSL). Seventy two upper tooth rows belonging 

to 10 different species were selected for 3D investigations (Supplementary table 4. 1). Two 

newborn rabbits that died during calving have been obtained from the breeding of T. Joly. This 
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breeding is a standard production for feeding and is located at the Biology Departmental 

livestock establishment (EDE) n°38044102. Heads were fixed overnight in 4% PFA and 

conserved in EtOH until 3D investigations. 

Irradiated specimens 

Four irradiated hemi-mandibles and two control hemi-mandibles were studied. Due to 

the high proximity between the growth zone of the upper cheek teeth and the eyes in 

Oryctolagus cuniculus, irradiations were not possible in the upper jaw so we studied the effects 

of the irradiations in the mandible. Two Oryctolagus cuniculus, 14 weeks old, have been 

exposed to irradiations in each hemi-mandible. The irradiation zone was centered in the mental 

foramen and included the lower cheek teeth. During the radiotherapy experiment, each hemi-

mandible has been exposed of a total dose of 42.5 Gy, divided in five doses of 8.5 Gy each 

week during four weeks and the specimens were sacrificed just after the last radiation session 

(CEEA n°10). Controls had the same age than irradiated specimens and were raised as the 

irradiated rabbits. Two other hemi-mandibles where used as control of the intra-species 

variability. Hemi-mandibles were conserved in EtOH until 3D investigations. 

X-Ray microtomography 

Conventional X-ray microtomography allows reconstructing 3D models of mineralized 

tissues such as teeth, thus providing a non-invasive access to internal structures. Specimens 

were radiographed using a Phoenix Nanotom S (GE Measurement and Control), which was set 

up with a tungsten source X-ray tube operating at 100 kV and 70 µA. The Phoenix datosx2CT 

software was applied to gather radiographies in a reconstructed 3D volume, in which the voxel 

size ranged from 3 to 12 μm depending on the size of the specimen. Post-treatment of 3D 

volumes, including virtual sectioning as well as sub-volume extraction, was performed using 

VG-studio max software. Surface smoothing and visualizations has been done with Meshlab 

software. 
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Data acquisition 

Museum specimens were studied in situ. Pictures of the M1 occlusal surface were 

captured using a stereomicroscope Leica EZ4 D equipped with an integrated 3.0 megapixel 

CMOS camera. Skull length was measured from nasal to external occipital protuberance. The 

number of crenulations was also counted by differentiating those located on the mesial wall 

(anteroloph side) from those located on the distal wall (posteroloph side) of the hypoflexus. The 

HL/CW ratio between the length (vestibulo-lingual dimension) of the hypoflexus and crown 

width and the ML/CW ratio between the length (vestibulo-lingual dimension) of the metaflexus 

and crown width were calculated using ImageJ software. Statistics and graphs were done with 

R and Past 3 software. Hypoflexus crenulation wavelengths were measured from pictures using 

ImageJ software.  

 

Results 

Changes in M1 occlusal shape through odontogenesis 

The adult occlusal surface of a M1 in modern Lagomorpha displays two lophs, the mesial 

one being called the anteroloph and the distal one being the posteroloph (Figure 4. 1A). The 

anteroloph and the posteroloph are partly separated by a deep lingual fold called the hypoflexus, 

as well as by a more modest vestibular fold called the metaflexus (Figure 4. 1A). Although they 

appear to be almost separate, the anteroloph and the posteroloph are always interconnected by 

a mesio-distal crest that we will call the median mure according to Reig (1977). The mesial and 

distal enamel layers that neighbors the hypoflexus are respectively called mesial and distal walls 

(Figure 4. 1C1). The mesial and distal walls of the hypoflexus are variably crenulated according 

to the species and the different stages of tooth wear within the species (Figure 4. 1C1-3), and 

this is one of the issues we will discuss in this article. 
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Figure 4. 1. Terminology of the M1 occlusal surface. A. the M1 is characterized by the presence of the 

anteroloph and the posteroloph that can be separated by a lingual hypoflexus and a metaflexus. B. 

Representation of the measures and ratios used to define the occlusal surface shape. C. The hypoflexus 

can present various pattern of crenulations from smooth to highly crenulated in one or the two lophs of 

the tooth. Cement in grey; enamel in black and dentine in white. 

 

 

Ochotona 

We studied the morphological changes of the M1 occlusal surface between two juvenile 

specimens and two adult specimens of Ochotona pallasi and Ochotona princeps. Changes in 

occlusal shape being similar in these two latter species, only the differences observed in 

Ochotona princeps are shown in this article (Figure 4. 2A-B). The slightly worn M1 of a juvenile 

Ochotona princeps already had a bilophodont occlusal pattern, which was however complicated 

by the presence of a curved metaflexus that meandered relatively deeply on the vestibular side 

of the crown (Figure 4. 2A1-2, Supplementary figure 4. 1). The hypoflexus also penetrated 

deeply the occlusal surface, so that the combined invaginations of the hypoflexus and 

metaflexus made the two lophs almost independent. The CVA of a juvenile Ochotona princeps 
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M1, whose crown height was 2.6 mm (Fig. S1), documented the progressive regression of the 

metaflexus as well as the extension of the hypoflexus (Figure 4. 2B1-6). The ML/CW ratio 

(Figure 4. 1B) was 0.24 at the occlusal surface. Then this ratio gradually decreased to 0.19 at 

1.8 mm and finally fallen to 0.16 at 2 mm below the occlusal surface. At first, the metaflexus 

began to close, thus causing the appearance of an enamel islet (Figure 4. 2B2-3). Further down, 

this enamel island wore out (Figure 4. 2B4) and the metaflexus gradually regressed to its 

smallest size (ML/CW: 0.16) at about 2 mm below the occlusal surface (Figure 4. 2B5-6). In 

contrast to the metaflexus, the hypoflexus invaginated progressively, with a HL/CW ratio that 

went from 0.74 at the occlusal surface to 0.86 at the cervical part of the crown. The bilophodont 

pattern of adult Ochotona M1 that displayed two almost independent lophs was achieved 

through regression of the metaflexus (Figure 4. 2A3-4, 2B7). At this wear stage, the anteroloph 

and the posteroloph were separated by a highly invaginated hypoflexus (HL/CW: 0.88), and 

only a tiny vestibular median mure remained between them. The mesial and distal walls of the 

hypoflexus both remained completely smooth in adult Ochotonidae whatever the abrasion stage 

(Figure 4. 2A3-4). 

 

Palaeolagus 

We studied the maxillary teeth of three specimens belonging to Palaeolagus haydeni, 

an extinct species of stem Leporidae found in the Oligocene Formation of White River, USA 

(Wood, 1940). Although the M1s of the three specimens already had a worn occlusal surface 

and no trace of root formation, their occlusal morphologies were not similar (Figure 4. 2C1-4). 

The CVA of the first two M1s (Figure 4. 2D1-12) showed a central crescentic valley and a 

weakly re-entrant hypoflexus (HL/CW: 0.34 and 0.41, respectively). The crescentic valley wore 

out rapidly (Figure 4. 2D3-4, 8-9) while the hypoflexus slightly extended (HL/CW: 0.45) before 

the central part of the hypoflexus became an enamel islet (Figure 4. 2D5-6, 10-11, 13-15). This 
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enamel islet was called hyposterial lake by Fostowicz-Frelik and Tabrum (2009). The CVA of 

the third M1 (Figure 4. 2D13-18) showed that both the hyposterial lake and the hypoflexus ended 

up disappearing, so that the occlusal surface became ovoid in shape, without enamel on the 

vestibular and disto-vestibular edges (Figure 4. 2D12,16-18). 

 

 

Figure 4. 2. Variation of M1 occlusal tooth pattern in function of the wear stage in Ochotona princeps 

and Palaeolagus haydeni. (A) M1 of a juvenile and an adult Ochotona princeps. (B) Sections of the M1 

of Ochotona princeps from occlusal to tooth base, virtually imitating different wear stages. (C) M1 of 

Palaeolagus haydeni at different wear stages, from an early to a late stage of wear. (D) Sections of three 

M1 of Palaeolagus haydeni from occlusal to tooth base, virtually imitating different wear stages. Cement 

in grey; enamel in black and dentine in white. Scales bar: 1mm. 
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Oryctolagus 

The unworn M1 of a neonate Oryctolagus cuniculus did not display the typical 

bilophodont pattern, but an irregular occlusal surface in which five main cusps were 

recognizable; four of these being interconnected by crests (Figure 4. 3A1-3). The mesial part of 

the crown displayed higher cusps than its distal part (Figure 4. 3A1-2). Both the crescentic 

valley and the hypoflexus already were recognizable and filled with cementum (Figure 4. 3A3), 

and the hypoflexus penetrated up to one-third of the occlusal surface (HL/CW: 0.32). During 

the juvenile period, the occlusal surface rapidly flattened, thus creating an extension of the 

occlusal surface in all directions because the early crown of the M1 had the shape of a top-

truncated cone mesio-distally compressed (Figure 4. 3A1-3).  

The CVA of a juvenile O. cuniculus M1 (Figure 4. 3C1-5) rapidly displayed a crescentic 

valley (Figure 4. 3B1-2) and a feebly invaginated hypoflexus (HL/CW: 0.35). At about 1.7 mm 

below the cusped surface, the crescentic valley was completely worn out (Figure 4. 3C3-4) while 

the hypoflexus continued to extend towards vestibular direction (HL/CW: 0.47). However, the 

crescentic valley never connected to the hypoflexus and these two structures turned out to be 

completely distinct. Further down, the hypoflexus continued to invaginate (HL/CW: 0.52), and 

the first crenulations appeared on hypoflexus mesial wall when HL/CW: 0.52 (Figure 4. 3C4). 

The occlusal surface of an adult O. cuniculus M1 (Figure 4. 3B3-4, 3C5) showed two lophs of 

about the same length, but the width of the anteroloph was one and a half times greater than 

that the posteroloph. The hypoflexus penetrated up to two-thirds of the occlusal surface 

(HL/CW: 0.68) while the metaflexus remained tiny (ML/CW: 0.05). The two lophs were firmly 

linked on their vestibular side for 26% of their length by a mesio-distal connection. The mesial 

wall of the hypoflexus was strongly crenulated, and more crenulated than the distal wall (Figure 

4. 1C). 
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Figure 4. 3. Variation of M1 occlusal tooth pattern during leporid ontogeny. (A) Occlusal surfaces of 

young and adult Oryctolagus cuniculus. Sections from occlusal to growth zone of one single tooth, 

virtually imitating different wear stages in Oryctolagus cuniculus (B) and Lepus capensis (C). The white 

arrows show the crescentic valley present only in the juveniles. The arrows with black lines indicate the 

crenulations in the hypoflexus. Scales bar: 1mm. 

