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Regulation of calcium homeostasis in skeletal muscle cells by

temperature-sensitive ion channels

Ryo Ikegami

Abstract

The homeostasis of intracellular calcium ion concentration ([Ca® *] ;) in skeletal muscle
affects muscle function and protein biosynthesis. The temperature-sensitive channel
(Transient receptor potential vanilloid 1: TRPV1) is activated by heat stimulation above
40 °C and promotes Ca’* influx from the extracellular space.

The purpose of this study was to clarify the relationship between temperature sensitivity
of TRPV1 and calcium ion homeostasis in skeletal muscle cell. Heat stress in vivo
bioimaging model for small animals has been developed. The following research results
were obtained through experiments.

1) The activation temperature threshold of TRPV1 correlates with changes in Ca® *
accumulation. 2) Muscle contraction induces inactivation of TRPV1 and suppresses [Ca’
] i increase by heat stimulation. 3) TRPV1 in type 1 diabetes model skeletal muscle is
less sensitive to heat stimulation.

These results demonstrated novel mechanism by which TRPV1 controls Ca? “homeostasis

in muscle cells. This mechanism plays physiologically important role in maintaining

muscle function under high temperature environment.
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BRI DR FEZE AL, I E B LI ST M i B 3 % 1520y, & v o% 7
HAERDORIFK T D—2TH B BRI NT WD, RIFFETlE, RERZME
F % A )L CH % Transient receptor potential Vanilloid 1 (TRPV1) & it A v o
v LA F v (Ca*h) EHFEMEORERICERZ Y Tk,

AEELERSCE, LT D4R IN TV 3

H1E  Ca” OMIIENAEENIC & b 7 5 BISHTERE & TEREHEIG I D\ TR
L, BB Ca EH IS 2 5 28T D\ T O B e P FE R 7L 2 B Y

F L7,

52 5 BV TR OMIEN Ca®REE ([Ca® 1) EHRE 2 AR EBRIE T (in vivo)
DEIE 2 VT O 22T L7, BTN 2 B0 8 2 iat L 7205
1Z, Z D%  SEEEMNE LA 7 & AMRINREE T (in viro) TITHD LT W0 %
MR ARz AT S 2 BE AR TH 2720, BRIED B ICS 2 25281

invivo & invitro FHFTIX R 2 A[REMEDR D 5. AR, MRS 7z



in vivo &7 VO EIEHIC B W CRARKFED[Ca® | B HE % 5 L 72 12 U ® T O
FTH5., FL2EOAINTIX, BV (40 °C) 25[Ca*'|iich5 2 22 % MEt L

72, Z OFER, BB [C i 2 EME 3 EAHL I NS, 2,

DEFEIC X 2 [Ca® i MO R IE, TRPV1 /L 72 SR 2» 5 D Ca?' i 23+
HFThsdedRnInrz XoIC, BT X 2[Ca2 T ¥, MlEIc X

DGl S NE Z AL IR o7z, B2 BB, Al & Bl o
AEbHICTL>T, TRPVI £V 7 7 Y V2R K (RyR) DHANERAKR W TRPVI
DY VLB D E A BT L. % OFfER, B OYENEIE i IE O 5%

fFFICEH T, TRPVI & RyR IC X % Ca¥ iU A A I E %R 21T 2 R ITE

DI holz. £z, TRPVI OV v bid, BVBuc X o mL, milfEic L
B A RO ) YIEBLIIIR I iz, DLho e an, H2E T, AN
23 TRPV1 O U VEUIGE 232 Z &1 X o TR L, Bl 3

% Ca? EH AR X L D BEHE 2 B & 22 1C L 7z

F3E 3 EDOFTHTIL, Streptozocin (STZ) FHFMMEIRIF £ 7 L EH&TH O
[Ca®' | ITx 3 2 B OB A Mat L7z, 2 OfER, BT 7 VB Tk
40°C D BAFIEIC X Y [Ca*' i L8, 45°CO BRI X v [Ca¥ i B EFAT 3
EBHLPICEI N, T oI, BERIEE T VERT CIZEIBLE AR (40°C
b L < 1 45°CHIE) I TRPVI @V V(L2339 b 4L, TRPVI OFRZ v o370
EHERDE T LT/, Lo T, 45°CORMEIC X % [Ca*' )i LA X TRPVI
ZAL72S D TR WGAEES R E N7,

53 EEYClE, STZ FFEUWHEIRE € 7 L BEI&A DO[Ca® i Icx 3% 7 75 A4

Y (TRPVI 7= }) AROFELRETL 72, ZOMER, FIRKEET vE



R I BB B AT RE & IO IRINIC [Ca2 i 31 7T A v Vit X > TINS5 Z
EBL L o7z, X HIC, BERIEE T VEREEO[Ca* i 13 10 53 LARE <X I
TR L CHBEIML 7z, U LEofRL Y, BREET VvERBICEIT 2

TRPV1 1%, ZMCxt 3 2R EMNITIET LT3 2 EBARBI .

FHATE FEBR2EC RO E LT £ Lo, BWIEE Ca EH DK

B O THHABAR ARl R 2 0 EREMA 7.

AL DOfEm & LT, in vivo BREE N IT 35> TEVRIBELT IRy D B A& Al Al
HHN Ca® BT 2 2 LICX ) FICLAT D 4 o ic 3Nz, 1) B
I X 2 HIIE N~ Ca i i3 TRPVI 28 EZERK & LCER T 5. 2) Ml
TRPVI DiEMALZIHI L, #EHR & L CRRIBAERIC X 5 Ca® A ZHIH$ 5.
3) BEPRIGIRAE O B A& A7 X BRI 3 5 Ca? A DBIEA R7x 5. 4) BRI
IREEDBA&H TlE TRPVI D& v 37 BOKT & BRI 2 RS2V 233
9995, ThbORERIE, TRPVI 23HfliIEA Ca HHETEICEH 53 2 Hiki A =
ALTHY, BEBRE N COMRRLZHR T 27200 HN AL L CE

A THsLFELLND.
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AMPK
ATP
CAP
CPz
Ca?
CaCl2
CaM

CaMKII

DAN
DHPR
DIA
DMSO
DRG
EDTA
IGF
KCI
KHB

MCU

MgSO4

NOS

AMP-activated protein kinase (AMP JEI4(L B & > /X7 E F F — 1)
Adenosine triphosphate (77 / > > = V)

Capsaicin (1 7% 4 > >)

Capsazepine (h 7H )

Calcium ion (H /L7 LA F )

Calcium chloride (31t 7 /L2 7 L)

Calmodulin (h/LE> 2V V)

Ca?* /calmodulin-dependent protein kinase Il
(AT T LAFIANLEY 2 U REETATAFF—E )
Dantrolen (%> AL V)

Dihydropyridine receptors (> & F A 2 > ZRYK)
Diabetes (¥&FRJ%)

Dimethyl sulfoxide (¥ X FIL XLk F T K)

Dorsal root ganglion (# 1R 4H#X &)
Ethylenediaminetetraacetic acid (ZF L > 277 I > TUEEER)
Insulin-like growth factors (1 > X U > kpERHF)
Potassium chloride ({1t :1 U 7 L)

Krebs-Henseleit buffer (7 L 7 Z#2E7&)

Mitochondrial calcium uniporter

(S haYFUTALY T LIAZR—52—)

Magnesium sulfate (WiER~ 7" 1 7 L)

Nitric oxide synthase (—&{b & %A K IER)
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NaCl Sodium chloride (3&1t+ ~ U 7 L)

NaF Sodium fluoride (7 v{t 7+ b U 7 L)

NaHCOs; Sodium hydrogen carbonate (JRE&/KZEF kU 7 L)

NaVO: Sodium orthovanadate (F /L kN> 7 LB S U 7 L)

PGC1-a Peroxisome proliferator-activated receptor y coactivator 1-a
(ML FF Y — LIBERFERCRE Ry AT T I TFR—=X a)

PI3K Phosphoinositide 3-kinase (F X7k=4 / > F F 3 ¥+ —+)

PIP2 Phosphatidylinositol (4,5)-bisphosphate
(KRR77FVNA /> b=IL45-ERY V)

PKA protein kinase A (7B 74 » ¥+ —+ A)

PKC protein kinase C (7 A7 4 >~ ¥ 7+ —+ C)

RyR Ryanodine receptor (U 7 / ¥ v 2 &E)

SERCA Sarcoplasmic reticulum Ca2*-ATPase (F5/)\f@{& Ca2*-ATP 7 —t)

SR Sarcoplasmic reticulum (55/)\f2{&)

STZ Streptozocin (2 L 7 k')

T1DM  Type 1 diabetes mellitus (—Z#E fRJ%)

TRP Transient receptor potential (—&1£= BRIEEL)

TRPA Transient receptor potential ankyrin
(—BMRAEEELT v F ) V)

TRPM Transient receptor potential melastatin
(—EMZARBMUA T RXXF V)

TRPV Transient receptor potential vanilloid

(—BYBEEBA O F)



[Ca?*];

mTOR

Intracellular Ca?* concentration (fif2N AL > 7 LA F 2 RBE)

Mammalian target of rapamycin (5 /X< A & Y12y & > /X7 &)
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BRI LR ICER C BIG- L C e B B 0 L - iR L B AR AN o A v o
LA Gy (Ca¥) BEICXVFEIE TS, flEE, YerFuevy vz
ZAK (dihydropyridine receptors; DHPR) ICiEEBNEM el L, V7 /¥ v R
(ryanodine receptor; RyR) % /i~ L CHi/IMEMK (sarcoplasmic reticulum; SR) 7> 5 Ca?*
DI E AR E N Ca?RE ([Ca?')y) 2SN 2 2 ik VEERI N5, 7,
i % 1Z SR 2 LI E LT Ca /NI R A v oy L ATP 7 — ¥
(sarcoplasmic reticulum Ca’-ATPase; SERCA) IZ X 9 SRICHVIAE NS Z LT X
WAEL B,

W, [Ca?']ilk Ca AMEIFIC SERCA IC X WHL D AE NG 720, HllifEETd
—ETH Y, CZHEWERRI-NT D, —FT, FIEFTTRFICIE Ca? B Y A A2
ETL, WMIERIC CaZ 2 ER/T 2L L ICHIRNPET T2 LA REN
T % (Allen et al., 2008b; Sonobe ez al., 2008). & 512, Ca*'ix, FHMERETS 1T CT%
XV OEFK (mTOR #2H) K OME (A8 4 v #RER) O ICHES T 5
CTFNGEIE & L COEEBD B, Lo T, Ca IItkEEC BRI EE

CHER G Z RN D B

BRI ATP I X D T AV F— 25 TR Z1T 5. BARRIC ATP |

IWAHEIRED A > v, BFRREIC Ca?t 2 B Y JAr 72812 SERCA THIFHE 3. %
DFE, SERCA KU I A v ATPase Tl I N7z T AN F — DH] 70%FEICE
fax 3 (Rall & Woledge, 1990; Reggiani et al., 1997). L7223 > T, ‘BI1&HILAH
IHERFIC S BOBE A S5, CHECOWRICX Y, AR i ED) %

o2& ERF L, FEHRMBECIIMIEDS 2°CrB253Z ER3fEInTtns’
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(Brooks et al., 1971). %7z, Wi LR 3 2BRIC, IMIIZEARNICE W TEREZ K
BEe3 7Yz —2—L LTHREL T3, EBICHEBHOMBEIZEA b L
AT X D ¥EMS % (Heinonen et al., 2011).

