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Abstract

The acid-sensing ion channel 3 (ASIC3), belonging to the epithelial
sodium-channel/degenerin (ENaC/DEG) superfamily, is regarded as an essential ion
channel for mechanosensation. Our recent study has confirmed the expression of
ASIC3 in the mechanoreceptive Ruffini endings in the periodontal ligament of mice
incisors, indicating that this molecule is a new marker for mechanoreceptors. Although
the periodontal Ruffini endings have been reported to have a potential for high
neuroplasticity, no information is available regarding the role of ASIC3 during the
regeneration process after nerve injury. This study was therefore undertaken to
examine changes in the expression pattern of ASIC3 in the periodontal ligament and
trigeminal ganglion of the rats. After transection of the inferior alveolar nerve (IAN),
cryostat sections -- including the lingual ligament of the lower incisors and trigeminal
ganglia -- were processed for immunohistochemical procedures. As previously
reported, the periodontal Ruffini endings disappeared on postoperative (PO) Day 3, and
began regeneration from PO Day 7 to return to their normal morphology by PO Day 28,
as shown by immunohistochemistry for protein gene product 9.5, a neuronal marker.
However, no apparent immunoreaction for ASIC3 was ever recognizable in the
periodontal ligament throughout this observation period. On the other hand, a strong
immunoreaction for ASIC3 occurred in the satellite cells encircling the trigeminal
ganglion neurons on the ipsilateral side. These findings indicate that ASIC3 is not
directly involved in the axonal regeneration of the periodontal Ruffini endings but rather
in neuron-glial interactions such as control of the neuronal activity in the trigeminal

ganglion.



Introduction

Acid-sensing ion channels (ASICs) belong to the epithelial sodium-channel/degenerin
(ENaC/DEG) superfamily (Krishtal at al., 1981; Waldmann et al., 1997; Chen et al.,
1998). ASICs consisting of 7 isoforms (Waldmann et al., 1997; Sakai et al., 1999)
have been reported to be distributed throughout the central and peripheral nervous
systems in mammals (Price et al., 2001; Alvarez de la Rosa et al., 2002, 2003).
Previous studies have suggested the involvement of the neuronal ASICs in acid sensing
as well as nociception and mechanoception (Price et al., 2000, 2001; Page et al., 2005;
Wemmie et al., 2013; Chen and Wong, 2013). In fact, ASIC1, 2, and 3 have been
confirmed in the mechanoreceptive neurons of the dorsal root ganglia (Hughes et al.,
2007) as have ASIC2a and ASIC3 in cutaneous mechanoreceptors including Meissner
corpuscles, Merkel nerve endings, and palisades of lanceolate nerve endings (Price et
al., 2000, 2001; Garcia-Afoveros et al., 2001). Predominant expressions of sensory
neurons have suggested that ASIC3 is an essential channel for mechanosensation
(Price et al., 2000, 2001; Garcia-Afoveros et al., 2001; Jones et al., 2005; Page et al.,
2005), as confirmed by ASIC3 expression in the trigeminal neurons, which participate in
the sensation and modulation of nociceptive and mechanoreceptive signals (Ichikawa
and Sugimoto, 2002; Ambalavanar et al., 2007; Rahman et al., 2011).

The periodontal ligament is a dense connective tissue which receives a rich
supply of sensory nerves. The periodontal sensory endings are divided into
nociceptive free endings and mechanoreceptive specialized nerve terminals (Byers,
1985). In spite of variance among species or kinds of teeth, a series of morphological
studies have suggested that the Ruffini ending is a primary mechanoreceptor in the

periodontal ligament (Maeda et al., 1989, 1999). Although the periodontal Ruffini



ending lacks a distinctive fibrous capsule different from the Ruffini endings originally
reported by Ruffini, this mechanoreceptive nerve terminal is morphologically
characterized by dendritic ramifications of expanded axon terminals filled with abundant
mitochondria and by an association with the terminal Schwann cells, analogues to
lamellar cells of the Pacinian corpuscle or laminar cells of the Meissner corpuscle
(Ruffini, 1983; Byers, 1985; Maeda, 1987; Maeda et al., 1989; Munger and Ide, 1988).

