- S 2 F12
308 /E22 ?s“sﬁ 18558’3

JLHRE DN B A i

The Dental Journal of Health Sciences University of Hokkaido

=t

dt E & X 7 5
$39% H2+5 FHM2F12R

QE“TA’- soc

_ S
39% E25 /y'l'k SYINT RSV Y &
pp. 95-123 % LHEERRE jt ,ﬂ L. E%* i I—l i R

QOKKAIDG
5‘ HLTv3W

EFR o

%*IJ 2 351 2R “Isyzpnn S
The Dental Society of Health Sciences University of Hokkaido




= o2 B — E

L7 N S A S S

WoE O OH N H s - M ROk (EEHY)
wOOo s P Bk B — (REREY)
PSR /N S s W G 40 24)
Moo= Zek BOE W (REEY)

B = A AR

The Dental Society of Health Sciences University of Hokkaido

President : Kazuhiko ENDO

Vice President : Morio OCHI

Directors : Masaru MURATA, Akihiro HOSOYA
Toshiya ARAKAWA, Shuichi ITO
Hisayoshi ISHII, Tsuyoshi SHIMO
Kazuhiko OKUMURA, Keiji NAGANO

Auditors : Hisashi KOSHINO, Akihiko TANIMURA

Editorial Board

Editor-in-Chief : Hisayoshi ISHII
Members : Morio OCHI, Takashi SAITOU

Address of Editorial Board

Hisayoshi ISHII

Division of Physiology, Department of Oral Biology, School of Dentistry,
Health Sciences University of Hokkaido,

Ishikari-Tobetsu, Hokkaido 061-0293, Japan

E-mail: hisayosh@hoku-iryo-u. ac. jp

Phone/Fax: +81 133-23-1239



At B ER KRS
$39% $£25 [M2F128
=] N

(BFHE)
1 EBEHOTLAN - aR=T - F—F VT LAt

(§E|E] ’%93 .......................................................................................................................

(Original)
7 Control of Survival by Hypoxia—Inducing Factors through Glucose Transporters,
Monocarboxylate Transporters and Autophagy in Chondrocytes of Developing Mouse Tibias

Masami TAKAHASHI, Yasunori SAKAKURA, Toru SHIBUI, Kentaro OHUCHI =~ «---veerrrererrmereeeeeeeees
(B 15 #R)
17 FBEOD B 5 7 A eeeememettte et
20 AU TSR AT «vvvvrreeeeeeee ettt
20 ALV E I SEMEEE PRSI oo oottt
D0 GAETLE - veerrrer ettt e



The Dental Journal of Health Sciences University of Hokkaido
VOL. 39, NO. 2, DECEMBER, 2020
CONTENTS

INVITED REVIEW
1 Prevention of frailty, sarcopenia and oral frailty in elderly

AtSuShi SAWADA ..............................................................................................................

ORIGINAL
7  Control of Survival by Hypoxia—Inducing Factors through Glucose Transporters,
Monocarboxylate Transporters and Autophagy in Chondrocytes of Developing Mouse Tibias
Masami TAKAHASHI, Yasunori SAKAKURA, Toru SHIBUI, Kentaro OHUCHI = ««cceoreerrrereeeeeeeeeeeeees

DENTAL INFORMATION
17 Recent tOpiCS ........................................................................................................................



(HBFFREER)

b AR R S B SR

39(2) (1 -6) 4F24

SO LAN - a7 - F—F V7 LA IVIEE

R

JEEERR ) N T — ¥ g R

Prevention of frailty, sarcopenia and oral frailty in elderly

Atsushi SAWADA

Department of Physical Therapy, School of Rehabilitation Sciences, Health Sciences University of Hokkaido

Key words : Frailty, Sarcopenia, Oral frailty

Summary

Frailty, sarcopenia and oral frailty are important concepts
to prevent nursing care in elderly. Nutrition and physical

activity may play a key role of interventions for a loss of
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R RICRA L7 HATIE, 20254121365 2L 1
DA ANID330.0% 12T 5 Z L FREI TV 5.
NI D 2 7 B0 X o THEE O3 R — MEHI o
RELPEBE 2o Twh, EBREHICBVWTY, itk
FCo NATEHR] o [FHEHE] 2 [HIRTZ2 5
] ~> 7 b L, RERERAEILEEHEO T THao
ZALICHIG T % 2 LATRD LN TS, KETIE, Sk
HORBPEELDOE >NITFE L THEHENRTWE 7L A
Ve N ARZT - F =TT LA VEIRY L, Bl
HCOMMLERNT 5.

L4l

ZUANVEE, [ERIIC AR TR T 52
ETA MLV RICHT BHEssVEATTAE L, ANGHREERE &
PRI, T EORIFICH) R WIRET, B
DT L W BEOBRBIEL KON TR LR T %5
9 G aEMMED AL ST, BAKERER ) ORE
OREH - DB IEE, R REE RS 2 & otk
HEEGHES Gifket al, 2018) ] 45 L, 20144E1CH
REERFEP LB I NIz Tz, HAESEBEHIEIE
DEEEFETIEZ [ 7 LA VIS Rm, - LB, 2L

(95)

muscle mass. We need interprofessional work (IPW) for

prevention of frailty, sarcopenia and oral frailty in elderly.

THEWERI SR, B IRE L D I3RS LA EST
LTWa25, Whwb B AMEERE & ER 20, #Y%k
AT K o TREIRRBICIHITE S 5 2 & AS T Re 2 IR &
DR R L7z (20124F B~ 20144F BEJE A= 57 @y FL2-AF 78
BB EMEE). I51C, 7LAVoR#E, O
RIRRE L HH B TR — LB/ IREO RIS
W7 IRETH D &, @Y RMAIT LD BB AT
WEECTX2 WA HELTWE I E, OLEEEIED A7
53, PRABEREREE LIS O % L O ALLBIE R, Al
Ja, B EoAMMEEZ SO TN & MECT 7
OU—FF50%EBHLEL, BBV TE, 7L
ANVTFB L7 LA VRV ELELBRE 7 5 LG
LTWwW5.