INETCOMFICL Y, WMERZMF ¥ L ThH % Transient receptor potential
vanilloid 1 (TRPV1) 23EHEAID SR ICHKHL TWa Z EAHLICINT VS
(Xin et al., 2005; Lotteau et al., 2013). TRPV1 ( 42°CoOZfl#HIc X Y IO L, #ifg
BWIC Ca? ZMA S 2HREXH 3% (Caterina et al., 1997; Vyklicky et al., 1999;
Xin et al., 2005; Cao et al., 2013; Lotteau et al., 2013; Li et al., 2014; Obi et al., 2017).
I E T, TRPVI OWFFIZMHEAMIEZ WA K IFgE0s D b T & 7=, ke
fiz BT TRPVL (ISl BictF e L, &ML % 2 & ic X v #ifadtn o
Ca** %A X & % (Caterina et al., 1997). — 77 CHEIEHICEH VT, TRPVI i3l
JECI3EC SRICHEHL TH Y, iEMH(Ld 5 2 &I X Y FivhEfE2 & Ca % it H]
X& 3% (Xin et al., 2005; Lotteau et al., 2013). Z D X 5 ITHIEAGIC T 5 TRPVI
(ZRPRRAINE & LR UEEE T 2 5008 272 0, i oI - ithfgIC BT 7 SR @ Ca**
figH - LD IAABREEICBE S 35 & & 23R CTH B (Fig.1).

TRPVI (ZHEPRIFIC & iHHEAL L, BERIRTEMRIERIE D EA & 72 5 Z & 25
TN T3 (Hong & Wiley, 2005; Hong et al., 2008; Bishnoi et al., 2011; Khomula et
al., 2013; Cui et al., 2014; Pabbidi & Premkumar, 2017). ¥ 7z, HEIKFIKEE DB
TIIUNIE OG- THIREICfEE % 272 L T\ 5 (Sexton et al., 1994; Kindig
et al., 1998; Eshima ef al., 2015). X 51, WERRIREE D EA& A C 1A H#E & Hol
Ca* fRMEHEVME T LT 5 & &3 RFE I LT % (Bshimaetal,2013). L7223
T, FEPRIPIRRE OB IR @RE IR & ik L, BRI X v e i

Ca¥ HHRTL, AN Ca A HE A b 1L B TTRERE 45 5.



Rl L7 2 COMEEKEGT % &, BT TRPVI %4 L CESHMIE
MIC Ca? A S, CMEFMEICHE L RIT T, MU ERE T <k
TRPV1 Z /M L7z Ca HEEMELEL L T 2R A H 5. Lo LA L, i
ISR N CEIRM B85 OIS Ca ERMEIC G 2 2 5B R RET L
BliE 7. 2 2T, AW CIRERRECT C[Ca®'] BIRE 2 BB RIREZR in vivo ¥
AFARX= v FEERFFE L, ERNERE N BRI 7 v a8 o [Ca®;

W5 2 DG 22T L 77,

iR : BRI
2+ |
Ca Ca?* st | @R
I=
.’éﬂiﬂ’équ + 2+
TRPV1 | Ca** Ca TRPV1
C82+ I 2+
Ca?* : Ca
| - Ca?* Ca*
Ca2t Ca2t Ca2t I Ca2* Ca Ca?+
Catt : N
|
|

Fig 1. #HEifa & BH&Ailid D TRPV1 FLES AT D BRG]
fREAZIC B\ C TRPVL I EICHINEEE Bic /e L, B LA EIc X v ik
HALS 3 Liilasth 5 Ca 2 MIENICRA I E 2. —/7T, BRMICET 2
TRPV1 (Zffi/MEfRIic ] L Te Y, BCLFEWHEIC XY LS 5 & Aivaik

26 Ca¥ i X & 5.
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WX DOBEH

AEA GO EHMIE, HREA BN AT LA 4 v (Ca?h) H
HIEICH 2 3 ER LIS B2 L TH 5, ITFE, RERZETTF vy A LH B
TRPV1 2SEA&A D /NI ICHELE L Tw 3 2 LI T TWw b, TRPVI
(3 40°CUAE D BRI X v iEME L L, MIIEEWNIC Ca® 2 AT ¥ 5. Ca' i3
&/ o bR C B ML @IS % T 2 EEAKEN S L. AHEOHNE
T 372010, Tilo 4 >DRETHEELHE L 7.

WX DB
BlI1ERITHARDE LD

1) Ca*"IC X 2 BHIEAIHSAE - TERERI R Y, 2) BN EHEAIIC 5 2 52D
2200 EHLIC, INFETHRLNTV BT O A% B UL 7-.
%2 E-AFHH[Ca?) ICER FHE
REERE 1

FEATWISEIC B\ TR O MERF & N7z AR NERIE T <, B2 [Ca®']i 125 2 %
FEICO TG L2038\, 2 2 TARGERVE CIRAERHNERE T Itk n» T
BRI [Ca® i I 5 2 2B R L 22T L 7z,
CREY

iz i VRS LI kb, MHllEENIC Ca BEMT 5. Ld->T, &
BVBRIE T C O 1 [Ca®' i 23 L LA T 2 a[REED H 5. £ & CAMRETHE

TIE, BRI+ A G BT A3 [Ca2' i 15 2 B3R AL 2 ic L 7=,
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TRPV1 3V VR R OB Y v gL X v 2 oA Z b 2. AitiEc
(ZAAINAEDS TRPVL DV VER{LIC G 2 2508 2 RET L 7.
EIEWERBETIVOBREICE TS TRPV 1 D%
RETERE 1

BERRIR 7 v b i3RI IC 331 32 TRPV1 OiRERZEIE QMK T Ic X v, ]
WO 2B TEIATOE L TW R C MBI NT WS, LT, B
ICB VT OB 2 RZED T L T B A[REEDS S 5. % & CARETFLE
TIIPEIRIR T 7 B D[Ca> i 1T R4 2 B O E R AL T L 7=,
HRETERE 2

I E TOWIEIC L Y BRI E 7 v OMEEIALIC B3V C TRPVI D X v X7 &
KOBHEDZL LTV B Z e BHLBICEINT WS, LA > T, ARETHET
IR € T EEAIC B 5 TRPVI OFBE KK, 2flli#A TRPVI OV v
MfLic G 2 2 Re 8 R at L 7.

HRETERAE 3

Capsaicin |3fXFE M7 TRPV1 © 7 I =X }F TH 5. TRPVI I Capsaicin & Z%
AT HNL 7 5. & & ORI IR IR T 7 VA O [Ca ] 1Tt
3% Capsaicin Bfi] D52 2 B 5 21T L 7=,

FEAEHIE

# 2 BRUHE 3 ETHLONIMBZHE L, Fire, RN AGZES TR

W TR O R IO W Cafiam L 72
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F1E
ST ED X &8

v
F2E- MR RRE1
In vivo© D EF|#h D[Ca2* )R 5 EHEL

$28 R HEM 3% -RHIEE.2
B AR SR OCaER | | HF o D[Caz
v v
B2E-1RFTRES BIF-RFIRES
FUEATRPVIEICE R 588 | | CAPE T+ D[Ca* iz

MERUSEDORE

Fig.2 ABFFEFRICDOBIE
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B1IEFITHARDE LD

BI&E DIE

BRI ANEDOEEDOK 40 %% 50 2 RAKOBWETH 5. FEMHLUIDOS
O MRS XA AR i< P & 7z PTG A — D FFEFE L, % 0 BRI I/ NS 285
TEL T3, —J5C, BIEH 2R3 2 Bt & fEiXn 2 fifeid e 2 iclte v
FORIICEY, ILEHMOMEET S, HiEIRERCELDNTEY, M
A & FLE R o [ i i T S A & M 2 IS e 3 5. i AR
FERHIIECH 0, WERMED R E % 2T 3 LR L REESRALIC A LIEE 2 1T
5 (Dumont et al, 2015). HRHMIIECH N ITBEHI R EE TH, HHEIZ X
Mg cd 2 7-omEREMEZEIE ST 2 2 L ICK VA ICBENAEETH L. &
DX ST, oML B B IFIER ICEN AT B R R, 7, AR
FIATVEBEOTA Y 74— LICKVEREORL 2 FIC3I DDA 4 7 148,
Ma %, b)) /& N3 (Komi&Karlsson, 1979). 1 (I FAHIE T 23K < #5
IMEICENTRMETH 0, b BUIFEIR 255 CFRAEICZ Lwv, Ha B3 1Y
b MofEicfiiEd 2HEZHT 5.
BRGHEAICE TS Ca il
BUREEFIC 3B 1T 5 Ca? DR E

Ca I BB TEZE R TRTTH 5. B, BEHHIEEAND
CaIRIEIX 0.1 uM &R TIKEEICfR 72N T w5, —J5 T, fligst SR Ao
Ca> JRfE1L 1 mM & MIfEN & iR L CERREETH 5. Ml iciL, SR ® Ca?

DHEENICHRAT 3 2 Lic X b —@tIc[Ca i S ERT 3.

10
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AR INAEIRE 1C 35 1) 2 — @ D [Ca* ] LA T ICTEB B AT/ NE IS ES 2
DHPR %Z#8C, SRICIEET 5 RyR 2639756 2 & ic Kk VAU % (Lanneretal,
2010). RyR (34 D2DT AV 7+ —LHBFFEL TE Y, BIAITIE RyR1 285
LTW3,. TI2FvI747Av b IFv v 7472y bofEER, S
Ca "B PRR=VICHEGT AT LICXVELS. 34 VYT 4T AV b OHE

ICTFAES 2 ATP MR ETEMAL S N ATP 2 0T 2 2 LiIck VT AL ¥F—%

ST TN .
BREICH TS Ca? B Y AH S

SR 7> S AR ISR & L7z Ca?tid SR _EICHFTET % SERCA I X D FFUN SR
~IYIAEN D, BEI&HICE T SERCA 13 SERCAL XU SERCA2 D 2 DD ¥
T 2A THFILL T 5. SERCA [ZEf#HED SR Tld SERCA2, @EA#RHET
I3 SERCAl ZNFN%  FEH L TWwB (MacLennan er al., 1997). fiiti#E %
SERCA DI ZIC X W [Ca?inME T T2 2 LICK VW EL B (Fig 3).

72, SREMMC Ca?* 2 LD ATHIAIP/INGRE & LC, I by P Y 7%y
bid., Ibav NI TIE, Ca 2 —HRIICHTE T % Z &I X Y [Ca*' ] ol
BIG3 2. EEic, 3 bayv P Y 72880 L 2885 ik miEEIc[Ca® ) 0&
R E N g & B XT3 (Eshima ef al, 2017). I Fa v FYTic
X % Ca ®HEL Y jA& 1%, mitochondrial calcium uniporter (MCU) & FE(ZH 2 & v o3
7B X W #fEl X LT % (Bernardi, 1999). I F a2 ¥ F U 7 IMIEEAND Ca®*

BESEE WM E#BZ %L MCU Z/M LT Ca? ZHLY AT

11
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Extramyocellular

Intramyocellular

Ca?*
SR Ca?*
(5/NER)

- ' SERCA
H—I (55/ )\ {ACa2* ATP 7 — )

(¥eroEy //xﬁﬁ-‘) lRyR
N (u J ¥ REE) Ca?t mitochondria
Ca®
Caz*

Fig. 3 ‘BI&fHIC BT 3 Ca HITHHEE OB EN
EIEHIN D[Ca®']i 1X, SR 25D Ca?' it SERCA MU' bav FY TiCk

5 Ca* UV IAADHAEERICI W RESI NS,

12
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fHRaA Ca* & Bi&nkERE

i 57 DE T [HRKIRT £ 72 I RAKEMEEDOK T TH 5 (Bigland-
Ritchie & Woods, 1984; Sogaard er al, 2006). ®iboi@ v, AFIGHE - 5tz 13
BHHNO CHic X Wl E T \nwd, L2 -> T, SRICK S Ca¥ DSt - BV A
HPEE IR ARIRS) K O KRS T OFEK & 72 5. Allen & Westerblad (Allen
et al., 2002) IZA ¥V N7 7 43— (H—Fi#ifED bR Z BrE L TE S L
%) R GZZEEBICX D, BIEFTHEIC SR 225 D Ca¥ i AME T 2 2 & 2
LTW3, ZDAH=XLIE, MilEND Y VRIS 5 & SRICA Y, Ca**

ICHEBT 5 2 LIC X Vil Ca? DT 2720 TH B EFALTWE,. Tz,
Hill » (Hilletal,2001) it & FAMUAH 2> 515 6 72 30RHC BT, R EEES)
AT FERERST DART L 1 SR @ Ca? U 721F T72 < Ca? HUD IABRET) B K
TLTWBRZEZME LTS, X5i, Sonobe b (Sonobe er al, 2008) 1%
SN T O 7 v P EEHICE T, BHGEERICX Y HRER)OET L
HAC[Ca? )i BREIFIVIC LR T2 2 L A L T3, Eshima & (Eshima et al,
2013) %, Sonobe b & [FIMRDEERFIRIC L Y SZT SFRMREIREET L7 v b E
A BT, AilliEZRO[Ca> K T AMEFERE L L L CEBIEL T3 2 & %2
HLTW3,

[Ca' ] DIEMIL, Ca>HKIENE X v X VAN IRIETR TH B h VXA v ETEEIL X
&% (Allen et al., 2005; Zhang et al., 2008; Murphy, 2010). /1 -354 V3 A1 %4
V1, ANSNA V2 ANSNAYIDIDODTAY T+ —LBFIEL, A

BRI TH S5 (Murphy, 2010). G LS N84 vk, 24 F
YV, V¥V 740y, buR=D v, ruRIFC v AREMBANEZ 2B R

53f# 3 % (Goll et al., 2003).