Active tissue remodeling takes place in the periodontal ligament with the
constant exposure of occlusal forces (Schroeder, 1986). Indeed, it has been shown
that the turnover rate of the collagen fibers in the periodontal ligaments is about five
times faster than that in other tissues (Skougaard et al., 1970; Rippin, 1976; Sodek and
Ferrier, 1988). This indicates that the periodontal nerve fibers have to adapt to the
active tissue remodeling of the periodontal ligament. Previous experimental studies on
tooth movement (Kato et al., 1996; Kobayashi et al., 1998) and traumatic occlusion
(Kvinnsland and Heyeraas, 1992; Sodeyama et al., 1996) have shown the
rearrangement of the periodontal nerves and changes in the shape of the nerve endings.
Furthermore, when the inferior alveolar nerve (IAN) is cut at the level of the mandibular
foramen, the morphology and density of the periodontal Ruffini ending almost recover
by postoperative 1 month (Youn et al., 1997; Wakisaka et al., 2000). Therefore, many
researchers agree with the notion that the periodontal Ruffini ending has a high potential
for neuroplasticity. Our regeneration studies using neurotrophin gene knockout mice
have indicated the possibility that various kinds of molecules control the regeneration of
the periodontal Ruffini endings in a stage-specific manner (Harada et al., 2003; Jabbar
et al., 2007; Ohishi et al., 2009). We have recently demonstrated ASIC3

immunoreaction in the axoplasm of the periodontal Ruffini endings as well as in the



medium-sized trigeminal neurons which mediate mechanotransduction (Rahman et al.,
2011) in the mouse, suggesting a possible role for ASIC3 during the regeneration
process of the periodontal Ruffini endings. To date, however, no information is
available regarding changes in the ASIC3 expression in the periodontal ligament and
trigeminal ganglion during nerve regeneration. Therefore, this study investigated
changes in the localization of ASIC3 in the periodontal ligament and trigeminal ganglion
using a rat IAN injury model to determine the role of ASIC3 in the regenerating Ruffini

endings.

Materials and Methods

Animal preparation

All animal experiments were approved and performed according to the guidelines of the
Niigata University Intramural Animal Use and Care Committee (approval number #
47-4).

Thirty male Wistar rats, 8 weeks of age and weighing 250-300 g at surgery,
were used in this experimental study. Transection of the IAN on one side which was
randomly selected was performed according to the methods described by Atsumi et al.
(1999, 2000) and Harada et al. (2003). Briefly, under anesthesia by an intraperitoneal
injection of 4% chloral hydrate (400 mg/kg), the masseter muscle at the side was torn to
expose the buccal surface of the mandibular bone, and a small amount of the bone
covering the mandibular canal was removed. After transection of the exposed IAN with
fine scissors on the side, the cut ends of the nerve were returned into the mandibular
canal (experimental group, n=25). The contralateral side of the trigeminal ganglion

was observed as the sham side, which was without any nerve transection. Five rats



without any surgical treatment served as a control group. No postoperative treatment
such as the administration of antibiotics was given to the operated rats. The animals of
the experimental group were allowed to survive for 3, 7, 14, 21, and 28 days after

surgery (n=5 at each stage).

Tissue preparation

At the appropriate survival period, animals were deeply anesthetized with 8% chloral
hydrate (400 mg/kg) and perfused transcardially with a fixative containing 4%
paraformaldehyde in a 0.1M phosphate buffer (pH 7.4). The trigeminal ganglia and the
mandibles were removed en bloc and immersed in the same fixative at 4°C overnight.
The mandibles were decalcified with a 10% ethylene diamine tetraacetic acid disodium
(EDTA-2Na; Dojindo Laboratories, Kumamoto, Japan) solution for 4 weeks at 4°C with
slight agitation. After demineralization, frozen sections of mandibles including the
incisors were serially prepared at a thickness of 25 um in a cryostat, collected in
phosphate-buffered saline, pH 7.4, and treated as free-floating sections. Additionally,

cryostat sections of the trigeminal ganglion were cut at a thickness of 8 um.

