reaction was performed according to the protocol of the manufacturer using 20 ;g
of protein collected from the sample. The protein sample was incubated with a blot
array precoated with 40 cytokine/chemokine antibodies overnight at 4 °C. These
blots were visualized using Lumi GLO Reserve Chemiluminescent Substrate Kit
(Cell Signaling Technology) and quantified by a luminoimage analyzer (Fluor
Chem Imaging System, Alpha Innotech Corporation, San Leandro, CA, USA).

Real-time reverse transcription (RT) PCR. The L4-L6 segment of the
lumbar spinal cord and DRG were subjected to total RNA extraction according
to the protocol of the manufacture and purified with QlAamp RNA Blood Mini
(Qiagen, Valencia, CA, USA). The amount of total RNA concentration was
measured using Smart Spec 3000 (Bio-Rad, Tokyo, Japan). Total RNA (175 ng)
was converted to cDNA by reverse transcription, using random 9 mer (Takara,
Otsu, Japan) and RNA PCR kit (Takara). The primers were as follows: CCL-1
primers (forward: 5'-TTCCCCTGAAGTTTATCCAGTGTT-3', reverse: 5'-TGAACC
CACGTTTTGTTAGTTGAG-3'); fi-actin primers (forward: 5-TTGCTGACAGGATG
CAGAAGGAG-3', reverse: 5'-GTGGACAGTGAGGCCAGGAT-3'); TNF-u primers
(forward: 5'-CCACCACGCTCTTCTGTCTAC-3, reverse: 5'-TGGGCTACAGGCTT
GTCACT-3); IL-18 primers (forward: 5'-CTCCATGAGCTTTGTACAAGG-3',
reverse: 5’-TGCTGATGTACCAGTTGGGG-3'); IL-6 primers (forward: 5'-ACACTC
CTTAGTCCTCGGCCA-3', reverse: 5-CACGATTTCCCAGAGAACATGTG-3');
BDNF primers (forward: 5'-TGCAGGGGCATAGACAAAAGG-3, reverse: 5-CTTA
TGAATCGCCAGCCAATTCTC-3'); Ibat primers (forward: 5'-CCTGATTGGAGGT
GGATGTCAC-3, reverse: 5'-GGCTCACGACTGTTTCTTTTTTCC-3'); CD11b
primers (forward: 5'-AATGATGCTTACCTGGGTTATGCT-3', reverse: 5'-TGATAC
CGAGGTGCTCCTAAAAC-3'); GFAP primers (forward: 5'-CCAGCTTCGAGCCAA
GGA-3, reverse: 5-GAAGCTCCGCCTGGTAGACA-3); and P2X4R primers
(forward: 5’-TGGCCGACTATGTGGTCCCA-3, reverse: 5'-GGTTCACGGTGACG
ATCATG-3'). All primers were purchased from Sigma Aldrich Japan (Tokyo,
Japan). PCR amplification was undertaken for Sybr qPCR Mix (Takara) in Applied
Biosystems 7500 Real-Time PCR System (Applied Biosystems Japan, Tokyo,
Japan). Each reaction volume consisted of 10 1/ Sybr qPCR Mix, 0.4 ul 50 x ROX
reference dye, 0.4 ul mix of forward and reverse primers (0.2 M each) and 7.8 ul
RNAase free water containing cDNA (17.5ng). PCR was done by 15s
denaturation at 95°C and annealing/extending at 60°C for 40 cycles. Each
mRNA expression level was normalized by f-actin. The mRNA expression was
calculated relative to f-actin using the AACy algorithm.

Western blotting. Expression protein level of CCR-8 in lumbar spinal cord
was examined by western blotting relative to -actin. The L4-L6 segments of the
lumbar spinal cord were isolated and homogenized in a lysis buffer containing
protease inhibitor (Sigma); subsequently 20 mg of proteins were loaded for each
lane and separated by SDS-PAGE gel (7.5%), and transferred to PVDF
membrane (Bio-Rad). The membrane was blocked with 5% low-fat dried milk (anti-
CKR8/CCR-8), 5% BSA (anti-p-NR2B, anti-NR2B) or 3% BSA (anti-p-NR1, anti-
NR1) and incubated with the following for 1h at room temperature: Rabbit
monoclonal anti-CKR8/CCR-8 (1:500, Epitomics, Burlingame, CA, USA), anti-
phospho-NR1 (Ser896; 1:1000, Milipore), anti-NR1 (1:1000, Milipore), anti-
phospho-NMDAR2B (Y1472; 1:1000, R&D Systems), ant-NMDAR2B (D15B3)
(1:1000, Cell Signaling Technology), and anti-g-actin (1:1000, Sigma). The
membrane was washed and incubated with specific secondary antibodies
(Amersham ECL anti-rabbit IgG and anti-mouse IgG, horseradish peroxidase-
linked species-specific whole antibody, 1:5000, GE Healthcare, Piscataway, NJ,
USA). The blots were detected by use of ECL western blotting detection system
(GE Healthcare) and LAS-4000 imaging system (Fujifilm, Tokyo, Japan). Bands
were quantified using the software Multi Gauge (Fujifilm).

Preparation of spinal cord acute slices. The methods used for
obtaining spinal cord slice preparations are identical to those described
elsewhere.**°* Mice were anesthetized with urethane (1.2-1.5g/kg, i.p.), and a
thoracolumbar laminectomy was performed. The lumbosacral segments of the
spinal cord {L1-S1) were placed in an ice-cold Krebs solution equilibrated with
95% 0,/5% CO,. The Krebs solution contained (in mM) 117 NaCl, 3.6 KCI, 2.5
CaCl,, 1.2 MgCl,, 1.2 NaH,PO,, 25 NaHCO; and 11 glucose. Immediately after
removal of the spinal cord, the mice were exsanguinated under the urethane
anesthesia. The pia-arachnoid membrane was removed after cutting all of the
ventral and dorsal roots. The spinal cord was mounted on a vibratome and a 500-
um thick transverse or sagittal slices were cut. The slice was placed on a nylon
mesh in the recording chamber with a volume of 0.5ml and was completely
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submerged and perfused with Krebs solution saturated with 95% O, and 5% CO,
at 36 +1°C at a flow rate of 10~15ml/min.