Han=—r

Fovax=7id, [@E - 597, FEERIET, T
ik FRAMEEBIRT, BT % CORERED Y X 7 A5
o HETEP OGO TRBERE] EERESN, &
K7 LA VETOTERE SRS, FILVaxR=ZT I,
I E D R OZLZ /T BEE L LT, 19884FZRo-
senberglZ & - THEME S 1172 (Rosenberg, 1989). )L 2
N=TIE, 20164 I EBR B 20 (ICD-10) 12360 S
M, ARFRT 201845 1Ak PR BR 2B B 73 BT I 44
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BEeEh, BETIE, MO LR EES S LCTEDT
LNTW5.

P AR T OFBWIIEHEICOWTIX, ACFS20191238
WCT VT ANERRE Lz axr= T3k LT
AWGS201973% % & L7z (Chen et al., 2020) (X 1).
AWGS20191%, EBEERCHTFEREEI 3517 2 Sk HE12
Mz, WL 7I4<1) - 77 OBGIZB VTS B
WHE e HMEDR XN, YL aR= T ORI - B4
AT L 2TEHL TV 5.

F—ZIT7L1Ib

F—=I N7 LA nvEE, [OE (Oral) ] & [R5
(Frailty) | Z&bR7:EETH 5. [ZILICHE) B4 2D
e iRAE (BR%k - DA - IPERRREZ: &) D21k,
CHPEfE R~ DB L O T R L O TR KT b E A
D, OO, EX2EREREERY, <
SIE 7 UA VISR 2, LEOBRKTICE TR
ML —HOBGE RO HE] LEZSN (HARMEE

R EEI DT L AN - L ARZT - F—F VT LA VR

%), RMoOEELZELOY A 2 LT, DEREICH
TH7LANEV)ERTHHEIN TV, A—F 17
LANVREER 7 LA VRV ax=7 bag By
b, A=F VT VA NVITEYST B e 2RI L7zt
Wi 7ETld, +—F V7 L A VA BEREE LI KIS
VA7 ELT, BEHT7 LA NVIE2 485, rvar=7
(2. 1R, BEAEREE 2. 485, MIET) A 712 15T
HolzlWELTWA (Tanaka et al., 2018). & 512

F—=I N7 LA ViE, HERRPHET, HOMEBIRTICLD
BAGICEEY X232 8%, EETOIARHELD
b ) o EBLIEPBRHINTVE. 2ol ey
5, A=WV 7VLANV%E [HE1 LNV LR 77
YD T] 2LV [IDEEWAE T TV,

3L HOOEBIKT] [H4Lrxr x5
REDREAN ] I3 L, &LV E Db Ty 428
AT ) MDD D T AR ENT WS (HABFHE M

=),

RS- 4T ISR EE SR - EA FUHRAR
S BHEMREERT, BELOVERRS
o | (WiE<3dom, triE<33om) T30, ESLIET
®R |-sarRcC-F  (4BLL) HDETES, SR
«SARC-Calf (11580 E) e HEEE(CHD, COPD, DMiE)
_l RR . THnES
(WtE<34om, % <33m)
LEn “SARC-F  (4bLlL)
i W B <28kg, iE<18kg) *SARC-Calf (11LLF)
RN I
SEEFIS EAMFAR 1235 E) TEh
l 0N (BiE<28kg, WiE<18kg)
s 2 BHENE
LI TP OEMENE seesscsnsiasnsoasarssnssasannanas el G T 1. 0m /s
- SEHSFIIS LTI 128E L)
l STl | - SPPB{9mELTF)
SR
DA,
. ($1E<7.0kg/m2, IfE<5.4kg/m3)
<BlA

F1 Hrax=7zZH7LIT) XA (AWGS2019)
Chen et al., 2020% J£1Z1EX

(BFE<7.0kg/m2, T1F<5.Tkg/m2)
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HLIR=FID+D or D+3)
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TULANEF N IARZTIEHEWICHEE LGRS H
DO AF|ERITIELEIPIREINT WS, Friedb 1L 7
LANFA ZNVELT, 7LA4VDHETL, BEAEIRE
WCE L MBEZ SRR L7 (Fried et al., 2001). ¥V
IRZTIZ X DHITRHREmDIMAN & > THRGE =
AWY, TAVF—IHERIMET 55, S5, FHFE
BEOBETIRA—F V7 LA VZG &R L, Eam T
RIS E 2 LT X85, ThHDZ EDPEMETR
BRENEOBRDEHE, LREBIREE 25, REED
ARFEEANE < & 5y RGN R BRI PRI 98 70 & D R B & 6
FETHURAZDBL, N aAR=ZTEELSELEND
HOMPICKHAEZ L% b (K2). BEETIE, &K
W7 LA VI - DT LA VRt 7 LA s
WETAHIENEL, TVANMTA 7 Veliby)b7:9
WL X 2 W R ALY L 55 TL 5.

TLAIL - BILaARZTHE

TLUAN, FRCEER T LA VP a R T OB
W, GEBhE RENHLE R DL T LA IVBHET A F2018
FERRTIE, [7 VA VI3 2880 Ad, 17, #
i, BAGEB R, HEAEFRGEELZWEL, TV
DT PR LSS 720N D (T ALV
1, HERLANNVA)] Lo TwD (Gidket al., 2018).
K5I, YNIARZTBEHA FF4 V20174 (—EBSk

) T, [Hrax=7x2 35 A~NOEEI A
(&, U AR T, MR, BT, ROk
ITREOWHERRI DY, #HRIND (ZETVALNX
Vo IR, LA LB ] Lo TwD (L
ARZTBHETA NI A e EH S, 2017). FAERE
REPRBOFELR LDOMT, Fhd I YTV ADHE
DWROOLNDZD, TULANVRFINIRZTAORKRE L
TV YIRS v sl & L 7Ry 2z S Bh A A 2 JL
DANDLEEDND L.
FARIZOWTIE, 7L A VBEH A F20184EM T,
[RBEHTE, REMIAIC X 2 HMANAOR)FIZ5Y
B"gDL (ZEFVALNVL, HHERLANLVB) | Lo
Tw3 (Gidket al, 2018). E 51T, YN IR=T B
A RNTA 20174 (—HYET) BT, [Hrax=
TEHETDANOLHET I 7 Behilb 3 5H%EMA
&, MBS OUEEMESH Y, HREINL, L L
S, BRUWT Y M 23WS2TERY (ZEF Y
ALV IR, LAY LEg) ] EhoTWwD
(FnaxR=T7HWIA 854 AMekFEER %, 2017).
HEE) &R X DRI ADRRIZOVTIE, 7L
A WA A F20184E /L (G Hfet al., 2018) Tid, [E
B & R & OB IHELE T S (e T
YALANNVT 4+, HERLARVA)] ERoTwS. 5
2, P aR=T7BEIA KT 4 22017 (—E%ED)
JRTIE, [HVax=72HTHANDL I A VA b
L—= U 72 GO usimEB N A & RFBREIC X 28 G

e senn
YIIXZF |
BHEMBED ,
EF BHETFT |«
HMIFNF— DEEED
| ERROET T wpmoET Ty
A=SNILA N AEHERED ]
| mmmTRE 7| E&TF >l RS

K2 LAV -HNLax=7  -F—IFNL7L 4L
Fried et al., 2001 % J£ 12 /E X

JLLINBLI)