Immunohistochemistry

Cryostat and free-floating sections were processed for immunohistochemistry according
to our protocol as previously reported (Jabbar et al., 2007; Ohishi et al., 2009; Rahman
et al., 2011). The sections were incubated with a primary antiserum overnight at 4°C.
The primary antisera used in this study are shown in Table 1.  The incubated sections
were then reacted with a biotinylated goat anti-rabbit IgG (1:1000, Vector Lab.,

Burlingame, CA) and subsequently with a peroxidase-conjugated avidin (ABC Kit,



Vector Lab.) for 90 min each at room temperature. The immunoreaction sites were
visualized by incubation in a 0.05 M Tris buffer (pH 7.6) containing 0.025%
3,3’-diaminobenzidine (DAB) and 0.03% hydrogen peroxide. The immunostained
sections were counterstained with 0.03% methylene blue.

Furthermore, we employed a double immunostaining with ASIC3 and PGP 9.5,
S-100 protein, or CGRP in the trigeminal ganglion and the periodontal ligament.

Information on the double immunostaining is shown in Table 2.

Results

ASIC3 expression in the periodontal ligament in the control group

Immunohistochemistry for ASIC3 depicted structures with dendritic profiles in the
periodontal ligament of rat incisors (Fig. 1a, c). The positive structures were restricted
to the vascular zone but never in the non-vascular zone of the incisor ligament; these
were referred to as the alveolus- and tooth-related parts, respectively. Ina
combination of immunohistochemistry with ASIC3 and PGP 9.5, the immunoreactions
appeared co-localized in the ramifications of the thick axonal profiles (Fig. 1b).

Judging from their morphology and location, these ramified structures with ASIC3 were
regarded as periodontal Ruffini endings, as we have reported (Maeda et al., 1999;
Harada et al., 2003).  In addition, ASIC3 positive cells with round profiles were
associated with these axonal branches of the periodontal Ruffini endings with the
co-localization ASIC3 and PGP 9.5 (Fig. 1a, b). The ASIC3 immunoreactions were
found in their cytoplasm but not in the indented nucleus (Fig. 1a). These cells were

devoid of any PGP 9.5 immunoreaction, however (Fig. 1b). On the other hand, a



double staining with ASIC3 and S-100 protein demonstrated the co-localization of these
immunoreactions in the axon terminals of the periodontal Ruffini endings as well as in
the cytoplasm of the rounded cells (Fig. 1c, d). Since the periodontal Ruffini endings
have been reported to have an association with rounded telo-glia cells (Maeda et al.,
1989), these rounded cells with S-100 immunoreaction could be identified as terminal
Schwann cells. However, a part of these terminal Schwann cells lacked ASIC3

immunoreaction (Fig. 1d).

Changes in PGP9.5 and ASIC3 expression after transection of the IAN

On postoperative (PO) Day 3, nerve injury to the IAN induced a complete
disappearance of PGP 9.5-positive neural elements including the periodontal Ruffini
endings in the lower incisor ligament (Fig. 2a). A few PGP 9.5-positive -- but very
weak -- nerve fibers beaded in appearance were found near the blood vessels in the
periodontal ligament on PO Day 7 (Fig. 2b), and the nerve fibers increased in number
day by day. The dendritic ramifications composed of thin nerve fibers appeared on PO
Day 14 (Fig. 2c), and typical Ruffini endings were first recognizable in the periodontal
ligament of the rat incisors on PO Day 21 (Fig. 2d). Thereatfter, the periodontal Ruffini
endings with extensive ramifications of the thick axon terminals continued to increase by
PO Day 28 (data not shown). In ASIC3 immunohistochemistry, however, transection
of the IAN reduced any immunoreaction in the periodontal ligament throughout the
observation period (Fig. 2e-i), except for some cellular elements with a weak reaction
along the blood vessels found on PO Day 21 when the typical Ruffini endings had

appeared (Fig. 2h).



ASIC3 expression in the trigeminal ganglion in the control group

The trigeminal ganglia in the control group contained many ASIC3 positive cells of
various sizes (Fig. 3a). These ASIC3 positivities were localized in the PGP 9.5
immunoreactive cells in the trigeminal ganglion, indicating that ASIC3 immunoreaction
was localized in the trigeminal ganglion neurons. Furthermore, some satellite cells
also showed a relatively weak ASIC3 immunoreaction (Fig. 3b). This weak
immunoreaction often took on a dot-like appearance in the cytoplasm of the satellite
cells, whose outlines were unclear. A double immunostaining with ASIC3 and CGRP
demonstrated that one marker for nociceptive neurons -- some ASIC3 positive neurons,
lacked CGRP neurons (arrowheads in Fig. 3c, d). However, a few neurons with CGRP

immunoreaction were also positive for the ASIC3 immunoreaction (arrow in Fig. 3c, d)

