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Abstract 

Firstly, we review the genetic mutations implicated in the VIII different types of Osteogenesis 

Imperfecta (OI). Secondly, the craniofacial consequences of OI mutations are summarized. 

Depending on the OI type, dentoalveolar disturbances and variations in the craniofacial 

phenotype are reported. Some OI or SROI animal models ranging from type I to IV are 

analyzed. They included the oim/oim mice, Brittle IV, cartilage associated protein null mice, 

and fragilitas ossium >the fro/fro mice resulting from the mutation of a gene encoding neutral 

sphingomyelin phosphodiesterase 3 (SMPD3)@. The dental consequences of the mutated 

fro/fro mice reported here shed some lights on the role of phospholipids in skeletal 

mineralization. 
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Introduction  
 

Osteogenesis imperfecta (OI) is a human genetic disorder of increased bone fragility 

and low bone mass. Severity varies widely, ranging from intrauterine fractures and perinatal 

lethality to very mild forms without fractures. There is variable association of typical 

extraskeletal manifestations with the disorder, including blue sclera, dentinogenesis 

imperfecta, hyperlaxity of ligaments and skin, hearing impairment, and the presence of 

Wormian bones on skull radiography1. Even though the range of clinical severity in OI is a 

continuum, categorization of patients into separate types can be useful to assess prognosis and 

to evaluate the effects of therapeutic interventions. The most widely used classification of OI 

distinguished four clinical type2. The most relevant clinical characteristic of all OI types is 

bone fragility, the severity of which increases in the order type I < type IV < type III < type II. 

It is now widely recognized that there may be much more types of OI than those classified by 

Sillence et al. Some forms of congenital brittle bones have been considered OI and have been 

added as types V, VI and VII3-5.There is still no perfect consensus about the definition of OI. 

Plotkin recently proposed to define OI as syndromes resulting from mutations in either 

COL1A1 or COL1A2 genes, and to group all other syndromes with congenital brittle bones as 

“syndromes resembling OI (SROI)”, pending the identification of their causal mutations 6. In 

the new Nosology and Classification of the Genetic Skeletal disorders7, OI is declined in 

several forms depending of the severity of the phenotype whatever the mode of the 

transmission or the gene involved. 

Clinical forms of OI 
 

OI type I includes patients with mild disease and absence of major bone deformities. 

Typical features of OI type I are normal height or mild short stature, blue sclera, and no 

dentinogenesis imperfecta. However, vertebral fractures are typical and can lead to mild 

scoliosis. Type II is lethal in the perinatal period, usually because of respiratory failure 

resulting from multiple rib fractures. Typical features of OI type II are multiple fractures at 

birth, pronounced deformities, broad long bones, low density of skull bones on radiography, 

and dark sclera. Type III is the most severe form in children surviving the neonatal period. 

Typical features of OI type III are very short stature, triangular face, severe scoliosis, greyish 



sclera, and dentinogenesis imperfecta. Deformities secondary to multiple fractures can lead to 

respiratory difficulties, identified as a leading cause of death in this patient group8,9. Patients 

with mild to moderate bone deformities and variable short stature are classified as OI type IV. 

This last group includes all individuals who are not clearly part of the first three types. 

Typical features of OI type IV are moderately short stature, mild to moderate scoliosis, 

greyish or white sclera, and dentinogenesis imperfecta.  

  

 Patients with OI Type V have a history of moderate to severe increased fragility of 

long bones and vertebral bodies, and they experience at least one episode of hyperplastic 

callus formation. None of the type V patients present blue sclerae or dentinogenesis 

imperfecta, but ligamentous laxity is similar to that in patients with OI type IV. Patients with 

OI type VI sustain more frequent fractures than patients with OI type IV. Sclerae are white or 

faintly blue and dentinogenesis imperfecta is uniformly absent. All patients have vertebral 

compression fractures. Biopsy specimens of the patients show accumulation of osteoid due to 

a mineralization defect. OI type VII is a form of autosomal recessive OI. The phenotype is 

moderate to severe, characterized by fractures at birth, bluish sclera, and early deformity of 

the lower extremities, coxa vara, and osteopenia. Rhizomelia is a prominent clinical feature. 

Histomorphometric analyses of iliac crest bone samples reveal findings similar to OI type I. 

Another form of autosomal recessive OI was also described and designed as OI type VIII10. 