13
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FEbRTR & B R AEA Ca**

BEPRIR X, AZERE, AT R OEBNINAREDIX T &2 5] 2 & 3l REMED &
3. B Z 72 0t5e T, YN (Streptozocin: STZ) ICFEFE & u7- 1 AUHE
PRIF X, FiRAEIR 1 DK T, G571+ X O o e59 1 0¥ % 3 72 & 3°(Grossie,
1982; Paulus & Grossie, 1983; van den Zegel et al., 1984; Cotter et al., 1989; Medina-
Sanchez et al., 1991; Kumke et al., 1997; Aughsteen et al., 2006). [FERIC, & Mick
V> TRE PRI RIAE R T & FEAE U 72 BB PRI 8 (3 8 O 10 23T 37 % (Andersen
et al., 1996; Andersen et al., 1997; Andersen et al., 2004; Andersen et al., 2005).

BEPRIRIC X 2 BHHHRERIIEE © X 7 = X L0, BERIEIC 351 5 fth D FH# &
[EREIC Ca® FEMETRE /) DFEEICBME L T\ 3 (Levy ef al., 1994). AR L 728D,
HHE A D IR 12 SR D Ca> B - B Y JASICHIE & 4 5 . TR D ik 13,
FIT SERCA %A L 7z A E 2> & SR ~D Ca> HXY IAHKIC X W ET 528, i
TIC STZ SFAMBEIRF 7 v FICHBWT, SERCA DIFEMETLTWwW3E Z Lo
(Eibschutz et al., 1984), SERCA DFHEIME T LTV B T LRI NT S, X
51C, ULH Eshima o (Eshima et al., 2013) (ZHEREE T VEEHICE LT I b
2 F )7 OBRERE S CaBIRE N ETICBIEL T2 2 2 2B AIc LT

W5,
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BDELE LR

ML, IRFERICIEH S BEEA L, BRRFICIZBR I 2 e SRR Z2 —
FNAROMERE N TETET 2 728, ANVKEICEE D O 5B 23 n[fech 3. 2, T
HEOHREMEEFTNIER ICTEN T VDI Z L EZRLTWS, RIEICEBWTIEIC

EIRTICE T 2RO ELA L HIC O WTEHT 3.
BRI ITIEELE

A - SRR ICBE S 9% ATPase 13, FIC3FETH 5. BRMITIE, X
MICBA5 9% I A4 v ATPase, MIIEAN D 4 A v A HL-C B AL O L7 % i i RF
ICBH5-3 % Na' / K" ATPase X U SERCA TH 5. il - gk IcEH 2
ATP 2 HAEREN D T A LF—1F, 20-30% B = AL F =270 70-80%
BT AL F— 1B I 5 (Kushmerick er al, 1992; Reggiani et al, 1997;
Ryschon et al,, 1997; Wackerhage et al., 1998; Barclay & Weber, 2004; Jones et al,
2004). L7228- T, MilGEERIZ[Ca> i S ER L, 342 v XU SERCA I X 3
ATP fIZKGFRIC X 0 S BICBA AT 5. ERIGEENC X W IEFRE L o7z
7 v PAMAAH T, ZHRFIC 34-35°CREEEIC LR 72 T\ 72 il A3 42°CRRE & ©
FRI 22 EDBHEINT WS (Brooksetal,1971). ¥ 72, ©H IO HERSE T
b 5 EIEEEE X, BEMICE TS SR 2260 Ca¥'l) — 2712 & b 7 ) Efii 7

SERCA IC X % ATP HE 23K TH % (Rosenberg et al., 2015).
miRic & 2 #iER

MR E B S 2 EE AR TH S, 2nE TOMEICLY, Filmo L7
XML E R A KSR (Nitric Oxide Synthase: NOS) % Uit & &, IMEILREYE

TH 5 —{LER (Nitric Oxide: NO) EAEZMEMI &2 2 L ik VB oI

15
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WA T2 2 L RENT 5 (Harris etal., 2003). & 51T, o EH I
BRMEEAHMKRKIE, RENCMEZERI T2 LR INTVD
(Heinonen et al., 2011). 3K D 5 I PREBAR & RIFEE DR ICRIFF I N TWv 5,
L7243 C, fiimad L5 L7280 o M2 % 2 i X b, Fids & Mg ~2
DL 5. BVE ALY JA A 72 MR 03 BB IS ~ & Wk X, BB 2> O BAASTICHR &
Nz, ok, MREFHREZMERT L7z —2—L L THRET 5.
BEPRIR L, RMERA 2 ZFHRT 2R REHRTH 2. 2 E TOMTEIC X
D, BERREIRAE O B <l BUNIE OGS IfTEREICEEZ 2 2 LT3
T LRI NTW 5 (Sexton et al., 1994; Kindig et al., 1998; Eshima et al., 2015).
MFESBEICEE A %E 2 B2 2EET 2 &, BRFIRED KA T

X, iR B AR OBVE L S & B REREDME T L C v B AlREED B .

16
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Transient Receptor Potential (TRP) F ¥ R JL

Transient Receptor Potential (TRP) 7~ % A V13, 1989 4FiC s 3 v ¥ 3 73T TRP
BIRFAFE XN CTLCR, MR TR RITE I3 N TH Y, ke nikaE
3244 vFrar7y i) —%FHKL T3 (Fig4). RIETIEZ O T
ICIREREZMEZ RO TRP 7 ¥ F M iC D W TEH T 5.

. TRPP2
* TRPPS

» TRPP3
» TRPP1

TRPC3
_E TRPC7
TRPC6
_[ TRPC4
TRPC5
e TRPC1
—— TRPC2
'[ TRPM1
TRPM3
—~ TRPM6
— TRPM7
—t TRPM2
p—— TRPM8
_[ TRPM4
TRPMS5
) ——{ TRPA1 ]
TRPV1
TRPV2

TRPV3
- TRPV4

TRPVS
+ TRPML1
E- TRPML3

TRPV6
Fig. 4 TRP ¥ % /7 7 I Y — (Numata et al., 2009)

—
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mEKZM TRP F v XL

IR RSS2 TRP - % A 4 (Thermo-TRPs) (%, @ii2 &L Cifith(b+ 2 B4
T ¥ AR L, BICREMRICB LT ZDMERRIINTE 2, 2hE
TICHH S 2 I X4 TWv % Thermo-TRPs (ZLA T D 6 2 TH 5 (Fig. 5). TRP
vanilloid (TRPV) 1 KU 2 3 A %2 F 5 mim (40-50°CHE) 1 X 0 i b L
TRPV3 U 4 (ZARIRAEEE DR IC X 0 i L3 5. TRP melastatin (TRPM) 8 I%
R A EED R WRIRLA T REOHEIC X D iEM(L L, TRP ankyrin (TRPA) 1 1%
20°CLATF D& % 1 9 il i tEfb 2. Wb hiF vy A i3 C2 28D
NF A v OMBEN~DFAZILHET % (Vay et al., 2012; Naziroglu & Braidy,
2017).

Thermo-TRPs (IZNZENT T=ZA P LCRIEAT 4 T—X =1 XY, EHLT
ZIRERMEAELT 2 EXHL 2 ICEINT WS, FFIC, TRPVI % TRPAI (F
BRA RS L BE T 5720, A EOBMN» oS ED b LT 5

(Vay et al., 2012).
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Chilli

\

Cinnamon A
Horseradish \X . )
g \ BAA Camphor .
.‘\ 8 J ® -
3. ﬁ"
¢ ‘I.,:F

TRPV2

TRPMS

60

Fig. 5 Thermo-TRPs D&

BF v ANE, 6 ODREEN A4 v (S1-S6), EE@EELZ AV F5(S5) &6
(S6) oK AT A—T, ROMIMEN KU CEKIGxET 5. K TOMT IR
EERLTEY, EFITEHCER (TRPV2) 25 IEH I W KR (TRPAL) £ T
WA R B ERE ST T 2. BF v ANV IFBEDT T = A FBFEL, T3= R

b RN OERYIEIC XY AT 2 iREREIEE LT 5 (Vay etal., 2012).
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Table.1 Thermo-TRPs D B4 75 15 B BfE S CTEPHEILRIEL (Vay et al., 2012).

Temperature

Channel e s Non-thermal agonists  Function
sensitivity
TRPV1 >42°C Capsaicin, low pH, Noxious heat sensor;
ethanol, anadamide, also involved in
NADA, 12-HPETE, inflammatory pain,
camphor, thermal hyperalgesia,
resiniferatoxin, allicin,  hippocampal long-term
2-APB, lidocaine, depression, diabetes,
gingerol, shogaol, obesity, bladder
piperine function, hypertension,
monoacylglycerols, ®-  gastrointestinitis,
3 fatty acids, hypothermia, renal
membrane stretch excretory function.
TRPV2 >52°C 2-APB, cannabidiol, Possible extreme heat
membrane stretch sensor; innate immune
system
TRPV3 32°C~39°C 2-APB, camphor, Warmth; possible
carvacrol (from involvement in noxious
oregano), incensole heat detection
acetate, thymol,
eugenol
TRPV4 27°C~34°C Membrane stretch, Warm temperature
phorbol ester, 5,6-EET,  sensation and volume
anandamide, regulation; possible
arachidonic acid, BAA  involvement in noxious
mechanical pain and
thermal hyperalgesia
TRPMS 25°C~34°C Menthol, icilin, Innocuous cold
eucalyptol perception, behavioural
thermoregulation, cold-
mediated analgesia;
cold nociception in
some neurons
TRPA1 <17°C Cinnamaldehyde, Cold, mechanical and

acrolein, chlorine,
ROS, formalin, fatty
acids, mustard oil,
allicin, icilin, gingerol,
prostanoids, NSAIDs,
isoflurane, propofol,
etomidate,
dihydropyridines,
clotrimazole, nicotine,
menthol

chemically induced
nociception, cold
hyperalgesia
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Transient receptor potential Vanilloid 1 (TRPV1)
TRPV1 O E

TRPV1 (3 TRPV %77 7 3 Y —CRYNIC 7 v M ERMEHi~L 70 —=v 7
INIEEIRNAFA Vv F ¥ AL TH S (Caterina et al., 1997). TRPV1 &>
Ca?ZEmatExH L, #1794 > v (Caterina et al., 1997; Karai et al., 2004; Mandadi
etal.,2006), ZA\ (>43°C) (Caterina et al., 1997; Numata et al., 2009; Cao et al., 2013;
Cui et al., 2014; Obi et al., 2017; Ranatunga, 2018; Ikegami et al., 2019), £ (Tominaga
et al., 1998; Baumann & Martenson, 2000; Jordt et al., 2000; Ryu et al., 2007) & X O
FeE DEE (Zygmunt et al., 1999; Smart et al., 2000; Huang ef al., 2002; Chu et al.,
2003; Soler-Torronteras et al., 2014) 12 X V3G 3 5. 2 E CTOWIEIC XD,
FEMIALIC 35 C TRPVL IIMIIEICAZE L, Ca® 2 &0 7 74 v Z Mg E N
MASTEB LRI NT WS, T4, TRPVL IIMREMIIEZ T ck <, Al
S HE WA 72 &8k & 7o i i I\ THRAE SRR T LT\ % (Fernandes et al.,
2012). X 5IiZ, TRPVI i, MifElEZ <<, /Mak / /higike I ba v v
V7 7 EHIEPNEREICE W T Ca® 2l 3 5 72 D ICRBERTICHIA L T 5 &
EDHH L 2T TN T W B (Zhao & Tsang, 2017).

