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Dental pain arises from exposed dentin following bacterial, chemical,
or mechanical erosion of enamel and/or recession of gingiva. Thus,
dentin tissue and more specifically patent dentinal tubules represent
the first structure involved in dentin sensitivity. Interestingly, the ar-
chitecture of dentin could allow for the transfer of information to
the underlying dental pulp via odontoblasts (dentin-forming cells),
via their apical extension bathed in the dentinal fluid running in the
tubules, or via a dense network of trigeminal sensory axons inti-
mately related to odontoblasts. Therefore, external stimuli causing
dentinal fluid movements and odontoblasts and/or nerve complex
responses may represent a unique mechanosensory system bringing
a new role for odontoblasts as sensor cells. How cells sense signals
and how the latter are transmitted to axons represent the main ques-
tions to be resolved. However, several lines of evidence have demon-
strated that odontoblasts express mechano- and/or thermosensitive
transient receptor potential ion channels (TRPV1, TRPV2, TRPV3,

TRPV4, TRPM3, K, TREK-1) that are likely to sense heat and/or
cold or movements of dentinal fluid within tubules. Added to this,

voltage-gated sodium channels confer excitable properties of odon-
toblasts in vitro in response to injection of depolarizing currents. In
vivo, sodium channels co-localize with nerve terminals at the apical
pole of odontoblasts and correlate with the spatial distribution of
stretch-activated K ., channels. This highlights the terminal web as
the pivotal zone of the pulp/dentin complex for sensing external
stimuli. Crosstalk between odontoblasts and axons may take place
by the release of mediators in the gap space between odontoblasts
and axons in view of evidence for nociception-transducing receptors
on trigeminal afferent fibers and expression of putative effectors by
odontoblasts. Finally, how axons are guided to the target cells and
which kind of signaling molecules are involved is extensively dis-
cussed in this review. ] OROFAC PAIN 2010;24:335-349
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by practitioners. It results in pain arising in response to ther-

mal, tactile, osmotic, or chemical stimuli and constitutes the
symptoms of dentinal hypersensitivity, a common dental pain af-
fecting between 4% to 74% of the population.! However, the man-
agement of this pathology is not always effective due to the lack
of knowledge particularly concerning the means by which dental
nociceptive signals are transduced. Dentin sensitivity results in the
stimulation of exposed patent dentinal tubules currently encoun-
tered in cervical abrasion or erosion, regardless of their location.

D entinal sensitivity is a clinical condition daily encountered
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However, the mechanisms underlying dentin sensi-
tivity still remain unclear, probably due to the struc-
tural and functional complexity of the players that
include odontoblasts, nerve endings, and dentinal
fluid running in the dentinal tubules.

Various theories have been raised for more than
a century and, among them, the hydrodynamic hy-
pothesis first proposed in the 1960s remains the
most widely accepted theory to date. This theory de-
veloped by Brannstrom and Astrom? is based on the
specific architecture of dentin and movements of the
dentinal tubules liquid content in response to vari-
ous stimuli. Effluxes of dentinal fluid within tubules
at exposed dentin have been carefully analyzed in
vivo and in vitro.>"® Alteration of the flow and the
pressure changes of the dentinal fluid could then dis-
tort the pulp nerve fibers, and their stimulation is be-
lieved to cause pain. Nevertheless, growing evidence
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Fig 1 Spatial organization of odontoblasts and nerve
fibers in the pulpal-dentinal border.

(a) Longitudinal section of a healthy human third molar
germ (from 14- to 16-year old) extracted for orthodon-
tic reasons. The odontoblast layer (od) is organized as a
single layer at the interface between pulp tissue (P) and
dentin (D) with cell processes (op) running in the den-
tinal tubules. At the site of the issue of the odontoblast
processes corresponding to the borderline between cell
processes and bodies are zonular tight junctions (terminal
web, TW) (Masson’s trichrome staining). Bar: 20 pm.

(b) Confocal laser microscopy and three-dimensional re-
construction (confocal image stacks were treated by 3D-
visualization software: Amira version 3.1; Mercury) of
the close relationship between nerve varicosities identified
with antibodies against acetylated « tubulin (red) (clone
6-11B1, Sigma) and odontoblast processes running in
dentinal tubules (green) identified with antibodies against
B tubulin (H-235, Santa Cruz Biotech). Bar: 6 pm.

(c) Confocal laser microscopy and 3D reconstruction of
the TW identified with specific antibodies against ZO-1
(red, Zymed Lab), between odontoblasts (green, B tubu-
lin). Bar: 6 pm.

(d) Double staining of acetylated « tubulin (red) identify-
ing the cilium axoneme and rootletin (green), a protein
constituting the rootlet of the cilium.’¢ Bar: § pm.

suggests that odontoblast could be a key cell in the
transduction process.”'* Odontoblasts, the dentin-
producing cells, form a continuous cell layer at the
junction between dentin and pulp (Fig 1a).'*"* This
unique spatial situation is enhanced by the localiza-
tion of sensory axons, particularly dense near the
pulp horn tips. Most of them terminate in the odon-
toblast and/or predentin layer and do not extend
beyond the inner part of the dentin.'® Beaded nerve
endings situated in the dentinal tubules are thinner
than the odontoblast processes they coil around (Fig
1b). Sensory afferents from trigeminal ganglia are
classified into fast conducting A-B fibers (myelin-
ated, large diameter), A-3 fibers (lightly myelinated,
medium diameter) that terminate as free-nerve end-
ings thought to be responsible for the “prepain” sen-
sation, and C fibers (unmyelinated, small diameter),
implicated in dull aching sensations.!”'® The nerves
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form a highly plastic system of nociceptive fibers,
participating in tooth preservation by preventing
damage and limiting the extent and duration of ini-
tial pulp injuries.” Pulpal nerve fibers are also in-
volved in the repair processes by facilitating healing
mechanisms and controlling the inflammatory and
immune responses.?’ Collectively, these data suggest
that odontoblasts are potentially best placed to sense
both external stimuli and transient changes in pulp
microcirculation.