Whole-cell patch-clamp recordings from substantia gelatinosa
neurons. The substantia gelatinosa was easily discernible with transmitted
ilumination as a relatively translucent band across the dorsal hom in the
transverse or parasagittal slice preparations. Blind whole-cell voltage-clamp
recordings were made from SG neurons, as previously described.%*** The patch
pipettes were filled with potassium gluconate solution, a solution containing (in
mM); 135 K-gluconate, 5 KCl, 0.5 CaCl,, 2 MgCl,, 5 EGTA, 5 HEPES, and
5 ATP-Mg (pH 7.2). The tip resistance of the patch pipettes was 6-12MQ. Series
resistance was assessed from current in response to a 5-mV hyperpolarizing step.
Series resistance was monitored during the recording session and data were
rejected if its value changed by > 15%. lon currents were monitored with a patch-
clamp amplifier (Axopatch 700A, Molecular Devices, Sunnyvale, CA, USA). The
data were digitized with an analog-to-digital converter (Digidata 1321A, Molecular
Devices), stored on a personal computer using a data acquisition program
(Clampex version 10, Molecular Devices) and analyzed using a software package
Clampfit version 10 (Molecular Devices). Recordings were made in a voltage-
clamp mode at holding potential of —70mV to isolate EPSCs. Drugs were
dissolved in the Krebs solution and applied by superfusion.

Transfection of CCR-8 siRNA by electroporation. siRNA against
CCR-8 were obtained from Bonac Corporation (Kurume, Japan) (GenBank accession
number:  NM_007720, mCcr8#1 sense 5'-GCAAGAAACUGAGGAGCAU-3,
anti-sense  5-AUGCUCCUCAGUUUCUUGC-3, mCcr8#2 sense 5-GAGCAGUC
UUUGAGGUGGA-3, anti-sense 5-UCCACCUCAAAGACUGCUC-3', and mCcr8#3
sense 5'-GAGAGAAGUUUAAGAAACA-F, anti-sense 5'-UGUUUCUUAAACUUCU
CUC-3'). Mice were anesthetized by pentobarbital sodium (50 mgkg, i.p.). Mixed
SIRNA (0.2 ug/pdl, 10 1) was injected it. using a 25-u Hamilton syringe with a 28-
gauge needle (Muranaka Medical Instruments co. LTD.)35%® Scrambled SiRNA
(sense 5'-UACUAUUCGACACGCGAAG-3, anti-sense 5'-CUUCGCGUGUCGAAUA-
GUA-3'; Bonac Corporation) was used as a negative control. A volume of 5zl was
used for the i.t. injections at each points. Electric pulses {poring pulse: 75V, 5ms of
length with 50-ms interval, transfer pulse: 20V, 50ms of length with 50-ms interval)
were delivered using NEPA21 (Nepa Gene, Ichikawa, Japan).>"*® Knock-down effects
were evaluated by westem blotting.

Cell culture. Cortex neurons were obtained from embryonic days 14-16 ddY
mice as described previously.® Briefly, neurons were cultured at 37 °C in a 10%
COy incubator for 5-7 days with neurobasal medium (GIBCO, Grand Island, NY,
USA) containing 2% B27 supplement (GIBCO) and 0.5 mM L-glutamine (GIBCO).

Immunocytochemical analysis. Primary cultured cells were fixed with 4%
paraformaldehyde for 30 min at room temperature and permeabilized with 0.1%
TritonX-100 in PBS for 5min, followed by treating with blocking solution (Block
Ace; Dainippon Pharmaceutical, Osaka, Japan) for 30 min at room temperature.
Cells were incubated with primary antibodies: CCR-8 (1:200, Epitomics), MAP2
(1:1000, Sigma, St. Louis, MO, USA), VGLUT1 (1:1000, Synaptic Systems,
Géttingen, Germany) or VGAT (1: 500, Synaptic Systems) overnight at 4 °C. The
cells were washed in PBS and then incubated for 3h at room temperature with
secondary antibody (IgG-conjugated Alexa Fluor 488 or 568 or 633, 1:1000,
Molecular Probes). The cells were washed in PBS and treated with 4', 6-
diamidino-2-phenylindole (DAPI, 300 nM, Molecular Probes) for 10 min and then
washed with PBS. Slides were cover-slipped with permafluor agueous mounting
medium. The sections were analyzed using a confocal laser scanning microscope
(LSM510META, Carl Zeiss).

Statistical analysis. All data are presented as mean + S.E.M. The statistical
analyses of the results were evaluated by using two-tailed Student's paired or
unpaired ttest, one-way ANOVA followed by Student-Newman-Keuls test,
one-way ANOVA followed by Bonferroni's test or two-way ANOVA followed by
Tukey-Kramer test. P<0.05 was considered statistically significant.
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ABSTRACT

In orthodontic tooth movement (OTM), we should
be concerned about external root resorption (ERR)
as an undesirable iatrogenic problem, but its mech-
anisms are not fully understood. Since our previ-
ous epidemiologic studies found that patients with
allergic diseases showed higher rates of ERR dur-
ing orthodontic treatment, we explored the possi-
ble effect of allergic sensitization on ERR. In
ovalbumin (OVA)-sensitized Brown-Norway rats,
the amounts of ERR and OTM were greater than
those in animals subjected to orthodontic force
alone. The expression levels of RANKL and pro-
inflammatory cytokines were increased in the peri-
odontal tissues of sensitized rats with OTM,
compared with control rats. Furthermore, leukotri-
ene B, (LTB,), a potent lipid mediator of allergic
inflammation, and enzymes of the 5-lipoxygenase
pathway, the biosynthetic pathway of leukotrienes,
were also up-regulated. We found that Jow doses
of aspirin suppressed ERR in allergen-sensitized
rats, as well as the expressions of RANKL, pro-
inflammatory cytokines, and LTB,. The present
findings indicate that allergen sensitization has
adverse effects on ERR under OTM, and that aspi-
rin is a potential therapeutic agent for combating
ERR.
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Effect of Allergen Sensitization
on External Root Resorption