AE, HIA AR L a7 OWEICHRTH
0, HFINE, L2LEAES, BN T Y o ages
MBS TIE R (ZEF Y ALN)L IR IZ,
HFERLAL 1§ | EoTWwD (FVaxR=TBky
A FI4 MRS, 2017). EBA A ER AR 7%
KEZERPRBERICOVTOHELR LM TH 275, EH)E
KR L DU BRI AD T LA VRPN TR T R
WKITEHETHL LR 5.

7z, HE TORBEIEEE O REOMRICE
BETHHIEVPHLNIIRYDODOHSH. Moorebld, 1
BIOAFIZE TN D72 AL EE EH 72 AT A HE
JEDBALE AL, EEE D72 AE < EBIEA0. 4g/
kg KT % T 101 2 B A2 72 AT < B O RALLE I AS8ES 5
HI ERHELTWDS (Moore et al., 2015). T 7z,
Bollweinb 13, 3HDEKEAFIIHEINL-ATHOHE
WU D534 % RS F S &R HEE T L 72354,
RIS TIE 3 BOREFICBIT 572 AE S EERED
BB AREETH L Z & 2R L7 (Bollwein et al.,
2013). 512, Yasudabld, fEFHAZXR &L LA
WIFZEIc BT, 3EENZEFNO A S EEIEN Y
K2 L T0RHERELZEDHITIADVTH
PO AL EENESLERZH2 LTV WER T
WL72%E, 3EOVTNLO AT HEIE D LE
BERZLTVARVETIE, BRIBAESAZICETL
TWhZlZ2HE L Twb (Yasuda et al., 2019) (K
3). OV, EEBICBVT UM THEIT 5K
AMELBERERFTHTH-TH, 3EVTIRICAEL
PHENESLERZM L TO R WA A ED
FALER2MET L, B v ax=712% 5k
HrHs (X4).

CTNFET [MEHEHA2L] 1TARE S D RO REEERY
T B2 ARIOMWMY AL, A& KRy Fa—
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LHFHD XD B 7 TR OV X — R eI OB 2 2
HILICHSAEBEVWTE . HARANOAEHEIEHE2020
ERRTIE, RABICHE L 72 5 - ACBHRAE KT oo nl 5 %
HIELT, ZAECHEBIGRICHT 2 HEE R GER S
N, BEOREETHR 7 LA VTR BHT LA
WCEE SN (Ex R&BHE, 2020). Zhnrbid,
RN AETS E R O PR AR LR 3 & Ll 7 22
BWAEHFIRL, EEHE2A2 2554307 T7 L4 Ux
RELT, U LIANF—R3ETHLIAXHE
BINT 22 0wo7eT4 7 AT = VICAbEAFHEIUC
WNTHEZTEFROZLNEETHL (M5).

st - U/ EE

TULAN - F=F N T LA - FNaARZTOREN
B, B THE. STV, btk SRS 3
Bl e LT, R TIHET - EF - i - T - 4
WK SN S [HIRERE T 7 ¥ A7 4
OWEOEBZ HIFL TwD. MG sr 7Y A7 240
BERER E LTIE, [E#H-F#l [ vney) 57—
Ta v, THE-mikl o 3ERIIRSh, ThZFho
WRIMEIBR L 220 WHEMICRE SN Z L AE
WCTHDHEWESIN TS CPIR2TAFEEEE N PR EE
HEEREWEE) . X512, 20404 1211 229k & L
T, PHizEERT —<IZ8T, E# - D L5
B A S [ | oAz B2 T, [HMl 2 [
A1 #HIET I EAVREINT CERK28E B N\ A fe b
BEFEEREE). 2% 0, LEGRIILELRY -
A0 [HE] 256, MM OEEES X DR, B
wibsh, ZWEIH—Lzr7oEZFekaL, B
BEXIRD 720DV =V EHED LT WD [Tl ~
BITTHIEDBRODAT Yy 7L LTRDODLNT VS,

TLAN - aR=7REE LT, Ml e RN

?Em p = 0.008
[ ]
R
& 7 i
@iﬁ Ti=
W 76
||
o I -
)
mEREL REHD

HERSIRERE

(%) p = 0.058
45.5 Com—
35.0
0
RREZL RN

3 REDERPRIMAREIC KT T EE
Yasuda et al., 2019 & ) {EX
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Abstract

The mechanism by which chondrocytes survive in an
avascular environment remains unknown. Hypoxia in-
duces and regulates the expression of many genes asso-
ciated with proliferation and growth arrest, survival and
apoptosis, glucose transport and metabolism, and auto-
phagy, via hypoxia—inducing factors (HIFs). In hypoxic
milieu, glucose transporters (GLUTs) and monocarbox-
ylate transporters (MCTs) are involved in rapid trans-
port of energy fuel such as monosaccharides, pyruvate,
lactate and ketone bodies across the plasma membrane.
HIFs are also involved in the regulation of autophagy
during the hypertrophy and apoptosis of chondrocytes.
GLUTs,
MCTs and autophagy processing marker LC3B was ex-