This review will therefore be focused on the role
of odontoblasts in the perception of dental pain with
special attention to the molecular structures of iden-
tified effectors (ion channels, primary cilium), to the
potential crosstalk between odontoblasts and nerve
endings, and to molecules involved in the guidance
of trigeminal axons to targeted odontoblasts. Final-
ly, the possible role of the latter in dental pain dur-
ing inflammatory processes will be also discussed.

Odontoblast: A Mechanosensory Cell

Dentin forms the bulk of the tooth, and the un-
derlying soft pulp tissue provides dentinogenesis,
nutritive, sensory, and defensive functions. Sur-
rounding the pulp and separating it from the dentin
are the odontoblasts that are organized as a single
layer of palisade cells. They originate from neural
crest-derived mesenchymal cells. Their terminal
differentiation is characterized by the cessation
of the mitotic activity, elongation, and cytological
polarization, the nucleus occupying the proximal
part of the cell body.?"*> One of the architectural
features of dentin is the presence of small parallel
tubules corresponding to the means by which the
pulp communicates with enamel and cementum.
Each tubule contains the apical extension of one
odontoblast that probably does not extend beyond
the inner dentin in humans.?> Added to this, the
odontoblast process is filled with cytoskeletal ele-
ments (including vimentin, tubulin, actin)?**** and is
bathed in the dentinal fluid containing an elevated
concentration of potassium and lower values for
sodium or calcium compared with serum.?® These
unique morphological features of odontoblasts are
enhanced by the expression of specific functional
markers including the dentin sialophosphoprotein
(DSPP), dentin matrix protein -1 (DMP-1), neural
molecules such as MAP-1B, MAP2, Tau (microtu-
bules-associated protein), and nestin (intermediate
filament).?”-3* Odontoblastic cell bodies are embed-
ded in a dense network of trigeminal sensory ax-
ons intimately related to their cell membranes but
without any known synapse-like structures.’*>” At
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the apical pole of odontoblasts, ie, the zone con-
necting the cell bodies and their extensions, numer-
ous junctional complexes, the so-called “terminal
web” (desmosome-like, tight junctions) represent a
selective barrier.®**° The latter could control the re-
lationship between dentin and pulp and vice versa
under physiological and pathological conditions
(Fig 1c¢). Added to this, odontoblasts are able to
communicate electrically and metabolically with
each other and with the underlying subodontoblas-
tic cells (HohD’s cells) via gap junctions and their in-
tercellular channels, Cx43.3%34142 This provides the
pulp/dentin complex with a major role in the local
response to stress. Indeed, a wide range of external
stimuli to teeth (high pressure, osmotic, chemical,
thermal shocks) can elicit within dentinal tubules
a fluid flow (acting as hydraulic links) all the way
down to the odontoblasts that could conceivably
translate tooth shock-induced signals into cell re-
sponses. This mechanotransduction process prob-
ably controls the dynamics of dentin architecture
and plays a possible role in dental pain. Obviously,
these processes involve mediators of signal trans-
duction,® including at least extracellular matrix
(ECM) components and their relationships with
cell surface, cell-cell adhesion processes, cytoskel-
etal filaments, and specialized membrane structures
(cilia, ion channels). In this context, the authors’
investigations have been focused on odontoblast
mechanosensitive ion channels and the primary
cilium that could participate in signal transduction,
molecular responses, and biological effects.

