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Abstract

Odontoblasts act as dentin formation and sensory receptors. Recently, it was reported that transient receptor potential ankyrin
(TRPA) 1, TRP vanilloid (TRPV) 4 and pannexin 1 (PANX-1) play important roles in odontoblast sensory reception. How-
ever, it is not known when odontoblasts begin to possess a sense reception function. The aim of this study was to clarify
the development of odontoblasts as sense receptors. Sections of mandibular first molars from postnatal day (PN) 0 to PN12
Wistar rats were prepared for hematoxylin—eosin staining. Immunohistochemically, we used anti-dentin sialoprotein (DSP),
anti-TRPA1, anti-TRPV4, anti-PANX-1, and anti-neurofilament (NF) antibodies. In addition, we investigated TRPAI and
TRPV4 expression by reverse transcriptional quantitative polymerase chain reaction (RT-qPCR). At PNO, undifferentiated
odontoblasts showed no immunoreaction to anti-DSP, anti-TRPA1, anti-TRPV4, or anti-PANX-1 antibodies. However, immu-
nopositive reactions of these antibodies increased during odontoblast differentiation at PN3 and PN6. An immunopositive
reaction of the anti-NF antibody appeared in the odontoblast neighborhood at PN12, when the odontoblasts began to form
root dentin, and this appeared later than that of the other antibodies. By RT-qPCR, expression of TRPAI at PN6 was signifi-
cantly lower than that at PNO (p <0.05) and PN3 (p <0.01). Expression of TRPV4 at PN6 was significantly lower than that
at PNO (p <0.01) and PN3 (p <0.01). The results of this study suggest that odontoblasts may acquire sensory receptor func-
tion after beginning to form root dentin, when TRPA1, TRPV4, PANX-1 channels, and nerve fibers are completely formed.
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Introduction

Dental pulp, surrounded by hard tissue, is classified as
loose connective tissue and is the only soft tissue among
tooth components. In dental pulp, most cells are fibro-
blasts, and are referred to as dental pulp cells. There are
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also undifferentiated mesenchymal cells in dental pulp as
in other loose connective tissue. However, odontoblasts are
located only in dental pulp and are not found in other loose
connective tissue. Odontoblasts originate from the ectomes-
enchyme derived from the neural crest to the maxillofacial
area (Chai et al. 1998, 2000). Odontoblasts are differentiated
from the dental papilla cells facing the inner enamel epithe-
lium through epithelial-mesenchymal interaction and form
dentin. An odontoblast has a long cell process in the dentinal
tubule, referred to as Tomes’ fiber. Odontoblasts in dental
pulp continue to survive throughout life unless damaged.
This characteristic of odontoblasts differs from that of other
cells except for some in the neural system (Nanci 2013).
Among the functions of dental pulp are dentin for-
mation, sense reception and nutrition supply to dentin
and so on. Of these, dentin formation is performed by
odontoblasts. There are several theories regarding the
sense reception of dental pulp: the hydrodynamic theory,
the nerve endings theory and the odontoblast transducer
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theory. Although hydrodynamic theory is the most widely
accepted theory, the sensitivity of the pulp reception
mechanism remains unknown.

Transient receptor potential (TRP) channels are non-
selective cation channels encoded in photoreceptor cells
of the drosophila fly (Montell and Rubin 1989) and have
been classified into six subfamilies (Minke 2002; Nilius
and Voets 2005). These channels have various physi-
ological functions, and their involvement in the sensing
of chemical (capsaicin) and physical/mechanical (temper-
ature, light, and pressure) stimulation has already been
confirmed (Caterina et al. 1997; Clapham 2003; Hardie
2011; Uchida et al. 2017). It was reported that TRP chan-
nels were involved in the development, differentiation
and maturation of the cells and tissues in salivary glands
(Fujiseki et al. 2017), cerebellar neurons (Huang et al.
2007), and osteoclasts (Masuyama et al. 2008). There-
fore, it is thought that TRP channels are multi-function
channels. Pannexin (PANX) channels are classified as
PANX-1, PANX-2, and PANX-3. PANXSs channels are
located on the plasma membrane, and are known to open
following changes in intracellular calcium ion signaling,
vasodilation, vasoconstriction, taste sensation, airway
defense, learning/memory, cellular differentiation, cell
death and adaptive immune responses (Chekeni et al.
2010; MacVicar and Thompson 2010). Small signaling
molecules, such as ATP, are released into the extracellular
space by the PANX-1 channels and ATP is incorporated
into nerve fibers via P2X;, P2Y,, and P2Y,, receptors
(Kawaguchi et al. 2015; Shibukawa et al. 2015).