TRPV1 D&

TRPV1 [l D TRP F v A /v & [FABRIC, MR ICAZIE S 2 N R & O C R,

6 DDOMEEEE 7 AV b (S1-S6) KU S5 & S6 DRIICTEREINE R T v— 7
%> (Fig. 6). TRPVI ® N KIRICHFEET 2 6 20T v F Y v ) v — |3,
AINEY 2 Y ¥ (Calmodulin: CaM) & ATP &L WL DD X v X7'H LA

ER% & 7-9KT & 7> T3 (Lishko ef al., 2007). —J7, TRPVI1 @ C Kl ix
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TRPV]1 £/ ~—0DOWMEKR{LZHEG T 2 EHEE 2 #E CTH % (Garcia-Sanz et al.,
2004). X 512, TRPV1 OWEFFEMHIRIZ C RKIGICRTEL T»w3 Z L 23S 2 I
IR T3 (Brauchi ef al., 2007). 72, C Kl LiREMEMEE ) Tk < F
AFA IV EA P RET T4 v ¥ F—XIc X 2EZEOHFEGTM O FET S

(Cortright & Szallasi, 2004; Voets & Nilius, 2007).

B

Fig. 6 TRPV1 D&
A6 DDT v v I ¥— 2850 NKEKL. B:6 ODREEE 7 A+ (S1-
S6). C:TRP F X A4 v XU Protein kinase A (PKA), Protein kinase C (PKC),
Phosphatidylinositol (4,5)-bisphosphate (PIP2) & U8 CaM #E&HNMLZ &L C K

(Christie e al., 2018 X h 2Z).
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BMIC K BIEML

TRP F ¥ A LD —&%, WEAIC X YB3 5 Z & 25 Thermo-TRPs F ¥
AL L BEEI T %, Thermo-TRPs @ H1C TRPV1 DR ERIMEIXH) 43°CTH 2 &
N T3 (Caterinaetal,1997). L2>L 75, TRPVI IZiRE EFIC X b FHO
EHREF LT 72D, 43°CUUT T HLBEOHOEND 2. Liz>T, i
FERRME & 1%, PRAIATIC 350 2 IGBhE AL R, BARIIC 35\ TIX[Ca® ] R 3N & &
2RMEZERT 5. $£7, TRPVI OinEFMEILAHMBDIBEG P RAEIC X i X
NEREMEAT 4 T —2—DIERHICE VK TT 2. KIEREOHMBICEHT 2
TRPV1 DR ERIMEIXAIREE C©H 5 (Sugiuraeral,2002). & 512, TRPVI Dift
FERRME I AEYREIC X Y B 2, BEARELICGHEID L C» 2 FLE (BRIRETICAER
LTWw3 Y 20—k L) Ik 2 TRPV] 3EGEREOR DK D LR 23 KIEIC
Il X Ty 5 (Laursen et al., 2016). FEHICHIBRZE W Z L, BEAMEO H 5
HFLAED TRPV ZEMCH T 2 EZMEME T LT3 DD, 7V 4 v vk
TR B IR b LT (Laursen e al., 2016). £ @ X 5 1Z, TRPVI @

HERE X AIBRET IS IS S 5 C L BFTHET S 5.
TRPV1 ;&1L o Fl) 1

A

TRPV1 i&E AL DGR IZFFE D ¥ F —+ (Protein kinase A: PKA, Protein kinase
C: PKC, Ca*'/calmodulin-dependent protein kinase I1: CaMKII ¢ U* Sr¢ ¥ F— ) (C
X230 vEtic X i X B (Winter ef al., 2013). —f&HJIC TRPVI @V V[
fix, ARSI N 3 2 RS 2 N & ¢ % (Amadesi et al., 2006; Vellani et al.,

2010). ZNZNnDFF—+F3 TRPV] % U VIR I & 2R3 870 0, Bl
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ICE B R EL L L T Ser 800 23%51F 5 11T\ % (Winter ef al., 2013). Ser 800 (33

ICPKCICX Y Y vk 3 (Fig 7).

Capsaicin

K160,L163

K155

T144 ATP
s116

R114

PKC

N

Fig. 7 TRPV1 OIEHEEMICBES 3 % ¥ F — ¥ L BREOPE
AN FF - 2G5 EZ R L Tws, FF - XY iENE
LicBAS 3 2P EL 5. 72, HEO X F— €I X 0 s b 253 177
+%. CaM |3 TRPVI ICEERAT 5 2 L1k ) TRPVI OBHOXR 2D X & 3

(Jara et al. 2008 X b SiUZ).

fe REAE

TRPV1 AR O Rl BB IC LY, IO 2T L TIbEZ 5O
BT EBHILNT WS, FERRIC, BRBMHREET (dorsal root ganglion: DRG) IC &1
% TRPVL I, Filis 27 7% 4 & villlds X OCBWIBUCT L TRRSZIEAME T3

52 EHIREINTW S (Vyklicky et al., 1999; Mandadi et al., 2006). TRPV1 O Jlii /&

24



BL1EXRITHARDOXLED

ElZ, FIT CICKIELTHBY, Ars=a—Uvick sy viglkizco s
Ok RICHE5 TS EENT WD (Lishko efal,2007). 7z, oA =1L L
T TRPV1 D Wi&EAMEIX, CaM @© TRPVI D #E & % phosphatidylinositol 4, 5-
bisphosphate (PIP2) DK M#EZR ED A H =X L b5 3 2. BEfRRYIC, TRPVI
ZA L7z Ca® it Ald CaM & TRPVI1 DG ZaAFE L, TRPVI ICXNT 28D 7 4
—FNw 7 LTERL, BFIOEZEA X4 5 (Numazaki ef al., 2003; Lau et al.,
2012). —/7, PIP, DfLi8 13 TRPVI ORUEIEICEF 59 5 (Yao & Qin, 2009). X &
IZ, TRPVI D= ¥ FH A4 b= R IRMOBREICESG 325 & I TWw3 (Yao

& Qin, 2009).
BREICH TS TRPV1

N E T TRPVI FHFEMALIC B TR K SE I NCT & 7228, JEApREHIIgIC &
TRPV1 DIFEDMER I N, Z OEID R X T & 72 (Fernandes et al., 2012).
INE TOMMIEIC X 0, BmMIgICE T 2 TRPVLIZF/NNEKRICHFEEL TE D
TRPV1 23EMELS 5 2 & THBHMIINIC SR 225 Ca* 28§ 5 2 & 2% in
vitro Bi5E F T & 221 ¥ T\ 3 (Xin ef al., 2005; Lotteau ef al., 2013). % 7=,
TRPV1 DiEMALIE [Ca’')i IIFIIIC Peroxisome proliferator-activated receptor y
coactivator 1-o (PGCl-a) ZiEMAL & ¥, I ba v F Y 7TAEKEZREML, EHEhi
BERED L EPMEINT WS (Luoeral,2012). X 512, TRPVI (3 B&HiH
JaN® Ca* EE% LR X4 % 2 &1 X ) Mammalian target of rapamycin (mTOR)
ML S BERAIERZIRT Z EAREIN TS (Itoetal,2013b,2). ZD X
512, TRPVI IFAMALE N Ca EH MBS L CESHMidicEr 52 5 2 &

PDREBINTWD

25



F1IEXITHARDOXLSD

TRPVI (ZHFFEMACIC 35 CRLIEE & /NafR DM IcfEfEL T b, —J7 T,
BT BT 5 TRPVI OFEBUGHT I, B MRz qetaic X Y SRICETEL,
X LICSERCA L HLHTEL TWB 2 AR ENT S (Luoetal,2012; Lotteau et al.,
2013). L2 L7256, AEtMigcid SR X g oM ;7 o ans 2 &
< (Xin et al., 2005; Luo et al., 2012), f#&MIEIC B v>C TRPV1 OHMIEEFEI 1
fFE KR A7 (Nerve Growth Factor: NGF), Phosphoinositide 3-kinase (PI3 ¥ 7 —
), A VRY VROA v R YRR (Insulin-like growth factors: IGF) 1T X
DEIINS % 2 & D3R X T 5 (Van Buren et al., 2005; Zhang et al., 2005; Stein
etal.,2006). L7z285 T, ZHNE THIAL ZEEMHICE W THIIEIC TRPVI X
FHEL TR E INTERZS, SRICMA CHIREEIC b AT 2 Rt ® 5

729, IO MELPHLETH S (Fig. 8).
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Extramyocellular
l £

Intramyocellular

o, o
........

Ca?*
SR Ca?*
Caz+ l . ..........:'. TRPV1
= SERCA (transient receptor
DHPR potential vanilloid1)
RyR
Ca?* a*
Caz+
Ca?* Ca2t Ca?*

Fig. 8 BHFic BT 3 TRPV1 DFFE
INETOWRICE Y, EAL 72 FH8HICH T TRPVI (3 SR DAICTFAEL
TWiEINTWw2, Lo Ladns, WML B CIZMIEEIC TRPV] 2377
T 5L, MRRMIEIC I VT NGF % IGF I X b ffifEfEo TRPV1 238803

32 EOBIBHICET S TRPVI ORFGFTITIE O 2BEAHETH 5.
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fEERI%E & TRPV1

DRG B 2 IRER WHEZRIEAMT 2 = o —va v ik, PERFIC X D IEEICHE
AL LIRS % & b 7 9 BRI REREE 2 5563 5. A & 18 5 BRI ke
PEEDIREICDH 2 X =X LD LILREIHTH 228, TRPVI 238859 % vl
P23 RE X T\ B (Todorovic, 2016). Hong & Wiley (Hong & Wiley, 2005) 1,
STZ FHRMEWRKEZ v b @D DRG =2 —nm ViZEWT, REREICX Y TRPVI
DEFIAHBAAME (A) ICBWTHEML, JWEERME ©) KL THEA LT3
TEEMEL TS, 72, Pabbidi & (Pabbidi ef al., 2008)1, STZ iEFM:HEIR
Jfi~ 7 X DRG == —1 YIZEHEWT TRPVI DR L v 37 & LGB A28 L
TWBZEEHEL2IT L, X HIC, STZAFRUNERKNZ v PO DRG =2 —u
V1T F T Capsaicin SFETEDETIEIM L 72 2 & 23R T T % (Jagodic et

al., 2007; Shankarappa et al., 2011; Khomula et al., 2013).

Invivo "4 F A A=Y THE

RFEBRTIL, Ca? MR IR RIE T H 2 Fura2 B <& L, invivo
NAFARA=Y v FHEERCC[Ca? i #BIE L T b, invivo XA A4 A=
IR 5 2 Eic kY, MRz MR L CAEKRNEIE T Icm v iREE C[Ca®'];
BREZ VT A2 A LCTBIRST 5 2 L mlRet v 5. KREBRTHW % Fura2 1%, 1
mM £ TO[Ca?' i Z5IET 52 ERARETH 5. F 7, Fura2 28 Ca" L AEHT 5
iy, phiREEX7A—2 7 b (362nm—335nm) % 72®, 335nm f1iT
ThEE L 2856 11X [Ca*' ]y @ EAICRWESERE R R T 52 D icxf L T, 370-

380 nm VT TR L 7235 & i I SR 238V 375, L7223 > T 340nm &
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380nm D HIEERE L A H T2 2 Lic X v, B, RO EE K CHIRE O REZ
LF I EZZ T TIC[Ca? WL BT 5 2 L mREL 72 5.