 

Lepus 

The weakly worn occlusal surface of a juvenile Lepus capensis M1 already had a 

complete anteroloph, but the posteroloph was still not formed at this stage because the future 

crescentic valley opened towards the back of the crown (Figure 4. 3D1). A weakly reentrant 

hypoflexus was present on the lingual border (HL/CW: 0.33). The CVA of this juvenile 
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specimen showed that the crescentic valley closed and became insulated in the center of the 

crown while the posteroloph consequently appeared (Figure 4. 3D2-3) at 0.4 mm below the 

occlusal surface. The crescentic valley in Lepus was more curved than in Oryctolagus (compare 

Figure 4. 3C2 and 3D2). At 1.29 mm below the occlusal surface (Figure 4. 3D4), the crescentic 

valley completely disappeared while the hypoflexus extended (HL/CW: 0.53). In Lepus as in 

Oryctolagus, there was thus no interrelation between the crescentic valley and the hypoflexus 

and these two structures were unambiguously separated. Further down, the hypoflexus 

continued to invaginate and its mesial wall became strongly crenulated while the distal wall 

remained slightly undulated (Figure 4. 3D4-5). 

 

Enamel crenulation pattern 

Implementation of crenulations throughout odontogenesis 

Juvenile rabbits had few and poorly expressed enamel crenulations in the vicinity of the 

hypoflexus, while adult and old specimens had numerous and more pronounced crenulations. 

In order to better understand the implementation and morphological variations of crenulations 

during odontogenesis, we produced M1 CVA in neonate and juvenile Oryctolagus cuniculus, 

from which we scrutinized the number and shape of crenulations using progressive wear stages. 

M1 of neonates and young juveniles had a hypoflexus without any enamel crenulation (Figure 

4. 3B1-2, C1-2). The first signs of crenulation occurred on the mesial wall of the hypoflexus 

about 0.75 mm after the disappearance of the crescentic valley (Figure 4. 3C4), when the skull 

reached 50 mm in length. Skull length in Oryctolagus cuniculus was found to be correlated not 

only with the HL/CW ratio (R squared: 0.1405, p-value = 5.17e-12), but also with the number 

of crenulations on the mesial wall of the hypoflexus (Supplementary figure 4. 2, p-value =  

<2.2e-16), and this was also the case for M1s of Lepus capensis (R-square: 0.1324, p-value = 

3.39e-4). This indicated that some variations in the shape of M1s were correlated with age in 
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rabbits and hares. Over the whole sample of Oryctolagus cuniculus, the number of crenulations 

on the M1 ranged from 0 to 10 on the mesial wall and from 0 to 8 on the distal wall of the 

hypoflexus (Supplementary figure 4. 2A). However, the number of crenulations was always 

higher on the mesial wall than on the distal wall of the hypoflexus and we never observed 

crenulations on the distal wall when the mesial wall was not crenulated. M1s of Oryctolagus 

cuniculus did not exhibit distal wall crenulations in 81% of specimens with skull length less 

than 70 mm. This was also the case for 54% of specimens with skulls between 70 and 80 mm 

long, and for 14% of specimens with skulls longer than 80 mm. The same results were obtained 

following a study of Lepus capensis M1s, which would tend to prove that the implementation 

of crenulations would follow similar mechanisms in Leporidae (Supplementary figure 4. 2B). 

 

 

Figure 4. 4. Variation of crenulation pattern in Oryctolagus cuniculus and frequency of the 

crenulation wavelength in micrometers. Visualization of the anteroloph part of the hypoflexus from the 

growth part to the occlusal surface in juvenile (A) and adult O. cuniculus (B). On the top, the 3D surface 

diagrammed below. Each crenulation is represented by one gray contrast. The black dotted lines 

indicated the different occlusal crenulation pattern in a same individual. (C) Wavelength is defined by 

the distance between two maxima of consecutive crenulation (ʎn) and a mean of crenulation wavelength 

is calculated for each tooth (ʎm). Frequency of crenulation wavelength follows a normal distribution for 

all the crenulation wavelengths (light grey) and for the mean of crenulation wavelength (dark grey). 

Scales bar: 1mm. 
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We then segmented 3D-reconstructions of Oryctolagus M1s in order to observe the hypoflexus 

mesial wall from inside the anteroloph (Supplementary figure 4. 1, Figure 4. 4A-B). Therefore, 

we followed each crenulation longitudinally from its point of appearance until the base of the 

tooth (Figure 4. 4A). The very first crenulation occurred on the vestibular side of the hypoflexus, 

just next to the folding area. Subsequently, newly formed crenulations progressively appeared 

on the lingual side of the first crenulation (Figure 4. 4A). The formation of new crenulations 

coincided with a lengthening of the hypoflexus, which doubled in length (HL increased from 

0.61 to 1.36 mm) between the appearance of the first and the fourth crenulation (Supplementary 

figure 4. 1, Figure 4. 4A). We then studied the fate of crenulations at older ages (Figure 4. 4B). 

Each black dotted line indicated a different crenulation pattern that we determined through a 

combined study of longitudinal views and successive occlusal views. It therefore emerged that, 

even at more advanced ontogenetic stages and while the general morphology of the crown 

underwent very little changes, some crenulations disappeared while new ones appeared. We 

identified five different crenulation patterns along the illustrated M1 (Figure 4. 4B). In teeth of 

adult and old specimens, newly formed crenulations no longer appeared on the lingual side of 

the mesial wall as was the case in teeth of younger individuals, but they arose randomly between 

two pre-existing crenulations. Thus, both the appearance and disappearance of certain 

crenulations did not seem to obey a particular rule. In old specimens, the number of crenulations 

increased together with the variability of the crenulation number between individuals of the 

same size (Supplementary figure 4. 2). 

 

 

Left-right symmetry of the crenulation pattern 

We compared the number and shape of crenulations on right and left M1s of 109 adult 

specimens to evaluate the left-right symmetry of the crenulation pattern with respect to the 

sagittal plane. The mesial wall of the hypoflexus was smooth in two specimens (1.8% of the 

sample) while the distal wall was smooth in 48 specimens (44% of the sample). Regarding 
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overall symmetry, 21% of the specimens had exactly the same crenulation number on their left 

and right M1s. A more detailed analysis showed that 33% and 55% of the specimens respectively 

had a mesial and a distal wall identically crenulated between their left and right M1s. The high 

percentage of similarities concerning the distal wall is due to the high number of specimens (48 

out of 109 specimens) with a smooth enamel band on this wall. Finally, 25% of specimens 

showed a single difference in the crenulation pattern between left and right M1s and 33% of 

specimens had two differences. Therefore, the crenulations of the hypoflexus were therefore 

not strictly symmetrical across the sagittal plane in all specimens, but the number and shape of 

crenulations of an individual was sufficiently similar between its right and left M1s to allow the 

identification of a consensual crenulation pattern for an identical wear stage. 

 

Relationships between crenulation number and wavelength 

We quantified crenulation wavelengths on occlusal surfaces of 122 M1s belonging to 

adult Oryctolagus cuniculus. The wavelength is defined by the distance between two maximum 

amplitudes measured on consecutive crenulations. Each crenulation was evaluated 

independently to calculate the average wavelength on each tooth (Figure 4. 4C). Over the entire 

sample, the molars of 10 specimens showed no crenulation. Over the remainder of the sample, 

crenulation wavelengths were highly variable, ranging from 100 to 400 μm, with a maximum 

distribution peak at 260 μm. A Shapiro test was applied to confirm the hypothesis of a normal 

distribution of crenulation wavelengths. The average crenulation wavelength depended on 

neither the size of the hypoflexus nor the size of the skull (adjusted R-squared = 0.000 and 

0.001, NS). However, the number of crenulations on the mesial wall was correlated with the 

wavelength average (adjusted R-squared = 0.1597, p-value = 5.647e-05). As a result, 

crenulation wavelengths were not related to the age of rabbits, but the more the crenulations 

were abundant the shorter their wavelengths were. 
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Consequences of irradiation on the crenulation pattern 

Like all dental tissues, crenulations form in the tooth growing area that is located beyond 

the base of each tooth and where dental stem cells proliferate and differentiate. One way to 

understand how crenulations are formed consists in disrupting their development. In this 

framework, irradiations are well known for disrupting cell proliferation and enhancing stem 

cell differentiation (Dare et al., 1997; Mieloch and Suchorska, 2015).  Here we benefited from 

rabbits whose dentary bone was irradiated in order to study the consequences of irradiation on 

mandibular bone remodeling. In this experiment, the irradiated area of the dentary included the 

growth zones of lower premolars and molars. We chose to specifically study the P3 because this 

tooth is the only lower permanent tooth that has a long reentrant fold with crenulations of 

surrounding enamel bands. We consider here that developmental mechanisms of crenulations 

in the P3 are homologous to those of the M1 and we will thus be able to widen obtained results 

with the other permanent crenulated teeth. 

 

 

Figure 4. 5. Variation of the number of crenulations between the occlusal and growth zone in controls 

and irradiated rabbits. A. In grey the number of crenulation at the occlusal zone, in black at the growth 

zone. RL sample have been irradiated during 4 weeks, the occlusal surface of these samples was already 

mineralized before the irradiations. B. Sections from occlusal to growth zone of one single tooth in one 

control and one irradiated rabbit. 
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Rabbit dentaries were irradiated five times over a period of four weeks, allowing the 

dental crown to grow and mineralize between successive irradiations. We compared the number 

of crenulations between occlusal surfaces that mineralized before the irradiation experiment 

and virtual occlusal surfaces corresponding to the growth zone that was irradiated and later 

mineralized. The number of crenulations between real and virtual occlusal surfaces was 

relatively stable among control specimens, with a variation of plus or minus one crenulation 

(Figure 4. 5). In contrast, the number of crenulations has decreased significantly, from 66 to 

83% depending on the specimens; on P3 occlusal surfaces whose growth zone was irradiated 

(Figure 4. 5). This implied that the irradiations affected dental cells of the growth zone and 

resulted in a substantial decrease in the development of crenulations at the base of the tooth 

 

Variations in the crenulation pattern among extant Leporidae 

We defined a consensual morphology of the M1 occlusal surface in adult Oryctolagus 

cuniculus, which included a strongly crenulated mesial wall of the hypoflexus and a relatively 

less crenulated distal wall. We then collected adult M1 occlusal morphologies of various extant 

species of Leporidae by obtaining specimens from museum collections (see list in 

Supplementary table 4. 1) or by repeating illustrations from the literature (Averianov et al., 

2000; Major, 1899). We then placed all occlusal morphologies within the most recent 

phylogeny (Matthee et al., 2004). In this solid framework, we were able to evaluate the 

diversification of the crenulation pattern during the evolutionary history of Leporidae. We 

counted the number of crenulations on both sides of the hypoflexus and we evaluated the 

distribution of the crenulation number using a Krustal-Wallis test. If the result of the test was 

significant, thus the two walls were not similarly crenulated and inversely if the result was not 

significant (Table 4. 1). 
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Table 4. 1. Variation of the number of crenulations in function of the species among Lagomorpha.  