It is known that TRP ankyrin (TRPA) 1 and TRP
vanilloid (TRPV) 4 channels are expressed on odonto-
blasts (Sato et al. 2013; Egbuniwe et al. 2014; Kimura
et al. 2016) Shibukawa et al. (2015). demonstrated that
ATP, released from mechanically stimulated odontoblasts
via pannexin-1 in response to TRP channel activation,
upregulated P2X; receptors on trigeminal (TG) neurons,
increasing the intercellular calcium ions of the nerve. This
suggests that mature odontoblasts play roles in both den-
tin formation and sense reception in terms of dental pulp
functions. The odontoblast stage in which dentin formation
occurred has been confirmed both in vitro and in vivo in
various studies (Kjoelby et al. 1994; D’souza et al. 1997,
Martinez et al. 2009; Tsujigawa et al., 2013; Sagomon-
yants and Mina 2014). However, it is not known when
odontoblasts begin to act as sensory receptors.

We investigated the localization of the TRP and PANX-1
channels on odontoblasts and nerve fibers beneath the
odontoblasts by immunohistochemistry in rat molars to
clarify their development as sense receptors. In addition,
we investigated expression levels of TRP channels during
odontoblast differentiation by reverse transcriptional quan-
titative polymerase chain reaction (RT-qPCR).
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Materials and methods

This study was approved by the Tokyo Dental College
Experimental Animal Committee and conformed with the
specified guidelines for animal experiments (No. 292,302).

Histology and immunohistochemistry

Twenty-five Male Wistar rats at postnatal day (PN) 0, 3,
6,9, and 12 (five per stage) were used for histological and
immunohistochemical analyses. Rats were deeply anesthe-
tized with isoflurane (3vol%) and intraperitoneal injection
of pentobarbital (30 mg/kg). Rats were fixed by perfusion
of 0.1 M phosphate buffered saline (PBS) buffered in 4%
paraformaldehyde solution (pH 7.4). Then, the mandible
including the first molar was removed and immersed in
fixation fluid at 4 °C for 24 h. The mandible was decalci-
fied with 10% EDTA at 4 °C for 3—4 weeks. After washing
with PBS, dehydration with ethanol series was carried out.
Then specimens at PN 0, 3 and 6 were embedded in par-
affin by a conventional method. For frozen sections, some
specimens were immersed in 10%, 20%, and 30% sucrose in
PBS at PN 9 and 12 after decalcification, and then embed-
ded in O. C. T. Compound (Sakura Finetek USA, Inc., CA,
USA). Thick serial sections were prepared (paraffin section:
4 um. frozen section: 40 um). Standard hematoxylin—eosin
double staining was applied. Some sections were subjected
to immunohistochemical staining as follows: Sections were
deparaffinized with xylene and an alcohol series or were
washed with PBS, then immersed in methanol containing
0.3% hydrogen peroxide (H,0,) at room temperature for
30 min to remove endogenous peroxidase. Then, the sections
were blocked with 2.5% goat serum. Immunostaining was
performed using the VECTASTAIN Elite ABC Kit (Vector
Laboratories, Inc., California, USA) with the following pri-
mary antibodies: A rabbit anti-rat dentin sialoprotein (DSP)
polyclonal antibody (1/500, Santa Cruz Biotechnology,
Texas, USA), a rabbit anti-rat TRPA1 polyclonal antibody
(1/1000, Abcam, Cambridge, UK), a rabbit anti-rat TRPV4
polyclonal antibody (1/500, Abcam, Cambridge, UK), and a
rabbit anti-rat PANX-1 polyclonal antibody (1/400, Cosmo
bio, Inc., Tokyo, Japan) were used in the paraffin sections. A
rabbit anti-rat 200 kD neurofilament heavy (NF) polyclonal
antibody (1/500, Abcam, Cambridge, UK) was used in the
frozen sections, and the dark brown color was developed
using 3,3'-diaminobenzidine tetrahydrochloride, followed
by counter staining with hematoxylin. The sections were
reacted with normal rabbit serum instead of the primary
antibody as a negative control.
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RT-qPCR