Changes in ASIC3 expression in the trigeminal ganglion during regeneration after

transection of the IAN

Throughout the observation of the contralateral side, the expression pattern of ASIC3
immunoreaction in the satellite cells remained unchanged; some satellite cells had
immunoreactions with a granular like appearance in their cytoplasm (data not shown).
On PO Day 3 when the periodontal nerve fibers had disappeared from the
lingual ligament, no remarkable changes in ASIC3 existed between the ipsilateral and
contralateral sides in the experimental group; ASIC3 positivity was found in the
trigeminal neurons and satellite cells (Fig. 4a). However, the IAN transection induced
a clear ASIC3 expression in the satellite cells on the ipsilateral side on PO Day 7 (Fig.

4b). These ASIC3 reactive satellite cells were often observed surrounding ASIC3



immuno-positive or negative neurons (Fig. 4b).  On PO Day 14, ASIC3
immunoreaction in the satellite cells became clearer and stronger than at the previous
stages (Fig. 4c). Compared to the previous stages, the satellite cells exhibited thicker
profiles with an intense ASIC3 immunoreaction. In accordance with the progress in the
regeneration of the periodontal nerves, the ASIC3 immunoreaction had gradually
weakened to return to a normal level (Fig. 4d, €).  No apparent change in ASIC3
immuno-expression was recognizable in the trigeminal neurons in the ipsilateral or

contralateral sides of the experimental group.

Discussion

This immunohistochemical study demonstrated chronological changes in ASIC3
expression in the trigeminal ganglion as well as the regeneration process of the
periodontal nerves in the rat periodontal ligament after transection of the IAN. The
time course of the regeneration of the rat periodontal nerve was in accordance with our
previous reports (Hiroshima et al., 1998; Harada et al., 2003; Jabbar et al., 2007); the
IAN transection induced a complete disappearance of the periodontal nerves in the
lower lingual ligament by PO Day 3, and a commencement of the regeneration from PO
Day 7 to finish the morphological recovery of the periodontal Ruffini endings by PO Day
28. Although our recent study reported the localization of ASIC3 in the intact Ruffini
endings of the periodontal ligament (Rahman et al., 2011), no information is available
regarding the changes in ASIC3 expression during the regeneration of the periodontal
nerve fibers after nerve injury. This study confirmed the expression of ASIC3 in the

periodontal Ruffini endings as Rahman et al. (2011) have previously reported.
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Furthermore, this is the first report to demonstrate an alteration in the expression of
ASIC3 in the periodontal Ruffini endings as well as in the trigeminal ganglion during the
regeneration process.

Our findings on the localization of ASIC3 in the trigeminal ganglion and the
periodontal Ruffini endings differ from the previous report (Rahman et al., 2011); we
found positive reactions in some glial cells including the terminal Schwann cells and
trigeminal satellite cells. We are at a loss to explain the difference in ASIC3
immuno-expression pattern between the previous and present studies. Since we used
the same kind of antibody to ASIC3 in both studies, a possible explanation might be the
different species: mice versus rats (this study). Although ASIC3 immunoreactions
have been shown in the non-neural tissues including the testis, pituitary gland, lung,
epithelial cells, and bone (Lingueglia, 2007; Holzer, 2009), the role of ASIC3 in
non-neural tissues remains unclear. Current observation of the glial expression may
indicate a new role for ASIC3.

It is noteworthy that the periodontal Ruffini endings -- including the terminal
Schwann cells -- lost their ASIC3 immunoreaction during the regeneration process after
transection of the IAN. As shown in this and the previous study, the morphology and
distribution pattern returned to normal by PO Day 28, indicating a possibility that ASIC3
is not directly related to the regeneration process of the periodontal Ruffini endings.
However, a time lag between physiological and morphological recoveries is known to
exist during the regeneration process in a tooth re-plantation model; the neural activity
in the replanted tooth did not seem to recover to that of the normal tooth (Loescher and
Robinson, 1991), and the jaw-opening reflex had a raised threshold and increased

latency in the replanted teeth (Robinson, 1983). These findings may explain the
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reason for the complete disappearance of ASIC3 by PO Day 28 if we consider that
neuronal ASIC3, an ion channel for mechanosensation (Price et al., 2000, 2001,
Garcia-Anoveros et al., 2001; Jones et al., 2005; Page et al., 2005), is not involved in
neural regeneration. Since our observation period concludes by PO Day 28, a longer
observation is needed for verifying this hypothesis.