INTRODUCTION

any orthodontists consider that undesirable external root resorption

(ERR) is an unavoidable and unpredictable pathologic consequence of
orthodontic tooth movement (OTM). Serious cases may involve shortening
of the tooth roots, which in turn shortens the life of the tooth. This problem
remains a matter of grave concern for orthodontic treatments. A few clinical
reviews concerning ERR have suggested the involvement of systemic condi-
tions, including allergic conditions (McNab et al., 1999; Davidovitch et al.,
2000). Indeed, we previously showed that Japanese patients with allergic dis-
eases had higher rates of orthodontically induced root resorption (Nishioka
et al., 2006). However, the mechanisms of ERR under allergic conditions are
still poorly understood.

Pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-o. and
interleukin (IL)-1B, and receptor activator of nuclear factor kB ligand
(RANKL) play well-known roles in bone resorption through the induction of
osteoclast differentiation (Heath et al., 1985; Bertolini et al., 1986), and have
been suggested to be involved in OTM (Lowney et al., 1995; Kanzaki ef al.,
2002). TNF-o. and IL-1B induce local expression of RANKL, which is
critical for the terminal differentiation of osteoclast precursor cells (Suda
et al., 1999; Azuma et al., 2000). Furthermore, leukotrienes, which are
metabolites of arachidonic acid, are potent lipid mediators that play important
roles in allergic inflammation and constitute several products of the 5-lipoxy-
genase (5-LOX) pathway (Murphy and Gijon, 2007). Increased levels of
leukotrienes are found in inflammatory diseases such as asthma and periodon-
tal diseases (Emingil et al., 2001; Hallstrand and Henderson, 2010). Hikiji
et al. (2009) reported that leukotriene B, (LTB,) modulates bone metabolism
by increasing bone resorption. These LTB, actions are mediated by specific
receptors, BLT1 and BLT2 (Yokomizo et al., 1997, 2000).

Brown-Norway (BN) rats, which spontaneously produce high levels of
serum IgE and show further highly enhanced serum IgE levels after sensitiza-
tion with ovalbumin (OVA), have been extensively used as animal models of
asthma (Bellofiore and Martin, 1988) and atopic dermatitis (Imada et al.,
2002).

To explore the possibility that allergies increase OTM and ERR, we exam-
ined the effects of allergen sensitization on ERR and OTM using OVA-
sensitized BN rats. Furthermore, we attempted to prevent ERR progression
during OTM by aspirin administration, since aspirin has been reported to
improve bone mineral density in human epidemiological studies (Bauer ef al.,
1996; Carbone et al., 2003).
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Figure 1. Experimental design, changes in serum IgE, histology of alveolar bone, and degrees of tooth movement. (A) Scheme showing the
experimental design regarding OVA sensitization, orthodontic force application, and aspirin administration. (B) Photomicrograph and scheme of
rat maxillae with the orthodontic appliance. The force level of the closed-coil spring after activation is approximately 0.1 N. M1, first molar; M2,
second molar; M3, third molar. (C) The fotal and OVA-specific IgE levels in serum are greatly elevated after the first OVA sensitization, and further
elevated after the second OVA sensitization. The arrowheads indicate the times of the 2 OVA sensitizations. The arrows indicate the start of the
orthodontic force application. All data are expressed as means + SD. *p < .05 by Student's t test (n = 7 animals per group). (D) Granulocytes
including eosinophils are increased in OVA-sensitized alveolar bone marrow compared with control alveolar bone marrow. The sections are
stained with Giemsa. AB, alveolar bone. (E} Micro-CT photograph showing the maxilla from a rat in the OVA with OTM group. The arrows indicate
the dissociation of tooth movement. (F} The degree of tooth movement is significantly greater in OVA-sensitized animals than in non-sensitized
animals after tooth movement. Aspirin treatment reverses the increase in OVAssensitized animals. All data are expressed as means = SD. *p <
.05 by one-way ANOVA with Tukey's multiple-comparison test (n = 7 animals per group).

MATERIALS & METHODS to detect total serum IgE (Shibayagi, Gunma, Japan) and OVA-
specific IgE (Cusabio, Newark, DE, USA) in the OVA-alone
Rats and control groups (n = 7 per group).

The experimental protocols were approved by the Animal Care

and Use Committee of Kyushu University. Six-week-old male  OTM and Aspirin Administration

BN rats (Kyudo, Tosu, Japan) weighing 110 to 140 g were fed a o ]

powdered diet (CE-2; Clea Japan, Tokyo, Japan) and given At 7 days after the second sensitization, an Ni-Ti closed-coil
water ad libitum. spring at a force of 0.1 N (Sentalloy®, Ultra Light; Tomy

International Inc., Tokyo, Japan) was inserted between the upper
right first molar (M1) and the incisors (Figs. 1A, 1B).

Aspirin dissolved in feed water (250 pg/kg/day) was admin-
The rats were sensitized by a subcutaneous injection of saline istered to OVA-sensitized rats at the time of orthodontic force
(1 mL) containing 1 mg of OVA (grade V; Sigma-Aldrich, application. For ELISA and RT-PCR analyses, aspirin was
St. Louis, MO, USA) and 200 mg of aluminum hydroxide. A administered from 24 hrs before OTM.

Bordetella pertussis vaccine containing 1x10° heat-killed The animals were divided into 5 groups: control group (no
bacilli (Wako, Osaka, Japan) was given intraperitoneally as an OVA or OTM); OVA-alone group (no OTM); OTM-alone group
adjuvant, and OVA was injected after 7 days. ELISAs were used ~ (no OVA); ‘OVA with OTM’ group; and ‘aspirin administration

Allergen Sensitization
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to OVA with OTM’ group. We used separate animals for the dif-
ferent analyses.