 

We labeled six monophyletic groups (Figure 4. 6, A to F) within the phylogeny. The 

Ochotonidae, represented here by Ochotona princeps (group A), constituted the most basal 

lineage of this phylogeny. Ochotonid lagomorphs all had a smooth hypoflexus on their M1s, 

unlike most leporid lagomorphs (groups B to F). Within each of the groups from B to E, some 

M1s had a smooth or weakly crenulated hypoflexus (in Nesolagus, Bunolagus, Brachylagus, 

and Lepus americanus) while others had a strongly crenulated hypoflexus (in Poelagus, 

Caprolagus, Sylvilagus, and Lepus timidus). This would indicate that the crenulation of the 

hypoflexus appeared or regressed several times independently throughout evolution. In more 

details, the group C presents various crenulation patterns among species (Oryctolagus 

cuniculus, Caprolagus hispidus, Bunolagus monticularis and Pentalagus furnessi).  

Caprolagus adult specimens are highly crenulated in both the anteroloph and the posteroloph 

(respectively 11 crenulations in mean in the anteroloph and 10.33 in the posteroloph) whereas 

Bunolagus monticularis has few crenulations homogeneously distributed in the two lophs and 

Pentalagus furnessi has very high amplitude of crenulations compared to the other species 



151 
 

studied. The Oryctolagus specimens are mostly crenulated in the anteroloph with a mean of 5.6 

crenulations, and less in the posteroloph with 1.2 crenulations in mean, only some of them being 

crenulated in the posteroloph. Romerolagus diazi (group F) is the only species observed that 

could have more crenulations in the posteroloph than the anteroloph with a mean of 3.33 

crenulations in the anteroloph and 5.11 in the posteroloph. The Lepus (group E) and Sylvilagus 

(group D) genera are represented by numerous species that are more or less crenulated. Thus, 

L. nigricollis, L. callotis and L. starcki for the Lepus or S. floridanus and S. palustris for the 

Sylvilagus are similarly crenulated in the anteroloph and posteroloph as Caprolagus genus. 

Other species as L. victoriae, L. capensis and L. tolai or S. nuttallii are in mean much more 

crenulated in the anteroloph than the posteroloph as the Oryctolagus genus. However, the intra-

specific variability in the crenulation pattern is extremely high. Here, we note only pattern 

trends that do not allow identifying a species according to its crenulations. Interestingly, the 

Nesolagus genus is the only adult Leporidae with no crenulations (group B). This absence of 

crenulation is linked with a very short hypoflexus (H/C ratio: 0.35), as previously identified 

(Koenigswald et al., 2010).  

 

Discussion 

Occlusal shape variations 

Just erupted M1s in neonate Oryctolagus cuniculus have a cuspidate occlusal surface 

including a crescentic valley that disappears few weeks after birth associated with an extension 

of the hypoflexus invagination. We have observed the same transition from a cuspidate to a 

flattened occlusal surface with disappearance of the crescent valley and extension of the 

hypoflexus in Lepus capensis and we can consider that this process is common at least to all 

Leporidae. The occlusal pattern tends to become more and more bilophodont with age. In 

conclusion, the number of crenulations increases with the age and the shape of these 
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crenulations is correlated with their number. We showed that in Oryctolagus cuniculus, the 

shape of the crenulations is variable at the inter- and intra-individual level. However, the 

observed intra-individual variability is limited compared to the inter-individual variability. 

Although the crenulation pattern changes continuously over the life of animals, the size and 

overall shape of the occlusal surface remain relatively stable in Oryctolagus cuniculus, which 

allows the definition of consensual morphology. 
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Figure 4. 6. Simplified phylogeny of extant genera and crenulation pattern of the occlusal surface 

in adult. Phylogeny adapted from Matthee et al. 2004. Nesolagus netscheri and Pentalagus furnessi 

adapted from Averianov et al. 2000. Each letter represent one monophyletic group. 

 

Formation of the crenulations 

Among the questions that concern crenulations of the enamel bands bordering the 

hypoflexus of rabbit teeth, two central issues are how these crenulations are formed and what 

is their exact function? We found no correlation between diet and crenulation pattern shape. 

Leporid lagomorphs are not the only mammal group to have crenulated enamel on their cheek 

tooth crown. Crenulated enamel was reported, for example, on the molars of some Equidae 

(Forsten, 2002) and some Elephantidae. The crenulation pattern is thus constantly reshaped 

throughout the life of the animal, which means that the morphogenesis of crenulation varies 

constantly during odontogenesis. This demonstrates that the continuous growth of a dental 

crown does not consist of a continuous replication of the same crown shape. The crenulation 

pattern however is an interesting morphological trait to take into account in taxonomic and 

evolutionary studies, but it is necessary to use this character with the precautions imposed by 

the dynamics induced by continuous dental growth. Even if we do not yet understand the 

function of these crenulations, we now know better their implementation during odontogenesis.  

The hypoflexus formation begins by an invagination of a monolayer of epithelial cells inside 

the mesenchyme during tooth morphogenesis, morphologically similar to the sea urchin 

gastrulation (Davidson et al., 1995) or the ventral furrow invagination in the Drosophila (Conte 

et al., 2008). These epithelial folding and invaginations have been studied to understand their 

mechanical basis (Odell et al., 1981)  and similar mechanisms could play a role in leporid dental 

morphogenesis. Epithelial folding begins by an apical constriction of the cells that induces the 

forces driving morphogenesis (Sawyer et al. 2010). Some genetic pathways have been 

identified to regulate this apical constriction by acting on myosin and actin fibers (Sawyer et 

al. 2010). We can hypothesis that similar cell shape changes can take place in the developing 
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M1 tooth, inducing epithelial invagination that gives the hypoflexus. Then, in addition to the 

proliferation in the transit amplifying cells that allows the continuous tooth growth (Tummers 

and Thesleff, 2003), the hypoflexus may increase in size by cell proliferation in the linguo-

vestibular plane in the molar growth zone. This fold then crenulates, and the crenulation pattern 

can be variable from one individual to another. We can even observe modifications in the 

crenulation pattern in a single tooth from the occlusal surface to the growing region. The 

crenulation pattern is highly variable during ontogeny, and these modifications are linked to the 

continuous growth of the tooth. We can hypothesize that crenulations are the result of 

mechanical forces induced by differences in the proliferation rates between the epithelium and 

mesenchyme in the highly invaginated hypoflexus in the molar growing zone. Indeed, as shown 

for the formation of fingerprint (Kücken and Newell, 2004) and villis (Hannezo et al., 2011), a 

differential constrained growth on the basal layer of cells can induce compressive stress. If one 

thin layer has a higher proliferation rate than the layer juxtaposed separated by a basement 

membrane, it induces modification of shape of the two layers (Ben Amar and Jia, 2013). In the 

growing zone, the soft tissues containing the thin layers of pre-ameloblasts and pre-odontoblasts 

separated by the basal lamina may thus crenulate due to compressive stress. Same mechanisms 

have also been shown in brain convolutional development: with modifications of growth 

behaviors of the superficial layers, it is possible to predict sinusoidal buckling of the surface 

(Richman et al., 1975). Thus, we consider that difference of proliferation rate between the 

epithelial and mesenchymal cells in the growing zone of the tooth may induce hypoflexus 

invagination and crenulations. If this hypothesis is true, alteration of the 

epithelial/mesenchymal proliferation rate should greatly affect the crenulation pattern. 

Irradiations are known to alter the cell proliferation in various proportions depending of the 

targeted tissue (Dare et al., 1997; Mieloch and Suchorska, 2015). In our experiment, we showed 

that irradiations induce a high decrease in the number of crenulations. Irradiations at a similar 
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dose have already been correlated with an inhibition of the cell growth in vitro (Dare et al., 

1997) and an inhibition of the craniofacial bone growth in rabbits (La Scala et al., 2005). 

Regarding dental development, Medak et al. (1952) studied the effects of irradiation in the ever-

growing rat incisors. They show that irradiation induces a decrease in the proliferation rate of 

the dental mesenchymal cells whereas the epithelial cells continues to grow at a normal rate. In 

consequence, the irradiated rat incisors have a wavy dentino-enamel junction. We can 

hypothesize that the irradiations in the ever-growing rabbit teeth similarly affect the cells. By 

reducing the mesenchymal cell proliferation without affecting the epithelial cells, the 

irradiations may reduce the difference of proliferation rate between the two cell types and so 

explain the reduction of the number of crenulations.  

 

Crown heightening 

Molar and premolar crown heightening is a common evolutionary pathway among 

herbivorous mammals and this trend corresponds to a selection of more durable postcanine 

dentitions in a context of abrasive food intakes (Damuth and Janis, 2011; Janis and Fortelius, 

1988). The progressive overgrowth of the crown is counterbalanced by the effects of attrition 

during the daily feeding process so that the crown occlusal surface rapidly flattens and wears 

down over the animal’s life. Studies conducted in various groups of hypsodont herbivorous 

mammals showed that the occlusal pattern undergo substantial morphological changes 

throughout life in African suids (Kullmer 1999), as well as in theridomyid (Schmidt-Kittler, 

2002), geomyid (Rensberger, 1975), and cricetid (Viriot et al. 1993) rodents. Hypsodonty has 

been reported to be underlain by heterochronic mechanisms that introduce changes in 

odontogenetic sequences (Chaline et al., 1999; Koenigswald, 2011; Renvoisé and Michon, 

2014). Heterochronies are classically defined as changes in developmental rate and/or timing 

of an organism in relation to those of its ancestors (Gould, 1977). Resulting morphological 
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modifications can be substantial over evolution as it has been showed for instance in ammonites 

(Dommergues et al., 1986), which record ontogeny-related morphological changes all along 

their mineralized shells (Kennedy, 1989). Hypsodont teeth are mineralized organs with 

extended to continuous growth, which also record ontogeny-related morphological changes 

from the tip of the cusps (earliest mineralization stages) until the apex of the roots (latest 

mineralization stages). However, hypsodont teeth differ from ammonite shells in the sense that 

wear involve progressive destruction of early stages while later stages mineralize. The ever-

growing teeth in rabbits can be useful to detect developmental changes during ontogeny and 

these results can be compared with the evolutionary history of the Lagomorpha.  