This form is characterized by white sclera, severe growth deficiency, extreme skeletal hypo 

mineralization and bulbous metaphysis. 

Genetics forms of OI 
 

DNA linkage studies have suggested that more than 90% of probands with OI have an 

heterozygous mutation in COL1A1 or COL1A2, respectively encoding the pro-D1 and pro-D2 

chains of type I collagen11. The typical associated mutation for OI type I is a premature stop 

codon in the COL1A1 gene. Glycine substitutions in proĮ���I) or SURĮ���I) collagen chains are 

the typical mutations associated with OI types II, III and IV. The mildest form of OI typically 

results from diminished synthesis of structurally normal type I procollagen, whereas 

moderately severe to lethal forms of OI usually result from structural defects in one of the 

type I procollagen chains12. Rauch et al13 show that compared with patients with helical 

mutations, patients with COL1A1 haploinsufficiency on average were taller and heavier and 

had higher bone densitometry. Correlations between genotype and phenotype could not be 



done in OI. Rules exist, but with many exceptions: severity of the phenotype increases with 

N-position of the substitution, with larger and electric charged and with COL1A1 mutation 

(vs. COL1A2).  

 

Actually, for many years, only mutations in COL1A1 and COL1A2 have been 

reported. But autosomal recessive forms of OI were already been identified. In 2006, Morello 

et al. reported homozygous mutation of CRTAP14.  Together with cyclophilin B (PPIB), 

CRTAP and P3H1 comprise the collagen prolyl 3-hydroxylation complex, which catalyzes a 

specific posttranslational modification of types I, II and V collagens, and may act as a general 

chaperone15. The collagen produced by cells with an absence of Pro986 hydroxylation has 

helical overmodification by lysyl hydroxylase and prolyl 4-hydroxylase, indicating that the 

folding of the collagen helix has been substantially delayed. Recessive OI is caused by a 

dysfunctional P3H1/CRTAP/CyPB complex rather than by the lack of 3-prolyl hydroxylation 

of a single proline residue in the alpha1 chains of collagen type I16. 

 

The CyPB altered proband's collagen has normal collagen folding and normal prolyl 3-

hydroxylation, suggesting that CyPB is not the exclusive peptidyl-prolyl cis-trans isomerase 

that catalyzes the rate-limiting step in collagen folding, as is currently thought17.  

 Collagen fibrils in Ppib-/- mice had abnormal morphology, further consistent with an OI 

phenotype. In vitro studies revealed that in CypB-deficient fibroblasts, procollagen did not 

localize properly to the Golgi18. 

 
Table 1: New genes implicated in human OI (prolyl-3 hydroxylation of collagen) 
 

Publication Van Dijk 200916 Morello 200614 Barnes 201017 
Phenotype Severe, type IIB/III Lethal to severe Moderate without 

rhizomelia 
Transmission Autosomal recessive Autosomal recessive Autosomal recessive 
Population   Senegalese family with 

consanguinity 
Gene PPIB CRTAP or 

P3H1/LEPRE1 
Start codon mutation in 
PPIB 

Protein/function CyPB Cartilage-associated 
protein or prolyl 3-
hydroxylase 1(loss of 
function) 

Lack of cyclophilin B 
(CyPB) 

 
 



Recently, publications revealed new genes implicated in autosomal recessive forms of 
OI; they concern collagen I processing or transcription factors (Tab 2) 

 
Table 2: New gene implicated in human OI (P3H1/CRTAP/CyPB complex excluded)  
 

Publication Becker et al. 201119 Alanay et al. 201020 Christiansen et al. 
201021 

Lapunzina et al. 2010 22 

Phenotype Severe, with vertebral 
compression fractures 
and resulting 
deformities 

Moderately severe Severe Recurrent fractures, 
mild bone deformities,  

Transmission Autosomal recessive Autosomal recessive Autosomal recessive Autosomal recessive 
Population  Five consanguineous 

Turkish families and a 
Mexican-American 
family 

 Egyptian child 

Gene Truncating mutation, 
affecting SERPINF1  

Mutations in FKBP10 Missense mutation 
(c.233T>C, p. 
Leu78Pro) in 
SERPINH1 

Homozygous single 
base pair deletion 
(c.1052del) in 
SP7/Oster (OSX) 

Protein/function Pigment epithelium-
derived factor (PEDF), 
multifunctional 
glycoprotein, inhibitor 
of angiogenesis 