Histology

After 7 and 14 days of OTM, the animals (n = 7 per group) were
perfused transcardially with 200 mL of heparinized phosphate-
buffered saline, pH 7.4, followed by 4% paraformaldehyde
containing 0.2% picric acid in 0.1 M phosphate buffer. The right
halves of maxillac decalcified in 10% EDTA were cut into
8-um-thick parasagittal sections, and every fifth section was
collected. The sections showing the greatest length of the disto-
palatal root together with the 5 adjacent sections on either side
(total of 11 sections per animal) were stained for tartrate-
resistant acid phosphatase (TRAP) (Sigma-Aldrich) or Giemsa
(Merck, Darmstadt, Germany). All sections were observed
under a digital microscope with MZ-II Analyzer software (BZ-
9000; Keyence, Osaka, Japan).

After investigation of all 5 roots of M1 with surrounding
structures, we found that ERR was conspicuous in the distopala-
tal root. We measured the area of ERR as well as the numbers of
odontoclasts and osteoclasts within a defined area (Appendix
Fig. 1) according to the method of Mavragani et al. (2005). The
resorption area (eroded surface per bone surface; ES/BS) and
adjacent osteoclasts (osteoclast number per bone surface; N.Oc/
BS) were also measured in the adjacent alveolar bone. We
counted TRAP-positive cells in resorption lacunae facing the
tooth roots as odontoclasts, and other TRAP-positive cells (con-
taining more than 2 nuclei) as osteoclasts.

Cytokines and Leukotriene

The periodontal tissues, including the bone, surrounding M1 of
the right maxillae after 24 hrs of OTM (n = 7 per group) were
immediately frozen in liquid nitrogen and homogenized in Tris-
HCI buffer, pH 7.4, containing protease inhibitors. After cen-
trifugation, the supernatants were collected and stored at ~80°C.
TNF-c, IL-1pB, and IL-6 were evaluated with a TNF-oo ELISA
Kit (Shibayagi), an IL-1p ELISA Kit, and an IL-6 ELISA Kit
(BioSource, Camarillo, CA, USA), respectively, according to
the manufacturers’ protocols.

Lipid was extracted in 100% methanol at —30°C overnight,
and the level was evaluated with an EIA Kit (Cayman Chemical,
Ann Arbor, MJ, USA).

RT-PCR

The periodontal tissues around M1 after 24 hrs of OTM were
rapidly frozen in liquid nitrogen and homogenized (n = 4 per
group). After mRNA isolation, quantitative real-time PCR or
conventional RT-PCR was performed with gene-specific primer
sets (Appendix Table), as described previously (Wang et al.,
2011). Amplification for real-time PCR was performed with a
Rotor Gene 3000 (QIAGEN K.K., Tokyo, Japan). All samples
were normalized by the expression of glyceraldehyde-3-phos-
phate dehydrogenase or 18S ribosomal RNA.

Effect of Allergen Sensitization on External Root Resorption

643

Micro-CT

Micro-CT images were acquired at 9-um resolution with a
SkyScan 1076 (SkyScan, Antwerp, Belgium) used to assess the
degree of OTM. At day 14 (10 wks of age), the hemi-maxillae
were excised (n = 6 per group). The hemi-maxilla samples were
directed parallel to the occlusal plane and scanned for 2.70 mm.
The distance from the distal surface of M1 to the mesial surface
of the second molar (M2) was measured with DataViewer soft-
ware (ver. 1.4.3; SkyScan).

Statistical Analysis

The serum IgE levels were compared by Student’s ¢ test. The
means of multiple groups were compared by one-way analysis
of variance (ANOVA). Other values were compared by ANOVA
followed by Tukey’s multiple-comparison test. Values of p < .05
were considered to indicate statistical significance.

RESULTS
Systemic and Local Changes with OVA Sensitization

The total serum IgE and OVA-specific IgE levels were greatly
elevated after the first OVA sensitization, and further elevated
after the second sensitization (Fig. 1C). Interestingly, the num-
bers of granulocytes including eosinophils were increased in the
alveolar bone marrow at 7 days after the second OVA sensitiza-
tion compared with those in non-sensitized control alveolar
bone marrow (Fig. 1D). Acute lung inflammation was con-
firmed by intranasal OVA challenge (Appendix Fig. 2).

To explore whether allergen sensitization had specific effects
on only the alveolar bone with OTM or systemic effects on the
long bones as well, we examined the proximal metaphyseal
region of the tibia using micro-CT. There were no significant
differences in the bone structural parameters between the groups
(Appendix Fig. 3).

The body weights showed no significant differences among
the groups (Appendix Fig. 4).

OTM and Root and Alveolar Bone Resorption

At day 14, the degree of OTM was significantly larger in the ‘OVA
with OTM’ group than in the OTM-alone group (Fig. 1E). Without
orthodontic force, no osteoclasts and/or odontoclasts were observed
on the medial surface of the alveolar bone in any of the groups
(Figs. 2A-2E). Marked ERR was observed on the pressured side in
the OTM-alone and ‘OVA with OTM’ groups (Figs. 2C, 2D). The
‘OVA with OTM’ group exhibited broad and deep TRAP-stained
areas, with resorption lacunae on the root and surrounding bone on
days 7 and 14 (Figs. 2D, 2F). In addition, the numbers of odonto-
clasts and osteoclasts were significantly greater in the ‘OVA with
OTM’ group than in the OTM-alone group (Figs. 2G, 2H). The
number of osteoclasts peaked on day 7 in the ‘OVA with OTM’
group, and then decreased by day 14. While the area of ERR
increased from day 7 to day 14, the number of odontoclasts was
maintained during this period (Figs. 2F, 2H). The alveolar bone
resorption and osteoclast numbers were significantly greater in the
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Figure 2. Increased numbers of osteoclasts/odontoclasts and amounts of root/bone resorption on the pressured side after tooth movement in
OVAssensitized animals, and inhibition of these increases by aspirin administration. Histologic sections of periodontal tissues around the
distopalatal root of the first molar stained for TRAP after 7 and 14 days of tooth movement (A-E) and quantitative analyses (F-J). The upper panels
show low-magnification images and the lower panels show high-magnification images of the boxed areas in the upper panels. (A} Control group
(without treatment). (B) OVA-alone group. {C} OTM-alone group. (D) ‘OVA with OTM' group. (E) ‘Aspirin administration to OVA with OTM’ group.
(F) Area of root resorption {x10° um?). (G) Number of osteoclasts. {H) Number of odontoclasts. (I} Eroded surface per alveolar bone surface (ES/
BS). () Number of osteoclasts per alveolar bone surface {N.Oc/BS). The white arrows indicate the orthodontic force direction. The black arrows
indicate TRAP-positive osteoclasts. The arrowheads indicate TRAP-positive odontoclasts. The sections are counterstained with toluidine blue. AB,
alveolar bone; D, dentin; PL, periodontal ligament. All data are expressed as means = SD. *p < .05 by one-way ANOVA with Tukey’s multiple-
comparison fest {n = 7 animals per group).