 

Evolutionary developmental biology 

Developmental modifications observed during odontogenesis are to be linked with the 

evolutionary history of the upper molars among Lagomorpha (Figure 4. 7). Dawsonolagus, a 

stem Lagomorpha discovered in the late early Eocene deposits of China (Li et al., 2007), had 

hypsodont yet rooted upper molars that display a cuspidate crown and no hypoflexus (Kraatz 

et al., 2010). Eocene times mark the split of Lagomorpha into two families, namely the 

Ochotonidae and the Leporidae. In Ochotonidae, a hypoflexus is present at the end of the 

Eocene in Desmatolagus (Kraatz et al. 2010). This fold is never crenulated in Ochotonid (fossil 

or extant).  

 

 

Figure 4. 7. Chronology of morphological variations of the M1 during lagomorph evolution and 

Oryctolagus cuniculus development. (A) Occlusal surface of different leporid fossils from Paleocene 

to Pleistocene adapted from the literature. Tooth drawings and time scales are adapted from Angelone 

and Rook 2011, Averianov and Tesakov 1997, Čermák 2016, Čermák and Wagner 2013, Erbajeva and 

Zheng 2005, Erbajeva et al. 2017, Fostowicz-Frelik 2003, Fostowicz-Frelik and Tabrum 2009, Jin et 

al. 2010, Koenigswald et al. 2010, Kraatz et al. 2010, Li et al. 2007, Lopatin and Averianov 2006, Lopez-

Martinez 2008, Sych 1975, White 1991. (B) Oryctolagus cuniculus development from newborn to adult. 
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In Leporids from latest middle Eocene, as Mytonolagus ashcrafti, Fostowicz-Frelik and Tabrum 

(2009) illustrate a crescentic valley and a hypoflexus moderately invaginated. The M1 still has 

two thin buccal roots and they observed disappearance of the small hypoflexus in moderately 

worn M1 and then of the crescentic valley in heavy worn M1 (Fostowicz-Frelik and Tabrum, 

2009). Fostowicz-Frelik (2013) presents ontogenetic development of the upper dentition in 

Chadrolagus emryi from the Late Eocene. He shows that at light wear stage the M1 have a 

crescentic valley and a small hypoflexus, the crescentic valley disappears in moderate wear 

stages and the hypoflexus is absent in the heavily worn stage. Later, in the Oligocene, the 
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Palaeolagus hemirhizis has a crescentic valley that is already highly reduced in intermediate 

stage of wear, as observed in the studied P. haydeni specimens. The hypoflexus is maintained 

for a longer time and disappears in late stage of wear, this fold is still completely smooth (Korth 

and Hageman, 1988). Dawson (1958) describes the tooth morphology of Litolagus molidens 

from Middle Oligocene as more advanced than Palaeolagus, the crescentic valley is lost earlier 

and the hypoflexus is longer. The oldest crenulations in a hypoflexus in fossil Leporidae are 

observed in the upper molars of the two genera present in the mid-Miocene, Hypolagus and 

Trischizolagus that are already crenulated in the two lophs of the hypoflexus (Averianov and 

Tesakov, 1997; Koenigswald et al., 2010).  At the end of the Miocene, the Leporidae are 

represented by the genera Alilepus, and especially Alilepus hibbardi, a suggested ancestor of 

the extant genera of leporids (Jin et al., 2010).  Alilepus upper molariforms are crenulated in the 

anteroloph and posteroloph in the majority of species described (Angelone and Rook, 2011). 

So, crenulations are a character present in the leporid ancestor and the lack of crenulations in 

Nesolagus seems to indicate a secondary loss during evolution. The fossil record of lagomorphs 

documents a significant increase of cheek teeth crown height (hypsodonty) over evolution. 

Most basal lagomorphs from Early Eocene had cheek teeth with moderate hypsodonty and a 

cuspidate occlusal surface. In Ochotonidae evolutionary history, the hypoflexus is more and 

more invaginated but never crenulated. Most of the more recent species have highly hypsodont 

cheek teeth with two lophs partly separated by a hypoflexus. Leporidae from the Eocene have 

higher cheek teeth and most of them present a crescentic valley on their occlusal surface. We 

thus note a progressive reduction of the crescentic valley to the advantage of an occlusal surface 

composed of two lophs separated by a fold. The reduction of the crescentic valley seems 

correlated with the invagination of the hypoflexus and the first proof of crenulations of the 

hypoflexus appears in leporids from the mid-Miocene. These crenulations are maintained in the 

majority of the adult extant leporids, and their appearance during tooth development follows 
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their evolutionary history by the presence of a crescentic valley in the youngest specimens that 

disappear during ontogeny (Figure 4. 7). We thus hypothesize that peramorphic processes might 

have been involved in the evolution of tooth crown shape in lagomorphs, characterized by a 

retention of ancestral characters at the very beginning of tooth crown ontogeny (crescentic 

valley) as well as by the occurrence of novel characters at the end of the crown ontogeny that 

become increasingly present through evolution (crenulations). 
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Supplementary files 

 

 

Supplementary figure 4. 1. Variation of the M1 from the occlusal to the growth part in Ochotona 

pallasi, Palaeolagus haydeni, Oryctolagus cuniculus and Lepus capensis. Section of the M1 to visualize 

internal structures of the tooth. In red, the re-entrant fold named hypoflexus. In blue, the metaflexus 

present in the juvenile ochotonids. In yellow, the crescentic valley present only in the juvenile leporids. 

The black and white arrow shows crenulations. Scales bar: 1mm 
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Supplementary figure 4. 2. Variations of the crenulation number in function of the skull size in 

Oryctolagus cuniculus and Lepus capensis. Distribution of the average number of crenulations in the 

anteroloph and posteroloph in function of the size of the skull in Oryctolagus cuniculus (A) and Lepus 

capensis (B). Squares and circles are the average and horizontal black lines show minimum and 

maximum number of crenulations for each skull size categories. 
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Supplementary table 4. 1. List of the species studied. In black, M1 studied from museum specimens; in 

red, M1 studied from the bibliography. Four controls and four irradiated mandibles have been added to 

these upper molars. 
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I 
 

n this PhD work, I addressed some aspects of the morphological and molecular 

mechanisms underlying dental development, replacement and evolution in Lagomorpha, and 

especially in Oryctolagus cuniculus. The primary goal of this thesis was to characterize the 

morphological and molecular dynamics underlying the tooth development and replacement in 

mammals using a new animal model in the dental development field, the rabbit. Then, we placed 

these results in a broad evolutionary context via the study of intra- and inter- specific variations 

within Lagomorpha.  

 

Morphological features of tooth development in Oryctolagus cuniculus 

 

Before focusing on dental replacement molecular mechanisms, it was crucial to 

understand the initial development of the deciduous dentition. It has been performed by 

studying early dental development in rabbit embryos. We followed dental development histo-

morphologically at different embryonic stages, from the initiation of the deciduous dental 

placode to the mineralization of the replacement teeth. We characterized the implementation of 

all the rabbit teeth. Using 3D-reconstructions of the epithelial dental tissues, we expected to 

clearly understand the relationship between the vestigial and the ever-growing incisors during 

development. However, this point already discussed in previous studies (Hirschfeld et al., 1973; 

Ooë, 1980) is still problematic. In two days of development, a quick transition from the bud 

stage to an already mineralized vestigial tooth is observed. More data on the precise dynamics 

of the incisor development between 16 and 18 dpf are still needed to fully understand the nature 

of the so-called dI2. A supplementary study of the concerned structures during the transition 

from bud to separated teeth is necessary to conclude on the links between these incisors. 3D-

reconstructions from the placode stage head to the conclusion that the canine and first premolars 

dP1 and dP1-2 are never detected in rabbit embryos. These results suggest a complete loss of 
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these teeth on contrary to vestigial tooth rudiments in mice that could be homologous to the dP3 

and dP4, detected in early tooth development (Sadier et al., 2019; Viriot et al., 2002).  

 

Dentin holes in the upper ever-growing incisor  

 

By studying the rabbit tooth development, we also find one specificity of the rabbit 

incisor: the presence of holes, opening the pulp cavity at birth. These holes are quickly repaired 

by apposition of dentin from the pre-existing odontoblasts, without involving reparative dentin 

mechanisms. However, the causes of hole formations are still unknown. These tooth defects 

have been observed in all our samples, indicating a common phenomenon. We did not find in 

literature any description of systematic presence of tooth defects at one specific age in rabbits 

or other species. In this study, we worked on common rabbit breeding regularly crossed with 

wild rabbits to ensure genetic mixing, limiting the possibility that these dental abnormalities 

are specific to one genetic selection in a closed breeding. It could be interesting to identify 

which mechanical forces at birth are responsible for tooth fractures without morphologically 

affecting the other tissues. These causes could be purely mechanical (development of the bones 

or the other upper incisors) or molecularly facilitated (involvement of signaling pathways 

involved in root resorption for example).  

 

Genetic basis involved in rabbit tooth replacement 

 

One of the major points of this thesis is a better understanding of the genetic basis of the 

mammalian tooth replacement. We identified that the canonical Wnt pathway is expressed 

throughout the dental replacement in the rabbit, suggesting that this signaling pathway plays a 

major role in this process. Wnt signaling pathway has already been suggested as a key regulator 

of tooth replacement in mutant mice and polyphyodont species (Handrigan and Richman, 
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2010a; Jarvinen et al., 2006; Popa et al., 2019). The only way to properly understand the role 

of this pathway in diphyodont species would be to perform functional studies of the canonical 

Wnt pathway and regulators. In culture, the Wnt/ β-catenin signaling could be enhanced using 

GSK3 inhibitor in order to better understand its function as already used in snakes teeth (Gaete 

and Tucker, 2013). From fresh samples, dental organs could be cultured and modifications of 

specific signaling pathways identified in our study could be done to better understand the 

mammalian tooth replacement.  

 

Rudimentary successional dental lamina in the molars  

 

Molars are considered as deciduous teeth that are never replaced (Luckett, 1993). 

However, we observed a budding of the dental lamina at the lingual part of the first molars as 

observed in many monophyodont species. It should be interesting to genetically compare this 

budding with the replacement dental lamina of the premolars and follow how it disappears in 

molars. Popa et al. (2019) showed in mouse that by stabilizing the β-catenin signaling in the 

epithelium of the rudimentary successional dental lamina, they were able to give an odontogenic 

capacity to this structure. In rabbit, on contrary to the mouse, Lef1+ cells are already localized 

in the RSDL of the molar. It could be interesting to identify which signals are involved in the 

inhibition of the molar tooth replacement and if they vary between monophyodont and 

diphyodont species.  