Immunohistochemical localization of HIFs,

amined in epiphyseal chondrocytes of developing
mouse tibias. Glycogen accumulation was seen in pre-
hypertrophic and hypertrophic chondrocytes of 1— and
4—week—old cartilages and a few hypertrophic chondro-
cytes of 8—week—old growth plate. Intense HIF-1a im-
munoreaction was seen in prehypertrophic and hy-
pertrophic chondrocytes of 1—, 4— and 8—week—old car-
tilages, but HIF-2 o was depressed in hypertrophic
chondrocytes of 8—week—old cartilage. Immunoreactivi-

ties of GLUT1, GLUTS5 and GLUT9 were moderate

INTRODUCTION

In endochondral ossification, the cartilaginous temple is

replaced by bone in diaphysis and both epiphyses (epiphy-

Corresponding Author : Yasunori SAKAKURA

and faint in prehypertrophic and hypertrophic chondro-
cytes of 1—week—old cartilage and subsequently de-
creased. However, GLUT3 immunoreaction continued
to be intense. MCT1, MCT?2 and MCT4 were intense
and moderate in prehypertrophic and hypertrophic
chondrocytes of 1-week—old cartilage, whereas MCT2
was moderate even in 8—week-old cartilage. LC3B was
distributed in the zones from the proliferating to hy-
pertrophic chondrocytes of 1— and 4—week—old carti-
lages. In contrast, LC3B was mainly confined to hy-
pertrophic chondrocytes of 8—week—old growth plate.
These results indicated co-—localization of HIF-1 o,
GLUT3, MCT2 and LC3B in prehypertrophic and hy-
pertrophic chondrocytes in epiphyseal cartilage and
growth plates. However, HIF-20 immunoreaction dis-
appeared only in 8—week—old growth plate. At this
stage, HIF—10, which is accelerated by suppression of
HIF-20, may induce metabolic change from glycogen
accumulation to immediate consumption and autophagy
without sufficient hypertrophy. We suggest that survival
of chondrocytes may be controlled by activation of HIF
—lo and HIF-2o through GLUTs, MCTs and auto-
phagy in epiphyseal cartilage and growth plate of

mouse tibias.

seal cartilage and growth plate) are responsible for longitudi-
nal bone growth. However, the cartilaginous tissue is a vir-
tually avascular tissue, and the chondrocytes consequently

reside in hypoxic conditions (Schipani, 2005 ; Schipani et
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al., 2001). Under severe environments, chondrocytes survive
and contribute to bone growth and formation in endochon-
dral ossification.

Under hypoxia, hypoxia—inducing factor (HIF)-1 is nec-
essary for a metabolic shift from the oxidative phosphoryla-
tion pathway in the mitochondria to the oxygen—independent
glycolytic pathway in the cytoplasm (Seagroves et al.,
2001). Monosaccharides, an important energy source in hy-
poxic milieu, are transported to the cytoplasm across the
plasma membranes of mammalian cells, and then mediated
by members of the facilitative Na'—independent sugar trans-
porter (GLUT/SLC2A) and Na'—dependent glucose co—
transporter (SGLT/SLCS5A) families (Wood & Trayhurn,
2003). In the epiphyseal cartilage of postnatal rat tibias, glu-
cose transporter (GLUT)1 immunoreactivity has been found
in pre—hypertrophic chondrocytes, whereas GLUT?2 and
GLUT3 immunoreactivity is weak in all chondrocytes, and
intense GLUT4 and GLUTS immunoreactivity is localized in
hypertrophic chondrocytes (Ohara et al., 2001). In addition,
monocarboxylate transporters (MCTs) are also involved in
rapid transport of pyruvate, lactate and ketone bodies across
the plasma membrane, which are available for carbohydrate,
fat and amino acid metabolism inside cells (Halestrap,
2012 ; Halestrap & Meredith, 2004 ; Halestrap & Wilson,
2012). MCT1 plays a predominant role in influx or efflux of
pyruvate, lactate and ketone bodies across the plasma mem-
brane in a majority of tissues in all species. Under hypoxic
conditions, however, most cells export lactic acid to reduce
intracellular acidification. MCT4 is expressed especially in
cells that rely on glycolysis for production of respiratory
fuel such as chondrocytes, white skeletal muscle fibers, as-
trocytes and white blood cells. Autophagy is a natural proc-
ess by which dysfunctional organelles are degraded inside
the cell through lysosomal action, and is particularly acti-
vated under severe conditions such as hypoxia and starva-
tion. Furthermore, HIFs are crucially involved in the regula-
tion of autophagy during the hypertrophy of chondrocytes in
the growth plate of endochondral ossification (Bohensky et
al., 2009 ; 2010 ; Stewart et al., 2006 ; Srinivas et al., 2009a ;
Zhang et al., 2008). Thus, HIFs may be a key regulator for
survival of chondrocytes through GLUTs and MCTs expres-
sion, in addition to regulation of autophagy.

Unfortunately, the mechanism by which chondrocytes sur-
vive in an avascular environment remains unknown. In the

present study, we examined the immunohistochemical local-

ization of HIFs, GLUTs, MCTs and autophagy processing
marker LC3B in the chondrocytes of epiphyseal cartilage
and growth plate.

MATERIALS AND METHODS

Ethical approval

The experimental protocol used was approved by the Ani-
mal Ethics and Research Committee of the Health Sciences
University of Hokkaido, and the study was conducted in ac-
cordance with our institutional Regulations for the Care and
Use of Laboratory Animals (Approval Number : No. 40,
March 18, 2011).

Tissue preparation

Each of three ddY strain mice at 1, 4 and 8 weeks of age
was perfused by 4% paraformaldehyde buffered with 0.1 M
sodium cacodylate (pH 7.2), and the tibias were dissected
for tissue preparation of paraffin embedded and frozen sec-
tions. The specimens were decalcified with 4.13% EDTA for
3-4 weeks. After decalcification, the proximal half part of
the bone was cut and embedded in paraffin. The sections
were cut along a longitudinal axis of the long bone and
stained with hematoxylin and eosin (H-E) and periodic acid
—Schiff (PAS) reaction as well as through immunoperoxi-
dase histochemistry. In a part of the tibias, un—decalcified
frozen sections were conducted with von Kossa’s reaction
and by immunofluorescence histochemistry of autophagy

marker.

Periodic Acid—Schiff (PAS) reaction and von Kossa’s re-
action

Frozen sections were re—hydrated and then treated with
0.5% periodic acid for 5 min. The specimens were reacted
with Schiff’s reagent for 15 min, rinsed in 0.5% sodium hy-
drogen sulfate solution (3 x 3 min), and washed in running
water for 5 min. The sections were then counterstained with
Delafield’s hematoxylin, washed in running water for 15
min, dehydrated in ethanol, cleared in xylene, and mounted
in Eukitt (O. Kindler, Freiburg, Germany). As negative con-
trols for glycogen store in chondrocytes, de—paraffinized and
re—hydrated sections were treated by salivary digestion at
37°C for 30 min.