FKBP65, a chaperone 
that participates in type 
I procollagen folding 

Collagen chaperone-
like protein HSP47 * 

Transcription factor 
with three Cys2-His2 
zinc-finger DNA-
binding domains, the 
third removed by 
deletion 

 

*:  The mutation results in degradation of the endoplasmic reticulum resident HSP47 via the 
proteasome. Type I procollagen accumulates in the Golgi apparatus of fibroblasts. These 
findings suggest that HSP47 monitors the integrity of the triple helix of type I procollagen at 
the ER/cis-Golgi boundary. When HSP47 is absent, the rate of transit from the ER to the 
Golgi is increased and the helical structure formation is compromised. The role of HSP47 is 
downstream from the CRTAP/P3H1/CyPB complex.  

OI and craniofacial development 

Dental consequences of OI  
Genetic defects of collagen I leads to dentinogenesis imperfecta.  Clinical prevalence of the 

affection in OI patients varies among authors. Some reports23 suggest that all OI patients have 

dentinogenesis imperfecta.  Some patients have clinical forms, whereas others patients can be 

identified only from the examination of histological sections. Because of odontoblasts-

ameloblasts interactions, dentine-enamel junction and even enamel could be affected24.  

 

Dentoalveolar disturbances   
Dental class III is confirmed by AoBo (distance between orthogonal projection of maxillary 

point A and mandibular point B on occlusal plane). Maxillary incisors are labially proclined –



compensation of class III-, and mandibular incisors inclination is extremely variable. Anterior 

and posterior alveolar bone is 10% reduced, for mandibular and maxillary as well 25. Because 

of short radicular lengths for patients with dentinogenesis imperfecta, alveolar height is more 

reduced. With loss of dental crown height of dentinogenesis imperfecta affected teeth, lower 

face heights are particularly small. A high incidence of malocclusions is found, including 

anterior and posterior cross bite, and posterior open-bite. Hypodontia is seen by some authors 

but not reported by all of them. These conditions are probably combined with the skeletal and 

dentoalveolar abnormality.  

Ectopic eruption of maxillary molars may be related to maxillary hypodevelopment 

and globulous shape of the crowns in dentinogenesis imperfecta26. 

Craniofacial characteristics 
Bone fragility and deformities can affect also skull and spine27. The weight of the brain 

exceeds the load-bearing capacity of the bones at the skull base, deforming then gradually 

with age and severity of the disease, and leading to basilar abnormality.  Protrusion of the 

uppermost vertebrae into the foramen magnum causes brain compression, ranging from 

asymptomatic to severe neurological symptoms or death.  

 

OI patients are usually described with triangular face and larger head perimeter, protrusive 

temporal and frontal bones, and overhanging occiput28.  Many authors show higher incidence 

of skeletal class III25, 28-30. For Waltimo-Siren25, the sella region is depressed by the weight of 

the brain, which results a downward bending of the skull base. The anterior cranial base is 

shorter. Because of normal brain size for these patients and soft calvaria, vertical 

compensations of skull take place, leading to larger head 29, 31. Maxillary length is reduced is 

same proportion as anterior cranial base. Class III was thought to be mandible related. But, in 

fact, Harvold length of the mandible is smaller for OI patients than for controls. The growth 

of the ramus is more defective than the mandibular body, related to their differential 

developmental mechanisms. The latter forms through intramembranous ossification, whereas 

endochondral bone formation is essential part of condylar process growth. So, mandibular 

protrusion is due to maxillary retrusion and a closing rotation growth pattern of the mandible.   

 

Posture of these patients is often altered because of short neck, thorax deformities and basilar 

impression, with consequences on craniofacial development, such as an aggravation of the 

vertical facial underdevelopment.   



OI affects the growth of all craniofacial bones, despite their various developmental 

mechanisms. The intramembranous bones in the face and jaws of the OI patients remained 

smaller than normal. Endochondral growth (skull base and condylar process) is affected by 

both a primary growth defect and alterations in skull base flexure with adaptive 

downregulation in the condylar growth. 

Jensen and Lund concluded that structural abnormalities of collagen I generally give higher 

severe alterations of the craniofacial features than a quantitative defect of collagen31.  

Recently, Cheung et al.32 concluded that clinical severity of OI as expressed by the height Z-

score, was the strongest predictor of skull base abnormalities.  