Downloaded from jdr.sagepub.com at International Association for Dental Research on July 29, 2014 For personal use only. No other uses without permission.

© International & American Associations for Dental Research



J Dent Res 92(7) 2013

Effect of Allergen Sensitization on External Root Resorption

645

B RANKL

RANKL mRNAJ18S rRNA
[ R NN N N

E IL-6

A IL-4
ERVIS
10
g s
T 5
g4
£ 2
';j; i) S
- +
+
+
c TNF-o. D
o T . 200
o800 150
§ 60 £ o0
2 g |
= 400 =
T | e} !
%zoo . = 50
0 - 0 —
ovVA —
oT™M —  — + oM — -
Asp — - - Asp — -

L6 {pgimg)

-+
+

+
-+

Figure 3. Elevated expressions of cytokines in periodontal tissues after 24 hrs of tooth movement in OVAsensitized animals, and suppression of
these elevations by aspirin administration. {A} IL-4. (B} RANKL. {C) TNF-a.. (D) IL-18. (E] Il-6. All data are expressed as means + SD. *p < .05 by
one-way ANOVA with Tukey’s multiple-comparison test (n = 7 animals per group).

‘OVA with OTM” group than in the OTM-alone group on days 7
and 14 (Figs. 21, 2J).

Cytokines

To identify the possible mechanism for the elevated ERR, we
examined the levels of cytokines in the periodontal tissues sur-
rounding M1 after 24 hrs of OTM. The IL-4 level was signifi-
cantly higher in the OVA-alone and ‘OVA with OTM’ groups
than in the control group (Fig. 3A). The levels of RANKL,
TNF-a, and IL-1B were significantly higher in the ‘OVA with
OTM’ group than in the other groups (Figs. 3B-3D), while the
difference in IL-6 was not significant (Fig. 3E). Although there
were no significant differences between the OVA-alone and
control groups, the OTM-alone group showed tendencies toward
higher levels of TNF-o and IL-1B (Figs. 3C, 3D).

LTB, and Related Factors

The LTB, level and mRNA levels of the synthases 5-LOX and
LTA, hydrolase (LTA h) were significantly higher in the ‘OVA
with OTM” group than in the other groups after 24 hrs of OTM
(Figs. 4A-4C, 4F). The mRNA levels of the LTB, receptors
BLT1 and BLT2 were also higher in the ‘OVA with OTM’ group
(Figs. 4D—4F).

Effects of Aspirin Administration

Aspirin treatment reversed the degree of OTM in the ‘OVA with
OTM’ group to a level similar to that in the OTM-alone group

on day 14 (Fig. 1E). Histologic examinations revealed that the
area of ERR and numbers of odontoclasts/osteoclasts were
decreased to the levels observed in the OTM-alone group (Figs.
2E-2J). The levels of IL-4 and RANKL mRNAs, and TNF-q,
IL-1pB, and IL-6 proteins were also suppressed to the levels
detected in the OTM-alone group (Fig. 3). Furthermore, the
amounts of LTB,, BLT1, BLT2, 5-LOX, and LTAh were also
suppressed by aspirin treatment (Fig. 4).

DISCUSSION

The main findings of the present study are that the amounts of
OTM, alveolar bone resorption, and ERR appear to be associ-
ated with systemic allergen sensitization. The increased num-
bers of odontoclasts/osteoclasts on the pressured side during
OTM in OVA-sensitized rats, suggesting odontoclastogenesis/
osteoclastogenesis under the condition of orthodontic force,
were stimulated by systemic allergen sensitization. Since we
observed these changes in maxillae after OVA sensitization
(under high serum IgE conditions) without further OVA chal-
lenge to the skin or nose, the allergic background may be associ-
ated with susceptibility to ERR. These findings may support the
idea that allergic diseases affect OTM, which was raised by our
previous epidemiologic observations showing increased rates of
ERR in patients with allergic diseases (Nishioka et al., 2006).
We found markedly elevated serum IgE and OVA-specific
IgE levels and, at the same time, observed increased infiltration of
inflammatory granulocytes and IL-4 mRNA levels in the periodon-
tal tissue. These findings suggest that OVA sensitization stimulates

Downloaded from jdr.sagepub.com at International Association for Dental Research on July 29, 2014 For personal use only. No other uses without permission.

© International & American Associations for Dental Research



646
A LTB, B
200 -« —X
s
= 150 Z
£ n
o o°o
& fal
N =
g g
A
oM — — 4+ o+ o+
Asp o~ = = = 4+ Asp —  —
E
3 -
I I
§ g2
3 3
g o~
3 -
0 i
OVA - +
oT™M —_ —_—
Asp — - —_ - + Asp - —_

Murata et al.