To explore the calcification of epiphysis, un—decalcified
frozen sections were processed using von Kossa’s reaction.

The sections were incubated with 5% silver nitrate for 60
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min under a fluorescent lamp. Thereafter, silver deposits in
the specimens were fixed with 5% sodium thiosulfate for 3
min. After rinsing with tap water, the sections were then
counterstained with methyl green, washed in running water
for 15 min, dehydrated in ethanol, cleared in xylene, and

mounted in Eukitt.

Immunohistochemistry of HIFs, GLUTs and MCTs

Purified rabbit polyclonal antibodies against human HIF—
low and mouse/human HIF-20. were purchased from Upstate
(Lake Placid, NY, USA) and Novus Biologicals (Littleton,
CO, USA). An affinity—purified rabbit polyclonal antibody
against rat GLUT1 was obtained from Abcam (Abcam, To-
kyo, Japan). Affinity—purified goat anti—mouse GLUT 3,
mouse GLUTS, human GLUT9, mouse MCT1, mouse MCT
2 and human MCT4 antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Normal rabbit
and goat sera were obtained from Cedarlane Laboratories
(Hornby, British Columbia, Canada) and Biomeda (Foster
City, CA, USA), respectively.

De—paraffinized sections were rinsed in 0.01 M phosphate
—buffered saline (PBS, 3 x 10 min), followed by incubation
in 0.01% hydroxyl oxygen/PBS for 30 min and then in cold
PBS containing 10% bovine serum albumin (BSA) for 30
min. After washing with PBS (3 x 10 min), the sections
were reacted with the above antibodies (diluted 1 : 50 in
0.1% BSA/PBS) overnight at 4°C, and then incubated with a
Vectastain Elite ABC kit for rabbit and goat immunoglobu-
lin (Vector Laboratories, Burlingame, CA, USA), according
to the manufacturer’s protocol. Immunoreactivity was visual-
ized with 0.004% 3,3 —diaminobenzidine tetrahydroxychlo-
ride (DAB ; Dojindo, Kumamoto, Japan) and 0.01% H.O. in
0.05 M Tris—HCI (pH 7.6) for 10 min. After washing in dis-
tilled water, the sections were counterstained with methyl
green. To confirm the specificity of the immunostaining, the
primary antibodies were substituted with normal rabbit or

goat serum at the same dilution.

Immunofluorescence staining of LC3B

The frozen sections were stained with rabbit monoclonal
anti—human LC3B antibody obtained from Novus Biologi-
cals (Centennial, CO, USA). The frozen sections were re—
hydrated with PBS, treated with cold PBS containing 10%
BSA for 30 min, and then incubated overnight with primary

antibody in a dark humidified box at room temperature. Af-

ter rinsing three times for 10 min, the specimens were incu-
bated with Alexa Fluor 488 conjugated F(ab’)2—goat poly-
clonal anti—rabbit IgG (H+L) antibody (Invitrogen, USA) for
60 min at room temperature in a dark humidified box. After
rinsing, the sections were mounted using Vectashield Hard-
Set antifade mounting medium (Vecter, Burlingame, CA,
USA) containing 4’,6—diamidino—2-phenylindole (DAPI)
and observed at emission wavelength of 488 nm for the sec-
ondary antibody and 360 nm for DAPI. The sections were
observed under a fluorescence microscope and the obtained

images were overlaid for detection of LC3B—positive cells.

RESULTS

Histological features, calcium deposits, and glycogen ac-
cumulation

The epiphyseal cartilage of 1-week—old mouse tibias con-
sisted of three zones of proliferating chondrocytes, prehy-
pertrophic and hypertrophic chondrocytes (Figure la). At 4
weeks after birth, the zones of proliferating and prehy-
pertrophic chondrocytes became narrow in the growth plate
(Figure 1b). In 8—week—old mouse tibias, the growth plate
was observed as narrow zones of proliferating and hy-
pertrophic chondrocytes (Figure 1c). At this stage, prehy-
pertrophic chondrocytes were not observed, and chondro-
cytes at the diaphyseal side were not fully hypertrophied in
cell size. However, in this study, the cells were called hy-
pertrophic chondrocytes because they immediately died. Cal-
cium deposits indicated using von Kossa’s reaction were
seen in the primary bone trabecular but not in the matrix
around hypertrophic chondrocytes in 1-week—old mice (Fig-
ure 1d). However, the deposits were clearly observed in the
matrix around the prehypertrophic and hypertrophic chon-
drocytes at the growth plate of 4— and 8—week—old mice
(Figure le, f). Glycogen accumulation presented by PAS re-
action was predominantly intense in the defined zone of pre-
hypertrophic chondrocytes in 1- and 4-week—old mice (Fig-
ure 1g, h). The reaction was observed in only a few hy-
pertrophic chondrocytes in the growth plate of 8—week—old

mice (Figure 1i).

Immunolocalization of HIFs, GLUTs, MCTs and auto-
phagy processing marker LC3B

In the epiphyseal cartilage of 1-week—old mouse tibias,
immunointensity of HIF-1o was moderate in the proliferat-

ing and intense in the prehypertrophic and hypertrophic
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Figure 1 Light micrographs of 1-week—old epiphyseal cartilage (a, ¢, g), 4—week—old growth plate (b, e, h) and 8—week—old growth

plate (c, f, i). (a, b, ¢) Histological structure stained with hematoxylin—eosin. Prehypertrophic chondrocytes are lacking in the 8—week—
old growth plate. (d, e, f) Calcification detected as brown—colored deposits after processing using von Kossa’s reaction. Calcium deposits
are seen only in the primary bone trabeculae of 1-week—old cartilage, but it surrounds prehypertrophic and hypertrophic chondrocytes in
4— and 8—week—old growth plates. (g, h, i) Glycogen accumulation detected using periodic acid—Schiff reaction. Reacted products are
mainly seen in prehypertrophic and hypertrophic chondrocytes (arrows) of 1— and 4—week—old but not of 8—week—old cartilages. pc :

proliferating chondrocytes, phc : prehypertrophic chondrocytes, hc : hypertrophic chondrocytes. Scale bar : 100 pm.

chondrocytes (Figure 2a). In the growth plates of 4— and 8-
week—old mice, the proliferating chondrocytes depressed the
intensity of HIF—1o0, but the prehypertrophic and hy-
pertrophic chondrocytes continued to maintain the im-
munoreaction (Figure 2b, c). Especially, the hypertrophic
chondrocytes remained intense in 8—week—old mice (Figure
2¢). On the contrary, intense immunoreactivity of HIF-2o
was preferentially located in the prehypertrophic chondro-
cytes of 1- and 4— week—old mice (Figure 2d, e). In 8-
week—old mice, however, only a few hypertrophic chondro-
cytes displayed weak immunoreaction of HIF-2o (Figure 2
f).