Ca? EZMEH AR 31 Fura2 AN D KR4 VI FEAE S % 2%, % < Off5Eik
37 )CHHE TN TH Y YAV LB IFE I LT, Ca? R H
JEREREICH LT, IREIC K 2B CROFR T N E 2 &, R
T (Kd) 23883 2 5 CH 5 (Shuttleworth & Thompson, 1991; Howarth et al.,
1995). F7z, HAHGPREICLVEELZZITLILbEREIRNELNTH S,
— A BN, SR IR A & RIS 3 % (Song et al., 1975;
Han & Gross, 1992; Rachofsky ez al., 2001). ¥ 7z, JifCREECOHNGBED T4 7
2 A4 L, KRR T X Y RIFFRITH % (van den Zegel et al., 1984; Kumke et al.,
1997). 2D X5, MEZZAIEEED[Ca? )y ZBIET 21CH 7 ) LI D
RRIIFEES 223, Fura2 I HRIEZITZ 2720, KEEELFr 2Ll

[Ca* | BHREABIR T2 Z LS A[RETH 3.
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F1EDF LY
| EBOHTH T, B OB, FEHMIEN O Ca¥ B3B8 S 2 5
BN BRI IC B T B EEAEIC O WTHEE L 72, Ca¥ I B & IiRE 7 17 ¢/ ]

KA T HE 1 ) B

mhm

525, ThE CHINMESHIEND Ca*'ich 2 8%
FBAKIICHFREEINTE ., LA LARS, FiRo EF235&a oMiak
Ca? EEMEIC G 2 2 EICT 2RI REE ETH Y, KL S % BIEE
3 5.

1 EDOKFETIEI TRPVI ICDOWT I NE TR L L2 A RIC oW TR LA
L7z, ZTHE T TRPVI IZMFFEMIIEZ 0 I S T & 7o, AR (XA REHTAT LA
SMCDRBADTERINTETH Y, ARABEE L2052, LALAE1S, B
1T 5\ TG DAERF E 72 AARNEREE T C TRPVIL 28 & D X 5 ICHERET 6 221
B S e I NTnZev, EERNBREBETICHE VLT, BRAIICE T 2 TRPV] DAL
ZHOICTH T Lic kY, BERARETCREICE T 2 TRPVI 2XBH&H IC5 2
LRBICOVWTHI A ZRETcE 2 LEZONS,
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82 E—2RHHERHMEEA Ca” EERICER SRE

82 5 BRHHIERBHHEREA Ca EERICEX RE

Je =
AR

S DIRIE R O % DAL, BA& ) O UNHHERE & 95 57 B % & T8 o 4 B
FH 7 vk R E A% 5 2 % (van der Poel & Stephenson, 2002; Moopanar & Allen,
2005; Locke & Celotti, 2014; Ranatunga, 2018). & 51, ¥T4E, BT H 2 v 3
7E AR ZEE LT 5 2 LB L2 TN (Yoshihara ef al., 2013).
[Ca®" )i I BTt RE J O BERERE S IC @ 9~ % (Brini & Carafoli, 2009). AW5E T
(F[Ca i ICENHIEA G 2 2 B, BEEBRIE M ISk 2 A2 [Ca™ i IC 5 &
LB G L 7.

TRPV1 X, 7 v b OHMBHFEEI2S TRPV 77 1) —OHCRYICZ v —=
v 7 EINTIEER A F A v F ¥ AN ThH S (Caterinaetal., 1997). TRPVI 1X 5
W oCattEEEE B L, 7Y A v v (Caterina et al., 1997; Karai et al., 2004;
Mandadi et al., 2006), 2 (> 43°C ) (Caterina et al., 1997; Numata ef al., 2009; Cao et
al., 2013; Cui et al., 2014; Obi et al., 2017; Ranatunga, 2018; Ikegami et al., 2019), F&
(Tominaga et al., 1998; Baumann & Martenson, 2000; Jordt ef al., 2000; Ryu et al., 2007)
B X OFFEDRE (Zygmunt et al., 1999; Smart et al., 2000; Huang et al., 2002; Chu
et al., 2003; Soler-Torronteras et al., 2014) IZ X W i&MEAL 3 5. TRPV1 O EHE /n ik
RED 1 2%, #MifE23 224 2 BREGIC X 0 G L3 2 IRERESZ(L T2 2 & T
H%. THETTRPVI IZHREMECIA S IR I T & 7223, JEiEMIZic & 17
ELTWRZEBHL2ICINTEY, I EhflaEiEicEErE5225C
&R XN T 5 (Fernandes et al., 2012). ‘B R&A#MIAEIC 3 C TRPVI 123 1C SR
ICHFEE L, TRPV1 OIEHALIC X o TSR 206 Ca?* 23 1% (Xin et al., 2005;

Lotteau etal.,2013). X 512, TRPV1 %41 L 72[Ca*' ] D¥EMIX, PGCl-0 B L U3
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Fav R TEBERBLL, BRI vERLic X B ATP &EEN AR E 5 2 &
I X o CGHEENEZ S ® % (Luoetal,2012). X 512, TRPVI I X 5[Ca*']i D L
FIT X o T mTOR 23vEMEL &, iR ZIRET 2 LRI NT WS (Ito et
al.,2013b,a). L7235 C, TRPVI FAMNZE A Ca* EH 14 ICBI 5 L BH&A7 D
LHEREICHE R 52 5.

IGEICFIH XN E T AL X —13 ATP OOfRICK o TH 723N B0, 0D
AEINDZZANLF—DF 70% BEICEH X L5 (Rall & Woledge, 1990;
Reggiani et al., 1997). EFXIC, EimE OB X Y EFTEE L & o 72 i ClE iR
23 TRPV1 OIEHACIRIETH 2 42°C I LR T2 2 LR EN T3S (Brooks et
al,, 1971). L7253 -C, ZBEBEE T COAIGHEIL TRPVI 2/ L C[Ca® i & L
S ¢, fER L L C[Ca® ) OEFEMESHHE ST 2 & v I REHE LTz, R

B T D [Ca2 ) 2L 2 IE L 72 5] D in vivo BERETALTH 5.
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KO HN ZERT 272012, LT OMSEHELRFHEL 7-.
RETERE 1

MEIEER DR 7= 4172 in vivo BREE T IC B W T, BB TRPVI ZiHH L X &
SR 256 D Ca”' [l ZFAFHT 2 DL 2 ICT 5.
IRETEREE 2

IHE X RyR ZBRZ AL SR 225 Ca¥ 2 &5, L7z28> T, Bl
D INAE X TRPV] 2/ L 72 SR 20 5 D Ca>' it & RyR &K% AL 72 SR 2»
5D Ca? DB RICL V[Ca i 23F LI 2 & o IKai 2 RET 3 5.
X 51T, RyR ZEMKRDIHEA| (Dantrolen: DAN) % i L, MilNiEIC X % RyR %2

BAREA L 72 Ca¥' il 28 TRPVI 1T 5. 2 2 5B 2 Miat 3 5.
RETERRE 3
B O IAE 25 TRPVL @ U Y E(LIC 5 2 25 RS T 3.
ik
REREN

ARFEER L Wistar ZHEMEZ v+ (n=72, 10 week of age; Japan SLC, Shizuoka, Japan,
10~15 38R ZHv7z. $_XTD T v ML, Fif23+1°C, BE 55£10%T 12
o4 7 Vv CcEH INZFHETEICES T, fk (PMI® Nutrition International)
LKEZNEFNHBEEIRTE 2RET 1 2D —Y (42 x 26 cm) 1T 2 PL$Off
B L7z 2CoFEIL, EXlERFHVEREZERDOKR LT DTHY,
KPP EEIEEICIh > TiTbNz, 7y M, Ry P SLE X =L F F U T L

(60 mg/kgip.) DFERENTSIC X O FREE N ICE Wz, BEICIG U T, BREEITERE
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BANL 72, EEETHE, 7Y MIv b S x—nF )7 L0@EKSIC X

DRI T,

ARPNE

AR OUE % & 2T OEETFEIL, Sonobe & (Sonobe et al.,2008) D
FFIH > TEME Nz, BRIRR2 &, HEEMEIER %2 MiER 0Kk <
BEEICEHL, MEAZEOREIDOTA Y-V =EBEE ) v 7 icLfkEo
AR AR 2 X 5 G2 W CEE L 72, BRI E R O 720, i O
Uit 1< BRI A A5 O 0 U C B RURINEE B B L 7. N R oo i s AR ) & HIE 3
2700 BB AMEEICY A Y — 2R L. HoREEES D,
95%N> + 5%CO, TV L, pH 7.4 ICFH%E L 72, 37°CCim® 7z Krebs-Henseleit
Buffer [KHB (in mM) ; 132 NaCl, 4.7 KCI, 21.8 NaHCO3, 2 MgSOa, 2 CaCly)] % KM
HET L 7=,

Ca?"#Yt$57"3E Fura-2 AM (5 mM; Dojindo Laboratories)iZ, DMSO (0.4%) &
Pluronic F-127 TiAfEL, KHB W CHRANIREE 20 uM T L 72, fild, 37°CD 7k
v b 7L —F ET 6047, Fura2-AM/KHBAKICA v Fax—F L7 fvFa
~N— a3 V%, KHB IC X o THRIICATE L 725877 7% Fura-2 AM Z 582 ICBRE
L 7z. TRPV1 BHEAI & L T Capsazepine ( CPZ: FUJIFLM Wako Pure Chemical, Osaka,
Japan) Z{#HF L 7z. CPZ I3 DMSO (0.06%) IZIAfi# X &, KHB RWIC L 0 wi&iE
J§ 300 uM ICFAFE L 72. RyR OfHFEHAIE L T Dantrolen (DAN: Sigm-Aldrich, St.
Louis, MO) % ffH L 7=. DAN % DMSO (1.0%) ICiAf# X ¥, KHB ®RIC L Y &%
FIERE 100 pM ICFHEE L 72, CPZ B UF DAN 13 Fura2-AM 4 ¥ ¥ 2 X —3 3 v

220 A Y Fas—vavEfiofk,
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InvivoA X =9

Fura2-AM % Eifif L 72 BHEMIER % 47 7 A4+ v b 7L — b (Kitazato, Supply,
Shizuoka, Japan) [ICHEE L 72, HOCBAMEEIC X 2 B )7E% Fig. 9 ICRnd. i
DEEHOLICHBED 72 , MRARFF S NREERER L. v T ) vz
7 (~880x663 um) (FAAREFICC, HHI & 7 % M 500 % A GER L 72, 340 nm,
380 nm DR L, HHET7 4 2 —lfixffFonTcnwdFw /) v vy
ZR GO L 72 S & 72 B IZE G A#T 7 7 b NIS-Elements % Fi T 340
nm JiECIRF D IR & 380 nm JilECRF D iR % FREAFWLIE S 5 & & T Ratio H{f~
& 25 L 72 (Fsa0/Fas0: R). Ratio H{RIC THEAMEAEIC ROI Z BLE L (Fig. 10), ¥ 7
Y TS TEAEL 21T, FIEAE (Ro) 205 DEALE % [Ca>') EIFE (R/Ro) &

LTHL .
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Xenon Lamp w
: GO

>
_——

Microscope Superfusing with warmed
lens Krebs-Henseleit buffer at
300r40°C
Thermometer for
’ _-{ muscle temperature

Strain gauge

I Electro
stimulator

Hot plate for maintaining Hot plate for heat
body temperature 37 °C stress at 30 or 40 °C

