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ABSTRACT
A primary cilium, a sensory organelle present in 
almost every vertebrate cell, is regularly described 
in odontoblasts, projecting from the surfaces of the 
cells. Based on the hypothesis that the primary cil
ium is crucial both for dentin formation and possi
bly in tooth pain transmission, we have investigated 
the expression and localization of the main cilium 
components and involvement of the OFD1 gene in 
tooth morphogenesis. Odontoblasts in vitro express 
tubulin, inversin, rootletin, OFD1, BBS4, BBS6, 
ALMS1, KIF3A, PC1, and PC2. In vivo, cilia are 
aligned parallel to the dentin walls, with the top part 
oriented toward the pulp core. Close relationships 
between cilium and nerve fibers are evidenced. 
Calcium channels are concentrated in the vicinity of 
the basal body. Analysis of these data suggests a 
putative role of cilia in sensing the microenviron
ment, probably related to dentin secretion. This 
hypothesis is enhanced by the huge defects observed 
on molars from Ofd1 knockout mice, showing 
undifferentiated dentinforming cells.

KEy wORdS: odontoblasts, primary cilium, 
rootletin, Ca channels, polycystins, OFD1.

Primary Cilia of Odontoblasts: 
Possible Role in Molar 
Morphogenesis

INTROdUCTION

The primary cilium has been described in almost every eukaryotic cell type 
as a nonmotile antenna emerging from the cell and extending into the 

extracellular space (Wheatley, 1995). It forms a single organelle consisting 
of a membranebound cylinder surrounding the axoneme, made of 9 micro
tubule doublets. Underneath the ciliary membrane, the intraflagellar transport 
machinery assembles and maintains the cilium structure, allowing the protein 
complexes to move up and down using the microtubule doublets as a track 
(Badano et al., 2006). A striated cytoskeleton structure (rootlet) extends from 
the basal body toward the cell nucleus.

In many tissues, primary cilia are essential for sensing mechanical, bio
chemical, or light signals (Pazour and Witman, 2003; Praetorius and Spring, 
2005). These processes involve Ca2+ entry that requires PC2 (polycystin 2),  
a stretchactivated Ca2+ channel localized on cilia (Nauli et al., 2003). 
Consequently, the primary cilium may control fundamental aspects of cellular 
physiology and development, via its implication in different signaling path
ways, such as Hedgehog and Wnt (Fliegauf et al., 2007). Therefore, mutations 
in genes encoding cilium components can generate major human genetic 
diseases (Badano et al., 2006).

Odontoblasts are aligned in a single layer at the interface between dentin 
and pulp. Their cell bodies are embedded in a dense network of trigeminal 
sensory axons intimately related to their cell membrane (Ibuki et al., 1996; 
Maurin et al., 2004), without any synapselike structures. Previously, we 
demonstrated that odontoblasts display excitable properties, suggesting that 
they may operate as sensory cells (Allard et al., 2006). A primary cilium has 
been regularly described in the vicinity of the Golgi apparatus (Magloire et al., 
2004). Presently, the knowledge base available is too limited to determine the 
role of the cilium in odontoblasts compared with that in bone cells, where it 
contributes to osteogenic responses to stress (Xiao et al., 2006; Malone  
et al., 2007). Odontoblasts are subjected to external stimuli, causing dentin 
deformations; similarly, the cellular response could involve the primary cil
ium as a mediator of mechanotransduction processes concomitantly with the 
mechanosensitive ion channels previously identified (Allard et al., 2000; 
Magloire et al., 2003). In the present study, we analyzed the expression of the 
main components of primary cilium and calcium channels (Cav2.2) in both 
cultured human odontoblastlike cells and odontoblast cell membranes in 
vivo. Finally, a possible involvement of ciliopathies in tooth defects was 
approached through the results of Ofd1 gene mutation in mice that mimic the 
Xlinked orofacialdigital type I syndrome, encountered in humans, charac
terized by missing/supernumerary teeth and enamel hypoplasia (Prattichizzo 
et al., 2008).
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MATERIALS & METHOdS

Preparation of Tissue 
Specimens

Dental pulps were obtained from 
healthy human third molar germs 
(from 14 to 16yearolds) 
extracted for orthodontic reasons 
with the informed consent of the 
participants and their parents, in 
accordance with the French Public 
Health Code and following a pro
tocol approved by the local ethics 
committee. Pulps (20 specimens) 
were processed for cultured odon
toblastlike cells, immunochemis
try, and PCR analyses, or were 
kept frozen until use as described 
previously (Couble et al., 2000; 
Allard et al., 2006).