Electrophysiological studies have shown that injury to the trigeminal nerves can
result in trigeminal ganglion neurons with unusual peripheral receptive fields (Renehan
et al., 1989). Previous morphological studies have additionally demonstrated that
injury to the trigeminal nerve also induced neuroanatomical changes in the trigeminal
ganglion, including alterations in neuropeptide levels (Fried et al., 1991) and neuronal
cell death (Aldskogius and Arvidsson, 1978). This immunohistochemical study found
an up-regulation of ASIC3 immunoreaction in the satellite cells in the trigeminal neurons
on the ipsilateral side of the experimental group; the satellite cells with ASIC3
immunoreaction showed the strongest immuno-intensities and thicker profiles encircling
the trigeminal neurons at PO Day 14. Stephenson and Byers (1995) demonstrated the
temporal up-regulation of glial fibrillary acidic protein (GFAP) in the rat satellite cells in
response to dental injury; the satellite cell reaction was confined to the somatotopic
region of the ganglion that corresponded to the zone of damage in the periphery. A
similar expression of GFAP immunoreaction was found in the satellite cells of the dorsal
root ganglion after transection of the sciatic nerve (Woodham et al., 1989). These
studies on temporal GFAP expression have suggested the presence of neuron-glial cell
interactions in the sensory ganglion. Although there still has been no information
provided on the role of ASIC3 in the glial cells, we can easily postulate the involvement

of ASIC3 in the neuron-glial cell interactions in the trigeminal ganglion. This idea may
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be supported by the putative role of alterations in extracellular ionic concentrations
between neurons and glial cells by changing neuronal activity (Stephenson and Byers,
1995). It would seem appropriate to consider that the alteration in neuronal activity is
mediated by ASIC3, which is up-regulated in the satellite cells after transection of the

IAN.

Acknowledgements

The author thanks the members of the Division of Oral Anatomy, Niigata University

Graduate School of Medical and Dental Sciences, for their technical assistance.

13



References

Aldskogius H, Arvidsson J: Nerve cell degeneration and death in the trigeminal ganglion of

the adult rat following peripheral nerve transection. J Neurocytol 7(2):229-250 (1978).

Alvarez de la Rosa D, Krueger SR, Kolar A, Shao D, Fitzsimonds RM, Canessa CM:
Distribution, subcellular localization and ontogeny of ASIC1 in the mammalian central

nervous system. J Physiol 546(1): 77-87 (2003).

Alvarez de la Rosa D, Zhang P, Shao D, White F, Canessa CM: Functional implications of
the localization and activity of acid-sensitive channels in rat peripheral nervous system.

Proc Natl Acad Sci 99(4): 2326-2331 (2002).

Ambalavanar R, Yallampalli C, Yallampalli U, Dessem D: Injection of adjuvant but not acidic
saline into craniofacial muscle evokes nociceptive behaviors and neuropeptide

expression. Neuroscience 149(3): 650-659 (2007).

Atsumi Y, Imai T, Matsumoto K, Sakuda M, Maeda T, Kurisu K, Wakisaka S: Effects of
different types of injury to the inferior alveolar nerve on the behavior of Schwann cells
during the regeneration of periodontal nerve fibers of rat incisor. Arch Histol Cytol 63(1):

43-54 (2000).

Atsumi Y, Matsumoto K, Sakuda M, Maeda T, Kurisu K, Wakisaka S: Altered distribution of
Schwann cells in the periodontal ligament of the rat incisor following resection of the
inferior alveolar nerve: an immunohistochemical study on S-100 proteins. Brain Res

849(1-2): 187-195 (1999).

14



Byers MR: Sensory innervation of periodontal ligament of rat molars consists of
unencapsulated Ruffini-like mechanoreceptors and free nerve endings. J Comp Neurol

231(4): 500-518 (1985).