Fig. 9 FHEMEEMTIC 351) 2 BOEBEMEE % A\ 72[Ca’'] D in vivo BIEET L

2D U727 28k y + 7L — b ERFEH L TR 37°C kR L,
IC1F 30°C & 40°C DF7x 3mSR ZHRE L7z, MOzl <79, Krebs-
Henseleit #EMEHR IE 5 I HEW L 72, iSRRI 1L, Wil LICEE L 2 RE 7w — 7
I KD MIE U 72, SRR (X SR e Cam L. FrEoy v 7Y v
LY THhLHEREREZEIE L, LA A RY v 27 (R: Fuo/ Fo) HHR % {ERK
L[Ca2* ) WA A b D Z L ZFH L 72,
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Fig.10 ROI O ECEH

invivo[Ca¥ i IEETMICK o THRONEL YA X MY v Z7HIRERT. Kk
MefE IR O ROL (FUA) #ECE L, #WIHAME (Ro) 2> & DZLIE(R/Re) % [Ca'];

e L CEH L7, (Bar =100 pm).
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FEOban
BN AT

fiaRB LN 7 ADFy P 7L - ORERFELT LX), BFHEM
A7 1< BRI (40°C) & Efif L7z (Fig.7). Aaid, MiaRmiic iy i1 & 7z ik
7' — 7" (BAT-10 : Physitemp Instruments, Clifton, NJ) Z{#H L CTHIE L 7. 10 &
i D LRI (30°C) D%, K%M (30 £ 7213 40°C) % 20 #r[EfERs L 72 (Fig.
1). 7=, KB L CHFET 272017y Fokzfloky P 7L — T

(37°C) LICEXiE L 7=, EARIEBICHIE T, EHIZ 5 RO 2R L

7z
45
’ﬁ40
035 /
T 30
%25
« 20
§15 CONT
o 10 —— Heat
= 5
0

-10 -5 0 5 10 15 20

Fig. 11 BB AER 7o b an
RE 10 D%, HEZRBLEA IR Sy PP L—FOREOLEY FH X &

ZZricky, BHEMIER IR B 40°C) % 20 4 &M L 7-.
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BT < o i AR

Bfilih o F RPEFTINAE (isometric contraction: ISO, 100 Hz frequency, 6-10 V,
30 s duration, SEN-8203; Nihon Kohden, Tokyo, Japan) 22 DD %7k %% — v T
FENE L 7= (Fig. 12) : Protocol 1 ; BRI E i FRALA & [FIIRFIC 1SO B ZBtR L, *%
DESHT EICHEVIRLISO ZAM L7z (FF5S® v ). Protocol 2 5 BRI DB

B 10 5B OHIEA 40°CIELZRICISO % 1y FEM L 7-.

A B

45 45

40 40
O 35 / o 35 /
@ 30 T 30
2 25 2 25
_ 20 b 20
[5] [5]
g 15 s » @ @ @ g5 @
o 10 o o (@) o o] o 10 (@)
[ [

5 5

0 0

10 -5 0 5 10 15 20 10 5 0 5 10 15 20
Time(min) Time(min)

Fig. 12 BB+ o E R 72 b ar
A @ Protocol 1, BJIFHAMBAIETH 5 0 min DR 555 2 v + 1SO % &,

B : Protocol 2, GRS 40°CICIEL 72 10 3 DS TISO # 1 &~ b &,
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RyR fHE

DAN (100 pM) O3B E % MEES % 729, 10, 20, 40, 60, 80 S X 100 Hz
TOBESHPGHEEIC X 2% v — 2R % PFEHRE L CHEL 2. Ca¥' 4 A=
v 7 CIE, HFEEOBIARETIC DAN % 20 MG L7z, Z D% B O B
BT COMIE (Protocol 2) L RIEKD 7’0 b a T Ca¥"f A=Y v 7 & FEfE L
7z.
Western Blot

Western Blot IZ X b, % 7’1 F 2 v OBFHEMIEA IC 351 % phospho-TRPVI1 & X
U phospho-TRPV1 ICEHE T 2 A[REEDH 2 X v X7 E D ) VL L N & E
U7z DM, BORIGRE, AniGHaRe, 2RI+ IR RE (Protocol 2)]. Fura-2AM
AR X 2B 2RI 5720 FL7abarzffilz7y PORLS
TN—=T oYy VR 72 (%70 —7 n=4). INL - EHHEEIEHIZ
LLHT D HFFE & [FlE D KIS VAR @ W (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 200 mM NaF, 20 mM sodium pyrophosphate, 1 mM NaVOa4, 1%
Nonidet P-40, and 10% glycerol) + 7' &7 7 —¥[HEHIA 7 7 v (Nacalai Tesque,
Kyoto, Japan) + PhosSTOP + R 7 7 £ —¥[HEAI A 7 7 v (Sigm-Aldrich, St.
Louis, MO), Z{fH L %€ F 4 X%1T>7 (Bshimaetal,h2013). &E 4 —F
% 4°CC 15 77fHl. 15,000 rpm T LBl 7. FiEX Vo328 % BCA 2 V37
H7 v+.A4*v b} (Thermo Scientific, West Palm Beach, FL) Zffif] L TE=R L 7=.
¥ v 7V (20 pg total protein per lane) % 7.5% KV 7 7 % I F7 LT 150 V T 60
oEEEL, Ricx v s REEFEREZFMHL T 100 V. T 75 77[# Amersham

Hybond-P membranse (GE Healthcare, Buckinghamshire, UK) ICERE L 72, BnE 1%,
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Blocking One & 7213 3% skim milk (Nacalai Tesque) % ffiIC CZ LT 1 KffE 7w
XV I ELE TuyX o, AV TL Y E—RPURIC4£CTMiA4 v F o
~ — F L 72 [anti-TRPV1 antibody, 1:1,000, ACC030, Alomone Laboratories
(Jerusalem, Israel); anti-rat phospho-TRPV1 polyclonal antibody, 1:500, KM112, Trans
Genic (Fukuoka, Japan); anti-calmodulin-dependent protein kinase II (anti-CaMKII)
antibody, 1:1,000, D11A10, Cell Signaling Technology (CST; Tokyo, Japan); anti-
phospho CaMKII antibody, 1:1,000, T286, CST; anti-AMPK antibody, 1:1,000, 2532,
CST; U anti-phospho AMPK antibody, 1:1,000, 2513, CST]. T @ phospo-TRPV1
Jiikix, £V 800 TV V(L TRPV] ¢ K)IGT 3. 2D, AV 7L V% goat
anti-rabbit IgG (SC-2055; Santa Cruz Biotechnology, Santa Cruz, CA) C 23 C 1 Kfft]
4 v % 2~_—} L 7. Chemi-Lumi One Super Kit (Nacalai Tesque) THEH! L, Image
Quant LAS-4000 (GE Healthcare Life Sciences) TZ3#T L 7z. Ponceau-S I, 7 T X

gvzay boONEr —T 4 v ay bu—re LTHEAL 7.

<«

AT

N

=i}

ETOT — 23 FHEE + HH#ERE TR L . HEHHEHHIT I Prism version
7.0 (GraphPad Software, San Diego, CA) FHWTEfE L 7z. [Ca* i iXf L T two-way
ANOVA & Bonferroni post hoc test % Z2Jiti L 7z. % 7= Western Blot O JE & 5 1 0
L T [A#RIC two-way ANOVA & Bonferroni post hoc test % FEfiti L 7z. A =oKHE

T P<0.05 &L 7.
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R
RETERRE 1

BRHODEFRNRE T ICE TS BBHMRAN Ca*Ic5X 28E

BB (Heat) 3 X OCBVI+TRPV] FHEHI 58 (Heat + CPZ) D iZ
SUNICERERETH B 40°CITEL, Thi 20 2% CHEFF S 7z (Fig.

13). XfHEHE (CONT) DA I3 EFR AR Z 8 L T 30°CICHERF X 117z,
CONT ¥ X U Heat + CPZ IZ 5\, Ratio I 20 /r[E o BIEWIRE IC 5\ CT—iE
TH o7z, MNEAMIC, Heat I3 10 53 LAME T Ratio PEEIC EA L 20 7 TR—RZ 7
A VD 185+8.1%ICHEAN L 7= (Fig. 15). %7z, Heat ® Fura-2 FL DBHEE 73 A 1347

HERl A —M %R L7 (Fig. 16).

HRTERE 2

gl
X

ﬂlh

AR T OBHIRIEAEERNRIE T ICH T 2 B8HMIEA Ca?t iS5 R 574

Fig. 17 XU Fig. 18 1%, EVHIBEL T O MiINHAIC 35 1F % 2 D D Protocol D 2R [Hi i
J& (Fig. 17A, Fig. 18A) & U Ratio 22t % 7~x L CT\» % (Fig. 17B, Fig. 18B). 30°C
KIMHE T D ISO IZH T, Ratio 1F{R4 I BA L 20 9371212 5.6 7% (P<0.05)
¥ L 7z (Fig. 14B). xtHEMYIC, Heat + ISO (Protocol 1) Tl 20 43t o #1151
IC B\ CTHE 7 Ratio BILIZBIZ I ind> - 72 (Fig. 17B).

Protocol 2 T i, B\HIFLA i BVEBHMA 2> & 10 2> DR (iR 40°C) T
1ty FDISO % &fmf L /=455, Ratio DBMASINHI & 7=, BARRYIC, 10 4R
D BH I # Ratio 13 7.9 + 2.3% ML 72 (P=0.32) 28, ISO 1 & ¥ b & AffLIC

43+1.9%ICTHAD L, "= T4 v DREEIZHEKLZ (P>0.05, Fig. 17B).
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DAN ZfF 123> T 40, 60, 80, 100 Hz TOMFERTII1Z, CONT &4 & g
LCHA L7z (Fig. 19A). 100 Hz O FIHUEEE T Dk 11k, CONT & Hlg L <
DAN 5T 27 £ 3% L 72 (Fig. 19A). DAN &t T CD 100 Hz O (76.6 +
3.2mN) ¥, CONT @ 40 Hz (64.2+4.0 mN) 2*5 60 Hz (83.6 £2.3 mN) Tl L
7{ETH - 7-.

Fig. 19B (%, Heat + DAN (RyR PHE) X3 % Ratio [6& %/~ L T\ %. DAN
DEF L, BHEIC X - THFHEF SN D Ratio DINICHEELR S5 2 ko7 (P>
0.05, Fig. 19B).

BARIIIC X - CTEEFE X 72 Ratio EREICH T % DAN ORI I e -
7= X 51T (Fig. 19B), DAN % Heat+ISO IC X - TFEF & 1L 7= Ratio B0 ] ic

W R 5 2 nd o 7= (Fig. 19C).
IRETERE 3

PR R CEBHED TRPVI 0 U Y BIVICE X 25 E

Fig.20 S Uf Fig.21 (% Protocol 2 D %-55ff (CONT, Heat, 1SO, Heat + ISO) D
20 43HFTD TRPVI, AMPK, KU CaMKII @V vtz /R L T3, Bfilig
IC X H TRPV1 @ Ser 800 TD V v EEL3HEM L 72 (P < 0.05 vs. CONT, Fig. 20 A
and B). XTHAMYIC, Heat + ISO 1Zf1RE3 % Biilliic X 5 TRPV1 @V VBt % &
LLFHEL 72, 1SO HRAMTICEHE T TRPVI @Y VEELIZZAL L a2 - 72,
AMPK @V v[#{liZ, CONT & H#EL T ISO I X W EEICHEML 72 (P < 0.01,
Fig. 21A and B) 7%, Heat ¥ 7z (% Heat + ISO THE AL BRI N - 72,
CaMKII @ Y v (i, ISO TOAHEICHEA L 7= (P <0.05 vs. CONT, Fig. 21A

and C).
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52 E—HREABEHMEIEA Ca EREICE R 2B E
~ 50 -
© - CONT
: 45 - @ Heat
= -4 Heat + CPZ
ﬁ 40 - ____.l.'.':.!'.'.'.'.!
“éi 35 - 1
S 304 Q '1--0---0--*0----0
E .,--- - .
S 254
|
= 20

-10 -5 0 5 10 15 20
Time (min)