Faint immunoreaction of GLUT1 was preferentially lo-
cated in the prehypertrophic and hypertrophic chondrocytes
of the cartilage of 1-, 4—, and 8—week—old mice (Figure 3a,

b, c). Intense immunoreactivity of GLUT3 was found in the

prehypertrophic and hypertrophic chondrocytes of the carti-
lage of 1-week—old mice (Figure 3d), and further im-
munoreactivity of GLUT3 was intensely recognized in the
prehypertrophic chondrocytes of 4—week—old and the hy-
pertrophic chondrocytes of 8—week—old mice (Figure 3e, f).
Immunoreaction of GLUTS5 and GLUT9 was moderate in
the prehypertrophic and hypertrophic chondrocytes of 1-—
week—old mice (Figure 3g, j). In contrast, the prehy-
pertrophic chondrocytes in 4—week—old mice showed faint
immunoreactivity of GLUTS5 (Figure 3h), whereas they pre-
sented moderate reactivity of GLUTY (Figure 3k). Both im-
munoreactivities of GLUTS and GLUTY9 were faintly ob-
served in the hypertrophic chondrocytes of 8—week—old
mice (Figure 3i, 1).

Intense immunoreactivity of MCT1 was mainly located in

the prehypertrophic chondrocytes of 1-week—old epiphyseal
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Figure 2 HIF-1a and HIF-20 immunoreactivity in the 1-week—old epiphyseal cartilage (a, d), 4—week—old growth plate (b, e) and 8—
week—old growth plate (c, f). (a, b, c) HIF-1o immunoreactivity remains intense. (d, e, f) Intense HIF-20. immunoreactivity is located
in prehypertrophic chondrocytes, but depressed in 8—week—old growth plate. pc : proliferating chondrocytes, phc : prehypertrophic chon-
drocytes, he : hypertrophic chondrocytes. Arrows indicate immunopositive products. Scale bar : 100 pm.

cartilage (Figure 4a) and declined in 4— and 8-week—old
mice (Figure 4b, c). Intense MCT2 immunoreactivity was
distributed in the proliferating, prehypertrophic and hy-
pertrophic chondrocytes in 1-week—old mice (Figure 4d),
whereas moderate intensity was located in the hypertrophic
chondrocytes of 4— and 8—week—old mice (Figure 4e, f).
Moderate immunoreactivity of MCT4 was detected in prolif-
erating and prehypertrophic chondrocytes (Figure 4g), but
the intensity declined in the chondrocytes of 4— and 8—week
—old mice (Figure 4h, i).

Moderate immunofluorescence of LC3B was broadly dis-
tributed in the zones from the proliferating to hypertrophic
chondrocytes of 1-week—old mice (Figure Sa, d, g, j). In the
growth plate of 4—week—old mice, the chondrocytes at each
zone showed intense immunofluorescence of LC3B (Figure
5b, e, h, k). In 8—week—old mice, however, the hypertrophic
chondrocytes continued to show intense fluorescence of LC3
B, whereas the proliferating chondrocytes had remarkably

decreased intensity (Figure Sc, f, i, 1).
DISCUSSION

Oxygen tension in the cartilage is relatively very low, and
chondrocytes generate metabolic energy through anaerobic
glycolysis (Hatori et al., 1995 ; Shapiro et al., 2005). Conse-
quently, the chondrocytes survive, differentiate and contrib-

ute to bone growth in hypoxic conditions (Schipani, 2005 ;

Schipani et al., 2001). HIF-1o, which is enhanced by hy-
poxia, is expressed in the early developmental stage of en-
dochondral ossification (Pfander et al., 2003 ; Sakakura et
al., 2008 ; Schipani et al., 2001). In our study, immunoreac-
tivity of HIF-1o. was mainly located in prehypertrophic and
hypertrophic chondrocytes at the three stages. Moderate im-
munoreaction was also observed in proliferating chondro-
cytes in the epiphyseal cartilage of 1-week—old mice. The
localization of HIF-1o. immunoreaction was similar to those
of GLUT3 and MCT2. HIF-1o stabilized under hypoxic
conditions contributes to a metabolic shift from the oxidative
phosphorylation pathway to the oxygen—independent glyco-
lytic pathway (Seagroves et al., 2001). Furthermore, the
transcription factor is involved in regulation of GLUT ex-
pression, and expression of GLUTs is up-regulated in re-
sponse to hypoxia (Semenza, 2000 ; Shannon et al., 2003 ;
Pfander et al., 2003 ; Ren et al., 2008 ; Richardson et al.,
2008). Thus, hypoxia during the development of epiphyseal
cartilage and growth plate of mouse tibias may be closely
associated with expression of GLUTs and MCTs. However,
HIF-20. immunoreactivity was mainly restricted in prehy-
pertrophic chondrocytes in 1— and 4—week—old cartilage,
and was weak in hypertrophic chondrocytes of 8—week—old
growth plate.