Mandibular first molar tooth germs were extracted from
rats immediately after sacrifice under deep anesthesia in
the same way as for histology and immunohistochemistry.
Enamel organ and dental papilla were separated mechani-
cally and only the dental papilla was immersed into an
RNAlater RNA Stabilization Reagent (QIAGEN, Lim-
burg, Germany). Total RNA was extracted from dental
papilla with an RNeasy Micro Kit (QIAGEN, Limburg,
Germany) according to the manufacturer’s instructions,
and 1 pug of RNA was reverse-transcribed into cDNA using
a QuantiTect Reverse Transcription Kit (QIAGEN, Lim-
burg, Germany). The reaction mixture was added to the
RNA solution and incubated at 42 °C for 15 min to syn-
thesize cDNA, followed by incubation at 95 °C for 3 min
to inactivate the enzymes. Real-time PCR was performed
using Premix Ex Taq™ (Perfect Real Time) (TaKaRa Bio,
Inc., Shiga, Japan) and an Applied Biosystems 7500 Fast
Real-Time PCR System (Thermo Fisher Scientific, Massa-
chusetts, USA). Specific primers for rats and the Universal
Probe Library (UPL) are shown in Table 1. Real-time PCR
conditions were as follows: Enzyme activation, 95 °C for
30 s; amplification process, 95 °C for 3 s, 60 °C for 30 s;
number of cycles, 40. Each mRNA expression level rela-
tive to the 18S rRNA mRNA expression level in the sam-
ple was determined using the 2(-AACT) method.

Statistical analysis

The significance of differences was assessed using the
Steel—Dwass test of EZR version 1.37.

Table 1 The base sequences of the primers in RT-gPCR

Primer Sequence UPL

TRPV4 Forward primer CACAAGAAAGCCGATATG #49
AGG
GGGAGCACTTGAGAAGCA
AC
Forward primer GGACCTCACTTCTCTTTT #94
GGA
TCCTTTTTGAACCTGTCT
TGG
185 rRNA Forward primer GGTGCATGGCCGTTCTTA #22
AACTAGTTAGCATGCCGA
GTC