 

Bisphosphonates affect osteoclast activity and bone remodeling, and are given to young 

children. Consequences to craniofacial development will have to be explored. 

 

Craniofacial phenotype according to OI type 33. 
OI type I: angular measurements are close to those of controls, however sagittal and linear 

measurements of OI patients are smaller. Shorter anterior cranial base is compensated by 

longer posterior cranial base. Because of few osseous deformations for these patients, cranial 

base angulation is subnormal. 

 

OI type II: this form is lethal; no craniofacial observation could have been performed. 

 

OI type III and IV: the anterior cranial base is shorter with no compensation by posterior 

cranial base. The deformations are those described below. 

Animal models of OI/SROI  
 

Many animal models of OI have been described and some are available for research in 

cellular, molecular or pharmacological therapy. 

In Mov-13 mice, transcription of the proĮ���I) gene is completely blocked as a result 

of Moloney leukemia virus integration at the 5’ end of the gene34. Only heterozygotes 

survived to young adulthood35, According to its phenotype, the heterozygous Mov-13 mouse 

therefore serves as a model of human OI type I. Tooth rudiments from embryos of 

homozygous Mov-13 mice produced a dentin layer containing normal amounts of type I 



collagen when grown as transplants either in the anterior chamber of the eye or under the 

kidney capsule of syngeneic hosts. There is evidence that odontoblasts can efficiently produce 

Į�� �I) mRNA despite stable integration of the retrovirus within the first inWURQ�RI� WKH�Į��,��

collagen gene36. 

Brittle II mouse is a model of OI type II, using the cre/lox recombination system to 

develop a lethal knock-in murine model of OI type II 37.  

Chipman et al.38 described oim/oim mice, a strain of mice with a non-lethal 

recessively inherited mutation that resulted in phenotypic and biochemical features that 

simulate moderate to severe human OI type III. Nucleotide sequencing of cDNA encoding the 

COOH-propeptide revealed a G deletion at SURĮ�� �I) nucleotide 3983; this results in an 

alteration of the sequence of the last 48 amino-acids. The dental phenotype in oim/oim is 

more severe in incisors than in molars and includes changes in pulp chamber size, tooth 

shape, and dentin ultrastructure39. Alendronate, a third-generation bisphosphonate drug, acts 

directly on the osteoclast, inhibiting its resorption capability. Its effects on linear bone growth 

were studied in oim/oim mice40. 

A moderately severe OI phenotype was obtained from a Į�� �I) 34�� *O\� ĺ� &\V�

substitution in type I collagen, which is the same mutation in a type IV OI child. These mice 

were designated as Brtl IV (Brittle IV)41. In patients with OI, phenotypic variability has been 

reported in several instances of both related and unrelated probands with the same collagen 

mutation. Mice with variable phenotype have equivalent expression of mutant Į���I) mRNA 

in several tissues, including bone and skin. There is a post pubertal adaptation in which Brtl 

femoral strength and stiffness increase through a mechanism independent of changes in whole 

bone geometry42. Similarly, moderately severe OI patients experienced a dramatic decrease in 

fracture frequency following puberty.  

There are other animal models of OI ranging from type I to IV; some of them are only 

clinically described.  

 

Prolyl hydroxylation is a critical post-translational modification that affects structure, 

function and turnover of target proteins. Prolyl 3-hydroxylation occurs at only one position in 

the triple-helical domain of fibrillar collagen chains. Cartilage associated protein (CRTAP) 

copurifies with protein fractions containing prolyl 3-hydroxylase type I activity and affects its 

enzymatic activity. CRTAP null mice develop progressive and severe kyphoscoliosis over the 

first 6 months of age. Moreover, they exhibit prenatal and postnatal growth delay. Crtap null 

mice exhibit a severe osteoporosis characterized by low bone mass, normal osteoblast and 



osteoclast numbers, reduced bone formation rate and mineral apposition rate, and decreased 

osteoid synthesis and mineralization lag time14. The phenotype of the Crtap-/- mice also 

revealed multiple abnormalities of connective tissue, including in the lungs, kidneys, and skin 
43. 

