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Abstract

Tooth movements associated with orthodontic treatment often cause tooth pain.
However, the detailed mechanism remains unclear. Here, I examined the involvement of
periodontal acidification caused by tooth movement in mechanical tooth pain
hypersensitivity. Elastics were inserted between the first and second molars to move the
teeth in Sprague-Dawley rats. Mechanical head-withdrawal reflex threshold to first molar
stimulation and the pH of the gingival sulcus around the tooth were measured. The
expression of acid-sensing ion channel 3 (ASIC3) in trigeminal ganglion neurons and
phosphorylation of ASIC3 in the periodontal tissue were analyzed. The mechanical head-
withdrawal reflex threshold to first molar stimulation and pH in the gingival sulcus
decreased on day 1 after the elastic insertion. These decreases recovered to the sham level
by buffering periodontal acidification. Periodontal inhibition of ASIC3 channel activity
reversed the decreased mechanical head-withdrawal reflex threshold to first molar
stimulation. On day 1 after elastic insertion, the tooth movement did not change the
number of ASIC3 immunoreactive trigeminal ganglion neurons innervating the
periodontal tissue but increased phosphorylated-ASIC3 levels in the periodontal tissue.
Periodontal acidification induced by tooth movement causes phosphorylation of ASIC3,

resulting in mechanical pain hypersensitivity in mechanically forced tooth.



Introduction

Oral functions, including mastication, swallowing, and speech, are essential for
living. However, malocclusion, an abnormal alignment of the teeth, frequently causes oral
dysfunction, leading to a lower quality of life [1]. Orthodontic treatment can improve
these abnormalities by tooth movement through mechanical force application using fixed
or removable appliances. However, mechanical forces sometimes induce tooth pain [2].
The pain intensity peaks on day 1 after tooth movement and gradually decreases [3.,4]. In
previous reports, the release of pro-inflammatory substances, such as substance P,
interleukin (IL)-1B, and tumor necrosis factor-o, from leukocytes and fibroblast
proliferation has been observed in the tooth movement model [5]. Furthermore, ischemia
has been observed in the periodontal tissue around mechanically forced teeth [6] and has
been reported to cause acidification in the tissue [7]. Although acidification has been
suggested to be involved in orthodontic pain [6,7], the detailed mechanism remains
unclear.

Acid-sensing ion channels (ASICs) are sodium-selective neuronal cation channels
that are activated by extracellular protons and several ligands [8,9]. In particular, ASIC3
has been reported to have a higher sensitivity to extracellular protons other than ASICs
[8,10]. Ischemia-induced acidosis causes mechanical pain, which is suppressed by ASIC3
inhibition [11]. Transient receptor potential vanilloid 1 (TRPV1) is also an acid sensor
[12]. Both ASIC3 and TRPV1 are proton-sensing ion channels and are activated by
extracellular pH lower than pH 7.2 and 5.3, respectively [8,13,14]. These ion channels

contribute to orthodontic pain [2,15].



In this study, to clarify the involvement of ASIC3 signaling in orthodontic tooth pain,
I examined mechanical pain sensitivity in mechanically forced teeth, acidification and
ASIC3 phosphorylation in the periodontal tissue, and ASIC3 expression in trigeminal

ganglion (TG) neurons.



Materials and Methods

Animals

Male Sprague-Dawley rats (n = 150, 250-350 g, Japan SLC, Hamamatsu, Japan)
were used. The present studies were conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and guidelines of the
International Association for the Study of Pain [16]. The Animal Experimentation
Committee of Nihon University approved all experiments in this study (protocol
numbers: AP18DENO009 and AP20DENO014). All animals were kept under environmental
conditions (temperature, 21-23°C; humidity, 40—60%) with free access to food and water.
All procedures were performed during the light phase (12 h light/dark cycle). The number
of animals and animal suffering was minimized in all experiments. All the experiments

were conducted under blinded conditions.