Total RNA Extraction and  
RT-PCR Analysis

Total RNA from cultured odonto
blastlike cells was obtained with 
the NucleoSpin RNA II kit and 
protocol (MachereyNagel, Düren, 
Germany). RNA (200 ng) was 
reversetranscribed and amplified 
in a Titan One Tube RTPCR system (Roche, Mannheim, 
Germany) to show Rootletin, OFD1, BBS4, BBS6, Inversin, 
ALMS1, PC1, PC2, KIF3A, Cav2.2, and GAPDH gene expres
sion. The selective primers used in this study and their anneal
ing temperatures are shown in the Table. The specificity of the 
PCR amplification product was confirmed by enzymatic restric
tion (Appendix Table).

Antibodies

Monoclonal mouse antibodies were used against acetylated α 
tubulin (clone 611B1, Sigma, St. Louis, MO, USA), detyrosinated  
α tubulin (clone 1D5, SYSY, Göttingen, Germany), and MAP1B 
(clone AA6, Sigma). Polyclonal antibodies raised in rabbits were 
used against γ tubulin (AK 15, Sigma), neurofilament H (NFH, 
Chemicon Intl., Temecula, CA, USA), Cav2.2 (Alomone Labs, 
Jerusalem, Israel), PC2 and PC1 (a generous gift from P. Delmas), 
rootletin (a generous gift from E.A. Nigg, Bahe et al., 2005), and 
OFD1 (a generous gift from Romio et al., 2003).

Rabbit polyclonal antiPC2 anti bodies were generated against 
the peptide CSRQAWSRDNPGFEAE (aa 82 to 97) of mTRPP2 
and purified on a column with the antigenic peptide. Rabbits 
were immunized once with the antigenic peptide and boosted 3 
times. For PC2 protein extraction and Western blotting, HEK 
(Human Embryonic Kidney cells) transfected with hPKD2 and 
rat kidney were collected with the cold extraction buffer as fol
lows (mM): 20 Tris (pH 7.5), 2 EDTA, 150 NaCl, and 1% Triton 

x100 in the presence of a “complete” protease inhibitor cocktail 
(Roche Diagnostics, Mannheim, Germany), and centrifuged for 
10 min at 10,000 g. Protein concentration was estimated by the 
BCA protein assay kit (Pierce, Rockford, IL, USA). Protein 
extracts were separated on 7.5% or 10% SDSpolyacrylamide 
gels and transferred to 0.45µm nitrocellulose membranes. 
Membranes were blocked with 5% milk in buffer A (mM) [12 
TrisHCl (pH 7.4), 160 NaCl, 0,1% Triton X100] for 1 hr at 
room temperature. The membranes were then incubated with a 
rabbit antibody to hPKD2 (1:2000) in blocking buffer overnight 
at 4°C with rocking. The membranes were further incubated 
with a secondary antibody (goat antirabbit, BioRad, Hercules, 
CA, USA; 1:2000) for 1 hr at room temperature. Detection 
was achieved with the use of ECL Westernblotting reagents 
(Amersham, Buckinghamshire, UK).

Immunohistochemistry

Odontoblast cultures and cryostat sections of pulps were fixed in 
cooled methanol, rinsed in PBS, treated with 0.1% Triton X100, 
and reacted for double staining with antirootletin, acetylated α 
tubulin, γ tubulin, detyrosinated α tubulin, OFD1, PC1, PC2, and 
NFH. For Cav2.2, cells and pulp sections were fixed in 4% para
formaldehyde0.1% Triton X100. Subsequently, the slices or cul
tures were rinsed, incubated with goat antimouse Alexa Fluor 594 
and goat antirabbit 488 (Molecular Probes, Eugene, OR, USA). 