Fig.13 BRI E DR

FHIC B B HREIROZAL [OIREE (CONT;n=12), HUlIBHE (Heat;n=7),

B L UH +TRPVI FLEFIRE (Heat+ CPZ:in=6)]. f3RIHRL (£A7 & H 1< BE L

RE e —7

I X 0 ERHICERIIL, S o FIaEs LORL 2. [EIF S

fili + fEHEELEZ I RL T 5,
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CONT Heat Heat + CPZ

-10 (min)

0 (min)

[Ca?*];
High

10 (min)

20 (min)

Low

Fig.14 £NERET O 7 v M HFEEEIC B T 2 BREE R IC X 2 BN
Ca?RE O Z{LOREHI
IHHERE (Heat), ZARIGHE (Heat), Vi3 + TRPVI1 FHEAIRE (Heat+ CPZ) I
B 5-10 7355 20 0 £ TONRWRBOCHHR. BELLH 7 — 32K k21

ECBEMLTWAZ %L TS (Bar =100 um).
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1.3
<> CONT

we
@ Heat =
1.2 4 o Heat+ CPZ I
e -*

1.1 g i
Q

104 @i’ i’"‘;"‘;

[Ca?*]; (RIRy)

10 -5 0 5 10 15 20
Time (min)

Fig.15 fH#AEAN Ca? REE 1T 3 5 B 7x 3 BB GH O E
HHE [HERE (CONT; n=12), ZVFEHE (Heat; n=7), I X U#h + TRPVI [H
EHFIEE (Heat + CPZ; n = 6)] I 2 2B E T © Ratio B)HE. HGHIRIT 5
53 T8 D I E [ R CHEfE IS I E L 72, Ratio fEIZZFHEE (<10 47) L =L (Ro) 2
5Dzt LTORLZZ, HIZFIE + FHERAZZ/RL T 5. # Heat + CPZ Bf

DHEZ (P<0.05). *ZFMHFOHUIHAL <L Ry &L DHEZE (P<0.05).

46



82 E—2RHHERHMEEA Ca” EERICER SRE

0 (min) 10 (min) 20 (min)
§ - - -
T

50 _
40-
] Omin
30+ 10min
l 20min
20+
10-
oLt

07 09 11 13 15 17 19
Ratio (340/380)

Fig.16 BVRIEEEIC 3517 2 Bl 5 0, 10, ¥ X U820 9BFD Fura-2 L > A 1{H
DN D 73
FAER 6-8 il D ROI % %18 L #AETE 0 HOEHREE % MIE L 72 (Bar = 100 pm).

47



82 5 2FHHERHMEEA Ca¥ EERICER SRE

Protocol 1
A
o N7 oi1s0
‘é’ 45 - @ Heat+ISO
£ 40 - LR S
O ..'
=3 " *
Ess
g .
201 &:8::8...0.--0--0-0
? 25 d
S
20 || 1 1 1 T 1 1
B 10 5 0 5 10 15 20
131 51s0
—_ @ Heat+ISO
o
o 1.2
4
5"1.1- .
© ..-0
e . . '."0
1.0 - .--=-0"'-g...- 'g -
= = =
09 ba¥oa— -
10 -5 0 5 10 15 20

Time (min)

Fig.17 Protocol 1 EIE + FRMINMNE (Heat + 1SO) B X UERIFE & L (1SO)
DE

5+ b} ISO (n=5) ¥ X X Heat + ISO (n=4) S/ TOHiE (A) ¥ L U Ratio

(B) DZAL. flEIF VM + FHERLERZ R L T b, *BEFOWIHIL <L (Ro)

EDHEZE (P<0.05).
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i”\‘"\’

Protocol 2

(4
o
]

45 7

Muscle temperature (°C) >
N W W B
o o o o
1 1 | | L

20 1 1 | || | | 1
10 -5 0 5 10 15 20
B
1.3 1 - Heat *
- -® Heat+ISO *
x 1.2 4
3 . O
51 - Jé" #
© b SRR YU
O, tg ?--9
1.0 I .::: _.-Ot"
=
09 | | | | | 1 1 1 | |
10 -5 0 5 10 15 20
Time (min)

Fig. 18 Protocol 2 I + FERENME (Heat +1S0) 35 X VBRI (Heat) @

2

1ty FISO(Mm=35) XU Heat +ISO (n=4)

(B) oZAt. fEIXFHEE + FH¥EFREZ T LT3,

+1SO #HDOHEE (P <0.05).

ZIECoOMi (A) B XU Ratio

# Heat vs. CONT ¥ 7= (X Heat

*EFEOYIHL <L (R & DHEEZE (P<0.05).
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120 -
- CONT .
A‘IOO- _._DAN - 5----§
= | 7 X .
£ 80 - * o i._,,.‘
S 60 - g &
o - .~
- 40 4 . .
O'.-.D et
20 = ._,_,.!'
0 ] ) | ] I 1 |
10 20 40 60 80 100
Stimulation frequencies (Hz)
B C
- 1.3 -
13  Heat O Heat+ISO
—_ -~ 4@ Heat+|SO+DAN
n‘::’»lz_ @ Heat+DAN l ﬂ:o 1.2 -
P -2 2
114 _}‘-’”1 1 .9
% 0 P
2' a“%‘ = .-o-..o:"‘ ?
1.0 4 ‘IIIQ'..Q"“ 1.0 = .:..!_..-!
&
O I R S X I T S —
10 -5 0 5 10 15 20 10 -5 0 5 10 15 20
Time (min) Time (min)

Fig19 v bulLvick3) 7)Y v2RAHEOHE
A 10, 20, 40, 60, 80, ¥ X UF 100 Hz D HHE LT D fHFEHER 1IN T2
ZvbtrL Y (DAN) O#F2 [2v FBr—)L (CONT);n=5;DAN;n=3]. B:
BIF (Heat; Fig. 15 L [Rl U7 — &) JXUf Heat+ DAN (n=5) IC 3 1F % Ratio 1%}
3% DAN D52, C : Heat + SR IEIUH (ISO; Fig. 18B &M LT — %) XV
Heat + ISO + DAN (n=5) H1® Ratio 159" % DAN D22, {13 FHH + 122k

HAEEZR LTS, *CONT & DAN ODFHEE (P<0.05).
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A

Phospho

-TRPV1

TRPV1

Ponceau-S

O
9N
- +
zZ — —
o & 9 3
o . 2] T
- —

-
e — —

R

Fig.20 YT X & v 7 v v }iZ X % phospho-TRPV1 D ER

A XTIETE (CONT), ZAHIEGE (Heat), ARUNAEEE (ISO), EAKITEL+ Al iR

(Heat + ISO) IC B 2fFKM &Y v FHE{R, B : CONT, Heat, ISO, Heat+ISO

ICF1F 3 TRPVL @V VBt (27 NV —7, n=4). HITFHEE + EHEHEE %R

LTw3,

* P <0.05 vs. CONT.
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(o}
22}
A g L :
© (o) ©
S 2 o ¢
Phospho —
-AMPK
AMPK | g W - em
Phospho -
-CaNK I -
CaMKII o=
Ponceau-S
B <55 u C Zao;
= © *
(8]
< 2.0- = 3.0
X ¥
0 154
<E,:1.5 %2'0_
1.0 1 ?
S < 1.04
%0.5- by
8 0
0 0.0 o 0.0
N A > & 0 .0
C & L P NI g
o(‘ x o x
€ X
(¢) ,&\. 0@
¥ Ay

Fig21 VTR & v 7 vy FiZ X % phospho-AMPK KU
phospho-CaMKII D& &

A XNTHERE (CONT), ZAHIIBHE (Heat), ARUGHERE (ISO), BRI + ARGHHRE
(Heat +1S0) IC B 1) 2 RFM 7N~ FHE|{%, B: CONT, Heat, ISO, Heat+ISO I
¥1F % AMP-activated protein kinase (AMPK) ® U v [%{t, C: Ca®" / calmodulin-
dependent protein kinase II (CaMKII) @ U Y&t (%27 v — 7 n=4). {EI1ZFHHE

+ fEHEIE AR LT\ B, * P<0.05 vs. CONT.
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f

RWFFEI, MR 72 LT 3 ARNEREL NI B 1 2 B8 CEVARTIRE O
[Ca i XA F I 7 ZAEBEL YO TOMEETATH 5. EAMBIZLIT 0
D THB. 1) 40°C DEAHIZ, TRPVI Z/H L TSR 26 Ca¥ % ¢ 5 &
ICX D [Ca') 2N E & 5. 2) BUIIEIC X o TIHEFRINL[C2) oL, %
RYEFIEIC X > il 5. 3) FillfEiE, TRPVI Ser 800 oMt U v E1lic
£ % TRPVI F ¥ A VOAREMELZFHEHT 2. LoD RE2RET 5L, FR
PEINGHE IC X %5 TRPVI AELIC X 0, Alimas A L 72 BT b [Ca® i [E & 1 D #ERF
DA[REIC TR B & L BIRIB I Tz,

FIC & 3 B1EEHMEREA Ca? iRE DIEHN

AREFCHHE I N BHEEG X, MR EERMEZBE T2 2 &k
ST BEISEE CHI%R 9 2 2 L SARETH B (Bailey et al., 2000; Kindig et al., 2002).
L 72235 T, ARWTFEI3 LR O fiflakic Ko i 2 Miss, fhiGHe s ORI 3 fi
F & D ICHERF X L 2 AERNERBE ORI S . MR AR 2N E RN o R I
WET D720, MREMRFT 2 Z & IZBRIEIC N 3 2 MA@ o 4 B2 58
ICBEWTIERICEETH 5. BT TSR AR B X CHRAILIR O EE
8z 5%, Aitliko & OBENI MR X o CHiBI S 1L 5. BRIV 2
eI, BRI OIMPT I ERT A AR IC X > T3 % (Heinonen et al., 2011).

BRI AT IC X B [Ca? i o EF I, TRPVI OiEHAL7Z 1 T72 {, SERCA iT X
2 CaHUVIAARDIHEIC I VAL B Z EME I N T3, BIRRIC, Bl
IC X D FEF XN D SERCA BAEREE X, I b v P ) 7OBETHEEZE L TR

INBEERRMEICER T 2 L F 2 54T 3 (van der Poel & Stephenson, 2007).
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82 5 2FHHERHMEEA Ca¥ EERICER SRE

L22L7&aA 5, Fig 151/ T X 51, TRPVI OFFRIHERCH 3 CPZ 1, E
BT & 2 [Ca*' s DM D KISy W L 7=, L7223 5T, 40°C TD SR 2*H D
Ca>" itHiiZ TRPV1 %/ L T3k D SERCA (1T X % Ca? BV IAREEDFEIZ T
IC W T & DITRE X Tz, invitro FEBRICHED\WC, TRPVI1 DG ERERIfE X 40°C
(Cao et al.,2013) 7> 5 43°C (Caterina et al., 1997) OHFHICH 2 & FHINTE D,
ARWFFEIC B\ T 40°C DEHIEIC X D TRPVI OIEMAL 2SR & 7z, BlBREGE
WZ & T, [Ca¥'] DI FAAMEIC X W B Y, FTRCOFRRMED[Ca ) 23—
CER LRz ERBHS DL o7 (Fig. 16). BEFLE TIX, [Ca>") SR LA RiAE
EERTARE—TH 2RRIIARHTDH 525, ikt x 4 7 1Bk L T 2 gk
BFz bbb, TRPVI 23783 % SR OfRFE (Rall & Woledge, 1990) & L & v
X 78K (Numazaki e al., 2002) (ZFFRHMER A4 7IHRFFS 5. X 61T, 43
Fa v FU T COFRERESICE T EEAZE T2 L T»E L ARG
NTWw 3 (Bshima et al., 2017). 3+ 2 v F U THRREEE ZMHEX 4 Fic X -
THRE 5. Lo T, [Ca? ¥ BaE 2 Ak ER A —1M 1k, SR 72 b VI
Ibav R T EBRT DR S A4 TIC K o THERZ T LAY D 5.
Lotteau & (Lotteau etal.,2013) 1351 7% 4 & v 5L IC ZHMED[Ca® | 88 %
WMELTWS, TDORAH=ZXLITDWT Lotteau & (Lotteau ef al., 2013) X RyR
23 TRPV1 HI2RD Ca*"Ic X - TiftEfb 53 RyR / TRPVI 7 B X b =27 T L
ERIBLCWS, LALLM S, AR IE DAN A IC X o CERGEE T
D[Ca> [ IEMAMFI S e & 2 FKFEL TH Y (Fig. 19B), BVl o SR
225D Ca> il X RyR Tix72 { TRPVI REMEDIEETH % L v ) otz

XHFT 5.
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BUNKEIC & B TRPV1 TEANME[Ca?*] gD AE

AEBRICBEBWCOREEARMEO 1 2%, HlGERZE&D 7 F arefRcl
TR INTWRZETH B, Lo T, itk D b3 2 7[Ca®']; B iE
MR TIE AV, S TOMIRIC XY, FHAIC I TR A 25T &
NizRICAoNn 2 X5 REMIE, ZHBEEB[Ca? i 2 LA I E2HRTHE L
PHEAEX LT\ % (Sonobe et al., 2008).