In the present study, although the immunointensity ranged

from faint to intense, four GLUTs were commonly localized
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Figure 3 Immunostaining of GLUT1, GLUT3, GLUTS5 and GLUT9 in 1-week—old epiphyseal cartilage (a, d, g, j), 4—week—old growth
plate (b, e, h, k) and 8—week—old growth plate (c, f, i, I). Immunoreactivity of GLUT1 (a, b, c) is faint in the prehypertrophic and hy-
pertrophic chondrocytes of the cartilage of 1—, 4—, and 8—week—old mice. Immunoreactivity of GLUT3 (d, e, f) continues to maintain in-
tense reactivity during chondrogenesis. Immunoreactivity of GLUTS (g, h, i) and GLUT9 (j, k, 1) decreases in 8—week—old growth plate,
compared to those of 1-week—old epiphyseal cartilage and 4—week—old growth plate. pc : proliferating chondrocytes, phc : prehy-

pertrophic chondrocytes, hc : hypertrophic chondrocytes. Arrows indicate immunopositive products. Scale bar : 100 um.

in prehypertrophic and hypertrophic chondrocytes of 1-week
—old growth plate. The common localization was in strict
correspondence with glycogen accumulation which was visu-
alized by PAS reaction. Prehypertrophic chondrocytes may
have utilized these transporters for glycogen accumulation at
this stage. In contrast, GLUT3 showed intense immunoreac-
tivity even in prehypertrophic chondrocytes of 4— and 8-
week—old mice. This may indicate that chondrocytes pre-

dominantly utilize GLUT3 to survive during the cytodiffer-

entiation. Interestingly, GLUT3 is a high—affinity transporter
specialized for more efficient glucose uptake at low substrate
concentrations (Richardson et al., 2003 ; Mobasheri et al.,
2002), and the localization completely coincided with immu-
nolocalization of HIF-1o. However, glycogen accumulation
shown by PAS reaction was not seen in the hypertrophic
chondrocytes of 8—week—old mice, suggesting that nutrients
taken into the cells may be consumed immediately.

Conversely, immunolocalization of MCT2 was similar to
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Figure 4 Immunointe

plate (b, e, h)
and 8—week—old growth plate (c, f, i). Intense MCT1 (a, b, ¢) and MCT4 (g, h, i) immunostaining is seen in chondrocytes of 1-week—
old epiphyseal cartilage, but declines in 4— and 8—week—old growth plates. (d, e, f) Immunoreactivity of MCT2 is moderately seen even

in hypertrophic chondrocytes of 8—week—old growth plate. pc : proliferating chondrocytes, phc : prehypertrophic chondrocytes, hc : hy-
pertrophic chondrocytes. Arrows indicate immunopositive products. Scale bar : 100 pum.

those of HIF-1o. and GLUT3 in the epiphyseal cartilage of
1-week—old and growth plate of 4— and 8—week—old mice.
MCT?2 showed intense immunoreaction in 1-week—old mice,
whereas this MCT had depressed intensity in 4— and 8-
week —old mice. However, MCT2 showed moderate im-
munoreactivity even in hypertrophic chondrocytes of 8-
week—old mice. Although the physiological role of MCT1,
MCT2 and MCT4 are well known in a number of tissues
and organs (Halestrap, 2012 ; Halestrap & Meredith, 2004 ;
Halestrap & Wilson, 2012), the functions of these MCTs re-
main unknown in chondrocytes. MCT?2 has a higher affinity
for pyruvate and lactate than MCT1, and its expression is
primarily confined to cells and tissues that take up lactic
acid in significant quantities for use as respiratory fuel (Hal-
estrap & Wilson, 2012). Accordingly, moderate MCT2 im-
munoreactivity in 8—week—old growth plate suggests that

MCT2 may play a crucial role in survival of chondrocytes

through immediate uptake of extracellular lactate in the
growth plate. In fact, our results demonstrated insufficient
hypertrophy of chondrocytes in 8—week—old growth plate.
HIF-1a is involved in cartilage formation with hypoxia—
dependency, whereas HIF-2o contributes to endochondral
ossification, independent of hypoxia condition (Saito et al.,
2010). The present study demonstrated that, unlike the local-
ization of HIF-10, intense HIF-20 immunoreactivity was
mainly localized in prehypertrophic chondrocytes of 1-and 4
—week—old cartilages. It is similar to the localization in pre-
hypertrophic chondrocytes of growth plates in 5— or 6—week
—old mouse tibias (Stewart et al., 2006). Hypoxia and HIF-1
o, promotes chondrocyte autophagy which is a metabolic re-
sponse for evading cell death (Zhang et al., 2008 ; Zhang et
al., 2015). In contrast, HIF-2q is a potent regulator of chon-
drocyte autophagy and acts as a brake to the stimulatory
function of HIF-1ca (Bohensky et al., 2009 ; Srinivas et al.,
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Figure S Phase—contrast micrograph and immunofluorescence of autophagy processing marker LC3B in 1-week—old epiphyseal cartilage
(a, d, g, j), 4—week—old growth plate (b, e, h, k) and 8—week—old growth plate (c, f, i, 1). (a, b, c) Phase—contrast microscopic images of
1-week—old epiphyseal cartilage (a), 4—week—old growth plate (b) and 8—week—old growth plate (c). (d, e, f) Merged immunofluores-
cence images of LC3B (green) on nucleus of chondrocytes (blue). Unlike in 1-week—old epiphyseal cartilage (d) and 4—week—old
growth plate (e), hypertrophic chondrocytes of 8—week—old growth plate (f) show intense immunofluorescence of LC3B. (g, h, i) Green
colored immunofluorescence stained by LC3B antibody. (g) Moderate fluorescence is seen in all chondrocytes of 1-week—old epiphyseal
cartilage. (h) Intense reaction is detected in chondrocytes of 4—week—old growth plate. (i) Immunofluorescence is decreased in proliferat-
ing chondrocytes, but hypertrophic chondrocytes show intense reactivity in 8—week—old growth plate. (j, k, 1) Blue—colored nuclear

staining with DAPIL. pc : proliferating chondrocytes, phc : prehypertrophic chondrocytes, hc : hypertrophic chondrocytes. Scale bar : 100

pm.

2009b). Thus, the selective localization of HIF-2o seems to
exhibit a function different from HIF-1c in chondrocyte dif-
ferentiation of epiphyseal cartilage.

Suppression of HIF-2a results in the induction of auto-
phagy, whereas the staining of autophagy processing marker
LC3 is seen in articular chondrocytes of 18—month—old ma-
2009).
In 8—week—old growth plate, the hypertrophic chondrocytes

ture and 30—month—old older mice (Bohensky et al.,

displayed intense immunofluorescence of LC3B, and im-

munoreactivity of HIF-1o continued to be intense, whereas
that of HIF-2o declined suddenly. Our results may support
the activation of autophagy in a HIF-1-dependent matter
(Bohensky et al., 2010 ; Srinivas et al., 2009a) and the
stimulation with suppression of HIF-2o (Bohensky et al.,
2009).