Table. RT-PCR* Primer Characteristics

 GenBank  Annealing Fragment 
Ciliary Component Accession  Primer Sequence 5’-3’ Temperature Size

Inversin NM 014425 F:TTAATATCCGTACCTGAAGGCT
  R:GATGCCAGGAAAGTAGTGAGAG 53°C 354 bp
Rootletin NM 014675 F:TACAGCGACTCCAGCGTGAA
  R:GGCAGCAATCTCCTCACTCA 62°C 149 bp
Ofd1 NM 003611 F:ATGTTTACCGTGGCTGATGTGT
  R:TGAGGGTAAGCATCTGCAAACT 53°C 548 bp
BBS 4 NM 033028 F:ACTTGGCACCCTTCGATTG
  R:GGTGGACTGCTTCTGCGTAG 56°C 207 bp
Bbs 6 NM 018848 F:AGAGAAGACAAGTGGCTGCTAC
  R:GGAATGTCGTCGTTTTTAGG 57°C 246 bp
ALMS1 NM 015120 F:ATATGGCACTGAAACGATG
  R:GTCTGTGTGCCAATATCCTT 54°C 208 bp
Kif3A NM 007054 F:AGTCTCTGGCCATCCTTTCTGC
  R:CTGTTCCGGTTTGTCCATATGC 57°C 399 bp
Polycystin (PC) 1 NM 000296 F:CCGGATGAAGATGACACCCT
  R:GAAGGCCCGGCTGTGCAGCT 59°C 273 bp
Polycystin (PC) 2 NM 000297 F:CTAGCGTATGCTCAGTTGGCA
  R:GCTGTGCCAAGTCAGATTTCA 53°C 256 bp
CaV2.2 NM 000718 F:GAGATAGTGGAAGCCGACAA
  R:GAGTGACGTTCCGCTGATT 59°C 178 bp
GAPDH NM 002046 F:ACCACAGTCCATGCCATCAC
  R:TCCACCACCCTGTTGCTGTA 61°C 450 bp

* RT-PCR conditions were in 35 cycles. The PCR products were run on gel electrophoresis with NuSieve 
3:1 agarose (FMC Bioproducts, Rockland, ME, USA) and visualized with ethidium bromide (1 μg/mL).
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Observations were made by scanning laser confocal microscopy 
(Zeiss LSM510, Zeiss, Le Pecq, France) with 40x/1.3 or 63x/1.4 oil 
immersion objectives. Acetylated α tubulin or detyrosinated α tubu
lin were assigned red, and rootletin, NFH, OFD1, PC1, PC2, and 
Cav2.2 were assigned green with the laser scanning software. 
Negative controls were carried out by omission of the primary 
antibodies or by incubation with normal mouse or rabbit IgG. 
Figures were processed in Adobe Photo shop 6.0 (Adobe Systems, 
San Jose, CA, USA). Some confocal image stacks were treated by 
threedimensional visualization software (Amira version 3.1, 

Mercury Computer Systems, 
Chelmsford, MA, USA). For the 
creation of the threedimensional 
animations and pictures, volume
rendering visualization was used. 
This technique simulated the cast
ing of light rays through the vol
ume and gave a 3D impression of 
the stained structure.

Cultures and sections were 
also examined by use of an  
epifluorescence Olympus BX 
50 microscope.

Histological Procedures

For ultrastructural investiga
tions, human pulp samples were 
carefully removed from teeth, 
fixed in 2% glutaraldehyde in 
0.05 M cacodylate buffer, post
fixed in 2% osmium tetroxide, 
dehydrated in a series of graded 
concentrations of acetone, and 
embedded in araldite according 
to the conventional procedure. 
Ultrathin sections were rou
tinely contrasted and examined 
in a Philips EM 208 electron 
microscope.