Reverse primer
TRPAI

Reverse primer

Reverse primer

Results
Histology and immunohistochemistry

At PNO, dental papilla cells facing the inner enamel epithe-
lium were a cuboidal shape in the pulp horn and cervical
regions (Fig. 1-1). At this time point, dentin was not formed
(Fig. 1-1). Immunoreactions for anti-DSP, anti-TRPAI,
anti-TRPV4 and anti-PANX-1 antibodies were not observed
in dental papilla cells facing the inner enamel epithelium
(Fig. 1a—h). At PN3 and PN6, dental papilla cells facing
the inner enamel epithelium differentiated into odontoblasts
and dentin was formed in the pulp horn region (Figs. 1, 2,
3). Immunopositive reactions for anti-DSP, anti-TRPA1,
anti-TRPV4 and anti-PANX-1 antibodies were observed in
columnar odontoblasts in the pulp horn region (Fig. 11, 1,
g-t). However, in the cervical region, dental papilla cells
did not differentiate into odontoblasts and no immunoreac-
tion was found (Fig. lm—p, u—x). Immunopositive reaction
of anti-TRPAT1 antibody was observed in HERS. At PNO,
the odontoblasts still formed coronal dentin (Fig. 2-1). On
the other hand, the odontoblasts had already finished form-
ing coronal dentin at PN12, and began to form root dentin
(Fig. 2-2). A string-formed immunopositive reaction for an
anti-NF antibody was observed in a region near the pulpal
center separate from odontoblasts in the pulp horn region
at PN9 (Fig. 2a), and an immunoreaction for an anti-NF
antibody was observed in the odontoblast neighborhood at
PN12 (Fig. 2¢). No immunoreaction was found in the cervi-
cal region at PN9 and PN12 (Fig. 2b, d). Immunoreaction
with anti-NF did not be found at PN6 (data not shown).

RT-qPCR

Figure 3 shows the expression level of TRPAI and TRPV4
based on that of /85 rRNA.

Although expression of TRPAI at PN6 was signifi-
cantly lower than that at PNO (p <0.05) and PN3 (p <0.01),
there was no significant difference between PNO and PN3
(Fig. 3a). Expression of TRPV4 at PN6 was significantly
lower than that at PNO (p <0.01) and PN3 (p <0.01), but
there was no significant difference between PNO and PN3
(Fig. 3b). The expression levels of TRPAI and TRPV4
decreased with age.

Discussion
A sense pathway is established as follows. First, a receptor

receives stimulation. Then, the receptor releases a neuro-
transmitter, and finally nerve fibers are stimulated by the
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Fig. 1 Histology (1-3) and immunohistochemistry (a—x). (1, a-h):
PNO, (2, i-p): PN3, (3, q—x): PN6. (1)—(3): H-E staining, (a), (e), (i),
(m), (q), (u): anti-DSP antibody, (b), (f), (j), (n), (r), (v): anti-TRPA1
antibody, (c), (), (k), (0), (s), (W): anti-TRPV4 antibody, (d), (h), (1),
(p), (1), (x): anti-PANX-1 antibody. (a—d), (i-1), (q—t): higher mag-
nifications of the boxed area in the pulp horn region in (1-3). (e=h),
(m-p), (u—x): higher magnifications of the boxed area in the cervical
region in (1-3). At PNO, dental papilla cells (DP) did not differentiate
into odontoblasts (1). No immunoreaction was observed in either the

neurotransmitter. Therefore, the sense pathway requires
receptors, neurotransmitters from the receptors, and nerve
fibers. We immunohistochemically investigated the recep-
tors, the TRPA1 and TRPV4 channels that receive stimu-
lation, and the PANX-1 channels that release ATP as a
neurotransmitter from odontoblasts (Shibukawa et al.
2015), using antibodies of these channels and nerve fibers
during odontoblast differentiation. In addition, the state of
odontoblast differentiation was examined by an anti-DSP
antibody. As a result, it was found that the dental papilla
cells, which are undifferentiated odontoblasts, facing the
inner enamel epithelium did not react with anti-DSP, anti-
TRPA1, anti-TRPV4, or anti-PANX-1 antibodies. However,
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pulp horn or cervical region (a-h). After PN3, DP in the pulp horn
differentiated into odontoblasts, although DP in the cervical region
did not (2, 3). In the pulp horn region, odontoblasts showed immu-
noreactivity for anti-DSP, anti-TRPA1, anti-TRPV4 and anti-PANX-1
antibodies, although DP did not react immunohistochemically to
these antibodies in the cervical region (m—p, u—x). Immunopositive
reaction of anti-TRPA1 antibody was observed in HERS (n, v). Bars:
(1, 2, 3) 200 um, (a-x) 20 um