5-LOX c

J Dent Res 92(7) 2013

LTAh

LTANGAPDH

LTAh
BLT1

BLT2

GAPDH

ovA — + - + +
om — — + + +
As P - - - - +

Figure 4. Augmentation of LTB, levels and mRNA levels of LTB, synthases and receptors in periodontal tissues after 24 hrs of tooth movement in
OVA-sensitized animals, and inhibition of these elevations by aspirin administration. (A) Conceniration of LTB, in periodontal fissues. {B=F) mRNA
levels of leukotriene synthases and receptors determined by realtime (B) and conventional (C-F) RT-PCR. The mRNA levels of the leukotriene
synthases 5-LOX (B} and LTA,h (C), and BLT1 (D) and BLT2 (E) and the electrophoretograms (F) are shown. All data are expressed as means + SD.
*p < .05 by one-way ANOVA with Tukey’s multiple-comparison test (n = 4 animals per group).

IL-4 production, consistent with a previous report (Renzi ef al.,
1996). Furthermore, higher expressions of TNF-o and IL-1§,
well-known pro-inflammatory cytokines, were detected in the
periodontal tissues of the ‘OTM with OVA’ group. Recently,
Polzer et al. (2011) reported that TNF-o-transgenic IL-1pB-
deleted mice were protected against bone loss, suggesting that
IL-1p contributes to TNF-a-mediated inflammatory osteopenia.
The elevated levels of TNF-a and IL-1, together with RANKL
as an essential cytokine for osteoclastogenesis, suggest increased
rates and magnitudes of ERR and OTM for the differentiation of
odontoclasts/osteoclasts. IL-4 is known to suppress TNF-a and
RANKL-mediated osteoclast formation in vitro (Kong et al.,
1999; Kitaura et al., 2003) and in vivo (Fujii ef al., 2012), while
mice overexpressing IL-4 develop systemic bone loss (Lewis
et al., 1993). In the periodontal tissues of allergen-sensitized
animals, clarification of the cytokines that cause the exacerba-
tion of tooth or bone resorption requires further studies.
Leukotrienes have been implicated in bone remodeling in
several reports. Garcia ef al. (1996) showed that LTB, stimu-
lated osteoclastic bone resorption, and Hikiji et al. (2009) dem-
onstrated that bone resorption was attenuated in ovariectomized
BLT1-knockout mice. We observed higher levels of LTB,
together with increased expressions of the receptors BLT1 and
BLT2, as well as 5-LOX and LTA,h, biosynthetic enzymes for
leukotrienes, suggesting enhanced production of LTB, in the

tissues during OTM with allergic inflammation. Based on these
findings, the elevated expressions of LTB, and its receptors
together with the pro-inflammatory cytokines TNF-o and IL-1B
may augment the ERR and OTM through RANKI -mediated
osteoclastogenesis. It can be considered that the reciprocal
induction of the leukotriene pathway and pro-inflammatory
cytokines is involved in the mechanisms of ERR and OTM.
Elderly men and women taking aspirin were reported to
show higher bone mineral density than non-takers (Carbone
et al., 2003). Yamaza et al. (2008) showed that low-dose aspirin
inhibited ovariectomy-induced osteoporosis by inhibiting T-cell
activation in mice. Administration of aspirin at much lower
doses than for general use as a painkiller was able to reverse the
increases in ERR, degrees of OTM, and the levels of leukotriene
signaling pathway components in our allergen-sensitized model.
These findings raise the possibility that low-dose aspirin admin-
istration inhibits osteoclastogenesis under inflammatory condi-
tions through the production of anti-inflammatory lipid mediator
resolvins (Bento et al., 2011). In our limited experimental
period, we did not find that allergy affected the bone structural
parameters of the tibia. However, repeated sensitization with
allergens over a longer period suggested effects on bone metab-
olism (unpublished observations). Thus, the increased degree of
OTM could be caused by alterations in the structural properties
of alveolar bone as well as the enhanced osteoclastogenesis. For
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further understanding of the complexity and diversity of mole-
cules associated with the regulation of root and alveolar bone
resorption with allergic inflammation, both systemic and loco-
regional experiments are needed.

In conclusion, we have proposed a model for studying the
effects of allergen-induced inflammation and/or mechanical
stress on ERR during OTM. This process was affected by pro-
inflammatory cytokines, together with lipid mediators.
Furthermore, our findings suggest that pro-inflammatory cyto-
kines and leukotricnes, together with low-dose aspirin, may
represent pharmacological targets for ERR during orthodontic
treatment with allergic conditions.
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« We recorded somatosensory evoked magnetic fields with oscillatory activity indices to evaluate the
effects of aging on the primary (SI) and secondary (SII) somatosensory areas.

« The oscillatory activities well depicted the age-related cortical disinhibition across SI and SII

« Our data provide the first evidence for age-related changes in cortical synchrony in SIL
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ABSTRACT

Objective: Age-related changes are well documented in the primary somatosensory cortex (SI). Based on

previous somatosensory evoked potential studies, the amplitude of N20 typically increases with age

probably due to cortical disinhibition. However, less is known about age-related change in the secondary

somatosensory cortex (SII). The current study quantified age-related changes across SI and SII mainly

based on oscillatory activity indices measured with magnetoencephalography.

Methods: We recorded somatosensory evoked magnetic fields (SEFs) to right median nerve stimulation in

healthy young and old subjects and assessed major SEF components. Then, we evaluated the phase-

locking factor (PLF) for local field synchrony on neural oscillations and the weighted phase-lag index

{wPLI) for cortico-cortical synchrony between SI and SIL

Results: PLF was significantly increased in SI along with the increased amplitude of N20m in the old

subjects. PLF was also increased in SII associated with a shortened peak latency of SEFs. wPLI analysis

revealed the increased coherent activity between SI and SIL

Conclusions: Our results suggest that the functional coupling between SI and Sl is influenced by the

cortical disinhibition due to normal aging.

Significance: We provide the first electrophysiological evidence for age-related changes in oscillatory

neural activities across the somatosensory areas.

© 2013 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction

Age-related changes in the primary somatosensory area (SI)
have been reported by a number of studies on somatosensory
evoked potentials (SEPs). The most notable finding of SEPs in
normal aging is the increased amplitude of the N20 component,
which is the initial cortical response following electrical

* Corresponding author. Address: Department of Clinical Neurophysiology,
Neurological Institute, Faculty of Medical Sciences, Kyushu University, 3-1-1
Maidashi, Higashi-ku, Fukuoka 812-8582, Japan. Tel.: +81 92 642 5541; fax: +81
92 642 5545.