Orthodontic elastic insertion (Waldo’s method)

Rats were anesthetized with intraperitoneal administration of butorphanol (2.5
mg/kg; Meiji Seika Pharmaceutical, Tokyo, Japan), medetomidine (0.375 mg/kg; Xenoac,
Fukushima, Japan), and midazolam (2.0 mg/kg; Sand, Tokyo, Japan). An orthodontic
elastic (M8, Tomy International, Tokyo, Japan) was inserted between the right maxillary
first and second molars (M1 and M2, respectively) and trimmed into small pieces (width,
3 mm; height, 1.5 mm; depth, 0.6 mm) [17]. The rats that received elastic insertion were
defined as the elastic-induced tooth movement model (ELS). Sham rats underwent the

same procedure without elastic insertion.



Measurement of mechanical pain sensitivity

The rats have received graded mechanical stimulation to the occlusal surface of M1
using an electronic von Frey (0 to 100 g, 4 g/s; Bioseb, Chaville, France) under light
anesthesia with 2% isoflurane (Mylan, South point, PE, USA) inhalation and mechanical
head-withdrawal reflex threshold to M1 stimulation (MHWRT) was measured. Before
measurement of the MHWRT, the depth of anesthesia was confirmed by observing the
hind paw-withdrawal reflex to noxious pinch stimulation (150 g) and identical breathing
pattern, according to a previous report [18]. Before (Pre) and on days 1 to 7 after the
elastic insertion and sham treatment, the minimum mechanical intensity required to evoke
a head-withdrawal reflex was defined as MHWRT. The mechanical stimuli were applied

3 times at 1-min intervals. The averaged MHWRT in each rat was determined.

Micro-computed tomography (mCT) analysis

To evaluate the changes in the distance between M1 and M2, mCT analysis was
performed using an R-mCT2 system (Rigaku, Tokyo, Japan) on pre and days 1 to 7 after
elastic insertion. Under anaesthetic condition with intraperitoneal administration of
butorphanol at 2.5 mg/kg, medetomidine at 0.375 mg/kg, and midazolam at 2.0 mg/kg,
the rats were placed on the instrument stage after removal of the inserted orthodontic
elastic from the maxillary molars. Then, mCT images of M1 and M2 were obtained under
the conditions that the exposure parameters were 90 kV and 100 pA. The mCT images
were reconstructed using i-View software (Morita, Osaka, Japan), and the shortest
distance between the distal surface of M1 and mesial surface of M2 was measured. After

each measurement, the elastic was replaced between M1 and M2.



Measurement of pH in the gingival sulcus

To confirm the acidity of the periodontal tissue in the model, the pH of the buccal
gingival sulcus of M1 was measured using a pH meter (D-51; HORIBA, Kyoto, Japan)
with a needle pH electrode (21-guage, MI-407B, Microelectrodes, NH, USA) and a
flexible reference electrode (MI-402, Microelectrodes) under deep anesthesia with
intraperitoneal administration of butorphanol at 2.5 mg/kg, medetomidine at 0.375 mg/kg,
and midazolam at 2.0 mg/kg. Before measurement, the pH meter was calibrated with a
standard solution (pH 4.01, pH 6.86, and pH 9.18; HORIBA). On days 1 to 7 after the
elastic insertion and sham treatment, the pH electrode was inserted into the gingival
sulcus of M1. The reference electrode was placed subcutaneously on the left femoral
region. Then, the pH was measured three times, and the averaged pH values were taken

as the pH in each rat.

Drug administration

Two microliters of the ASIC3 channel blocker APETx2 (0.17 mM diluted in saline,
07APE002, Smartox Biotechnology, Saint-Egreéve, France); 0.01 M phosphate buffer
saline (PBS); and phosphate buffer (PB) at pH 7.4, 7.0, and 6.5 were submucosally
administered into the periodontal tissue around M1 five times (just after elastic insertion
at 18:00 and on days 1 and 2 after the elastic insertion at both 9:00 and 21:00) under

anesthesia with 2% isoflurane.

FluoroGold injection
To label primary sensory neurons innervating the periodontal tissue around the M1,

2 pL of the retrograde neuronal tracer FluoroGold (FG, 2% in saline; Fluorochrome,



Denver, CO, USA) was injected into the periodontal tissue close to M1 using a 31-gauge
needle under 2% isoflurane anesthesia. To enable complete retrograde tracing to the
neuronal soma, FG injection was performed on 4 days before an orthodontic elastic was

inserted between M1 and M2.