Primary Cilium of Odontoblasts: A Key
Organelle for Sensing Microenvironment

Until recently, and for nearly a century, the primary
cilium was considered as an orphan organelle and
vestigial structure in cell biology.** This situation
has changed dramatically in the past few years, and
the primary cilium is now strongly recognized as
a fundamental sensory organelle for detection and
transmission of mechanical and/or chemical infor-
mation from the cell microenvironment.*=#” Cilia
are present on almost all mammalian cells, and this
structure projects into the extracellular space as
an antenna. Mutations in genes that encode cilium
components generate major human genetic diseases
and syndromes, including polycystic kidney disease
(PKD), retinal degenerative disease, and complex
developmental defects in Bardet-Biedl syndrome
(BBS) or oral-facial digital syndrome 1 (OFD1).
Thus, it is becoming clear that the primary cilium
plays a critical role by controlling important aspects
of cellular physiology and development.*-*!
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The primary cilium of odontoblasts has been
described close to the centriole and in the vicinity
of the Golgi apparatus.'*5>%3 This typical structure
emerges out of the cells and exhibits nine periph-
eral microtubule doublets forming the axoneme
revealed by detyrosinated « tubulin antibody. A
membrane-bound cylinder that is part of the plasma
membrane surrounds this tubular backbone.** In
the odontoblast layer, cilia are aligned parallel to the
dentin walls, the top part oriented towards the pulp
core, ie, following the cells pathway throughout the
life of the tooth (Fig 1d). This suggests a possible
role in cellular orientation or directed secretion of
molecules from the Golgi apparatus, as described
in cartilage.” In addition, proteins of intraflagellar
transport machinery, ciliary rootlet, and basal body
are also detected both in vivo and in vitro in odon-
toblast-like cells, thus demonstrating that odonto-
blasts express the major proteins of primary cilia.’®
Furthermore, close relationships between nerve fib-
ers and cilia have been clearly documented as well
as the expression of polycystins (PC1 and PC2),
mechanosensor/Ca?*-permeable cation channel het-
erodimeric complexes, localized at the base of the
cilium and activated by a wide range of stimuli.*”~*°
Interestingly, in kidney cells, the primary cilium is
a fluid flow-sensor. Its bending opens Ca?* channels
through which Ca** flows into the cell and initiates
signal transduction events. Thus, it is tempting to
speculate that the odontoblast cilium might do the
same thing in the sensing of the microenvironment,
eg, if it bends over under dentin strain and fluid flow
within dentinal tubules. Added to this, there may be
a role in signal transduction for the establishment
of cellular orientation related to dentin morphogen-
esis.®® This hypothesis is supported by huge defects,
observed on molars from Ofd1l knockout mice,
showing the absence of odontoblast differentiation
and disorganization of the tooth structure.’®

Mechano/Thermosensitive lon Channels at
Strategic Sites

Analyses of effluxes of dentinal fluid flow within
tubules have clearly demonstrated a relationship be-
tween dentin permeability and sensitivity that sup-
ports the hydrodynamic theory.>**# Thus, dentinal
fluid shifts across dentin in response to the applica-
tion of painful stimuli could cause sufficient shear
forces to stimulate the odontoblast cell membrane.
Cell membrane properties have been described in
in vitro cultures of pulp cells, in freshly isolated
odontoblasts from pulp cells, and in surviving od-
ontoblasts from thick slices of pulp preparations.
Thus, voltage-gated Na*, K*, and ClI-selective chan-
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nels have been described in the odontoblast mem-
brane.?*¢-¢* In addition, several lines of evidence
indicate that calcium channels (Ca 1.2) have a cen-
tral role in odontoblast behavior, both at the physi-
ological and pathological level.®*® In this context,
the presence of K. channels (high conductance
Ca-activated K* channels) displaying mechanosen-
sitivity (activation in response to membrane stretch)
and their concentration at the apical pole (terminal
web) of odontoblasts could have relevance in the
sensory transduction process in teeth.®® Addition-
ally, stretch-activated TREK-1 K* channels whose
expression in odontoblasts is closely related to the
distribution of nerves in dental pulp®® are assumed
to be involved in polymodal pain perception.”®”!
Briefly, TREK-1 belongs to the family of K* chan-
nel subunits (15 members) with two pore domains
and four transmembrane segments named K, , chan-
nels.”> They are opened at resting membrane po-
tentials in physiological conditions and gated by a
variety of chemical and physical stimuli, including
stretch, cell swelling, intracellular acidosis, heat,
polyunsaturated fatty acids, and volatile general an-
esthetic.”? In addition, mechanosensitive Ca’* chan-
nels of the N type (Ca 2.2) clustered at the base of
the cilium of odontoblasts could also contribute to
odontoblastic transduction processes. Considering
the general concept that the coordinated response
to mechanical stress is based on increased intracel-
lular free calcium,’ it can be postulated that, in re-
sponse to mechanical stimuli, the combination of
increased intracellular Ca** plus membrane stretch
could cause ion channels to open in odontoblasts, as
previously shown by Shibukawa and Suzuki.” This
could explain why K*-containing agents placed in
deep dentinal cavities induce a brief burst of high-
frequency activity in the intradental nerves.”®”” Very
recently, mechanosensitive transient receptor poten-
tial (TRP) channels, a family of nonselective cation
permeable channels such as TRPV4 and TRPM3,
were identified in odontoblasts at the gene expres-
sion and functional level.”

In addition to this possible role of odontoblasts in
the mechanotransduction of fluid movements with-
in dentinal tubules into electrical signals, special atten-
tion should be paid to temperature changes per-
ceived as pain by teeth and the putative role of tem-
perature-sensing TRP channels (TRPV1, TRPV2,
TRPV3).7-82 The latter, also expressed by odonto-
blasts,”®$3 are directly related to sensory signals elic-
iting pain, particularly under thermal stimuli.®**¢ In
this regard, TRPV1 (vanilloid receptor 1), sometimes
referred to as the capsaicin receptor, can be acti-
vated by moderate heat (> 43°C); TRPV2, by heat
stimulation above 52°C; and TRPV3, by nociceptive
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Fig2 TRPV1 and TRPV2 channel activity recorded in rats’ isolated odontoblasts.