the odontoblasts, which formed dentin and reacted immu-
noreactively with the anti-DSP antibody, showed immuno-
positive reactions with each antibody. This suggests that
although TRPA1, TRPV4, and PANX-1 channels are not
present in undifferentiated odontoblasts, these channels
are expressed in odontoblasts that form the dentin matrix.
This result was found that HERS reacted with anti-TRPA1
antibody. It is known that TRPA1 channel is expressed on
epithelium (Atoyan et al. 2009). HERS is constructed by
inner enamel epithelium and outer enamel epithelium, thus
TRPA1 channel is expressed on HERS. On the other hand,
previous immunohistochemical studies also reported that
nerve fibers near odontoblasts were observed around PN12
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Fig.2 Histology (1, 2) and immunohistochemistry (a—d). (1, a, b):
PN9Y, (2, ¢, d): PN12. (a—d): anti-NF antibody. a, ¢ Higher magnifica-
tions of the boxed area in the pulp horn region in (1,2). b, d Higher
magnifications of the boxed area in the cervical region in (1, 2). In
the pulp horn region, an immunopositive reaction for an anti-NF anti-
body was observed slightly distant from the odontoblast layer in the

(Corpron and Avery 1973; Fristad et al. 1994; Veerayutth-
wilai et al. 2006). In the present study, an immunopositive
reaction with an anti-NF antibody beneath the odontoblast
layer was observed in dental pulp at PN12. Based on our
results and previous research, it is suggested that the TRPA1
and TRPV4 channels of odontoblasts may play a role as
sensory receptors around PN12 when the odontoblasts have
already finished forming coronal dentin and have started to
form root dentin.

In our RT-qPCR study, the mRNA level of TRPAI
was high at the onset of protein detection, and TRPV4
before protein detection was higher than that after protein
detection. Sato et al. (2013) and Kimura et al. (2016) sug-
gested that TRPV4 and TRPA1 channels are involved in
dentin formation, because immunoreactions of anti-TRPA1
and anti-TRPV4 antibodies were observed in odontoblasts
that formed the dentin matrix. However, the mRNA of
TRPAI and TRPV4 gradually decreased. It is considered
that tooth germs get bigger with age each day. The ratio

)

pulp at PN9 (A arrowheads), while an immunoreaction was shown
in and beneath the odontoblast layer at PN12 (¢ arrowheads). On the
other hand, dental pulp cells facing Hertwig’s epithelial root sheath
did not react with the anti-NF antibody (b, d). Ob: Odontoblast layer,
HERS: Hertwig’s epithelial root sheath. Bars: (1, 2) 200 um, (a-d)
50 pm

of undifferentiated odontoblasts decreased in tooth germs.
The mRNA of TRPA1 and TRPV4 were high on the undif-
ferentiated odontoblasts, although the mRNA decreased in
our RT-qPCR study.

It is interesting that the sense pathway via odontoblasts
is established before tooth eruption. After tooth eruption,
the teeth are stimulated by various stresses such as bacte-
rial and mechanical stimulation. To sense pain is an impor-
tant defense mechanism for the body. The sense pathway
via odontoblasts is established before tooth eruption,
suggesting that it is a defense mechanism against various
stresses after tooth eruption.

In conclusion, we revealed that teeth at PN12 already
expressed all of TRPA1 channel, TRPV4 channel, PANX-1
channel, and nerve fibers, although nerve fibers did not
reach odontoblasts at PN9. These findings suggest that
odontoblasts may acquire a sensory receptor function,
because TRPA1, TRPV4, PANX-1 channels and nerve
fibers are completed when the odontoblasts begin to form
root dentin.
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Fig.3 a Real-time PCR TRPA1 Results. Although expression of
TRPAI at PN6 was significantly lower than at PNO (*p <0.05) and
PN3 (**p<0.01), there was no significant difference between PNO
and PN3. b Real-time PCR TRPV4 Results. Although expression of
TRPV4 at PN6 was significantly lower than at PNO (**p <0.01) and
PN3 (**p<0.01), there was no significant difference between PNO
and PN3

Acknowledgements The authors are grateful to the members of the
Department of Pediatric Dentistry and the Department of Histology
and Developmental Biology, Tokyo Dental College.