Immunohistochemistry

On day 1 and 7 after elastic insertion or sham treatments, the rats were perfused
transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) under deep
anesthesia with 5% isoflurane inhalation and an intraperitoneal administration of
butorphanol (2.5 mg/kg), medetomidine (0.375 mg/kg), and midazolam (2.0 mg/kg). The
TGs and right maxillary tissues were dissected and post-fixed with the same fixative for
several days at 4°C. These tissues were then transferred to 20% sucrose in PBS overnight
for cryoprotection. The TGs were embedded in Tissue-Tek O.C.T. Compound (Sakura
Finetek, Tokyo, Japan) at -20°C and sectioned at a thickness of 10 um using a cryostat
(Leica, Tokyo, Japan). The TG sections were mounted on MAS-coated glass slides
(Matsunami, Tokyo, Japan) and dried overnight. After rinsing in 0.01 M PBS, the TG
sections were incubated in 3% normal goat serum for 1.5 h at room temperature (RT), and
in rabbit polyclonal anti-ASIC3 antibody (1:300, ASC-018; Alomone Labs, Jerusalem,
Israel) overnight at 4°C. After washing in 0.01 M PBS, the TG sections were incubated
with Alexa Fluor 488-conjugated goat anti-rabbit immunoglobulin G (IgG, 1:300;
A11034, Thermo Fisher Scientific, Waltham, MA, USA) for 3 days at 4°C. The TG
sections were rinsed in 0.01 M PBS and cover-slipped using a mounting medium
(PermaFluor, Thermo Fisher Scientific). ASIC3-immunoreactive (IR) cells in the TG

were analysed using BZ-9000 (Keyence, Osaka, Japan). The number of FG-labelled



ASIC3-IR cells in the second branch of the TG in five sections from each rat were
manually counted.

The periodontal tissue was removed with the teeth from the maxilla and decalcified
in K-CX (Falma, Tokyo, Japan) at 4°C for 5 days. Then, it was cut into 10-um thick slices
using a microtome (Yamatokouki, Saitama, Japan) after being embedded in paraffin.
Periodontal tissue with tooth sections was mounted on MAS-coated glass slides
(Matsunami) and dried overnight. The sections were stained with hematoxylin and eosin
and used for IL-1p immunohistochemistry. For immunohistochemistry, the ImmunoCruz
rabbit ABC Staining System (sc-2018, Santa Cruz Biotechnology, Dallas, TX, USA) was
used according to the manufacturer’s protocol. The sections were incubated with H>O»
for 10 min, washed with 0.01 M PBS, and blocked with 1.5% blocking serum for 1 h at
RT. The sections were incubated with goat polyclonal anti-IL-1f antibody (15 pg/mL,
R&D Systems, Minneapolis, MI, USA) overnight at 4°C. The sections were washed with
0.01 M PBS and incubated with a biotinylated secondary antibody with biotinylated
rabbit anti-goat IgG antibody (1:500; BA-5000, Vector, Burlingame, CA, USA) for 1.5 h.
After washing with 0.01 M PBS, the sections were incubated for 30 min with AB enzyme
reagent. Then, the sections were washed with 0.01 M PBS and incubated in peroxidase
substrate for 5 min. The sections were washed with 0.01 M PBS, dehydrated in
alcohol/xylene, and coverslipped. Immunostaining tissue sections were observed under a

microscope BZ-9000 (Keyence).

Immunoprecipitation and western blotting
The rats were deeply anesthetized according to the above-described method and

perfused transcardially with chilled saline. The periodontal tissue, including the



periodontal ligaments, was dissected 1 day after elastic insertion. The tissues were
homogenized in radioimmunoprecipitation assay buffer (Nacalai Tesque, Kyoto, Japan)
supplemented with protease inhibitors (1:100; TaKaRa, Kusatsu, Japan) and a
phosphatase inhibitor (1:100; Nacalai Tesque) at 4°C. After centrifugation for 30 min at
4°C at 13,000 g, the supernatants were collected. Protein concentration was determined
using a BCA protein assay kit (TaKaRa). For immunoprecipitation, the ASIC3 antibody
was reacted with Dynabeads Protein G (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. Briefly, 1 ug of rabbit polyclonal anti-ASIC3 antibody (ASC-
018; Alomone Labs) was incubated with dynabeads and Tween-20 for 10 min with
rotation to form a magnetic bead—antibody complex. The anti-ASIC3 conjugated
dynabeads were further reacted with the lysate of the periodontal tissue samples (75 pg).
Then, the dynabeads-antibody-antigen complex was separated by a magnet and washed
three times with Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBST).