Chen CC, England S, Akopian AN, Wood JN: A sensory neuron-specific, proton-gated ion

channel. Proc Natl Acad Sci 95(17):10240-10245 (1998).

Chen CC, Wong CW: Neurosensory mechanotransduction through acid-sensing ion

channels. J Cell Mol Med 17(3): 337-349 (2013).

Fried K, Arvidsson J, Robertson B, Pfaller K: Anterograde horseradish peroxidase tracing
and immunohistochemistry of trigeminal ganglion tooth pulp neurons after dental nerve

lesions in the rat. Neuroscience 43(1): 269-278 (1991).

Garcia-Afioveros J, Samad TA, Zuvela-Jelaska L, Woolf CJ, Corey DP: Transport and
localization of the DEG/ENaC ion channel BNaClalpha to peripheral mechanosensory

terminals of dorsal root ganglia neurons. J Neurosci 21(8): 2678-2686 (2001).

Harada F, Hoshino N, Hanada K, Kawano Y, Atsumi Y, Wakisaka S, Maeda T: The
involvement of brain-derived neurotrophic factor (BDNF) in the regeneration of
periodontal Ruffini endings following transection of the inferior alveolar nerve. Arch Histol

Cytol 66(2): 183-194 (2003).

Hiroshima K, Maeda T, Hanada K, Wakisaka S: Calretinin-like immunoreactivity in the
regenerating periodontal Ruffini endings of the rat incisor following injury to the

inferior alveolar nerve. Brain Res 807(1-2): 218-221 (1998).

15



Holzer P: Acid-sensitive ion channels and receptors. Handb Exp Pharmacol (194): 283-332

(2009).

Hughes PA, Brierley SM, Young RL, Blackshaw LA: Localization and comparative analysis
of acid-sensing ion channel (ASIC1, 2, and 3) mRNA expression in mouse colonic
sensory neurons within thoracolumbar dorsal root ganglia. J Comp Neurol 500(5):

863-75 (2007).

Ichikawa H, Sugimoto T: The co-expression of ASIC3 with calcitonin gene-related peptide

and parvalbumin in the rat trigeminal ganglion. Brain Res 943(2): 287-291 (2002).

Jabbar S, Harada F, Aita M, Ohishi M, Saito |, Kawano Y, Suzuki A, Nozawa-Inoue K, Maeda
T: Involvement of neurotrophin-4/5 in regeneration of the periodontal Ruffini endings at

the early stage. J Comp Neurol 501(3): 400-412 (2007).

Jones RC 3rd, Xu L, Gebhart GF: The mechanosensitivity of mouse colon afferent fibers
and their sensitization by inflammatory mediators require transient receptor potential

vanilloid 1 and acid-sensing ion channel 3. J Neurosci 25(47): 10981-10989 (2005).

Kato J, Wakisaka S, Kurisu K: Immunohistochemical changes in the distribution of nerve
fibers in the periodontal ligament during an experimental tooth movement of the rat molar.

Acta Anat 157(1): 53-62 (1996).

Kobayashi H, Ochi K, Saito |, Hanada K, Maeda T: Alterations in ultrastructural localization
of growth-associated protein-43 (GAP-43) in periodontal Ruffini endings of rat molars

during experimental tooth movement. J Dent Res 77(3): 503-517 (1998).

16



Krishtal OA, Pidoplichko VI: A "receptor” for protons in small neurons of trigeminal ganglia:

possible role in nociception. Neurosci Lett 24 (3): 243-246 (1981).

Kvinnsland |, Heyeraas KJ: Effect of traumatic occlusion on CGRP and SP immunoreactive
nerve fibre morphology in rat molar pulp and periodontium. Histochemistry 97(2):

111-120 (1992).

Lingueglia E: Acid-sensing ion channels in sensory perception. J Biol Chem

282(24):17325-17329 (2007).

Loescher AR, Robinson PP: Characteristics of periodontal mechanoreceptors supplying

reimplanted canine teeth in cats. Arch Oral Biol 36(1): 33-40 (1991).

Maeda T, Ochi K, Nakakura-Ohshima K, Youn SH, Wakisaka S: The Ruffini ending as the
primary mechanoreceptor in the periodontal ligament: its morphology, cytochemical

features, regeneration, and development. Crit Rev Oral Biol Med 10(3): 307-327 (1999).