Fragilitas ossium, fro, is an often-lethal recessive mutation that was discovered in a 

random-bred stock of mice after treatment with a chemical mutagen44, 45. The fro/fro mutation 

has clinical, radiographic and morphological manifestations similar to those that arise in 

autosomal recessive forms of OI in humans. Approximately 90% of mutant offspring were 

perinatally lethal with clinical and radiographic findings similar to those of OI type II 

subgroup A in humans. The 10% of mutant mice that survived followed a course very similar 

to severe progressively deforming OI type III. No defect in type I collagen could be detected 

in the fro/fro mouse. Positional cloning of the locus identified a deletion in the gene encoding 

neutral sphingomyelin phosphodiesterase 3 (Smpd3) that led to complete loss of enzymatic 

activity. The smpd3 promoter is activated by BMP2 and is directly regulated by the Runx2 

transcription factor46. The precise relationship between impairment of the gene encoding 

Smpd3 and bone fragility have to be explored. 
 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 1: Metabolism of sphingolipids with indication of some molecular targets and subsequent 
biological effects (modified from Hannun & Obeid 2008)47 
http://www.nature.com/nrm/journal/v9/n2/abs/ - a2 Nat Rev Mol Cell Biol 2008, 9, 139-150).  
 
  

Another gene-alteration of a protease seems also to play a role in a form of OI.  

Zmpste-24 acts as a CAAX endoprotease, clipping off the C-terminal three amino acids from 

the protein (i.e., the –AAX of the CAAX motif). By 24-30 weeks of age, nearly every rib in 

 

http://www.nature.com/nrm/journal/v9/n2/abs/%23a2


Zmpste 24 -/- mice was broken in the vicinity of the costovertebral junction with hypertrophic 

calluses at the fracture sites48. 
 

Table 3: New genes implicated in animal OI or SROI with no human equivalent yet 
 

Publication Aubin et al. 2005 49 Bergo et al. 2002 48 
Phenotype Lethal to severe Moderate (-/+) and severe (-/-) 
Transmission Recessive  
Population Fro/fro mice  Mice homozygous and 

heterozygous 
Gene Deletion in SMPD3 Zmpste-24  
Protein/function Loss of enzyme activity of 

neutral sphingomyelinases 
cleaving sphingomyelin 
into ceramide 

Integral membrane zinc 
metalloproteinase of the 
endoplasmic reticulum 

Human  none mandibuloacral dysplasia  
lethal restrictive dermopathy 

 
 

 
The current standard of care includes a multidisciplinary approach with surgical 

intervention when necessary, proactive physiotherapy, and consideration for the use of 

bisphosphonates all in attempts to improve quality of life50. Animal models of OI are 

available for research in cellular, molecular or pharmacological therapy.  

 

For example in their study, Panaroni et al51 evaluated intra-uterine transplantation of 

adult bone marrow into heterozygous BrtlIV mice. The transplantation eliminated the 

perinatal lethality of heterozygous BrtlIV mice. At 2 months of age, femora of treated Brtl 

mice had significant improvement in geometric parameters (P < .05) versus untreated Brtl 

mice, and their mechanical properties attained wild-type values.  

 

Fro/fro mice and micro-CT 
 

In 1981, Guenet et al. have reported that after the injections to the male of the chemical 

mutagen tris(i-aziridinyl) phosphine-sulphine (Thiotepa®) a recessive mutation is observed in 

the offspring52. The mice are smaller; they show bended long bones (deformities of the four 

limbs). The mice are osteoporotic, and therefore display bone fragility. Therefore, this 

mutation was named Fragilitas Ossium (Fro). With about 90% of lethality and 10% of non-



lethality, the Fro/fro mice display similarities with non-collagenous forms of Ostegenesis 

Imperfecta, despite there is no spontaneous fracture as it is the case in many human forms.  

Guenet52, Muriel et al.53 and Silence et al.45 further confirmed these findings. Muriel et al.53 

also evidenced that osteonectin was decreased by 30-50%, with a 5% increase of BSP. 

Therefore the question arises if it was a direct or indirect effect due to osteonectin reduction.  

The physiopathology mechanisms were clarified later, when the identification of the mutation 

was made by Aubin et al.49. The deletion was located on chromosome 8 and was 

encompassing part of intron 8 and most of the exon 9 of Smpd3 gene. 