 

Transcriptomic study of the tooth replacement 

 

In this thesis, we identify candidate genes possibly involved in tooth replacement by 

studying the bibliography and following the expression pattern at various stages. The most 

efficient but more expensive way to identify various genes involved would be a transcriptomic 

study. Indeed, a transcriptomic study could answer different questions:  
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(1) What are the molecular differences between the lingual and vestibular parts of the 

dental lamina inducing lingual initiation of the tooth replacement?  

 

(2) What are the molecular differences between the deciduous and the permanent 

premolars involved in the end of the tooth replacement process in mammals? 

 

(3) What are the molecular differences between the replacement dental lamina and the 

rudimentary successional dental lamina?  

 

Using 3D-reconstructions, we showed that rabbit embryos at 20 days post fertilization 

could be a good time point for transcriptomic analyses: the dP2 do not show morphological sign 

of tooth replacement, the replacement dental lamina begins to bud from the dental lamina of 

the dP3 and is already present in the dP4. We studied 3D-reconstructions of 12 embryos at 20 

dpf from two litters, each of them were exactly at the same dental development stages. Absence 

of developmental variations between litters facilitates the use of the rabbit as model. However, 

transcriptomic study to identify signaling involved in tooth replacement needs to be attentive 

to several factors. First, the ratios between mesenchyme and epithelium cells need to be the 

same in each sample or the two tissues need to be separated; then, the enamel knot signaling 

center could disrupt the analysis so it seems necessary to avoid it (Petit, 2017). A laser 

dissection of frontal sections of the specific tissues at different developmental steps could allow 

identifying genes involved in the initiation of the tooth replacement and the maintenance.  

 

The rabbit as model for human pathologies linked to radiation therapies 

 

During this thesis, I also studied dental morphological variations during rabbit lifespan. 

We observed that even in adults, the tooth shape is variable from the growth zone to the occlusal 
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surface. Thanks to a collaboration with Dr. Dessouter and Dr. Chaux-Bodard we obtained 

irradiated mandibles of rabbits. We studied the mineralized structures of these samples. We 

observed that irradiations of the mandible bone in the rabbit induce modifications of the tooth 

shape (Article 4, p132). After few weeks of recovery post-irradiations, a global modification of 

the tooth shape takes place. Indeed, we observed a complete mineralization of the pulp cavity. 

 

 

Figure C. 1. Effects of radiation therapy on dental development in rabbits and humans. (A) Normal 

lower cheek tooth morphology in adult rabbits, in sagittal and frontal planes. In sagittal plane, P3, P4 

and M1. The pulp cavity is illustrated by the blue asterisks. (B) Consequences of a radiation exposition 

(42.5 Gy) in the mandible after 42 days of recovery, in sagittal and frontal planes. In sagittal plane, P3, 

P4, M1 and M2. Pulp cavity is detected only in the M2 (blue asterisk). (C) Long-term sequelae of 

radiotherapy and chemotherapy in a 14-year-old patient treated for an orofacial tumor at 3. Maxillary 

teeth have atypical root morphology, with highly reduced roots. (Picture obtained from Chaux-Bodard 

and Desoutter, ongoing study, unpublished). Scale bar: 3mm. 
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In rabbit ever-growing teeth, the dental pulp contains stem cells at the basis of the tooth that 

give rise in a layer of pre-odontoblasts and then mature secretory odontoblasts (Figure C. 1A, 

Ali and Mubarak, 2012). Rabbit premolars have a growth rate between 0.93 and 2.14 mm per 

week in function of their diet compensated by dental wear at the occlusal surface (Wyss et al. 

2016). Excess of mineralization in the pulp cavity probably disrupt the organization of the 

secreting cells and so, the growth of the tooth. Surprisingly, while no more dental pulp cavity 

is detected at 28 days of recovery post irradiations, rabbits continue to eat normally even after 

42 days of recovery. In 42 days, a rabbit tooth is supposed to grow and wear out by around 

6mm. It seems necessary to check the cell state of the tooth growth zone in order to see if the 

tooth is still able to grow and how the cells have been affected by radiations. Irradiation zone 

was centered in the mental foramen, so mesialy compared to the cheek teeth. In these 

specimens, we observed a gradient of phenotypes linked to the irradiation zone diffusion, with 

the pulpal cavity completely mineralized in the P2-3 and the M1, but with a less severe phenotype 

in the M2 (Figure C. 1B, blue asterisks). In humans, irradiation treatment against oro-facial 

tumor in children, especially younger than 6 year old, can induce a limitation of the jawbone or 

tooth germs growth and mineralization problems (Chaux-Bodard and Desoutter unpublished, 

King 2019). Dental development can be delayed or arrested, inducing atypical root morphology 

(Figure C. 1C). Due to the ever-growing ability of the rabbit cheek teeth, we could mimics 

developmental disorders observed in children in adult rabbits and test various treatments against 

radiation-therapy induced dental disorders. All the dental responses to small doses of radiations 

or treatments will be preserved in the dental tissues of the ever-growing teeth. In rabbit 

mandible bones, low intensity pulsed ultrasound (LIPUS) therapy is proposed to limit the 

damage and accelerated new bone formation (Xie et al., 2011). Therefore, LIPUS therapy could 

be useful to limit irradiation defects on healthy tissues. In order to test this hypothesis, we will 

study dental morphology of irradiated rabbits then treated by LIPUS therapy. 
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Developmental heterochronies in rabbit ondontogenesis  

 

Study of the occlusal tooth shape in Lagomorpha allowed determining inter-species 

homologies. We identified a developmental heterochrony process during their evolutionary 

history. First, during rabbit embryogenesis, the cuspidogenesis follows the phylogenetic 

appearance of cusps during mammalian evolution. Luckett (1993) already described this 

phenomenon through the comparison of the cusp mineralization instead of cusp formation. With 

soft tissues, we have access to information less apparent after mineralization. The paracone is 

the first cusp to appear and the hypocone the last main cusp to differentiate. Most cusp 

morphology studies are completed by a functional study of the molar occlusion. However, in 

extant Lagomorpha, all the cusps are completely worn early in ontogeny and teeth are functional 

when the occlusal surface is flat. The cusps in the rabbit are transient, but their shape is closely 

related to the mammalian evolutionary history. It also means that at eruption, rabbit teeth do 

not have their final shape.  

 

During ontogeny and by wear, the occlusal surface changes, and these changes mimics 

the lagomorph evolution. Then, even when the general occlusal shape of the tooth has an adult 

morphology, we detected intra-individual variations of the hypoflexus structure. The ever-

growing ability of the cheek teeth induces permanent changes of this fold. We showed that these 

variations of shape are probably dependent of the cell proliferation in the developing part of the 

tooth. These variations of shape during ontogeny has to be known, especially for 

paleontologists, in order to carefully identify species according to the tooth shape.  
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Conclusion 

 

To conclude, rabbit seem to be a good model in dental research. Rabbits are already 

used in odontological studies but we showed here that they are also useful for studying tooth 

morphogenesis. Studies of tooth development and replacement in rabbits could allow 

understanding the mechanisms of mammalian tooth replacement. We showed in this thesis that 

common molecular experiments can be done in rabbit tissues and rabbits can also be a relevant 

model to use more advanced techniques as CRISPR/Cas9 technology (Yan et al., 2014). Rabbit 

dentition, with its ever-growing ability, could also be used to better understand human dental 

pathologies. We show that pathologies due to irradiations of the developing teeth in humans are 

also observed in rabbits with more cellular plasticity. So, rabbits could be used as model in 

order find how to preserve dental stem cells in children. Finally, rabbit dentition development 

seems to highly follow the mammalian tooth evolution, making rabbit teeth are a very good 

model for dental Evo-Devo thematics.  
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Annex 1: Plasticity within the niche ensures the maintenance of a Sox2+ stem cell 

population in the mouse incisor 
 

Maria Sanz-Navarro1,2, Kerstin Seidel3, Zhao Sun4, Ludivine Bertonnier-Brouty1,5, Brad A. Amendt4,6, Ophir D. 

Klein3,7 and Frederic Michon1,8,* 
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Iowa, Iowa City, IA 52242, USA.  
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8 Keele Medical School and Institute for Science and Technology in Medicine, Keele University, Keele ST5 5BG, 

UK.  

*Author for correspondence (frederic.michon@helsinki.fi) 

 

Abstract 

In mice, the incisors grow throughout the animal’s life, and this continuous renewal is driven by dental 

epithelial and mesenchymal stem cells. Sox2 is a principal marker of the epithelial stem cells that reside 

in the mouse incisor stem cell niche, called the labial cervical loop, but relatively little is known about 

the role of the Sox2+ stem cell population. In this study, we show that conditional deletion of Sox2 in 

the embryonic incisor epithelium leads to growth defects and impairment of ameloblast lineage 

commitment. Deletion of Sox2 specifically in Sox2+ cells during incisor renewal revealed cellular 

plasticity that leads to the relatively rapid restoration of a Sox2-expressing cell population. Furthermore, 

we show that Lgr5-expressing cells are a subpopulation of dental Sox2+ cells that also arise from Sox2+ 

cells during tooth formation. Finally, we show that the embryonic and adult Sox2+ populations are 

regulated by distinct signalling pathways, which is reflected in their distinct transcriptomic signatures. 

Together, our findings demonstrate that a Sox2+ stem cell population can be regenerated from Sox2− 

cells, reinforcing its importance for incisor homeostasis. 
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Annex 2: A giant step backward, molar replacement in mutant mice 
 

Cyril Charles1, Kerstin Seidel2, Pauline Marangoni1, Ludivine Bertonnier-Brouty1, Mathilde Bouchet1, 

Laurent Viriot1*, Ophir Klein2,4* 
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The following paper is a draft from an ongoing study about dental morphology of 

Sprouty mutants. Molar development and adult morphology of Spry1-/-; Spry2-/- and  Spry2+/- ; 

Spry4-/- KO-mice were studied. In these mutant mice, evidences of molar replacement induced 

by the Spry loss of function were provide. By surveyed wild populations of mice, we found out 

a striking specimen that phenocopies the Spry2+/-; Spry4-/- dentition. We detect presence of a 

supernumerary tooth at the lingual part of the first molar.  

 

In this project, I worked on the wild mouse specimen exhibiting a supernumerary tooth. 