Ca? entry by application of TRPV1 agonist resiniferatoxin (RTX, Alomone) (a), and TRPV2 agonist HU211 (Tocris
Cookson, UK) (b) was measured by fura-2 fluorescence. Odontoblasts were incubated in extracellular solution contain-
ing 10 pM fura-2 acetoxymethyl ester (AM) (Dojindo) and rinsed with fresh solution. Fura-2 fluorescent emission was
measured at 510 nm in response to altering excitation wavelengths of 334 and 380 nm.*87111:15% [Ca?*]i was expressed
as fluorescence ratio (RF334/F380) at 380 nm and 334 nm. Response of intracellular Ca?* concentration ([Ca?']i) was
expressed as F/FO units, with RF340/F380 values (F) normalized to resting value (FO). Both RTX and HU211 evoked a
transient increase in [Ca?*]i (with extracellular 2.5 mM Ca?* concentration), indicating expression of TRPV1 and TRPV2
in rat odontoblasts. Extracellular solution for the fura-2 experiments consisted of (in mM): 136 NaCl, 5 KCI, 2.5 CaCl2,
0.5 MgCl2, 10 Hepes, 12 NaHCO3, and 10 glucose (pH 7.4) in the presence or absence of agonist.

(¢) Currents were evoked by TRPV1 channel agonist capsaicin (CAP, Sigma Chemical). Under continuous voltage-clamp
conditions with a holding potential of —60 mV (with 2.5 mM extracellular Ca?** concentration), CAP-induced inward
current was recorded by intracellular application of 10 pM CAP ([CAP]i) by intracellular perfusion techniques (inset).
However, intracellular application of vehicle (1.3 mM DMSO) could not activate ionic currents. In a conventional whole-
cell voltage-clamp recording for odontoblasts, membrane current was obtained by intracellular solution (in mM; 145
K-glutamate, 5.0 MgATP, 5.0 EGTA, and 20 HEPES; [pH 7.2] in the presence or absence of capsaicin) and extracellular
solution (in mM; 145 Na-glutamate, 2.5 CaCl?, 1.0 MgCI?, 10 HEPES, and 10 sucrose; [pH 7.4]). Whole-cell current was
measured using a patch-clamp amplifier (L/M-EPC-7+, Heka Elektronik). Single living odontoblasts were prepared from
dental pulp slices from newborn Wistar rats®*¢%75838788 and primarily cultured with alpha-minimum essential medium
with 10% fetal bovine serum.

transduction mechanisms (32-39°C), and so these
might play a major role in temperature-sensing and
pain transmission in teeth (Fig 2),48.646975,83.87.88,111,154
Recent papers have demonstrated for the first time
that excitatory TRP channels can work in associa-
tion with K,, channels (TRAAK and TREK-1, also
known as a molecular sensor for temperature) to
modulate the responsiveness to warm or cold of sen-
sory neurons in the dorsal root ganglion.”®% Simi-
larly in odontoblasts, the sensing of variations in
temperature could correspond at least to a balance
between TRP and TREK-1 channel activity.

The Odontoblast: An Excitable Cell

The view that odontoblasts could detect and trans-
duce noxious stimuli into electrical signals raises the
question whether these cells display excitable prop-
erties and possess voltage-gated Na* channels. The
latter have been previously shown on dental pulp
cells in vitro.”® Recently, patch clamp recordings
in cultured human odontoblasts and in vivo gene
transcript analyses have demonstrated that odonto-
blasts express functional Na* channels composed
of neural isoforms of o and associated B2 subunits.
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Moreover, odontoblasts in vitro are able to produce
action potentials when electrically stimulated.?* The
pore-forming a2 subunits are preferentially colocal-
ized with B2 and nerve fibers at the terminal web of
the odontoblast layer. Added to this, they correlate
with the spatial distribution of mechanosensitive K*
channels and L-type Ca?* channels. Consequently,
this unique concentration and network of key ions
channels in the immediate environment where
movements of dentinal fluid are first sensed suggests
a pivotal role in signal transduction for the termi-
nal web of the odontoblast layer. However, in vivo
functional data are still needed to support this view.

Odontoblasts/Axons: A Possible Crosstalk?