E-mail address: hagiwara-kyu@umin.ac.jp (K. Hagiwara).

stimulation of the median nerve or fingers (Desmedt and Cheron,
1980, 1981; Drechsler, 1978; Tanosaki et al,, 1999). The age-related
electrophysiological changes in SI were also confirmed by
magnetoencephalographic (MEG) studies, which demonstrated
that the N20m component, an MEG counterpart of the N20 compo-
nent (Wood et al., 19853), exhibited increased amplitude in the old
(Huttunen et al,, 1999; Stephen et al., 2006). Although the precise
physiological mechanism has not been fully elucidated, the in-
creased amplitude is probably caused by cortical disinhibition in
the old (Drechsler, 1978; Huttunen et al, 1999; Stephen et al,
2006). In addition to the amplitude difference, the N20 latency is
also prolonged in the old because of the slowing of conduction
velocity in the peripheral nerves and spinal cord (Desmedt and

1388-2457/$36.00 © 2013 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.
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Cheron, 1980; Dorfman and Bosley, 9). Thus, the age-related
electrophysiological changes, up to the level of SI, have been well
established.

Since somatosensory evoked magnetic fields (SEFs) can easily
detect activity of the secondary somatosensory area (SII), many
studies adopted SEFs to investigate the functional significance of
SIL In contrast to SI, SII possesses higher cortical functions, such
as sensorimotor integration, tactile discrimination, attention,
perception of unified body i 1mage and nocxceptxve information pro-
cessing (for reviews, see Hari and Forss, 1999, ietal,2000; Lin
and Forss, 2002). In addition, it has been suggested that SII is unique
in having dual afferent pathways. Several neurophysiological and
anatomical studies have 1ep01tecl that SII recelves input from SI as
well as the thalamus (E’ T : Lin and Forss,
2002; Raijet al., 2( z 11h). A previous
SEF study demonstxated an age- related reductlon in source-wave
amplitudes of SII using multi-dipole analysis (Stephen et al,
2006). However, a large number of averaging in theu study was
likely to have caused habituation, and the SII response did not
appear for a relatively large number of subjects, which makes the
results less conclusive. To our knowledge, there have been no ensu-
ing studies conducted for assessing age-related changes in SIL
Therefore, unlike the accumulating evidence on the age-related
changes of SJ, aging effects on SII have not been fully understood.

In the present study, we focused on oscillatory activities to
evaluate the age-related changes across the somatosensory areas.
We used two indices for synchronous neural oscillations: the
phase-locking factor (PLF) and weighted phase-lag index (wPLI).
PLF measures local phase synchrony with respect to incoming stim-
uli (Palva et al, 2005; Sinkkonen et al., 1995), whereas wPLI mea-
sures the consistency of the phase relationship between signals in
separate areas while diminishing the effect of volume conduction
(Vinck et al., 2011). A benefit of using these oscillatory activity indi-
ces is that both indices assess only the phase of the signals and are
independent of amplitude (Sinkkonen et al, 1995; Vinck et al,
2011). We employed PLF as an index for local field synchrony in
each somatosensory area (i.e., SI and SII), and wPLI as an index for
functional connectivity between the two cortical areas. Here we
consolidate the presence of aging effects on SII by utilizing those
oscillatory activity indices in conjunction with the SEF analysis.

2. Methods
2.1. Subjects

Fifteen young volunteers (5 females; age, 29.0+4.1 years;
height, 171.0 £ 8.9 cm) and fifteen old volunteers (5 females; age,
63.7 £ 3.7 years; height, 162.0 = 8.7 cm) participated in this study.
All were right-handed and had no past medical history of neuro-
logical conditions. Prior to data collection, all participants gave
written informed consent. This study was approved by the local
ethics committee at Kyushu University.

2.2. Recording of neuromagnetic activity

The right median nerve was electrically stimulated at the
wrist with constant current pulses of 0.2-ms duration. Intensity of
the stimuli was adjusted above the motor threshold to produce
slight contraction of the abductor pollicis brevis muscle. The inter-
stimulus interval was pseudo-randomized (mean = 3 s). During the
stimulation, continuous MEG signals were recorded using a whole-
head 306-channel sensor array (Elekta, Neuromag) with 102 identical
triple-sensor elements. Each triple-sensor element is composed of two
orthogonally-oriented planar-type gradiometers and one magnetom-
eter. Prior to recording, four head-position-indicator coils were

attached to the subjects’ head. Anatomical landmarks (nasion and
bilateral preauricular points) and scalp shape were then digitized
to construct a three-dimensional head coordinate system. At the
beginning of the recording session, the subjects’ head position was
measured with respect to the center of the sensor array. The record-
ing was performed while subjects lay in a supine position with their
head positioned inside the helmet-shaped sensor array. During the
recording, the subjects kept their eyes open, and their vigilance
was monitored by MEG signals and a video camera positioned inside
the shield room. Sampling rate was 5 kHz, with a 0.1-1500 Hz
recording bandpass filter. A spatiotemporal signal space separation
(tSSS) method (Taulu and Simola, 2006) was applied offline to the
data to reduce external artifact signals. The data was downsampled
to 1 kHz prior to the time-frequency analysis.