I participated in the acquisition of data for the sequencing as well as the study of the sequences 

obtained. We identified sequences modifications in the wild mouse exhibiting a supernumerary 

tooth that may affect the Spry1 protein and induce the abnormal development of a 

supernumerary tooth among the normal molars.  
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Annex 3: Collection numbers of the lagomorph specimens coming from natural 

history museums 
 

Species Source Collection number 

Brachylagus idahoensis MNHN 1939.1087 

Brachylagus idehoensis AMNH 140866 

Brachylagus idehoensis AMNH 140865 

Brachylagus idehoensis AMNH 92869 

Brachylagus idehoensis AMNH 33616 

Brachylagus idehoensis AMNH 33615 

Brachylagus idehoensis AMNH 33609 

Bunolagus monticularis AMNH 146662 

Bunolagus monticularis AMNH 146663 

Caprolagus hispidus AMNH 54852 

Lepus saxatilis megalotis AMNH 168904 

Lepus saxatilis megalotis AMNH 168905 

Lepus saxatilis megalotis AMNH 168906 

Lepus saxatilis megalotis AMNH 168909 

Lepus saxatilis megalotis AMNH 168908 

Lepus americanus MNHN 1987.419 

Lepus americanus MNHN 1962.955 

Lepus americanus MNHN 2009.269 

Lepus americanus bairdii AMNH 41961 

Lepus americanus bairdii AMNH 124433 

Lepus americanus bishopi MNHN 2009.267 

Lepus americanus pallidus MNHN 2009.266 

Lepus arcticus MNHN 1962.2558 

Lepus californicus MNHN 1898.1108 

Lepus californicus MNHN 1862.2543 

Lepus californicus MNHN 1898.1107 

Lepus californicus MNHN 1879.2488 

Lepus californicus wallawalla AMNH 38223 

Lepus californicus wallawalla AMNH 38220 

Lepus californicus wallawalla AMNH 38228 

Lepus californicus wallawalla AMNH 38227 

Lepus californicus wallawalla AMNH 40882 

Lepus callotis MNHN 1896.2457 

Lepus callotis MNHN 1896.2459 

Lepus callotis AMNH 35158 

Lepus callotis AMNH 26143 

Lepus callotis AMNH 25997 

Lepus callotis AMNH 26144 

Lepus capensis MNHN 2009.274 

Lepus capensis MNHN 2014.1062 

Lepus capensis MNHN 2009.275 
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Lepus capensis MNHN 2009.276 

Lepus capensis MNHN 1915.47 

Lepus capensis MNHN 1995.1279 

Lepus capensis MNHN 1995.1278 

Lepus capensis MNHN 1961.1070 

Lepus capensis MNHN 1961.1072 

Lepus capensis MNHN 1961.136 

Lepus capensis MNHN 1961.139 

Lepus capensis MNHN 1971.379 

Lepus capensis MNHN 1971.370 

Lepus capensis MNHN 1971.395 

Lepus capensis MNHN 1971.391 

Lepus capensis MNHN 1971.398 

Lepus capensis MNHN 1971.377 

Lepus capensis MNHN 1971.386 

Lepus capensis MNHN 1971.373 

Lepus capensis MNHN 1971.401 

Lepus capensis MNHN 1971.385 

Lepus capensis MNHN 1971.371 

Lepus capensis MNHN 1971.378 

Lepus capensis MNHN 1951.390 

Lepus capensis MNHN 1943.77 

Lepus capensis MNHN 1980.409 

Lepus capensis MNHN 1911.805 

Lepus capensis MNHN 1973.239 

Lepus capensis MNHN 1973.211 

Lepus capensis MNHN 1973.241 

Lepus capensis MNHN 1973.265 

Lepus capensis MNHN 1973.210 

Lepus capensis MNHN 1973.249 

Lepus capensis MNHN 1973.247 

Lepus capensis MNHN 1973.262 

Lepus capensis MNHN 1973.248 

Lepus capensis MNHN 1912.550 

Lepus capensis MNHN 1903.153 

Lepus capensis MNHN 1898.1646 

Lepus capensis MNHN 1973.303 

Lepus capensis MNHN 1973.301 

Lepus capensis MNHN 1973.300 

Lepus capensis MNHN 1973.302 

Lepus capensis MNHN 2004.398 

Lepus capensis MNHN 1978.150 

Lepus capensis MNHN 1978.148 

Lepus capensis MNHN 1978.151 

Lepus capensis MNHN 1983.687 

Lepus capensis MNHN 1980.262 
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Lepus capensis MNHN 1991.32 

Lepus capensis MNHN 1995.1277 

Lepus capensis MNHN 1961.960 

Lepus capensis MNHN 2001.800 

Lepus capensis MNHN 2001.801 

Lepus capensis MNHN 1983.438 

Lepus capensis MNHN 2004.309 

Lepus capensis MNHN 2004.388 

Lepus capensis MNHN 2004.387 

Lepus capensis MNHN 1981.296 

Lepus capensis MNHN 1955.86 

Lepus capensis MNHN 1952.667 

Lepus capensis MNHN 1995.1566 

Lepus capensis MNHN 1951.297 

Lepus capensis MNHN 1971.269 

Lepus capensis Confluences 50.000835 

Lepus capensis arabicus MNHN 2006.472 

Lepus capensis arabicus MNHN 2006.471 

Lepus europaeus MNHN 1962.2261 

Lepus europaeus MNHN 1992.1480 

Lepus europaeus MNHN 2006.448 

Lepus europaeus MNHN 2006.447 

Lepus europaeus MNHN 1962.1980 

Lepus europaeus MNHN 1962.1979 

Lepus europaeus MNHN 1962.1978 

Lepus europaeus MNHN 1961.161 

Lepus europaeus MNHN 1966.232 

Lepus europaeus MNHN 1966.229 

Lepus europaeus MNHN 1961.166 

Lepus europaeus MNHN 1961.162 

Lepus europaeus MNHN 1961.167 

Lepus europaeus MNHN 2006.450 

Lepus europaeus MNHN 1962.2546 

Lepus europaeus MNHN 2009.256 

Lepus europaeus MNHN 1985.2012 

Lepus europaeus MNHN 1985.222 

Lepus europaeus MNHN 1963.1410 

Lepus europaeus MNHN 1958.211 

Lepus europaeus MNHN 1966.152 

Lepus granatensis MNHN 1985.39 

Lepus insularis MNHN 1898.1109 

Lepus isabellinus MNHN 2004.399 

Lepus mandshuricus MNHN 1966.151 

Lepus nigricollis MNHN 1961.944 

Lepus nigricollis MNHN 1981.338 

Lepus nigricollis MNHN 1981.339 
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Lepus nigricollis MNHN 1961.1012 

Lepus nigricollis MNHN 1961.158 

Lepus nigricollis AMNH 163105 

Lepus nigricollis AMNH 163103 

Lepus nigricollis vassali MNHN 1961.947 

Lepus peguensis MNHN 1877.1831 

Lepus sinensis MNHN 1874.678 

Lepus sp. Confluences 50.000841 

Lepus sp. Confluences 50.003353 

Lepus sp. Confluences 50.000836 

Lepus sp. Confluences 50.000851 

Lepus sp. Confluences 50.000854 

Lepus sp. Confluences 50.00086 

Lepus sp. Confluences 50.000857 

Lepus sp. Confluences 50.000856 

Lepus starcki MNHN 1970.253 

Lepus starcki MNHN 1984.1173 

Lepus starcki MNHN 1970.254 

Lepus starcki MNHN 1973.226 

Lepus starcki MNHN 1973.230 

Lepus starcki MNHN 1973.275 

Lepus starcki MNHN 1973.259 

Lepus starcki MNHN 1973.270 

Lepus starcki MNHN 1973.212 

Lepus starcki MNHN 1973.218 

Lepus starcki MNHN 1973.205 

Lepus timidus MNHN 2009.263 

Lepus timidus MNHN 1971.1115 

Lepus timidus MNHN 1933.2150 

Lepus timidus MNHN 1954.67 

Lepus timidus Confluences 50.000834 

Lepus tolai MNHN 1980.422 

Lepus tolai MNHN 1970.78 

Lepus tolai MNHN 1980.76 

Lepus tolai MNHN 1980.73 

Lepus tolai MNHN 1980.77 

Lepus tolai MNHN 1980.72 

Lepus townsendi AMNH 40312 

Lepus townsendi AMNH 40881 

Lepus townsendi AMNH 40311 

Lepus townsendi AMNH 40883 

Lepus townsendi AMNH 93232 

Lepus townsendi AMNH 120787 

Lepus variabilis  Confluences 50.00084 

Lepus victoriae MNHN 2001.1598 

Lepus victoriae MNHN 1961.762 
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Lepus victoriae MNHN 1958.782 

Lepus victoriae MNHN 1995.474 

Lepus victoriae MNHN 1995.481 

Lepus victoriae MNHN 1995.480 

Lepus victoriae MNHN 1995.475 

Lepus victoriae MNHN 1995.477 

Lepus victoriae MNHN 1995.476 

Lepus victoriae MNHN 1971.713 

Lepus victoriae MNHN 1971.715 

Lepus victoriae MNHN 1971.714 

Lepus victoriae MNHN 1971.712 

Lepus victoriae MNHN 1971.711 

Lepus victoriae MNHN 1969.290 

Lepus victoriae MNHN 1969.287 

Lepus victoriae MNHN 1971.696 

Lepus victoriae MNHN 1971.703 

Lepus victoriae MNHN 1971.699 

Lepus victoriae MNHN 1971.704 

Lepus victoriae MNHN 1966.149 

Lepus victoriae MNHN 1961.1014 

Lepus victoriae MNHN 1966.227 

Lepus victoriae MNHN 1961.643 

Lepus victoriae MNHN 1961.642 

Lepus victoriae MNHN 1958.787 

Lepus victoriae MNHN 1970.252 

Lepus victoriae MNHN 1960.556 

Lepus victoriae MNHN 1960.553 

Lepus victoriae MNHN 1960.554 

Lepus victoriae MNHN 1960.552 

Lepus victoriae MNHN 1958.789 

Lepus victoriae MNHN 1911.826 

Lepus victoriae MNHN 1951.590 

Lepus victoriae MNHN 1973.234 

Lepus victoriae MNHN 1973.233 

Lepus victoriae MNHN 1973.277 

Lepus victoriae MNHN 1973.278 

Lepus victoriae MNHN 1973.217 

Lepus victoriae MNHN 1988.54 

Lepus victoriae MNHN 1990.628 

Lepus victoriae MNHN 1989.42 

Lepus victoriae MNHN 1989.39 

Lepus victoriae MNHN 1989.38 

Lepus yarkandensis MNHN 1911.759 

Nesolagus timminsi AMNH 276142 

Ochotona principes AMNH 149467 

Oryctolagus cuniculus MNHN 1991.13 
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Oryctolagus cuniculus MNHN 1991.05 