Thus, it is tempting to speculate that odontoblasts
might be able to integrate diverse somatosensory
signals known to elicite nociceptive responses in the
pulp (drilling, probing, fluid flow, heat, and cold)
and initiate bursts of regenerative voltage responses.
If true, this hypothesis raises the question of how the
firing of odontoblasts is transmitted to neighbor-
ing nerve endings. Gap junctions (Cx43) have been
identified in the odontoblast cell membrane and in
trigeminal primary afferent cell bodies,*>*'*3 but no
specific “junction-like structures” have been detect-
ed even when nerve fibers and odontoblasts are in
close proximity.'? In addition, no active intercellular
communications between them has been demon-
strated in vivo as well as in coculture of trigeminal
ganglion cells with odontoblasts.?*** This is proba-
bly related to the fact that most connexin hemichan-
nels open only under unphysiological conditions
(extremely low extracellular calcium).’*®> Thus, the
release in the gap space between odontoblasts and
nerve fibers of mediators from stimulated odonto-
blasts has to be seriously considered. In this con-
text, neurotensin that has previously been detected
in rat odontoblasts could modulate activity of the
nociceptive fibers in the underlying nerve plexus.*
Identification of nitric oxide synthases (NOS-I and
NOS-III) in odontoblasts raises the possibility of a
role for nitric oxide (NO) as a mediator when re-
leased by K* stimulation.””’® Added to this, extracel-
lular ATP can also function as a signaling molecule,
such as in taste bud cells, by activating P2X recep-
tors expressed on sensory afferent nerves.'*?-192 In-
deed, P2X, receptor-expressing neurons have been
previously identified in trigeminal ganglion cell bod-
ies'®1% and in the rat and human tooth pulp.!>10¢
This purinergic receptor is a nonselective cation
channel activated by ATP that may be released into
the extracellular space as a result of tissue injury
and inflammation. In teeth, P2X, are expressed on
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afferent nerve terminals, particularly in the odonto-
blastic layer (Fig 3). ATP is known to be a potent
regulatory molecule, but the mechanism by which
cells release ATP is still enigmatic. However, there
is plausible evidence for a vesicle transport or exo-
cytotic release through ATP-permeable hemichan-
nels (pannexins, Panx1-3) depending on the type
of cells. Interestingly, Panx3 is specifically expressed
in skin and osteoblasts'® """ and represents a sec-
ond family of gap junction proteins in vertebrate
stretch-activated channels. It would be of interest to
focus attention on the role of this newly discovered
channel in odontoblast physiology since it can be
detected on the plasma membrane of odontoblast
cell bodies (Fig 3). Thus, ATP released from stimu-
lated odontoblasts could conceivably activate P2X
receptors on nearby nerves and generate nociceptive
signals. More recently, microarray analyses focused
on gene expression profiles of human native and
cultured odontoblasts have revealed a set of neu-
ronal genes including tyrosine phosphatase receptor
type Z1 (PTPRZ1) and galanin (GAL), both known
to be involved in sensory signal transduction.!'>1*
The identification of the GAL receptor 1 confined to
unmyelinated axons (C-fibers) or thin A3 fibers of
the dental pulp near the odontoblasts also suggests
a possible involvement of this peptide as a neuro-
mediator.2%!13

Collectively, these findings raise the question of
whether a specific stimulus could activate a given
mediator, thus interacting with target transducing-
receptors expressed by dental axons (without con-
sidering the location of the stimulus applied to
teeth). Indeed, trigeminal primary afferent neurons
are chemically heterogeneous and appear to use
various neuromediators for signal transmission.!'
Several lines of evidence have demonstrated that the
first sharp pain induced in teeth (probing, drilling,
osmotic and electric shock, heat, cold) may be re-
lated to stimulation of A fibers (AR and A3)."® These
fast-conducting fibers are particularly concentrated
near the pulp horn tips where dental sensitivity is
the greatest.'?* Here, mechanosensitive ion chan-
nels clustered at the apical pole of odontoblasts,
close to the terminal web and in contact with ax-
ons, could be probably the most concerned in the
induction of nociceptive signals. On the other hand,
C fibers, which express peripherin filaments,'"” are
located in the core of the pulp and extend to the
subodontoblastic layer related to the basal pole of
mature odontoblasts.’* They need strong stimuli to
be activated and are particularly sensitive to inflam-
matory mediators.'® In this regard, ATP could be
a good candidate as a mediator since P2X, recep-
tors are predominantly expressed in C fibers.!%!1®
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P2X3/NF

Fig 3 Localization of ATP-permeable hemichannels (Panx3) and P2X, receptors in human dental

pulp.

(a) Panx3 antibodies (anti-Panx3, K16, Santa Cruz Biotechnology) produce marked fluorescence of

odontoblast membrane (arrow). Bar: 20 pm.

(b) Confocal laser microscopy clearly showing a similar localization of ATP receptors (P2X.; green)
and neurofilaments (red; antineurofilament H, Chemicon Int) running in the odontoblast (od) layer.

Bar: 4 pm.

(c) Confocal laser microscopy and 3D reconstruction revealing a similar expression of P2X, (red)
and p75 NTR (green), a classical marker of trigeminal fibers innervating the dental pulp (Ad; C).

Bar: 2 pm.

Furthermore, it should be pointed out that the com-
plex effect of GAL is the result of differential activa-
tion of GAL receptors subtypes (R1 is inhibitory,
and R2, excitatory). At present, the GAL receptor
1 is the only one identified on trigeminal C fibers,
and it could be speculated that the effect of GAL
is predominantly inhibitory by blocking the effect
of substance P and calcitonin gene-related peptide
(CGRP)"8 (Fig 4). Finally, it still cannot be excluded
that a structural binding between odontoblasts and
pulpal afferents could directly contribute (when
stimulated following fluid movement within dentin-
al tubules) to the signal transduction via mechano-
transducers (ASIC3) recently identified (at the gene
expression level) in trigeminal ganglion neurons.'"’

The Odontoblast:
A Target Cell for Nerve Endings

During development, the tooth pulp acquires a pro-
fuse sensory innervation originating from trigeminal
ganglion. The major target area of trigeminal nerve
endings is the odontoblast region of the crown,
where the nerve fibers form a dense network of sen-
sory axons. Nerve endings have been described as
coiled around the cell bodies and the processes of