The immunoprecipitated samples and homogenized samples without
immunoprecipitation were mixed with Laemmli sample buffer solution (Bio-Rad,
Hercules, CA, USA) and heat-denatured for 5 min. The samples were loaded in each lane
and electrophoresed by 4-20% Mini-PROTEAN TGX precast gels (Bio-Rad). The gels
were then transferred onto a polyvinylidene difluoride membrane using a Trans-Blot
Turbo (Trans-Blot Turbo Transfer pack; Bio-Rad). After rinsing with TBST, the
membrane was incubated with 5% Blocking One-P (Nacalai Tesque) in TBST and
incubated overnight at 4°C with rabbit polyclonal anti-ASIC3 antibody (1:1000, Alomone
Labs), mouse monoclonal anti-phosphoserine antibody (1:1000; P5747, Sigma-Aldrich),
and mouse monoclonal anti-fB-actin antibody (1:200; Cat No. sc-69879, Santa Cruz

Biotechnology). The membrane was incubated for 2 h at RT with horseradish peroxidase



(HRP)-conjugated rabbit anti-mouse polyclonal antibody (1:5000; Cat No. 315-035-003,
Jackson ImmunoResearch, West Grove, PA, USA) or HRP-conjugated anti-rabbit
antibody (1:5000; Cat No. 111-035-003, Jackson ImmunoResearch). Peroxidase activity
was detected using Western Lightning ELC Pro (PerkinElmer, Waltham, MA, USA). The
intensity of each band was analyzed using a ChemiDoc MP system (Bio-Rad) and
normalized to [-actin or ASIC3 immunoreactivity. The band intensities for
phosphorylated-serine (pSer) of immunoprecipitated samples were normalized to ASIC3
of immunoprecipitated samples. The band intensities for ASIC3 of samples without

immunoprecipitation were normalized to B-actin of samples.

Statistical analyses

The Shapiro-Wilk normality test was conducted to check for normality for each group.
The Brown-Forsythe test was performed to check for equality of variance. When the
results of the Shapiro-Wilk normality test and Brown-Forsythe test did not show
normality or homogeneity of variances (p < 0.05), non-parametric procedures were
selected. The data are expressed as the mean + standard error of the mean, where n
represents the number of rats. An unpaired Student’s #-test and a paired #-test were used
to compare differences between the sham and ELS groups. Dunnett’s and Tukey’s post
hoc tests were performed using one-way analysis of variance (ANOVA) for comparison.
A two-way repeated-measures ANOVA was used to compare the time-dependent changes
between the sham and ELS groups, followed by Dunnett’s post hoc tests, Bonferroni’s
multiple comparisons tests, and Sidak’s multiple comparison tests. Statistical analyses
were performed using GraphPad Prism ver. 8 (GraphPad Prism Software, San Diego, CA,

USA). Statistical significance was defined as a p-value of less than 0.05.
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Results

Profiles of ELS

Profiles of orthodontic ELS was shown in Figure 1A. The orthodontic elastic was
inserted between the right maxillary M1 and M2 in rats (Figure 1B). Many inflammatory
cells were observed in the periodontal ligament of ELS (Figure 1C). Greater IL-1f
immunoreactivity was observed on the tension side of the periodontal ligament after
elastic insertion (Figure 1D). From the mCT images, the distance between M1 and M2 in
the model rats gradually increased after elastic insertion (Figure 1E lower and F). The
distance between the distal palatal root of M1 and alveolar bone was shorter on the

pressure side and longer on the tension side than in the sham group after elastic insertion.

Periodontal acidification and mechanical pain sensitivity after elastic insertion

The MHWRT was lower than that in the sham group on days 1, 3, and 5 after elastic
insertion (Figure 2A). To evaluate whether tooth movement causes acidification of the
periodontal ligament, the pH of the gingival sulcus was measured. The pH in the buccal
gingival sulcus of M1 was decreased at 1 and 2 days after elastic insertion compared with
that in the sham group (Figure 2B). To buffer the acidity, PBS was repeatedly injected
into the periodontal tissue. The PBS injections suppressed the decrease in pH after the
elastic insertion (Figure 2B).