Funding This study was done using institutional financial resources.

Compliance with ethical standards

Conflict of interest This research did not receive any specific grants
from any funding agencies in the public, commercial, or not-for-profit
sectors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer

References

Atoyan R, Shander D, Botchkareva NV (2009) Non-neuronal expres-
sion of transient receptor potential type Al (TRPA1) in human
skin. J Investig Dermatol 129(2003):2312-2315. https://doi.
org/10.1038/jid.2009.58

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD,
Julius D (1997) The capsaicin receptor: a heat-activated ion chan-
nel in the pain pathway. Nature 389(6653):816-824. https://doi.
org/10.1038/39807

Chai Y, Bringas P, Shuler C, Devaney E, Grosschedl R, Slavkin HC
(1998) A mouse mandibular culture model permits the study of
neural crest cell migration and tooth development. Int J Dev Biol
42(1):87-94

Chai Y, Jiang X, Ito Y, Bringas P, Han J, Rowitch DH et al (2000) Fate
of the mammalian cranial neural crest during tooth and mandibu-
lar morphogenesis. Development 127(8):1671-1679

Chekeni FB, Elliott MR, Sandilos JK, Walk SF, Kinchen JM,
Lazarowski ER et al (2010) Pannexin 1 channels mediate “find-
me” signal release and membrane permeability during apoptosis.
Nature 467(7317):863-867. https://doi.org/10.1038/nature09413

Clapham DE (2003) TRP channels as cellular sensor. Nature 426:517—
524. https://doi.org/10.1038/nature02196

Corpron RE, Avery JK (1973) The ultrastructure of intradental nerves
in developing mouse molars. Anat Record 175(3):585-605. https
://doi.org/10.1002/ar.1091750307

D’Souza RN, Cavender A, Sunavala G, Alvarez J, Ohshima T,
Kulkarni AB et al (1997) Gene expression patterns of murine
dentin matrix protein 1 (Dmpl) and dentin sialophosphopro-
tein (DSPP) suggest distinct developmental functions in vivo.
J Bone Miner Res 12(12):2040-2049. https://doi.org/10.1359/
jbmr.1997.12.12.2040

Egbuniwe O, Grover S, Duggal AK, Mavroudis A, Yazdi M, Renton T
et al (2014) TRPA1 and TRPV4 activation in human odontoblasts
stimulates ATP release. J Dent Res 93(9):911-917. https://doi.
org/10.1177/0022034514544507

Fristad I, Heyeraas KJ, Kvinnsland I (1994) Nerve fibres and cells
immunoreactive to neurochemical markers in developing rat
molars and supporting tissues. Arch Oral Biol 39(8):633-646.
https://doi.org/10.1016/0003-9969(94)90089-2

Fujiseki M, Yamamoto M, Ubaidus S, Shinomiya T, Abe S, Tazaki M
et al (2017) Localization and expression patterns of TRP channels
in submandibular gland development. Arch Oral Biol 74:46-50.
https://doi.org/10.1016/j.archoralbio.2016.09.011

Hardie RC (2011) A brief history of trp: commentary and personal per-
spective. Pflugers Arch 461(5):493—-498. https://doi.org/10.1007/
s00424-011-0922-9

Huang WC, Young JS, Glitsch MD (2007) Changes in TRPC chan-
nel expression during postnatal development of cerebellar
neurons. Cell Calcium 42(1):1-10. https://doi.org/10.1016/j.
ceca.2006.11.002

Kawaguchi A, Sato M, Kimura M, Ichinohe T, Tazaki M, Shibukawa
Y (2015) Expression and function of purinergic P2Y, receptors
in rat trigeminal ganglion neurons. Neurosci Res 98:17-27. https
://doi.org/10.1016/j.neures.2015.04.008