2.3. Data analysis

2.3.1. SEF analysis

SEFs were obtained by averaging approximately 100 responses
offline. Trials exceeding 3000 fT/cm in amplitude were excluded
before averaging. Root mean square (RMS) waveforms were recon-
structed using each orthogonally-oriented pair of gradiometers
(Hagiwara et al, 2010; Kida et al, 2006, 2007), and latencies and
amplitudes were evaluated at sensors with maximal amplitude.
Dipole moment was not assessed in this study because MRI was
not obtained for all subjects. The waveforms were filtered at
0.3-150 Hz, and mean amplitude during the 50-ms pre-stimulus
period was set as a baseline. We focused on the N20m component
for the analysis of the SI response. With regard to SII, major
components with bitemporal distribution peaking at around
70-120 ms (cSlI for the contralateral response, and iSII for the ipsi-
lateral one) were analyzed. The cSII response was reassured after
subtracting the SI response using a signal space projection so
that the waveform and isocontour map of cSII can be isolated
(Hagiwara et al., 2010). Age-related differences for latencies were
evaluated by an analysis of variance with age groups and height
as covariate factors, and amplitudes were assessed by unpaired
Student’s t-test with respect to the age groups. In principle, this
part of the analysis was conducted to determine sensors of interest
for the following analysis of oscillatory activities in SI and SIL

2.3.2. Assessment of oscillatory activities within the somatosensory
areas

Prior to this part of the analysis, we calculated vector sum sig-
nals from the raw data sets at each gradiometer pair, followed by
continuous wavelet transformation for each single-trial data using
complex Morlet to extract the time—frequency domain of the sig-
nals. The data at each time-frequency point was obtained at 1-
Hz frequency resolution and 5-ms time resolution. We calculated
two indices of neural synchrony: the phase-locking factor (PLF),
which represents phase synchronization with respect to the
stimuli, and the weighted phase-lag index (wPLI), which repre-
sents inter-areal phase synchrony.

To calculate PLF, we used the same computation method de-
scribed by previous studies (Palva et al.,, 2005; Sinkkonen et al,

1995). Briefly, PLF was given by the following equation:

1y~ mifo.
N & |wx(f, 1)
where w;, (f, t) represents the amplitude as well as the phase of a spe-
cific frequency fat a timepoint t, and N denotes the total epoch num-
ber. As seen in the equation, PLF yields only the phase of the signal
whilst being unaffected by its amplitude. We used PLF as a measure

to evaluate local field synchrony in SI and SII, which were repre-
sented by those at the sensors determined from the SEF analysis.

PLF =
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The second synchronization index, wPLI, was employed for the
evaluation of inter-areal connectivity. The original idea of PLI was
initially introduced by Stam et al. (2007) as a measure to isolate
truly synchronous signals by using an imaginary component of
the cross-spectrum. More precisely, it detects non-zero but consis-
tent phase-differences between signals, as such zero phase-
differences are considered to reflect common source or volume
conduction-related false synchrony, which often contaminates
other synchronization indices, such as coherence and phase-lock-
ing value. Subsequently, wPLl was proposed by Vinck et al
{2011) as an advanced method of PLI to improve specificity as well
as robustness to noise and the volume conduction-related artifacts.
A computation tool for the wPLI analysis has been provided by
FieldTrip (fieldtrip.fcdonders.nl), an open-source MATLAB-based
toolbox (Costenveld et al,, 2011). We employed the SI sensor as a
reference for assessing WPLI between SI and bilateral SIls, and
the cSII sensor for wPLI between cSII and iSII. Note that wPLIs
between the SI and cSII sensors were the same for both analyses,
because directionality was not considered in this method. Baseline
was corrected by subtracting the mean within the time window of
—200 ms to —100 ms both in the PLF and wPLI analyses. For statis-
tical comparison we first assessed the time-frequency region of
interest (ROI) by conducting point-by-point t-tests for each value
in the time-frequency resolution as mentioned above, and then
sought out the meaningful ROI with contiguous activity. Statistical
differences were considered significant at p < 0.05.

3. Results
3.1. SEFs of SI

The earliest peak in SI, the N20m component, was detected in
all subjects (Figs. 1 and 2). Concerning the latency, there were main

A

L+R _I 150 fT/cm

P —50 250ms

effects for the age group and height without any significant inter-
action effect. Thus, N20m showed prolonged latency in the old sub-
jects (22.0+1.0 vs. 23.1+1.5ms; F (1, 26)=11.8, p<0.01) even
when the significant effect of height on latency (F (1, 26)=5.6,
p < 0.05) was taken into account. Amplitude analysis also showed
a significant correlation with age (51.8+18.9 vs. 96.6 £ 59.3 fT/
cm; p < 0.01), with the old subjects showing larger responses than
the young subjects. Although middle-latency components such as
P35m and P60m were seen, these components were variable from
subject to subject and were not significantly different between the
two age groups.

3.2. SEFs of SII

Major components of SII were evoked bilaterally in the tempo-
ral regions, and peaked at around 70-120 ms (Figs. 1 and 2). Both
cSII and iSII responses were identified in all subjects. The cSII
responses exhibited significantly shortened latency in the old sub-
jects (97.6 £17.6 vs. 813+ 7.1 ms; F(1,26)=5.6, p<0.05). The iSII
responses also showed shorter latency in the old subjects com-
pared with the young subjects (114.9+24.6 vs. 93.9+14.9 ms; F
(1, 26)=4.3, p <0.05). As shown in Figs. 1 and 2, the old subjects
exhibited steeper waveforms compared with the young subjects.
Height was not a significant factor for the latency difference be-
tween the subject groups. Regarding the amplitude, there was no
significant change with age.

3.3. PLFs of SI and SII

The PLF analysis revealed phase-locked activities in the SI and
SII regions which corresponded to those in the SEF analysis
(Fig. 3A). They were observed in a broad-frequency range from
alpha to high gamma in both areas, with those in SII being

300~

Amp [fT/cm]
b
=4

—
k=3
(=}

C100 150 200 250

-50 0 s
Time [ms]
250,
a0 > eSII
(79.4)
150

Amp [{T/em]

50 0 50 100 150 200 250
Time [ms]

iSII

Amp [fT/cm]

0 j .
-50 ] 50

150 200 250

100
Time [ms]

Fig. 1. SEFs in a representative young subject. (A) A plot of all sensors. Note that RMSs are computed for each pair of gradiometers. Small letters (i.e., a, b, ¢) represent the
sensors showing maximal amplitudes for SI, cSII, and iSII, respectively. (B) Enlarged figures for the sensors marked with the small letters. Isocontour maps at the peak

latencies are also displayed.