Maeda T, Sato O, Kobayashi S, Iwanaga T, Fujita T: The ultrastructure of Ruffini endings in
the periodontal ligament of rat incisors with special reference to the terminal Schwann

cells (K-cells). Anat Rec 223(1): 95-103 (1989).

Maeda T: Sensory innervation of the periodontal ligament in the incisor and molar of the
monkey, Macaca fuscata. An immunohistochemical study for neurofilament protein and

glia-specific S-100 protein. Arch Histol Jpn 50(4): 437-454 (1987).

Munger BL, Ide C: The structure and function of cutaneous sensory receptors. Arch Histol

Cytol 51(1):1-34 (1988).

17



Ohishi M, Harada F, Rahman F, Saito I, Kawano Y, Nozawa-Inoue K, Maeda T: GDNF
expression in terminal schwann cells associated with the periodontal Ruffini endings of

the rat incisors during nerve regeneration. Anat Rec 292(8): 1185-1191 (2009).

Page AJ, Brierley SM, Martin CM, Price MP, Symonds E, Butler R, Wemmie JA, Blackshaw
LA: Different contributions of ASIC channels 1a, 2, and 3 in gastrointestinal

mechanosensory function. Gut 54(10):1408-1415 (2005).

Price MP, Lewin GR, Mcllwrath SL, Cheng C, Xie J, Heppenstall PA, Stucky CL, Mannsfeldt
AG, Brennan TJ, Drummond HA, Qiao J, Benson CJ, Tarr DE, Hrstka RF, Yang B,
Williamson RA, Welsh MJ: The mammalian sodium channel BNC1 is required for normal

touch sensation. Nature 407(6807): 1007-1011(2000).

Price MP, Mcllwrath SL, Xie J, Cheng C, Qiao J, Tarr DE, Sluka KA, Brennan TJ, Lewin GR,
Welsh MJ: The DRASIC cation channel contributes to the detection of cutaneous touch

and acid stimuli in mice. Neuron 32(6): 1071-1083 (2001).

Rahman F, Harada F, Saito I, Suzuki A, Kawano Y, Izumi K, Nozawa-Inoue K, Maeda T:
Detection of acid-sensing ion channel 3 (ASIC3) in periodontal Ruffini endings of mouse

incisors. Neurosci Lett 488(2): 173-177 (2011).

Renehan WE, Klein BG, Chiaia NL, Jacquin MF, Rhoades RW: Physiological and anatomical
consequences of infraorbital nerve transection in the trigeminal ganglion and trigeminal

spinal tract of the adult rat. J Neurosci 9(2): 548-557 (1989).

Rippin JW: Collagen turnover in the periodontal ligament under normal and altered

functional forces. I. Young rat molars. J Periodontal Res 11(2): 101-107 (1976).

18



Robinson PP: An electrophysiological study of the reinnervation of reimplanted and

autotransplanted teeth in the cat. Arch Oral Biol 28(12): 1139-1147 (1983).

Ruffini, A: Osservasioni critiche allo studio del dott. Andrea Rossi sulle terminazioni nervose

di senso della pella del’'uomo. Arch. Internatz 11: 16 (1893).

Sakai H, Lingueglia E, Champigny G, Mattei MG, Lazdunski M: Cloning and functional
expression of a novel degenerin-like Na+ channel gene in mammals. J Physiol 519(2):

323-233 (1999).

Schroeder HE : Periodontal ligament: In Handbook of microscopic anatomy. The
periodontium (Oksche A, and Vollrath L, ed.) Vol.V/5. Springer-Verlag,

Berlin-Hederberg-New York, 1986, (p. 170-233).

Skougaard MR, Levy BM, Simpson J: Collagen metabolism in skin and periodontal

membrane of the marmoset. Scand J Dent Res 78(3): 256-262 (1970).

Sodek J, Ferrier JM: Collagen remodelling in rat periodontal tissues: compensation for
precursor reutilization confirms rapid turnover of collagen. Coll Relat Res 8(1): 11-21

(1988).

Sodeyama T, Maeda T, Takano Y, Hara K: Responses of periodontal nerve terminals to
experimentally induced occlusal trauma in rat molars: an immunohistochemical study

using PGP 9.5 antibody. J Periodontal Res 31(4): 235-48 (1996).