Moreover, the PBS injection significantly recovered the decreased MHWRT on day
1 after elastic insertion to the sham level (Figure 2C). To examine whether acidification

in the periodontal ligament causes mechanical allodynia in mechanically forced teeth, the
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MHWRT was measured following submucosal periodontal injection of solutions at pH
7.4, 7.0, and 6.5 in naive rats. The MHWRT decreased 5 min after injection of pH 6.5
acidic solution and recovered 10 min after the injection. However, injections of pH 7.4
and pH 7.0 acidic solutions did not change the MHWRT (Figure 2D), indicating that
acidification in the periodontal ligament causes mechanical allodynia in the mechanically
forced tooth. In addition, the pH in the gingival sulcus around M1 was 7 and 7.4, 5 min
after injecting pH 6.5 and pH 7.0 acidic solution, respectively (Figure 2E), suggesting
that the acidic solution was buffered by internal bicarbonate (HCO3"). Repetitive PBS
injections did not change the mean distance between M1 and M2 in the model (Figure
2F), indicating that buffering with PBS in the periodontal tissue around M1 does not affect

tooth movement.

ASIC3 contribution in mechanical allodynia in the mechanically forced tooth

In Fig. 2B, the pH in the gingival sulcus on day 1 after elastic insertion was
decreased to around 7.0. ASIC3 is known to be activated by extracellular pH lower than
pH 7.2 [8,13,14], suggesting ASIC3 activation in ELS. Therefore, I determined whether
ASIC3 in the periodontal tissue is involved in mechanical allodynia in ELS. Injection of
ASIC3 inhibitor APETx2 in the periodontal tissue of the mechanically forced tooth
significantly increased the decreased MHWRT compared with vehicle (saline) injection
on days 1 and 3 after elastic insertion (Figure 3A). Next, ASIC3 expression in the TG
neurons innervating the periodontal tissue of mechanically forced teeth was analyzed 1
and 7 days after elastic insertion. ASIC3 was expressed in the TG neurons innervating
the periodontal tissue of M1 in sham and ELS (Figure 3B), consistent with previous

studies [19]. There was no significant difference in the total number of FG-labelled TG
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neurons in the second branch region between the sham and ELS groups (data not shown).
No difference was also observed in the percentage of FG-labelled ASIC3-IR neurons
against total FG-labelled neurons between the sham and ELS groups on days 1 and 7
(Figure 3C and 3D, respectively), suggesting that molar tooth movement after elastic
insertion does not alter the number of ASIC3-IR neurons innervating the periodontal
tissue close to the mechanically forced tooth.

ASIC3 has been reported to be phosphorylated by protein kinase C (PKC) in the
intracellular C-terminal domain (Ser-523) [20]. To examine whether ASIC3 is
phosphorylated following elastic insertion, proteins from the periodontal tissue around
M1 were immunoprecipitated with an anti-ASIC3 antibody, and phosphorylated-ASIC3
was detected by anti-pSer antibody (Figure 3E). The relative amount of pSer/ASIC3 in

the periodontal tissue increased in the ELS group (Figure 3F).

13



Discussion

In previous reports, ASIC3 was shown to be involved in the pathogenesis of
orthodontic tooth movement-induced pain caused by the installation of coil-spring and
orthodontic elastic between the teeth [2,19,21]. In agreement with these reports, I found
that ASIC3 in the periodontal tissue contributed to tooth movement-induced pain in the
ELS model. In summary, infiltration of inflammatory cells in the periodontal ligament
and acidification in the periodontal tissue around the mechanically forced tooth was
induced on day 1 after elastic insertion. In addition, the elastic insertion induced
phosphorylation of ASIC3 in the periodontal tissue, including the cervical gingiva and
periodontal ligament, without changing the number of ASIC3-IR TG neurons innervating
the periodontal tissue close to the mechanically forced tooth. Importantly, buffering of
the periodontal acidification attenuated mechanical allodynia in the mechanically forced
tooth following elastic insertion without interfering with the distance of tooth movement.