Kimura M, Sase T, Higashikawa A, Sato M, Sato T, Tazaki M et al
(2016) High pH-sensitive TRPA1 activation in odontoblasts reg-
ulates mineralization. J Dent Res 95(9):1057-1064. https://doi.
0rg/10.1177/0022034516644702

Kjoelby M, Thesleff I, Sahlberg C, Fejerskov O, Josephsen K (1994)
Degradation of the dental basement membrane during mouse
tooth development in vitro. Int J Dev Biol 38(3):455-462


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/jid.2009.58
https://doi.org/10.1038/jid.2009.58
https://doi.org/10.1038/39807
https://doi.org/10.1038/39807
https://doi.org/10.1038/nature09413
https://doi.org/10.1038/nature02196
https://doi.org/10.1002/ar.1091750307
https://doi.org/10.1002/ar.1091750307
https://doi.org/10.1359/jbmr.1997.12.12.2040
https://doi.org/10.1359/jbmr.1997.12.12.2040
https://doi.org/10.1177/0022034514544507
https://doi.org/10.1177/0022034514544507
https://doi.org/10.1016/0003-9969(94)90089-2
https://doi.org/10.1016/j.archoralbio.2016.09.011
https://doi.org/10.1007/s00424-011-0922-9
https://doi.org/10.1007/s00424-011-0922-9
https://doi.org/10.1016/j.ceca.2006.11.002
https://doi.org/10.1016/j.ceca.2006.11.002
https://doi.org/10.1016/j.neures.2015.04.008
https://doi.org/10.1016/j.neures.2015.04.008
https://doi.org/10.1177/0022034516644702
https://doi.org/10.1177/0022034516644702

Developmental studies on the acquisition of perception conducting pathways via TRP channels. .. 257

Liu C, Niu Y, Zhou X, Xu X, Yang Y, Zhang Y et al (2015) Cell
cycle control, DNA damage repair, and apoptosis-related path-
ways control pre-ameloblasts differentiation during tooth develop-
ment. BMC Genomics 16(1):1-16. https://doi.org/10.1186/s1286
4-015-1783-y

MacVicar BA, Thompson RJ (2010) Non-junction functions of pan-
nexin-1 channels. Trends Neurosci 33(2):93-102. https://doi.
org/10.1016/j.tins.2009.11.007

Martinez EF, Da Silva LAH, Furuse C, De Aratijo NS, De Aratjo VC
(2009) Dentin matrix protein 1 (DMP1) expression in developing
human teeth. Brazilian Dental J 20(5), 365-369. https://www.ncbi.
nlm.nih.gov/pubmed/20126903

Masuyama R, Vriens J, Voets T, Karashima Y, Owsianik G, Vennekens
R et al (2008) TRPV4-mediated calcium influx regulates terminal
differentiation of osteoclasts. Cell Metab 8(3):257-265. https://
doi.org/10.1016/j.cmet.2008.08.002

Minke B (2002) The TRP calcium channel and retinal degeneration.
Adv Exp Med Biol 514:601-622

Montell C, Rubin GM (1989) Molecular characterization of the Dros-
ophila trp locus: a putative integral membrane protein required for
phototransduction. Neuron 2(4):1313-1323

Nanci A (2013) Ten cate’s oral histology, 8th ed, St. Louis: Mosby
(Chapter8).