Stephenson JL, Byers MR: GFAP immunoreactivity in trigeminal ganglion satellite cells after

tooth injury in rats. Exp Neurol. 131(1):11-22 (1995).

19



Wakisaka S, Atsumi Y, Youn SH, Maeda T: Morphological and cytochemical characteristics
of periodontal Ruffini ending under normal and regeneration processes. Arch Histol Cytol

63(2): 91-113 (2000).

Waldmann R, Champigny G, Bassilana F, Heurteaux C, Lazdunski M: A proton-gated cation

channel involved in acid-sensing. Nature 386(6621): 173-177 (1997).

Wemmie JA, Taugher RJ, Kreple CJ: Acid-sensing ion channels in pain and disease. Nat

Rev Neurosci 14(7): 461-471 (2013).

Woodham P, Anderson PN, Nadim W, Turmaine M: Satellite cells surrounding axotomised
rat dorsal root ganglion cells increase expression of a GFAP-like protein. Neurosci Lett

98(1): 8-12 (1989).

Youn SH, Sakuda M, Kurisu K, Wakisaka S: Regeneration of periodontal primary afferents of
the rat incisor following injury of the inferior alveolar nerve with special reference to
neuropeptide Y-like immunoreactive primary afferents. Brain Res 752(1-2): 161-169

(1997).

20



Table 1

Antibodies used for DAB staining

Primary antibodies Dilution

Rabbit polyclonal anti-rat ASIC3
ASIC3 1:500
(Osenses Pty., Keswick, Australia)

Rabbit polyclonal anti-human PGP 9.5

PGP9.5 . 1:10,000
(Ultraclone, Co. Ltd., Cambridge, U.K.)
Table 2
Antibodies used for double staining
Primary antibodies Fluorescent dye

Rabbit polyclonal anti-rat ASIC3
ASIC3 FITC (1:100, Vector Lab.)
(1:500, Osenses Pty., Keswick, Australia)

Mouse monoclonal anti-human PGP 9.5

PGP9.5 Texas red (1:100, Vector Lab.)

(1:5,000, Ultraclone, Co. Ltd., Cambridge, U.K.)

S100 Mouse monoclonal anti-human S-100 protein
Texas red (1:100, Vector Lab.)

protein (1:1,000, Sigma-Aldrich, Inc., St. Louis, MO)

Mouse monoclonal anti-rat CGRP

CGRP Texas red (1:100, Vector Lab.)

(1:3,300, Sigma-Aldrich, Inc., St. Louis, MO)
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Figure legends

Fig. 1

Fluorescent micrographs showing the periodontal Ruffini endings in the rat lower
incisors in the control group, as demonstrated with a double staining with ASIC3 colored
green and either protein gene product 9.5 (PGP 9.5) (a, b) or S-100 protein colored red
(c, d). Arrows indicate the terminal Schwann cells associated with periodontal Ruffini

endings. Scale bars =20 uym.

Fig. 2

Micrographs showing changes in immunoreactions for protein gene product 9.5 (PGP
9.5) (a-d) and for ASIC3 (e-i) on postoperative Days 3 (a, €), 7 (b, f), 14 (c, g), 21 (d, h)
and 28 (i). DAB development, counterstained with methylene blue. Scale bars = 50

um.

Fig. 3

Fluorescent images of the rat trigeminal ganglion in the control group, as demonstrated
with a double staining with ASIC3 (green) and either protein gene product 9.5 (PGP 9.5)
(red in b) or calcitonin gene related peptide (CGRP) (red in d). Figures b and d are
merged images of ASIC3/PGP 9.5 and ASIC3/CGRP, respectively. Arrowsinaandb
indicate ASIC3 positive satellite cells. Arrows and Arrowheads in ¢ and d indicate
ASIC3 positive neurons with CGRP and without CGRP, respectively. Scale bars = 20

pm.
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Fig. 4

Merged images of ASIC3 and protein gene product 9.5 (PGP 9.5) immunoreactions
(a-c) and fluorescent images of ASIC3 immunoreaction (d, €) on postoperative Days 3
(@), 7 (b), 14 (c), 21 (d) and 28 (e) in the trigeminal ganglion of the ipsilateral side in the

experimental group. Scale bars = 20 ym.
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