odontoblasts within the dentinal canalicules.!> The
development of pulpal and dentinal innervation is
closely linked to the developmental maturation of
the teeth. Several studies on the localization of nerve
fibers in human and murine teeth have shown that
dental axonal growth and patterning take place in a
spatiotemporally controlled manner and are close-
ly linked with advancing tooth morphogenesis.'?
The development of sensory pulpal axons forming
the subodontoblastic plexus of Raschkow and the
appearance of nerve endings in the odontoblas-
tic layer, predentin and dentin, are correlated with
tooth eruption and root formation. In humans, this
process is slow and full dental innervation occurs
relatively late at the postnatal stages, many years
after tooth eruption. Then it seems that growth and
establishment of nerve terminals are controlled by
local molecular signals.’>' The specificity of dental
sensory innervation and the highly plastic aspect of
the system imply that signals involved in the regula-
tion of axonal growth must be selective in terms of
sensory modalities. The molecular mechanisms al-
lowing neurite outgrowth induction and establish-
ment of target contact in the odontoblastic layer
are poorly understood. However, there is some ac-
cumulating evidence that molecules involved in the
development of the peripheral nervous system are
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NTR ?
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Fig 4 Schematic representation of the possible crosstalk
between odontoblasts and nerve fibers. Gap junctions
and Cx43 identified in odontoblast cell membranes could
be involved in the transmission of information between
these cells in the proximity of nerve terminals. Added to
this, the expression of the ATP-permeable hemichannels
Panx3 was identified in odontoblasts. Thus, the release of
ATP in the extracellular space via Panx3 could stimulate
the P2X, receptors identified on afferent nerve terminals
situated in the odontoblastic layer. Other mediators re-
leased in the gap space, as GAL acting on the GAL re-
ceptor 1, or neurotensin (NT) receptors (NTR) which
remain to be identified, could also modulate activity of
the nociceptive fibers. The identification of NOS-I and
NOS-IIT in odontoblasts indicates a putative role for NO
as a cell mediator. The precise relationships between the
odontoblast primary cilium and the nerve fibers are yet
unknown.

also involved in dental axonal guidance. Therefore,
it is plausible that molecular cues originating from
odontoblasts might coordinate the establishment of
the innervation in the odontoblast layer, predentin,
and dentin.

During the development of the nervous system,
growing nerve fibers are guided to their target by a
combination of attractive and repulsive cues based
on diffusible factors and contacts with cell surface
and ECM protein. Among them, neurotrophic fac-
tors promote survival differentiation and mainte-
nance of neurons in mammalian nervous system. The
expression of nerve growth factor (NGF) and glial
cell line-derived neurotrophic factor (GDNF) in the
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developing tooth pulp suggests that these molecules
are key regulators of dental axonal guidance.'”? In
rodents, the gene expression of NGF and GDNF is
upregulated during postnatal stages in the dental pa-
pilla, particularly in the odontoblastic layer, predentin
and dentin. To confirm the part played by neuro-
trophic factors during pulpal innervation, trigeminal
ganglia were cocultured with dental pulp explants.!?3
However, when the cocultures were treated with an-
tineurotrophic blocking antibodies, no disruption of
neurite outgrowth was observed. These results sug-
gest that additional neuroregulatory molecules could
be implicated in dental axonal guidance.

Signalling Molecules and Odontoblasts

The delayed establishment of the sensory innerva-
tion around the odontoblastic layer first requires
the presence of neurorepelling factors. Different
families of molecules have been identified in od-
ontoblasts and could exert an inhibitory/repelling
effect on neurite growth. These molecules include
semaphorins, ephrins, and Bone Morphogenetic
Proteins (BMP).!?%!25 Semaphorins are a large and
diverse family of repulsive/attractive proteins whose
expression has been investigated during odontogen-
esis. Transcripts of several classes of semaphorins
were already analysed by Real-Time Polymerase
Chain Reaction (PCR) in tooth pulp tissue (sema-
phorins 3A, 3C, 3F, 4F, 5B, 6A, 6B, 6C). The higher
levels have been observed earlier during tooth de-
velopment (E13-E15), and their expression decreas-
es in postnatal stages. Actually, a few numbers of
semaphorins have been identified in odontoblasts:
Sema3A, Sema4D, and Sema7A. Sema3A and Sema-
4D are two secreted molecules acting as chemo-
repellents of the peripheral nerve fibers.'?%12” Their
transcripts have been identified in odontoblasts dur-
ing the bell stage (E18).'2%!2° Then, the expression
of Sema3A decreases during later stages, whereas
no obvious change in Sema4D expression has been
observed.!?13 Additionally, mRNAs of cell mem-
brane-bound ephrin ligands A1 (ephA1) have been
identified in preodontoblasts and odontoblasts. This
protein, acting as a chemorepellent, may contribute
to dental axonal guidance to the odontoblastic layer
by defasciculation of dental axons.'3!

BMPs are a large family of signalling molecules
influencing apoptosis, cell proliferation, and cell
differentiation. BMP-7 can act as a chemorepellent
and can collapse the growth cone of commissural
neurons.'? Transcripts of BMP-7 have been identi-
fied during mice tooth development in preodonto-
blasts (E18). This expression becomes weaker with
advancing development (P1-P4).
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Considering that the expression of these pro-
teins is regulated in the odontoblastic layer mostly
during the stages when this area is devoid of inner-
vation, it is thus tempting to suggest that Sema3A,
Sema4D, ephA1, and BMP-7 might prevent the ar-
rival of pulpal nerve fibers close to odontoblasts
and could explain the late innervation in this tar-
get zone. However, the precise part played by each
of these molecules during dental pulp innervation
remains to be determined, and their involvement
in other developmental processes cannot be ex-
cluded.