In this study, inflammatory cells and the release of IL-1p were observed in the
periodontal ligaments around M1 after elastic insertion. Previous studies have reported
that macrophage-lineage cells, such as monocytes, macrophages, and dendritic cells, have
been increased in elastic-inserted tooth movement models [22,23]. Inflammatory
mediators, including IL-1pB, stimulate osteoblasts and osteoclasts, leading to tooth
movement via periodontal bone remodeling [2,24,25]. Furthermore, IL-1 receptor
antagonism was shown to reduce the distance of tooth movement and the number of
tartrate-resistant acid phosphatase-positive osteoclasts during orthodontic tooth
movement in mice [26]. The present results and previous studies suggest that

inflammation in the periodontal ligament is essential for tooth movement via bone
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remodeling by osteoclasts and osteoblasts. In this study, the pH in the gingival sulcus
around M1 decreased on day 1 after elastic insertion. Repetitive submucosal injection of
PBS in the periodontal tissue around the mechanically forced tooth suppressed the
decrease in pH, indicating that PBS injection can buffer the periodontal acidification.
Application of orthodontic force to the teeth has been shown to decrease the cross-
sectional areas of blood vessels on the pressure side of the periodontal ligament of force-
received teeth, leading to ischemia [2,6]. Ischemia/hypoxia induces anaerobic respiration,
causing an increase in CO» concentration and local acidosis [2]. Since osteoclasts release
protons for bone decalcification, the protons may also be involved in the periodontal pH
decrease.

ASIC3 and TRPV1 are known as proton sensors [27]. These two ion channels are
activated by a decline in extracellular pH to lower than pH 7.2 and 5.3, respectively
[8,14,26]. In this study, the pH in the gingival sulcus decreased from over 7.4 to
approximately 7.0, on day 1 after elastic insertion, which is sufficient acidification to
activate ASIC3 [14]. Injection of acidic solution (pH 6.5) into the periodontal tissue
around M1 of the naive rats decreased the MHWRT in M1 at 5 min, which was returned
to the pre-injection level at 10 min after the injection. In contrast, injection of acidic
solution at pH 7.0, almost the same acidity as that of the periodontal tissue after elastic
insertion, did not affect the MHWRT. Moreover, the pH in the gingival sulcus was
increased to approximately 7.0 at 5 min after injection of acidic solution of pH 6.5, and it
almost returned to the physiological level (pH 7.4) at 10 min after the injection. Likely,
the injected low-pH solution was immediately buffered by an internal buffer, such as
HCOs5". Together with previous data, the present results suggest that periodontal

acidification around pH 7.0 after elastic insertion activates ASIC3 expressed in the
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nociceptive afferents in the periodontal ligament, resulting in mechanical pain
hypersensitivity in the mechanically forced tooth.

ASIC3 contains a PKC-induced phosphorylation site in the C-terminal domain (Ser-
523) [20]. Phosphorylation of ASIC3 enhances the peak current of ASIC3 by modulating
the interaction between ASIC3 and the adaptor protein Na'/H" exchanger regulatory
factor-1 [20]. ASIC3 is expressed in small and medium nociceptive neurons in the dorsal
root ganglion (DRG), and its phosphorylation contributes to the channel functions
associated with nociception [20]. In this study, ASIC3 phosphorylation was observed in
periodontal tissue on day 1 after elastic insertion. Together with some previous findings
that ASIC3 is an ion channel directly responsible for mechanical nociception [10], the
results suggest that phosphorylation of ASIC3 in the periodontal nociceptive afferents
enhances mechanical pain hypersensitivity in mechanically forced teeth.

ASIC3 has reported to be sensitized by Gog11 coupled receptors such as protease-
activated receptor 2 (PAR2) via phospholipase C (PLC) activation followed by PKC
activation [28,29]. PAR2 is activated by proteases, including tryptase and elastase
released from mast cells and neutrophils in the inflammatory state [30,31,32,33]. |
observed many inflammatory cells in the periodontal ligament after elastic insertion,
suggesting that ASIC3 phosphorylation occurs via PAR2 activation in the periodontal
ligament. Furthermore, inhibition of IL-1 receptor 1, a receptor of the IL-1 family
including IL-1B, prevented the increase of ASIC3 in the DRG in ischemia/hypoxia model
mice [11]. In this study, the expression of IL-1P in the periodontal ligament on the
pressure side of M1 was observed. Although the report indicates that IL-1f is involved in
ASIC3 upregulation, the number of ASIC3-IR TG neurons did not change after elastic