Oryctolagus cuniculus MNHN 1991.19 

Oryctolagus cuniculus MNHN 2001.224 

Oryctolagus cuniculus MNHN 1991.3 

Oryctolagus cuniculus MNHN 1911.25 

Oryctolagus cuniculus MNHN 2001.225 

Oryctolagus cuniculus MNHN 2001.214 

Oryctolagus cuniculus MNHN 2001.230 

Oryctolagus cuniculus MNHN 2001.237 

Oryctolagus cuniculus MNHN 2001.236 

Oryctolagus cuniculus MNHN 1991.28 

Oryctolagus cuniculus MNHN 2001.241 

Oryctolagus cuniculus MNHN 2001.246 

Oryctolagus cuniculus MNHN 2001.245 

Oryctolagus cuniculus MNHN 1991.02 

Oryctolagus cuniculus MNHN 1991.29 

Oryctolagus cuniculus MNHN 1991.30 

Oryctolagus cuniculus MNHN 1991.24 

Oryctolagus cuniculus MNHN 1983.106 

Oryctolagus cuniculus MNHN 1983.100 

Oryctolagus cuniculus MNHN 1991.10 

Oryctolagus cuniculus MNHN 2010.644 

Oryctolagus cuniculus MNHN 1991.58 

Oryctolagus cuniculus MNHN 2001.185 

Oryctolagus cuniculus MNHN 2001.152 

Oryctolagus cuniculus MNHN 2001.186 

Oryctolagus cuniculus MNHN 2001.187 

Oryctolagus cuniculus MNHN 2001.184 

Oryctolagus cuniculus MNHN 2001.24 

Oryctolagus cuniculus MNHN 2001.04 

Oryctolagus cuniculus MNHN 2001.05 

Oryctolagus cuniculus MNHN 2001.198 

Oryctolagus cuniculus MNHN 2001.292 

Oryctolagus cuniculus MNHN 2009.282 

Oryctolagus cuniculus MNHN 2009.281 

Oryctolagus cuniculus MNHN 1995.1276 

Oryctolagus cuniculus MNHN 1991.72 

Oryctolagus cuniculus MNHN 1995.32 

Oryctolagus cuniculus MNHN 1995.64 

Oryctolagus cuniculus MNHN 1995.142 

Oryctolagus cuniculus MNHN 2005.819 

Oryctolagus cuniculus MNHN 1980.25 

Oryctolagus cuniculus MNHN 1980.26 

Oryctolagus cuniculus MNHN 1980.29 

Oryctolagus cuniculus MNHN 1980.28 

Oryctolagus cuniculus MNHN 1980.27 
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Oryctolagus cuniculus MNHN 1980.23 

Oryctolagus cuniculus MNHN 1945.112 

Oryctolagus cuniculus MNHN 1945.113 

Oryctolagus cuniculus MNHN 2001.1150 

Oryctolagus cuniculus MNHN 2001.1147 

Oryctolagus cuniculus MNHN 2001.1148 

Oryctolagus cuniculus MNHN 2001.1149 

Oryctolagus cuniculus MNHN 2001.1146 

Oryctolagus cuniculus MNHN 1974.330 

Oryctolagus cuniculus MNHN 1985.1837 

Oryctolagus cuniculus MNHN 1962.1982 

Oryctolagus cuniculus MNHN 1962.1964 

Oryctolagus cuniculus MNHN 1962.1969 

Oryctolagus cuniculus MNHN 1962.1965 

Oryctolagus cuniculus MNHN 1962.1966 

Oryctolagus cuniculus MNHN 1962.1968 

Oryctolagus cuniculus MNHN 2004.88 

Oryctolagus cuniculus MNHN 1962.1014 

Oryctolagus cuniculus MNHN 1962.1972 

Oryctolagus cuniculus MNHN 1974.329 

Oryctolagus cuniculus MNHN 2009.252 

Oryctolagus cuniculus MNHN 2001.1154 

Oryctolagus cuniculus MNHN 2001.1153 

Oryctolagus cuniculus MNHN 1983.103 

Oryctolagus cuniculus MNHN 1983.105 

Oryctolagus cuniculus MNHN 1985.2011 

Oryctolagus cuniculus MNHN 1985.1838 

Oryctolagus cuniculus MNHN 1947.239 

Oryctolagus cuniculus MNHN 1971.364 

Oryctolagus cuniculus MNHN 1971.364B 

Oryctolagus cuniculus MNHN 1971.367 

Oryctolagus cuniculus MNHN 1971.368 

Oryctolagus cuniculus MNHN 1954.308 

Oryctolagus cuniculus MNHN 1912.668 

Oryctolagus cuniculus MNHN 1914.329 

Oryctolagus cuniculus MNHN 1983.97 

Oryctolagus cuniculus MNHN 1960.3810 

Oryctolagus cuniculus MNHN 1961.947 

Oryctolagus cuniculus MNHN 1983.439 

Oryctolagus cuniculus MNHN 1962.4207 

Oryctolagus cuniculus MNHN 1995.2692 

Oryctolagus cuniculus MNHN 1963.1409 

Oryctolagus cuniculus MNHN 1963.1408 

Oryctolagus cuniculus MNHN 2001.1048 

Oryctolagus cuniculus MNHN 2001.1049 

Oryctolagus cuniculus MNHN 2001.1046 
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Oryctolagus cuniculus MNHN 2001.1136 

Oryctolagus cuniculus MNHN 2001.1138 

Oryctolagus cuniculus MNHN 2001.1137 

Oryctolagus cuniculus MNHN 2001.1135 

Oryctolagus cuniculus MNHN 2001.1134 

Oryctolagus cuniculus MNHN 2001.1132 

Oryctolagus cuniculus MNHN 2001.1140 

Oryctolagus cuniculus MNHN 2001.1139 

Oryctolagus cuniculus MNHN 2001.1145 

Oryctolagus cuniculus MNHN 2001.1144 

Oryctolagus cuniculus MNHN 2001.1142 

Oryctolagus cuniculus MNHN 2001.1122 

Oryctolagus cuniculus MNHN 2001.1130 

Oryctolagus cuniculus MNHN 2001.1118 

Oryctolagus cuniculus MNHN 2001.1107 

Oryctolagus cuniculus MNHN 2001.1116 

Oryctolagus cuniculus MNHN 2001.1131 

Oryctolagus cuniculus MNHN 2001.1106 

Oryctolagus cuniculus MNHN 2001.1983 

Oryctolagus cuniculus MNHN 2001.1109 

Oryctolagus cuniculus MNHN 2001.1129 

Oryctolagus cuniculus MNHN 2001.1121 

Oryctolagus cuniculus MNHN 2001.1113 

Oryctolagus cuniculus MNHN 2001.1117 

Oryctolagus cuniculus MNHN 2001.1126 

Oryctolagus cuniculus MNHN 2001.1123 

Oryctolagus cuniculus MNHN 2001.1125 

Oryctolagus cuniculus MNHN 2001.1115 

Oryctolagus cuniculus MNHN 2001.1127 

Oryctolagus cuniculus MNHN 2001.1077 

Oryctolagus cuniculus MNHN 2001.1055 

Oryctolagus cuniculus MNHN 2001.1076 

Oryctolagus cuniculus MNHN 2001.1061 

Oryctolagus cuniculus MNHN 2001.1064 

Oryctolagus cuniculus MNHN 2001.1067 

Oryctolagus cuniculus MNHN 2001.1078 

Oryctolagus cuniculus MNHN 2001.1058 

Oryctolagus cuniculus MNHN 2001.1079 

Oryctolagus cuniculus MNHN 2001.1072 

Oryctolagus cuniculus MNHN 2001.1070 

Oryctolagus cuniculus MNHN 2001.1075 

Oryctolagus cuniculus MNHN 2001.1104 

Oryctolagus cuniculus MNHN 2001.1084 

Oryctolagus cuniculus MNHN 2001.1081 

Oryctolagus cuniculus MNHN 2001.1101 

Oryctolagus cuniculus MNHN 2001.1097 
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Oryctolagus cuniculus MNHN 2001.1096 

Oryctolagus cuniculus MNHN 2001.1102 

Oryctolagus cuniculus MNHN 2001.1087 

Oryctolagus cuniculus MNHN 2001.1100 

Oryctolagus cuniculus MNHN 2001.1098 

Oryctolagus cuniculus MNHN 2001.1105 

Oryctolagus cuniculus MNHN 2001.1085 

Oryctolagus cuniculus MNHN 2001.1027 

Oryctolagus cuniculus MNHN 2001.1028 

Oryctolagus cuniculus MNHN 2001.1038 

Oryctolagus cuniculus MNHN 2001.1035 

Oryctolagus cuniculus MNHN 2001.1040 

Oryctolagus cuniculus MNHN 2001.1037 

Oryctolagus cuniculus MNHN 2001.1034 

Oryctolagus cuniculus MNHN 2001.1030 

Oryctolagus cuniculus MNHN 2001.1031 

Oryctolagus cuniculus MNHN 1980.3 

Oryctolagus cuniculus MNHN 1980.6 

Oryctolagus cuniculus MNHN 1980.16 

Oryctolagus cuniculus MNHN 1980.7 

Oryctolagus cuniculus MNHN 1980.2 

Oryctolagus cuniculus MNHN 1980.10 

Oryctolagus cuniculus MNHN 1980.11 

Oryctolagus cuniculus MNHN 1980.8 

Oryctolagus cuniculus MNHN 1980.20 

Oryctolagus cuniculus MNHN 1980.19 

Oryctolagus cuniculus MNHN 1980.17 

Oryctolagus cuniculus MNHN 1980.4 

Oryctolagus cuniculus MNHN 1980.15 

Oryctolagus cuniculus MNHN 1980.14 

Oryctolagus cuniculus MNHN 180.12 

Oryctolagus cuniculus MNHN 1980.22 

Oryctolagus cuniculus MNHN 1980.21 

Oryctolagus cuniculus MNHN 1980.9 

Oryctolagus cuniculus MNHN 1980.1 

Oryctolagus cuniculus MNHN 1980.18 

Oryctolagus cuniculus MNHN 1980.13 

Oryctolagus cuniculus MNHN 1914.72 

Oryctolagus cuniculus MNHN 1914.72b 

Oryctolagus cuniculus MNHN A7714 

Oryctolagus cuniculus MNHN 1899.74 

Oryctolagus cuniculus MNHN 1908.194 

Oryctolagus cuniculus MNHN 2001.1008 

Oryctolagus cuniculus MNHN 2001.1001 

Oryctolagus cuniculus MNHN 2001.993 

Oryctolagus cuniculus MNHN 2001.1010 
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Oryctolagus cuniculus MNHN 2001.1007 