The late arrival of nerve fibers in the odonto-
blastic layer requires also the presence of chemoat-
tractive cues integrated by the pulpal nerve fibers.
These signals can be brought by semaphorins, bi-
functional proteins acting also as chemoattractant
molecules. In particular, Sema7A is a membrane
glycosylphosphatidylinositol (GPI)-anchored pro-
tein promoting axonal growth during the develop-
ment of the olfactory system.!? The expression of
Sema7A has been clearly demonstrated in human
odontoblasts during postnatal stages. This expres-
sion seems to be closely correlated with the pro-
cess of pulpal and dentin innervation. Moreover,
in coculture experiments, COS cells (immortalized
cell line CV-1 derived from kidney cells of the Af-
rican green monkey) transfected with a Sema7A
plasmid construct are able to attract trigeminal
nerve fibers.'* These results suggest that Sema7A
could be a good candidate to promote the final
step of dentinal innervation by guiding developing
axons to this final target field. Moreover, the neu-
regulin (NRG)-ErbB signalling pathway should be
taken into account as a possible factor in dental
pain. The growth factor NRG and the tyrosine ki-
nase receptors ErbB are key regulators of axon-
Schwann cell interactions. Moreover, interactions
between nociceptive nerve fibers and NRG-ErbB
have been correlated in transgenic mice that ex-
press dominant-negative Erb receptors in adult
nonmyelinated Schwann cells.'” A disruption
of ErbB signalling leads to a progressive sensory
neuropathy with a degeneration of unmyelinated
axons and loss of heat and cold pain sensitivity.
Transcripts of ErbB4 have been observed during
rat molar development, and this expression is up-
regulated in the odontoblasts and subodontoblas-
tic layer when the pulp nerves’ outgrowth become
intense in this area. These results strongly suggest
that NRG-ErbB signalling may be involved in the
regulation of odontoblastic layer innervation.
This hypothesis is strengthened by the detection
of NRG in neuronal cells of the trigeminal gan-
glion.!3¢

Magloire et al

ECM Protein and Plasticity of Pulpal Nerve
Fibers

Dental nerve fibers form a highly plastic system
since they constantly remodel throughout the life
of the tooth. These changes occur with the shift
from primary to permanent dentition, with aging,
and with dental injury. A dental injury model used
to study pulpal inflammatory processes has shown
that sensory nerve fibers react to dentin injury by
extensive sprouting of their terminal branches into
the adjacent surviving pulp.' This response is local-
ized in time and space. Its extent and duration are
dependent on the severity and the nature of the in-
jury, as well as the survival of odontoblasts. During
minor dentin injuries, primary odontoblasts are not
altered, and the sprouting of sensory nerve fibers
runs under the lesion. This response can be related
to the increase in dentinal sensitivity noted in hu-
man teeth after cavity drilling."*” In contrast, a deep
dentin cavity or a small pulp exposure leads to the
destruction of primary odontoblasts. It is accompa-
nied by a reduction of sensory innervation in the un-
derlying pulp and by sprouting of sensory axons in
the adjacent surviving pulp. Thus, the regeneration
of pulpal nerve fibers could be under the control of
factors originating from odontoblasts (Fig 5).

Many ECM proteins seem to be predominant
molecules in axonal guidance by acting as pro-
moters or inhibitors of neurite outgrowth and ex-
tension.'” Among ECM proteins, several laminins
(LNs) have been identified in odontoblasts (laminin
al, a2, B1 and y1 subunits).!*®13* LNs are a large
family of heterotrimeric glycoproteins composed
of one a, one B, and one vy chain. In vitro studies
have shown that LNs are potent inducers of neur-
ite outgrowth during development and after axonal
injury.'#%1 Recently, coculture experiments have
demonstrated that LN-8 can promote the growth
of trigeminal ganglion neurons.'*® Moreover, the ex-
pression of LNs seems to be increased during pro-
cesses of dental nerve repair.'*> Thus, LNs elaborated
by odontoblasts might constitute the key molecules
for promoting and guidance of terminal neurite ex-
tension by mediating migration and attachment of
trigeminal axons to the odontoblastic layer.

Reelin, another ECM protein, has been identified
in mature human odontoblasts.?® Reelin is a large
ECM glycoprotein implicated both in embryonic
and postnatal development. It plays a pivotal role
in neuronal migration during development and
could be involved in the modulation of adhesion
processes of nerve endings in adults. In situ hybrid-
ization and immunohistochemistry performed on
human tooth pulp tissues have shown a restricted
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Fig 5 Schematic representation of the axonal guidance
molecules secreted by odontoblasts during the establish-
ment of the dentin/pulp complex innervation. Signalling
molecules secreted by odontoblasts could diffuse in the
extracellular environment and provide a chemoattrac-
tive or chemorepulsive signal to guide the growing pulpal
nerve fibers in close contact to odontoblasts. The fibers
could also be guided by contact-mediated mechanisms in-
volving ECM proteins (as laminin 8 and reelin) acting on
the modulation of adhesion process of nerve endings with
their substrate. The modulation of the nerve adhesion
could also be modulated by the 32— subunits of voltage-
gated Na+ channels identified at the TW of the odonto-
blast layer. D: dentin; NF: nerve fibers; PNF: pulpal nerve
fibers; Sema: semaphorin; eph: ephrin.