insertion in the study. It is possible that the expression of IL-1 was not sufficient to
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increase ASIC3-IR TG neurons; however, further investigations are needed to clarify the
involvement of IL-1P in ASIC3 phosphorylation. Recently, endothelin-1 application has
been reported to enhance of ASIC3 currents in the rat primary sensory neurons [34].
Endothelin-1 is known to bind to two G-protein-coupled receptors, endothelin-A receptor
(ETaR) and endothelin-B receptor (ETgR), and only ETaR contributes to ASIC3
sensitization [34]. Since endothelin-1 expression in the periodontal ligament has
increased 3 h after continuous loading to a rat molar tooth [35], the ASIC3 sensitization
was likely to occur via ETAR in the model.

In the present study, the decrease in MHWRT following elastic insertion was
suppressed by ASIC3 inhibition in nerve terminals in the periodontal tissue. ASIC3 has
mechanical sensitivity, in addition to proton sensing [2], suggesting that ASIC3 also acted
as a mechano-sensor in the ELS. TRPA1, TRPV4, PIEZO1 and PIEZO?2 are also known
to be as mechano-sensitive channels and these are observed in the periodontal ligament
[3,36,37]. TRPA1 and TRPV4 have been activated/sensitized during inflammation, which
caused inflammatory pain [38]. In agreement with previous studies [2,25], I observed
inflammation in the periodontal ligament following continuous orthodontic mechanical
force to tooth. Therefore, these various mechano-sensitive channels as well as ASIC3
likely contributes to the mechanical allodynia in ELS.

I used APETx2 as an ASIC3 inhibitor. APETx2 is known as a selective inhibitor
ASIC3, which also has been reported to attenuate the tetrodotoxin-resistant voltage-gated
sodium channel 1.8 (Nay1.8) activity in DRG neurons [39]. Nay1.8 is localized in primary
afferent nociceptors and contributed to producing and propagating action potentials [40].
Possibly, the administration of APETx2 into the periodontal tissue affected negatively to

Nay1.8 activity in the present study. Further study is needed to clarify this possibility.
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Mechanical allodynia in mechanically forced teeth continued until day 5 after the
elastic insertion. Since the significant decrease in pH in the gingival sulcus was continued
only 2 days after insertion, other factors are probably involved in the long-lasting
mechanical allodynia. The orthodontic force increases nerve growth factor (NGF) in the
nerve endings in the periodontal ligament, and local neutralization of NGF was shown to
result in a depressed bite force, an indicator of mechanical allodynia [7]. The orthodontic
force also induces oxidative stress in the periodontal ligament, causing orthodontic pain
[3]. Presumably, NGF and oxidative stress are also involved in mechanical allodynia in
mechanically forced teeth.

I found that orthodontic force causes mechanical allodynia in mechanically forced
tooth, most likely because of ASIC3 activation in the nociceptive afferents in the
periodontal tissue by mechanical stimulation to the tooth and acidification. Moreover,
ASIC3 excitability was probably enhanced by ASIC3 phosphorylation after elastic
insertion. Clinically, nonsteroidal anti-inflammatory drugs (NSAIDs) are prescribed to
patients suffering from orthodontic pain. However, tooth movement is inhibited by
NSAIDs by reducing the number of osteoclasts [41]. This study ameliorated orthodontic
pain without preventing tooth movement by buffering the periodontal acidity induced by
orthodontic treatment. This could lead to effective orthodontic pain management without

undesirable side effects.
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Figure 1. Profiles of orthodontic elastic-induced tooth movement model (ELS). (A) Time

course of the experiments. FG, fluorogold. (B) Representative occlusal view of the elastic