Heads from Ofd1Δ4-5/+ mouse 
embryos (E18.5, kindly provided 
by Dr. B. Franco, Ferrante et al., 
2006) were routinely processed 
(Masson’s trichrome staining) 
for light microscopic observa
tions. For immunodetection of 
axonemes, frozen sections were 
subjected to antiacetylated α 
tubulin and antirootletin anti  
bodies as described above. 
Immunolabeling for MAP1B 
(a neuronal marker involved  
in odontoblast differentiation) 
was performed as described 
recently (Maurin et al., 2009).

RESULTS
In vivo Localization of Ciliary Components in Human 
Odontoblasts of Immature Tooth Germs
In the odontoblast layer (Fig. 1), double staining identified the 
spatial position of the bases of cilia revealed by γ tubulin and 
rootletin protein staining (Figs. 1a, 1b). Their location demon
strated the situation of cilia aligned parallel to the dentin walls 
and the axonemes oriented toward the pulp core (Fig. 1b). Nerve 
fibers (Figs. 1c, 1d, 1e) were intimately associated with cilium 

Figure 1. Localization of primary cilium proteins in human in vivo odontoblasts. Confocal laser micro-
scopy (a, b, c, e) and ultrastructural analysis (d). (a) Double staining of acetylated α tubulin (red) and 
acetylated γ tubulin (green dot). od: odontoblasts. Note the bending of the axoneme (arrow). Bar: 10 
μm. (b) Double staining and 3D reconstruction of acetylated α tubulin (red) and rootletin (green), dem-
onstrating the spatial position of primary cilia aligned parallel to the dentin walls (* not present on the 
image) and orientation of the axoneme toward the pulp core (p). Nerve fibers are also positive, with 
anti-acetylated α tubulin antibodies (arrow). Bar: 10 μm. (c) 3D reconstruction of the close relationship 
between an axoneme (c) and a nerve fiber (arrow), both stained with acetylated α tubulin. Bar: 1.25 
μm. (d) Electron microscopic image of a primary cilium stemming from the odontoblast in close contact 
with a nerve-like structure (arrow). Bar: 0.20 μm. (e) Intimate contact between a ciliary structure positive 
for anti-acetylated α tubulin antibodies (red; arrowhead) and a nerve fiber (green: anti-NF-H antibodies, 
arrow). Bar: 0.65 μm.
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structures and were visible at the ultrastructural level (Fig. 1d). 
The localization of PC1, PC2, and OFD1 proteins was also vis
ible in odontoblasts (Figs. 2a, 2b, 2c). Concentration of calcium 
channels (CaV2.2) could be detected close to the basal body of 
the cilium (Fig. 2d).

Ofd1-deficient Mice

Morphological modifications of molars of immature tooth germs 
from Ofd1Δ4-5/+-deficient mice (Figs. 3d, 3e, 3f) were compared 
with those from wildtype mice (Figs. 3a, 3b, 3c). On serial sec
tions of upper or lower (Figs. 1d, 1e) molars, a strong disor
ganization of tooth germ structure was evident. Particularly, at 
the mesenchymal level in upper molars, pulp cells were concen
trated close to the inner dental epithelium (ide) without showing 
any process of odontoblast differentiation (Fig. 1e). Cuspid for
mation was disorganized. At the 3D reconstruction level, double 
staining for rootletin and tubulin revealed a lack of axonemes 
emerging from the rootletin sheath, in contrast to the short  
axonemes evidenced in the wildtype mice (Figs. 3c, 3f).  
In wildtype specimens, MAP1B staining was restricted to 
polarized odontoblasts, in contrast to KO mice, where no  
labeling could be detected (Appendix Figs. 1a, 1b).

Specificity of Anti-PC2 Antibodies

By Western blotting, a unique band corresponding to the size of 
109 kDa was detected with the purified antipeptide antibodies 
(Appendix Fig. 2A).

Expression of Ciliary Components by Cultured 
Odontoblasts

The expression of 9 ciliary genes was identified by RTPCR 
performed on total RNA extracted from cultured cells (Appendix 
Fig. 2B). Each PCR product was cleaved into expected frag
ments by restriction enzymes (data not shown).