Oryctolagus cuniculus MNHN 2001.1005 

Oryctolagus cuniculus MNHN 2001.1002 

Oryctolagus cuniculus MNHN 2001.998 

Oryctolagus cuniculus MNHN 2001.999 

Oryctolagus cuniculus MNHN 2001.1009 

Oryctolagus cuniculus MNHN 2001.1863 

Oryctolagus cuniculus MNHN 2001.875 

Oryctolagus cuniculus MNHN 2001.881 

Oryctolagus cuniculus MNHN 2001.866 

Oryctolagus cuniculus MNHN 2001.871 

Oryctolagus cuniculus MNHN 2001.874 

Oryctolagus cuniculus MNHN 2001.870 

Oryctolagus cuniculus MNHN 2001.879 

Oryctolagus cuniculus MNHN 2001.867 

Oryctolagus cuniculus MNHN 2001.876 

Oryctolagus cuniculus MNHN 2001.872 

Oryctolagus cuniculus MNHN 2001.865 

Oryctolagus cuniculus MNHN 2001.899 

Oryctolagus cuniculus MNHN 2001.887 

Oryctolagus cuniculus MNHN 2001.890 

Oryctolagus cuniculus MNHN 2001.893 

Oryctolagus cuniculus MNHN 2001.891 

Oryctolagus cuniculus MNHN 2001.894 

Oryctolagus cuniculus MNHN 2001.971 

Oryctolagus cuniculus MNHN 2001.910 

Oryctolagus cuniculus MNHN 2001.915 

Oryctolagus cuniculus MNHN 2001.918 

Oryctolagus cuniculus MNHN 2001.923 

Oryctolagus cuniculus MNHN 2001.922 

Oryctolagus cuniculus MNHN 1924.1033 

Oryctolagus cuniculus MNHN 2003.139 

Oryctolagus cuniculus MNHN 2001.1020 

Oryctolagus cuniculus MNHN 2001.1018 

Oryctolagus cuniculus MNHN 2001.1021 

Oryctolagus cuniculus MNHN 2001.1017 

Oryctolagus cuniculus MNHN 2001.1014 

Oryctolagus cuniculus MNHN 2001.1016 

Oryctolagus cuniculus MNHN 2001.980 

Oryctolagus cuniculus MNHN 2001.979 

Oryctolagus cuniculus MNHN 2001.974 

Oryctolagus cuniculus Confluences 50.000833 

Oryctolagus cuniculus Confluences 50.00087 

Oryctolagus cuniculus Confluences 50.000846 

Oryctolagus cuniculus Confluences 50.000848 

Oryctolagus cuniculus Confluences 50.000855 
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Oryctolagus cuniculus Confluences 50.003357 

Oryctolagus cuniculus Confluences 50.000839 

Oryctolagus cuniculus Confluences 50.000838 

Oryctolagus cuniculus Confluences 50.000845 

Oryctolagus cuniculus Confluences 50.000847 

Oryctolagus cuniculus  MNHN 1971.210 

Oryctolagus cuniculus  MNHN 1909.137 

Paleolagus haydeni UCBL-FSL 6945 

Paleolagus haydeni UCBL-FSL 6941 

Paleolagus haydeni UCBL-FSL 6933 

Paleolagus haydeni UCBL-FSL 6934 

Paleolagus haydeni UCBL-FSL 6937 

Paleolagus haydeni UCBL-FSL 6939 

Paleolagus haydeni UCBL-FSL 6940 

Paleolagus haydeni UCBL-FSL 6942 

Paleolagus haydeni UCBL-FSL 6946 

Paleolagus haydeni UCBL-FSL 6935 

Paleolagus haydeni UCBL-FSL 6936 

Poelagus marjorita AMNH 118666 

Poelagus marjorita AMNH 118667 

Poelagus marjorita AMNH 51396 

Poelagus marjorita AMNH 118856 

Poelagus marjorita AMNH 118864 

Poelagus marjorita AMNH 118869 

Poelagus marjorita AMNH 118865 

Poelagus marjorita AMNH 51052 

Poelagus marjorita AMNH 51049 

Poelagus marjorita AMNH 51048 

Poelagus marjorita AMNH 51055 

Poelagus marjorita AMNH 51054 

Poelagus marjorita AMNH 51056 

Poelagus marjorita AMNH 51035 

Poelagus marjorita AMNH 51044 

Poelagus marjorita AMNH 51045 

Poelagus marjorita AMNH 51042 

Poelagus marjorita AMNH 51039 

Poelagus marjorita AMNH 51037 

Poelagus marjorita AMNH 51031 

Prolagus sardus MNHN  1987.27 

Pronolagus Crassicaudatus AMNH 89033 

Pronolagus rupestris AMNH 168888 

Pronolagus rupestris AMNH 168891 

Pronolagus rupestris AMNH 168890 

Pronolagus sp. AMNH 168899 

Pronolagus sp. AMNH 168903 

Pronolagus sp. AMNH 168901 
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Pronolagus sp. AMNH 168939 

Romerolagus diazi MNHN 1960.3808 

Romerolagus diazi AMNH 148173 

Romerolagus diazi AMNH 148172 

Romerolagus diazi AMNH 148181 

Romerolagus diazi AMNH 148171 

Romerolagus diazi AMNH 148178 

Sylvilagus brasiliensis AMNH 66659 

Sylvilagus brasiliensis AMNH 66661 

Sylvilagus brasiliensis AMNH 66662 

Sylvilagus brasiliensis AMNH 66663 

Sylvilagus audubonii AMNH 132542 

Sylvilagus audubonii AMNH 125924 

Sylvilagus audubonii AMNH 125925 

Sylvilagus audubonii AMNH 132538 

Sylvilagus audubonii AMNH 132543 

Sylvilagus audubonii vallicola MNHN 1939.1086 

Sylvilagus bachmani exigus MNHN 1927.1830 

Sylvilagus bachmani macrorhinus MNHN 1939.1085 

Sylvilagus brasiliensis MNHN 1962.2555 

Sylvilagus brasiliensis MNHN 1933.2335 

Sylvilagus brasiliensis MNHN 1848.246 

Sylvilagus brasiliensis MNHN 1910.240 

Sylvilagus brasiliensis MNHN 1896.2455 

Sylvilagus floridanus MNHN 1934.1205 

Sylvilagus floridanus MNHN 2009.277 

Sylvilagus floridanus MNHN 1921.58 

Sylvilagus floridanus MNHN 1980.505 

Sylvilagus floridanus MNHN 1929.676 

Sylvilagus floridanus MNHN 1929.677 

Sylvilagus floridanus MNHN 1929.678 

Sylvilagus floridanus MNHN 1929.680 

Sylvilagus floridanus chapmani MNHN 1962.954 

Sylvilagus nuttallii AMNH 92858 

Sylvilagus nuttallii AMNH 92857 

Sylvilagus nuttallii AMNH 92856 

Sylvilagus nuttallii AMNH 4336 

Sylvilagus nuttallii AMNH 7381 

Sylvilagus palustris AMNH 163975 

Sylvilagus palustris AMNH 93231 

Sylvilagus palustris AMNH 91136 

Sylvilagus palustris AMNH 25707 

Sylvilagus palustris AMNH 147446 

Sylvilagus palustris AMNH 147447 

Sylvilagus sp. MNHN 1903.85 
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Annex 4: Denture of Oryctolagus cuniculus  
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Annex 5: 3D reconstructions of dental epithelium during Oryctolagus cuniculus 

embryonic development.  
 

Bertonnier-Brouty Ludivine1*, Viriot Laurent1, Joly Thierry2,3, Charles Cyril1 

 

1 Institut de Génomique Fonctionnelle de Lyon, Université de Lyon, CNRS UMR 5242, Ecole Normale 

Supérieure de Lyon, Université Claude Bernard, Lyon 1, 69007, Lyon, France 

2 ISARA-Lyon, 69007, Lyon, France 

3 VetAgroSup, 69280, Marcy l’Etoile, France 

* Corresponding author: ludivine.bertonnierbrouty@ens-lyon.fr 

 

MorphoMuseum has accepted the 3D reconstructions listed below. These 3D reconstructions 

are linked to the article 1 (p 52) and will be locked until publication of the main article.  

zip ID Teeth Age Left/Right Voxel size (mm) 

 

E14 

 

E14-right 

E14-CheekTeeth 14 dpf RIGHT 0.00328003 

E14-LowerIncisors 14 dpf LEFT+RIGHT 0.00328003 

E14-UpperIncisors 14 dpf LEFT+RIGHT 0.00328003 

 

E16 

 

E16-left 

E16-CheekTeeth 16 dpf LEFT 0.00161137 

E16-LowerIncisors 16 dpf LEFT+RIGHT 0.00161137 

E16-UpperIncisors 16 dpf LEFT+RIGHT 0.00161137 

 

E18 

 

E18-right 

E18-LowerCheekTeeth 18 dpf LEFT 0.00299989 

E18-LowerIncisors 18 dpf LEFT 0.00299989 

E18-UpperCheekTeeth 18 dpf LEFT 0.00299989 

E18-UpperIncisors 18 dpf LEFT 0.00299989 

 

E20 

 

E20-left 

E20-LowerCheekTeeth 20 dpf LEFT 0.00324637 

E20-LowerIncisors 20 dpf LEFT 0.00324637 

E20-UpperCheekTeeth 20 dpf LEFT 0.00324637 

E20-UpperIncisors 20 dpf LEFT 0.00324637 

 

E22 

E22-lower-left E22-LowerCheekTeeth 22 dpf LEFT 0.00399988 

E22-LowerIncisors 22 dpf LEFT 0.00399988 

E22-UpperCheekTeeth E22-UpperCheekTeeth 22 dpf RIGHT 0.00348826 

E22-UpperIncisors E22-UpperIncisors 22 dpf RIGHT 0.00348826 

 

E24 

 

E24-left 

E24-LowerCheekTeeth 24 dpf LEFT 0.00499989 

E24-LowerIncisors 24 dpf LEFT 0.00499989 

E24-UpperCheekTeeth 24 dpf RIGHT 0.00499989 

E24-UpperCheekTeeth E24-UpperIncisors 24 dpf LEFT 0.00499989 

 

E26 

 

E26-right 

E26-LowerCheekTeeth 26 dpf RIGHT 0.00474982 

E26-LowerIncisors 26 dpf RIGHT 0.00474982 

E26-UpperCheekTeeth 26 dpf RIGHT 0.00474982 

E26-UpperIncisors E26-UpperIncisors 26 dpf RIGHT 0.00474982 

 

E28 

 

E28-right 

E28-LowerCheekTeeth 28 dpf RIGHT 0.00749989 

E28-LowerIncisors 28 dpf RIGHT 0.00749989 

E28-UpperCheekTeeth 28 dpf RIGHT 0.00749989 

E28-UpperIncisors 28 dpf RIGHT 0.00749989 

mailto:ludivine.bertonnierbrouty@ens-lyon.fr
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