Neutral sphingomyelinase cleaves sphingomyelin into ceramide, a substrate for ceramidase 

resulting in the production of sphingosine. Modified by a specific kinase sphingosine is 

converted into sphingosine1-phosphate (SIP) >see for review: Hannun & Obeid,47@. SIP has a 

mitogenic action on osteoblasts. In close association with Smpd, defective molecules affect 

bone development and remodeling. Bone fragility and increased bone resorption leads to a 

form of osteogenesis imperfecta. In addition, identification was made for the first time of a 

defective dentinogenesis, appearing either as Dentinogenesis imperfecta, or Dentin Dysplasia 
49. This pointed out on a role of sphingomyelin in the mineralization process, since long 

suspected, but supported by this observation. 

Proliferation of cells (as visualized by PCNA) in the forming part of the incisors is much 

lower in Fro-/- compared with Fro+/- mice. This may account for the difference in length of 

the Fro-/- incisor, about one half of the Fro+/- mandibular incisor. In molars, proliferation 

near the tip of the cusps was diminished in the Fro-/- compared with the heterozygote Fro+/-. 

In addition the profile of the cusps was more scalloped in the homozygote, with deep recesses 

between the cusps 54,55. The von Kossa staining, revealing calcium phosphate supported the 

reduction in number and thickness of alveolar bone trabeculae, confirming the occurrence of 

bone osteopenia in the cranio-facial skeleton, as it was the case for the appendicular skeleton. 

As the consequence of the general hypomineralization, CS/DS GAGs located in non-

mineralized areas are enhanced in the fro-/fro- mouse.  

During aging, a partial self-repair occurs. MicroCT analysis shows gradual recovery. The 

mandibular bone of day 7 mice is clearly hypomineralized in the Fro -/- compared with the 

age matched Fro+/- (Fig. 1a,b). Defective bone is still observed at day 21 (Fig. 2a,b), but no 

difference is detectable in 1year-old mice (Fig. 3a,b)[a: Fro+/-; b: Fro-/-] 

This was not confirmed by 3D reconstruction of the dental pulp. The pulps or the 3 

mandibular molars were taller and larger for the Fro+/- at day 21 compared with the Fro-/- 

(Fig. 4). The same difference was seen in the pulps of 1 year-old first molar (Fig. 5). 



Quantitative data revealed a 0.0681mm3 pulp volume in the age-matched pulp of the Fro+/- 

vs. 0.0748mm3 in the -/- Fro mice. The fact the pulp volume was larger in the homozygote 

mice suggests that dentinogenesis was impaired and less dentin formation occurred in the Fro 

-/- mice. 

Important differences were detected between the Fro mutation and the smpd3 -/- mouse56, 

although the same gene was targeted. The smpd3 -/- mouse might mimic a form of human 

disease associated to pituitary hormone deficiency. The smpd3 -/- mouse shares its dwarf and 

chondrodysplasia phenotype, the most common form of human achondrodysplasia, linked to 

the fibroblast-growth-factor receptor 3 locus, and not linked to deficits in the hypothalamic-

pituitary epiphyseal growth plate axis.  

 

For years in our group attempts were made to elucidate the role of phospholipids in dental and 

skeletal tissues. Although we get biochemical and histochemical evidence that phospholipids 

are present in the extracellular matrix of mineralized tissues, our experimental approaches 

failed to establish a firm link between the presence of acidic ECM components and bone 

and/or teeth mineralization57-59. This mutation provides the first experimental evidence that 

some lipids are involved in the formation and mineralization of bonny and dental tissues. 

VII Conclusion 
The interest for Osteogenesis Imperfecta focus on two different aspects. Firstly, a number of 

studies have clarified the clinical aspects of this group of craniofacial pathologies. Our aim is 

to identify and get a better knowledge on the different types of mutations involved in the 

disease, especially within the frame of a therapeutic prospect60-63, 33. Secondly, all the 

information get from these mutations provide additional understanding on the mechanisms of 

normality and on the pathologic alterations of skeletal mineralization. 
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Legends of the figures  
Figure 1: MicroCT Day 7 Fro +/- (a) compared with Fro-/- (b). 

Figure 2: MicroCT Day 21 Fro +/- (a) vs Fro-/- (b). 

Figure 3: MicroCT 1 year old mandible of Fro+/- mice vs. Fro-/- . 

Figure 4: 3D reconstruction of the dental pulps of the 3 mandibular molars of 21 day old Fro 

mice  

Figure 5: 3D reconstruction of the dental pulp of 1year-old Fro +/- vs -/- . The pulp volume is 

larger in the homozygote compared with the heterozygote, suggesting dentinogenesis 

impairment. 
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