Localization of Ciliary Components in Cultured 
Odontoblasts

Analysis by confocal microscopy (Appendix Fig. 2C) clearly 
showed the localization of γ tubulin (a), rootletin (b), OFD1 (c), 
PC1 (d), and PC2 (e) (specificity of the antibody antiPKD2 was 
revealed by Western blotting in Fig. 1A) at the basal pole of the 
axoneme, as evidenced by acetylated and detyrosinated α tubu
lin staining. At the 3D reconstruction level (Appendix Fig. 2f), 
calcium channels (CaV2.2) are clustered near the bases of  
the cilia.

dISCUSSION

We present evidence that human odontoblasts of immature tooth 
germs express in vitro and in vivo main primary cilium compo
nents, characterizing the basic subcompartments, previously 
described in kidney tubule epithelial cells, neurons (Fuchs and 
Schwark, 2004), osteocytes (Whitfield, 2003), and chondrocytes 
(Jensen et al., 2004). Thus, axoneme, ciliary membrane, pro
teins of intraflagellar transport (IFT) machinery, ciliary rootlets, 

and basal bodies were detected in vivo at the protein level and in 
odontoblastlike cells at the gene expression level.

Acetylated and detyrosinated α tubulin led to identification 
of the axonemes of odontoblasts. Acetylation and detyrosination 
of ciliary microtubules confer stability to the cilium structure 
(Poole et al., 2001), the latter being modulated at least by 
inversin expressed by odontoblastlike cells. The assembly and 

Figure 2. Confocal laser analysis of primary cilium proteins and cal-
cium channels of the N type (Cav2.2) in human in vivo odontoblasts. 
(a) Double staining of acetylated α tubulin (red) and PC1 (polycystin 1) 
(green) localized at the base of the cilium (circle). Arrow reveals nerve 
tubulin-positive varicosities running between odontoblasts. Bar: 10 μm. 
(b) Co-localization of acetylated α tubulin (red) and PC2 (polycystin 
2) (yellow) on a tangential section of the odontoblast layer. Bar: 5 μm. 
(c) Double localization and 3D reconstruction of acetylated α tubulin 
(red) and calcium channels (Cav2.2), clustered as green dots near the 
basal pole of the cilium (arrow). Bar: 10 μm. (d) Co-localization of 
acetylated α tubulin (red) and OFD1 (yellow). Bar: 5 μm.
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disassembly of this structure are possible because of the intraflagel
lar shuttle transport of ciliary proteins via molecular motors as 
KIF3A (subunit of the anterograde IFT motor) expressed in odon
toblasts. Thus, the microtubules and inversin might confer on the 
odontoblast cilium the flexibility necessary to function as a matrix 
mechanosensor for cellular orientation and directed secretion of 
matrix molecules from the Golgi apparatus (Ascenzi et al., 2007). 
This hypothesis is supported by the 3D aspect and spatial orienta
tion of odontoblast cilia toward the pulp tissue, i.e., following the 
cells’ pathway along the life of the tooth.

Odontoblasts express PC1 and PC2 channels currently activated 
by a wide range of stimuli (Pedersen et al., 2005). PC1 is detected 

near the basal body as supranuclear 
dots, similar to embryonic kidney 
cell cultures (Nauli et al., 2003). PC1 
is involved in the regulation of osteo
blast function via Runx2dependent 
signaling (Xiao et al., 2006), also 
known to interfere with DSPP gene 
expression in odontoblast differentia
tion processes (Chen et al., 2005; 
Miyazaki et al., 2008). Thus, deflec
tion of odontoblast cilia following 
tooth stress, control of DSPP gene 
expression, and dentin deposition 
through PC1runx2dependent sig
naling remain to be elucidated.