Nilius B, Voets T (2005) TRP channels: a TR(I)P through a world of
multifunctional cation channels. Pflugers Arch 451(1):1-10. https
://doi.org/10.1007/s00424-005-1462-y

Saghy E, Sipos E, Acs P, Bolcskei K, Pohéczky K, Kemény Aetal
(2016) TRPA1 deficiency is protective in cuprizone-induced
demyelination-a new target against oligodendrocyte apoptosis.
Glia 64(12):2166-2180. https://doi.org/10.1002/glia.23051

Sagomonyants K, Mina M (2014) Stage-specific effects of fibroblast
growth factor 2 on the differentiation of dental pulp cells. Cells Tis-
sues Organs 199(5-6):311-328. https://doi.org/10.1159/000371343

Sato M, Sobhan U, Tsumura M, Kuroda H, Soya M, Masamura A et al
(2013) Hypotonic-induced stretching of plasma membrane acti-
vates transient receptor potential vanilloid channels and sodium-
calcium exchangers in mouse odontoblasts. J Endod 39(6):779—
787. https://doi.org/10.1016/j.joen.2013.01.012

Shibukawa Y, Sato M, Kimura M, Sobhan U, Shimada M, Nishiyama
A et al (2015) Odontoblasts as sensory receptors: transient recep-
tor potential channels, pannexin-1, and ionotropic ATP receptors
mediate intercellular odontoblast-neuron signal transduction.
Pflugers Arch 467(4):843-863. https://doi.org/10.1007/s0042
4-014-1551-x

Tsujigiwa H, Katase N, Lefeuvre M, Yamachika E, Tamamura R, Ito S
et al (2013) Establishment of odontoblastic cells, which indicate
odontoblast features both in vivo and in vitro. J Oral Pathol Med
42(10):799-806. https://doi.org/10.1111/jop.12080

Uchida K, Dezaki K, Yoneshiro T, Watanabe T, Yamazaki J, Saito
M et al (2017) Involvement of thermosensitive TRP channels
in energy metabolism. J Physiol Sci 67(5):549-560. https://doi.
org/10.1007/s12576-017-0552-x

Veerayutthwilai O, Luis NA, Crumpton RM, MacDonald GH, Byers
MR (2006) Peripherin- and CGRP-immunoreactive nerve fibers
in rat molars have different locations and developmental timing.
Arch Oral Biol 51(9):748-760. https://doi.org/10.1016/j.archo
ralbio.2006.03.011

Zhan L, Yang Y, Ma TT, Huang C, Meng XM, Zhang L, Li J (2015)
Transient receptor potential vanilloid 4 inhibits rat HSC-T6 apop-
tosis through induction of autophagy. Mol Cell Biochem 402(1-
2):9-22. https://doi.org/10.1007/s11010-014-2298-6

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1186/s12864-015-1783-y
https://doi.org/10.1186/s12864-015-1783-y
https://doi.org/10.1016/j.tins.2009.11.007
https://doi.org/10.1016/j.tins.2009.11.007
https://www.ncbi.nlm.nih.gov/pubmed/20126903
https://www.ncbi.nlm.nih.gov/pubmed/20126903
https://doi.org/10.1016/j.cmet.2008.08.002
https://doi.org/10.1016/j.cmet.2008.08.002
https://doi.org/10.1007/s00424-005-1462-y
https://doi.org/10.1007/s00424-005-1462-y
https://doi.org/10.1002/glia.23051
https://doi.org/10.1159/000371343
https://doi.org/10.1016/j.joen.2013.01.012
https://doi.org/10.1007/s00424-014-1551-x
https://doi.org/10.1007/s00424-014-1551-x
https://doi.org/10.1111/jop.12080
https://doi.org/10.1007/s12576-017-0552-x
https://doi.org/10.1007/s12576-017-0552-x
https://doi.org/10.1016/j.archoralbio.2006.03.011
https://doi.org/10.1016/j.archoralbio.2006.03.011
https://doi.org/10.1007/s11010-014-2298-6

	Developmental studies on the acquisition of perception conducting pathways via TRP channels in rat molar odontoblasts using immunohistochemistry and RT-qPCR
	Abstract
	Introduction
	Materials and methods
	Histology and immunohistochemistry
	RT-qPCR
	Statistical analysis

	Results
	Histology and immunohistochemistry
	RT-qPCR

	Discussion
	Acknowledgements 
	References