In the present study, HIF-10 immunoreactivity was rec-
ognized in prehypertrophic and hypertrophic chondrocytes of

the epiphyseal cartilage and growth plate, and it was co—lo-
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calized with HIF-2o in prehypertrophic chondrocytes. But,
immunoreactivity of HIF-2o. was depressed in hypertrophic
chondrocytes of 8—week—old cartilage. Immunolocalization
of GLUT3 completely coincided with that of HIF-1a. in the
epiphyseal cartilage and growth plate. In addition, immu-
nolocalization of MCTs was similar to those of HIF-1co and
GLUTs in the epiphyseal cartilage and growth plate. MCT?2
immunoreactivity was moderate even in hypertrophic chon-
drocytes of 8—week—old mice. Autophagy processing marker
LC3B was distributed in the zones from the proliferating to
hypertrophic chondrocytes of 1- and 4—week—old cartilages,
whereas it was mainly confined to hypertrophic chondro-
cytes of 8—week—old growth plate. Thus, these results indi-
cated co—localization of HIF-1a, GLUT3, MCT2 and LC3B
in prehypertrophic and hypertrophic chondrocytes in epiphy-
seal cartilage and growth plates. However, HIF-20o im-
munoreaction disappeared only in 8—week—old growth plate.
We suggest that survival of chondrocytes may be controlled
by HIF-1o and HIF-2a through uptake of nutrients and
autophagy in the epiphyseal cartilage of mouse tibias.
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Muscarinic receptor—mediated ERK phosphorylation through differential
signaling pathways, G protein and S —arrestin.

Rezon Yanuar and Akihiko Tanimura

Division of Pharmacology, School of Dentistry, Health Sciences University of Hokkaido

Key words : MAP kinase, ERK, Pilocarpine, Carbachol, G protein, [ —arrestin,

Muscarinic receptors belong to G protein—coupled recep-
tor (GPCR) class and consist of five subtypes (M;—Ms)
(Pronin et al., 2017). Activations of M, and M; receptors
have been known to induces Gq protein (G,)—mediated acti-
vation of phospholipase C; (PLCy), leading to hydrolysis
phosphatidylinositol 4,5-bisphosphate (PIP,) to inositol 1,4,5
—triphosphate (IP;) and diacylglycerol (DAG). IP; then acti-
vates IPs receptors in the endoplasmic reticulum to evokes
Ca™ mobilization (Lin et al., 2008). Agonists of muscarinic
receptor pilocarpine (Pilo) and carbachol (CCh) have been
known to activate salivary secretions through the activation
of G,—mediated Ca™ mobilization.

It has also been reported that muscarinic receptor agonists
induced phosphorylation of ERK (pERK) (Lin et al., 2008 ;
Pronin et al., 2017). In 2008, Lin et al demonstrates that
CCh-induced pERK was attenuated by the prolonged PMA—
treatment. On the other hand, Pilo—induced pERK was PMA
—insensitive and was inhibited by Src inhibitor (PP2) and
EGFR inhibitor (AG—1478). These results indicate that the
CCh- and Pilo—induced pERK was mediated by PKC and
Src—mediated transactivation of EGFR (Src—EGFR path-
way), respectively. An involvement of Gy, in the Pilo—medi-
ated Src activation has been speculated in this paper (Lin et
al., 2008). Recently, Pronin et al. also reported similar Src—
dependent pERK by Pilo (Pronin et al., 2017). Unlike the
previous paper by Lin et al, this paper suggests an involve-
ment of [ —arrestin ( f A) on the Src—EGFR pathway.

[ A has been known to attenuate G protein signaling by
the receptor desensitization. Recent findings for the involve-
ment of f A in the activation of G protein—independent
pathways, such as the MAP kinase pathway (MAPK), have
attracted attention. One of [ A signaling functions is scaf-
folding of MAPK cascades. [/ A also known to induce G
protein—independent pERK through the activation of Src
(Azzi et al., 2003). These current knowledges support the in-
volvement of S A on the Pilo—induced transactivation of
EGFR.

As indicated above, GPCR signaling is bimodal, the G
protein—mediated and the [ A—mediated pathways. Pronin et
al. demonstrated that Pilo—induced pERK was almost com-
pletely eliminated by PP2. In contrast, more than 55% oxot-
remorine—M—induced pERK was still occurred even in the
presence of the saturating concentration PP2, and the re-
maining pERK was completely blocked by PKC inhibitors
(Pronin et al., 2017). These results suggest that Pilo act as
bias agonist, an agonist selectively stimulates either G pro-

tein or [ A pathway.

It has been known that MAPK/ERK regulate many critical
signaling pathways such as cell proliferation, differentiation,
apoptosis. However, functions of muscarinic receptor—medi-
ated MAPK/ERK pathways in salivary cell are yet to clearly
defined. Recently, Minagi et al. reported long—term admini-
stration of Pilo showed upregulation of M; receptor expres-
sion (Minagi et al., 2018). It is possible that Pilo—activated
MAPK/ERK play a role in the upregulation of M; receptor,
and this idea needs to explored.
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Figure 1. Schematic illustration of signaling pathways involved in Pilo—, Oxo
—M-, and CCh-induced activation of MAPK/ERK pathway.
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(Quintana et al., 2013). L L, BRI HRE &
TF T M EOMEEIIAHTH S.

AR5 B TUEAE R 2> & Bl A R MLHE B In SO L2 B 5 2 i
FEHATHLINTEY, Z OGBSO (X IR o S
HEBAE O MRS IO CTEETH DH Z EATRB SR
T2 (Ishii et al., 2005). #ilr, &4 (7 BH 1 UE B 56
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i & TR O MLGTE B % fil P B & il PO AR LA S
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YOG E ) EEAREEICEAT S (IK2), 2) 2
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SHEL P T B I o0 R A I M LG A o BLALIE, RO
BepEREd (kv 79 v Yo, B, AAEBLIORT
42y 2A%) OFRICHDLLZ EFRHFBEENTVD
(Ishii et al., 2009). L7255 T, HEMHERIIHL TS
BAEHZ RT3 Y v LRI R & o4
OO XIS 5 5B OMZERIE, BEmREE 2D
< FHBHTH SR O B e Bt 5 %2 B Rk BE Ly LS 0h 9~ A #r 72 7
FHEEEOT 7O —F 2L I2DDOREL L ADTIE R
WipkEZTW5,
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(Nozaka et al., 1976 ; 1UF% 5, 1985). RFr® MikEhRE X
BB ICHEETH LI D, INHIETHA
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BUOEEEMEBETOT vy F2HWTHL 2L (K
1).
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