PC2 is obviously localized on the 
cell membrane and at the base of the 
cilium in odontoblastlike cells. It 
has been proposed that PC1 and 
PC2 interact in the primary cilia, in 
which PC1 acts as a mechanical 
receptor, PC2 as a Ca2+ influx chan
nel, and the PC1/PC2 complex in 
sensing liquid shear stress (Delmas, 
2005). In addition to PC2 calcium 
channels, we have detected the pres
ence of gene expression encoding 
the poreforming α subunits for 
Cav2.2 in cultured odontoblasts. 
Interestingly, these Ca channels are 
thought to be mechanosensitive and 
to be expressed predominantly in 
neural tissue (Calabrese et al., 2002). 
They were previously detected at 
the functional level in cultured 
dental pulp cells (Davidson and 
Guo, 2000). More significantly, we 
report here, in in vitro and in vivo 
odontoblasts, a clustering of the 
Cav2.2 channels close to the bases of 
cilia. Therefore, cilia deformations 
could regulate calcium influx in 
odontoblasts and participate in sig
nal transduction, in conjunction with 
the possible stretch activation of 
mechanosensitive potassium chan

nels. This putative sensor function, the intimate relationship between 
primary cilia and nerve fibers, and the capacity to generate a train 
of action potentials enhance the possible role of odontoblasts in 
tooth pain transmission.

BBS4, BBS6, ALMS1, and OFD1 are expressed in odon
toblasts and belong to the basal body/centrosome involved  
in the coordination of IFT and ciliogenesis. Interestingly, hypodon
tia has been reported in BardetBiedl Syndrome (BBS) patients, 
and tooth abnormalities—including missing/supernumerary 
teeth, malposition of teeth, and enamel hypoplasia—have been 
observed in 42% of persons displaying mutation in the OFD1 
transcript (Prattichizzo et al., 2008). It will be interesting to 

Figure 3. Morphological modifications of tooth germs in Ofd1-deficient mouse embryos at the bell stage 
(E 18.5). Masson’s trichrome staining (a, b, d, e). Confocal laser microscopy (c, f). (a) Wild-type mouse 
(WT) shows the typical pattern organization of first molars. Bar: 200 μm. (b) Higher magnification of 
the boxed region in (a), showing the palisade layer of polarized odontoblasts. Bar: 20 μm. (c) Double 
localization and 3D reconstruction of acetylated α tubulin (red) and rootletin (green), demonstrating the 
spatial position of primary cilia in the wild-type mouse (WT). Bar: 7 μm. Inset: A short axoneme (red) 
projects from the rootletin component. Bar: 0.5 μm. (d) Mutant mouse (KO) displays a strong disorgani-
zation of molar structure. Bar: 200 μm. (e) Higher magnification of the boxed region in (d), exhibiting 
the absence of odontoblast differentiation processes (e, arrows) and formation of cuspids. Bar: 20 μm. 
ide: inner dental epithelium. (f) Double localization and 3D reconstruction of acetylated α tubulin (red) 
and rootletin (green) staining ciliary structures in KO mice. Bar: 4 μm. Inset: No axoneme stems from a 
centriolar linker (rootletin) of the cilium. Bar: 0.5 μm.
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verify whether mutations in ALMS1 leading to Alström syn
drome might also be associated with similar dental defects.

Ofd1 KO mice molars are morphologically disturbed, and 
that results in a failure of odontoblast polarization clearly identi
fied with the absence of expression of MAP1B, a new marker 
of odontoblast differentiation (Maurin et al., 2009). Therefore, 
the lack of axonemes in contrast to wildtype mice suggests a 
need for OFD1 in odontoblast differentiation and enhances the 
major role of earlierstage ciliogenesis in the patterning of odon
toblast fate specification. Analysis of these data, even fragmen
tary, underlines for the first time the importance of cilium 
integrity in tooth development. However, the close relationships 
among OFD1, cilium, odontoblasts, and tooth development 
remain to be elucidated, opening the possible relationships 
between ciliopathies and dental defects.

In conclusion, these results demonstrated for the first time that 
odontoblasts express the major proteins of primary cilia. Thus, this 
organelle could represent a critical link between signals that influ
ence cell fate (terminal differentiation of odontoblasts) and signals 
that influence cell movement toward the pulp matrix, and conse
quently dentin architecture during the life of the tooth.
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