expression of reelin in the odontoblastic layer. In
addition, cocultures of trigeminal axons with od-
ontoblasts have demonstrated that a single neurite
could be associated with odontoblasts through a
varicosity (bead nerve terminal). Moreover, reelin
is present in the microenvironment of the odonto-
blast cell membrane and colocalizes with nerve
varicosities. This protein could also be involved
in the modulation of adhesion processes between
cells and nerve endings during the tooth life. This
hypothesis is strengthened by the expression of
VLDR, ApoER-2, CNR, and Dab-1 (assumed as
reelin receptors and cytoplasmic adapter) in rat
trigeminal ganglion. Reelin might have a pivotal
role in the extension and branching of pulp axons
into the target area as described in other tissues
such as the hippocampus and the olfactory sys-
tem.'*** Thus, by allowing a close contact be-
tween nerve fibers and odontoblasts, reelin could

344 \Volume 24, Number 4, 2010

be an important molecule involved in the earliest
step of nociceptive signal transduction, and this
possibility should be explored.

Dental Pain, Odontoblasts, and
Inflammatory Processes

Dentin sensitivity is enhanced by inflammation of the
pulp, and this event is correlated with A-3 fibers re-
sponses.'$2%7” This process is assumed to be the conse-
quence of sensitization of nociceptors by inflammatory
mediators. In this regard, it should be noted that od-
ontoblasts are the first cells encountered by bacteria
entering the dentin, and recent data have strongly sug-
gested that they are involved in pulp inflammatory re-
sponses following dentin injury.'* Bacterial byproducts
such as lipoteichoic acid (LTA) or lipopolysaccharide
(LPS) can be sensed by odontoblasts, and the recogni-
tion molecules include the Toll-like receptor family
(TLRs). Among the latter, TLR2 and TLR4 genes are
overexpressed by dentin-forming cells underneath car-
ious lesions. Thereafter, TLR-activated receptors in-
duce in odontoblasts the overexpression of chemokines
such as CCL2 and CXCL10"; proinflammatory cyto-
kines such as TNF-a and interleukin -1B'¥; or
T-cell costimulatory molecules.'*® The local increase in
inflammatory mediators triggers neuropeptides release
(serotonin, CGRP) and contributes to increased pain
sensitivity.'* In addition, odontoblasts express phos-
pholipase C (PLC)-coupled receptors (bradykinin
receptors and ATP-binding metabotropic P2Y purino-
receptors) that are activated by extracellular signaling
molecules released by inflammatory responses in the
dental pulp.®® Activation of these PLC-coupled recep-
tors elicits inositol 1,4,5-trisphosphate (IP3)-induced
Ca?* release and subsequent store-operated Ca** chan-
nel (TRPC channel) opening after depletion of IP3-
sensitive Ca?* stores.®”” Finally, group I metabotropic
glutamate receptors (mGIuRS) expressed by human
odontoblasts' and known to play a crucial role in
nociceptive mechanisms associated with peripheral in-
flammation, may also be involved in this mechanism
that remains to be elucidated in teeth. Thus, in the
early steps of dentin damage (caries, attrition, abra-
sion, or restorative procedures), odontoblasts have
features consistent with their being able to participate
In pain perception.

Conclusions and Perspectives
It is well known that odontoblasts are involved in

the dentin formation throughout the life of the tooth,
but extensive lines of evidence outlined in this review
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suggest that they conceivably could play a major role
in dental pain. One of the most enigmatic features of
these cells is that they are closely related to nerve end-
ings; however, the nature of adhesion processes, the
role of this intimate contact between them (including
the primary cilium), and the molecules involved in this
process are poorly understood. Nevertheless, biologi-
cal signals from odontoblasts are probably transduced
to axons and vice-versa. Indeed, sensory innervation
occurs only in dentinal tubules with viable odonto-
blasts that maintain their columnar form only in these
innervated regions (the root region is sparsely inner-
vated and odontoblasts are cuboidal-shaped in con-
trast to elongated-shaped in the crown)." This kind
of partnership, critical for odontoblast behavior, could
be analogous to the role that neuregulin and its ErbBs
receptors play in the control of cell morphology and
in hyperalgesia.!3*!3152 Therefore, there is a need to
identify the proteins that mediate signals between od-
ontoblasts and nerves to determine if and which kind
of trigeminal axons are specifically involved (particu-
larly in the guidance to target odontoblasts), and to
learn whether the cilium can act as a signal integrator.
Further analysis is required of candidate transducing
ion channels such as pannexins (also involved in inter-
cellular calcium wave propagation) and of the mecha-
nisms of interplay between mechano/thermo-sensitive
ion channels themselves. For instance, TREK-1, when
genetically inactivated, could provide evidence of its
key role in tooth pain perception by modulating TRP
channel sensitivity. Finally, the origin and ion compo-
sition of the dentinal fluid entrapped in calcified tu-
bules have to be revisited, particularly the potential
role of odontoblasts in the fluid transmembrane trans-
port (involvement of chloride and/or aquaporin chan-
nels).6%64153.154 Nevertheless, the early step underlying
dentin nociceptive signalling is probably a very intri-
cate mechanism where odontoblasts likely play a piv-
otal role in the pulp/dentin complex as strain sensors
by setting up a bridge between the neural and hydro-
dynamic theories previously proposed. This explains
the difficulty in developing more effective therapeutic
strategies for the treatment of dentin sensitivity.
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