insertion between the right maxillary first molar (M1) and second molar (M2). (C)
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Histological appearance of the ipsilateral periodontal tissue in the distal palatal root of
M1 in the sham and ELS groups on day 1 following elastic insertion. The squares in the
middle microphotographs indicate the area of the high magnitude microphotograph on
the pressure and tension sides. Scale bars indicate 100 um. (D) Expression of interleukin
(IL)-1P in the periodontal ligament of the distal palatal root of M1 in the sham and ELS
groups on day 1 after elastic insertion. The arrows represent IL-13 immunoreactivity.
Scale bar indicates 100 um. AB, alveolar bone; PDL, periodontal ligament; DP, dental
pulp; D, dentin. (E) Schematic sagittal view of elastic (yellow) insertion between the right
maxillary M1 and M2. Red line indicates sliced level in the distal palatal root of M1
shown in the images in (C) and (D) (upper). Reconstructed mCT images of the maxillary
molars on days 0, 1, and 7 after elastic insertion (lower). (F) Daily change in distance
between M1 and M2 after elastic insertion. Each colour line indicates individual distance

between M1 and M2 in each rat (n =5).
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Figure 2. Change in MHWRT and pH in the gingival sulcus in sham and orthodontic
elastic-induced tooth movement model (ELS). ELS + PBS, PBS administration into the
periodontal tissue around the right maxillary first molar (M1) in ELS. (A) Changes in
MHWRT of the occlusal surface of M1 in the ELS and sham groups (n =9 in sham, n =
8 in ELS). **p <0.01, compared with sham; Two-way ANOVA followed by Bonferroni’s

5, ## p <0.01, compared with pre; one-way repeated-

multiple comparison test. #p <0.0
measures ANOVA followed by Dunnett’s multiple comparisons test. (B) pH in the
gingival sulcus of M1 in the sham, ELS, and ELS + PBS groups (n = 6 in sham and ELS,
n=>51in ELS + PBS). *p <0.05, **p <0.01, compared with sham and ##p <0.01 compared
with ELS; Two-way ANOVA followed by Sidak’s multiple comparison test. (C) MHWRT
in the sham, ELS, and ELS + PBS groups on day 1 after treatments (n = 7 in sham, n =5
ELS,n=61n ELS + PBS). **p <0.01; One-way ANOVA followed by Dunnett’s multiple
comparisons test. (D) MHWRT following submucosal periodontal injection of pH 7.4,
7.0, and 6.5 solution the in naive rats (n = 6 in pH 7.4 and pH 6.5, n = 8 in pH 7.0). **p

< 0.01, compared with sham; Two-way ANOVA followed by Bonferroni’s multiple

27



comparison test. #p < 0.05, compared with pre; one-way repeated-measures ANOVA
followed by Dunnett’s multiple comparisons test. (E) Time course change in pH in the
gingival sulcus of M1 following submucosal injection of pH 7.0 or 6.5 acidic solution (n
= 5 in each group). (F) Daily change in distance between M1 and the right maxillary
second molar in the ELS and ELS + PBS groups (n =5 in ELS, n =3 in ELS + PBS).
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Figure 3. Involvement of ASIC3 in mechanical allodynia induced by orthodontic elastic-
induced tooth movement model (ELS). (A) Daily change in the mechanical head-
withdrawal reflex threshold to M1 stimulation following submucosal administration of
APETx2 and vehicle (saline) in the ELS model n = 6 in each group. **p <0.01 compared
with ELS + saline; Two-way ANOVA followed by Bonferroni’s multiple comparison test.
(B) Representative ASIC3 immunofluorescence images of the second branch (maxillary
innervation) in trigeminal ganglion (TG) on day 1 after elastic insertion in the sham and
ELS groups. Scale bars indicate 50 pm. White arrows represent FluoroGold (FG)-labelled
ASIC3-immunoractive (IR) TG neurons. (C) Percentage of FG-labelled ASIC3-IR TG
cells/ FG-labelled TG cells on day] after elastic insertion. (D) Percentage of FG-labelled
ASIC3-IR TG cells/FG-labelled TG cells on day7 after elastic insertion. (E) ASIC3
phosphorylation in the periodontal tissue in the ELS and sham groups. The bands
represent ASIC3 and phosphorylated-serine (pSer) residue of ASIC3 in the periodontal
tissue following immunoprecipitation with anti-ASIC3 antibody. (F) Relative amount of
pSer/ASIC3 in the periodontal tissue (n = 5 in each group). *p < 0.05 compared with
sham, unpaired #-test.
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