TRPVI (34 ViR & 1 2 A0S S L TIBE 2N & L e 2 ROGHFHE, 3740
LIUEEZRT L 23H 5. Hlz21E, Capsaicin 3 X BHIEIAEE 0 3K L TR
fiC TRPVL IC/ER L 72556, 2 DREZMEIFZVIHOISE X D bIRAZ 1T T 5 C
EDBHE TN T WD (Vyklicky et al., 1999; Mandadi et al., 2006). AAFFEAS 5 <l
Fig. 17 B X W18 IT/R T X 51T, 40°C DR A Fre L T 2 Hhic s » T, fillX
flZ[Ca? s PERBEZZELCIFIL 72, 2h o DfERIZ, TRPV] DEJEKZEL
RTFXEEZRHMDRX =X LDIFAEZ T LT 5. Lishko b (Lishko et al.,
2007) & TRPV1 DFHGERRIEIC T3 2 BUR/F 1%, Ca¥ BRI L T 5 LR
HL T3, KiFFEICE VT, 30 DoFERMIGEREZ#EVIEL 5y b),
Protocol | THT ATl H 2P HER Ca? EME 5 Z# I L7z (Fig. 17B ® 2077
KF)., F 7z, [Ca®ild, ARIHERFIC—FRFIVICHRK 100 £5 % CTHEN9 % AlREtE 2 &
% (Baylor & Hollingworth, 2011; Gehlert ez al., 2015). Z® X 5 7x[Ca*']i F 7 v ¥
v Mgk, FREE %D (Protocol 2) BRI $ 2 TRPV 1 L& K7
PEAMK T 3 2 AlREMED & 5.

F 7z, BIRZE N C &I DAN & F T L2 IU#ER I L~ v & 2, B
HFEVE Ca¥ EREDOIMNTIRh R 2 MERF LEE T 72 (Fig. 19). Z ofEHRI, KEEE DL
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AT & A BRIC X 5 Ca? "EM 2 I3 5 "lREME v 2 & 2R T T v

3.
TRPV1 @ V) Y EE{LIC3 T B ERIfE DRI E

TRPVI D& Y YEED 1 DTH % Ser 800 ® U v EE{tix, TRPVI &Mt D E
AN & L CREE T % (Numazaki er al., 2002). AREERIC BT,
Ser 800 ® VU VE{U 1% 40°COBIFIC X 0 F L <ML 72 (Fig. 200A & B). T D
FERIE, 42°COBRIFIC 30 2fH X & I N BEEEFRAMIEIC ST 5 TRPVL ©
Ser800 7% F D V VgL oMM Z LG Lz TOfFEL 3L T3 (Obier
al.,2017). BHERER W Z &0, ARGHE IEBVRIENC X % Ser 800 © U V{2 L <
L 7z (Fig. 20 Aand B). T3 o OFFRIE, BVHIBIC X > CTIEH I NS Ca¥'F
23 TRPVL V VL L BE S 5 2 L R L T\ 5, —J7C, TRPVI iGHEALE
DOV vEE{Lix, TRPVI BUEfEDA D =KD | DTHBEEZLNTVS
(Koplas et al., 1997; Piper et al., 1999). ZEHDH 2R Y, HilfE2s TRPV BiAF
ICORBBTEIFINT TIRINT LAV, FIEHICE VT, TRPVI BUEE
Y CSEMOBRAEHAT 2 AN =X LIARHTH . 72771, FhERMIIC
\J % TRPVI ICH VT, Ca®'/ CaM DG S EIE 27573 5 & v 5 HIFL (Lishko
et al, 2007) X, EHEZF2EH» 0 2T 5. KiFgEic W THIGHEIC X Y
CaMKII ® YV VL3 EZICHM L (Fig. 21 Aand C), Z#iE, Ca* /CaM L&
ML L2 (Fong et al., 1989). L7225 T, MilllifEic X % Ca* / CaM D HIMMN
IZ TRPVI P& 2 EEHT 2 REM 3D 5. X BT, L AMPK IZ X % TRPVI
D A DFIE DR CHE XN T B (Wang ef al, 2018). L7225-> T, fillX
ek oThHl g &3 AMPK V vEB{t o#Eh0 (Fig. 21 A and C) 2% TRPVI

D IEAE I B3 2 WIREME DS H 5.
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2 E-BFBABRHMIEAN Ca2 ERICE R ZE

MRATEAY 72 AR INAE 12, SR BEREDAX T ISR T 2 [Ca®']s D _LANC X Y Ak 57 235
B, IGEICEE G, AR AR ERS 3 729, TRPVI DG IZ[Ca2t);
DOFHFER) R IGINC AT 53 2 AIREEDS B 5. ARWFZEIL TRPVL DR Y v AL A3
MEIC X D RBE S, BVERBIC X A[Ca®' ] A & 5 2 & RS T L 7
Z OMF X ER T C OB Z MRS 2 720 IC A EICEE A TB 2.

FE2FDFLH

KIFIE T, invivo 4 A —Y vV 7 BT AR L C, MKIEBR % MR L, EH
BRI T OEEAI 28153 5 2 & ¢, BRSO BRIIBCT < o i e 23 Al A
W Ca> HEMRFICE 2 2 EZHL I L2, BREERE 11T X Y, TRPVI 2l
EBT L CERICER T 5 Ca?ERMIFI S D 2 L n, BUfilEc
[Ca? i hNIXFIC TRPVL Z AL CEL 2 Z 2R S 7z, F7z, Ml 2 1
L0, FIPGEIZBRIBUC X 2 Ca¥ OFEBZMIGIF 5 & & 23FEAE X 172, Ser 800
I AT, Ser 116 (Mohapatra & Nau, 2005) & O* Tyr 705 (Li et al., 2014) 2% TRPV
EZVERGIHT 2B LTRIEIN TS, TRPV F vy #2477 2 ) —2fKoD
FIA H =X 2% X DICRIAT 272010, SR I LR LHELLETH 5. Bl
Wik, MR Ca?'EhREE RIS A FEAERKTH L. Lz o T, AWFILRER
X, BEIRBETICMS EE OB K ORBEERIC X 2HA L v N7 BHEKRD

ANZAL % L VHET 2720 DBEE LA 2 RS 2
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BIEFERBETILVOBIEEHICH TS TRPV1 DFE

BIZEWERBETNVOBREHICE TS TRPV 1 04FE

Je =
AR

1 BUBEPRIE (Type 1 diabetes mellitus: TIDM) (3 fiZE#E &k B AIBSEEIK T %2 55
¥3 % (Cotter et al., 1989; Aughsteen et al., 2006; Eshima et al., 2013). X 5T,
[Ca* )i B X & & v X 7 E GRS %2 WG E(L & & 2 (Baviera et al., 2007;
Baviera et al., 2008). [Ca?']i DN, % v X7 ENfR7ZF T, HitREET %2
KNI 2EELRERTH S (Allen et al., 2008b, a). 2 = TlI Ca? & @M% H 3
% TRPV1 OEHIEMIICE T 2 BEREZ BH S 212 L 72. TRPV1 1B 1< 35 > TR/
HEARICIRTE L TH D, 40°COEFHIC X 0 G LF/NMak2 & Ca® & U X
% (Xin et al., 2005; Lotteau et al., 2013; Ikegami et al., 2019). %7z, TRPVI D
O Z 1L, TRPVI @V YL X UMY v BiLic X v flflshTw s
(Amadesi et al., 2006; Vellani ef al., 2010).

BIEAICE T 5 TRPVI Of%#E| & LT, TRPVI DiEM:A{Lix[Ca® ] IKTFHIC
PGCl-a B XU It av FYTHKZEIMI &2 %, X V37 AR 211G
HAl T ¢ FRHEREZMR T Z LR E N T35 (Amadesi et al., 2006; Vellani et al.,
2010; Luo et al., 2012; Tto et al., 2013b, a). —75C, TRPVI1 [ZHERFIC X 0 iHMEAL
L, PJRIE (Hong & Wiley, 2005; Hong et al., 2008; Bishnoi et al., 2011; Khomula et
al., 2013; Cui et al., 2014; Pabbidi & Premkumar, 2017), FEMtEERERRE (Hanna-
Mitchell et al., 2013; Sharopov et al., 2018), BUNMEREREREE (Zhang et al., 2015;
Marche et al., 2017), ODAFAE (Marche et al., 2017) K OB HEE (Reni et al., 2016)
I ERRAZ RIRREDERN L 722 T AR INT WS, 7z, RARETIIRED

pH DK T ATP, bradykinin 72 &I X U TRPV1 ORI 3 2 BIEAMARE LT
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BEIEMERBETILVOBIEHICH TS TRPV 1 D

K T35 2 &R LT3 (Tominaga et al., 1998; Sugiura ef al., 2002; Reni et
al., 2016). TD X 51T, TRPVI ZAEMRICER A 8% 5 2 528, FERRIREED
BIAICE T 5 TRPVI DEEREIZI O 222 T T 7a s,

BREAIGEICHEHA I N Z AL F— 13 ATP X 06N, Z DK 70%I1ZBCE
fax i % (Rall & Woledge, 1990; Reggiani ef al., 1997). T ¥ TOWIEIC L D,
i LRI ICEB 21T 5 & RR L, IR RN Cldfiiimos 42°Cxlz 5 2 &
DR I N T B (Brooksetal,1971). Fiimd L3 2 FRic, IMIZEARNICE
WTEBERMEE 2 7Y T —2—L LTHREL T\ 3. EERITHKH oMt
BT X D BT % (Heinonenetal,2011). L2 L7 5, T E TOWFS
I 3B W CTREFRIFIRRE OB 8 T I MUNIE DS -CIMITEIRE I fiE % & 2 L
W3 Z LG I N TS (Sexton et al., 1994; Kindig et al., 1998; Heinonen et al.,
2011). L 72285 C, HEPRIIKAE DEA&H Tl BV O E % Z 1F 235 W AlRetE
5% 5. AHFZETIE TIDM BH&#5 T3 TRPV 1 OFEAREFTHE S OB~ D FE 55

TEDRER, BRPIC X Y [Ca® i 233 L {HEINS 2 &€ LERGET 21T - 7.
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AW D HINZERT 272010, T OB HELZHEL 7=
REIERE 1

BP0 BEPKIA (diabete: DIAYE AT D[Ca? i IC5- 2 23 E 2 HH 51
REIERE 2

DIA ‘HH#1c B % TRPVI1 O ERZEE % et 3 5.
IRETERRE 3

Capsaicin B[ 2% DIA ‘B &8 D[Ca?* i IC 5 2 2528 % HH D 21T
A&
REREN

AREERIT Wistar 27 v & (n=74, 10 week of age; Japan SLC, Shizuoka, Japan,
10~1538fiw) Z#HW/z, 7y b &2 220D 7V =TIy @i ERay br—
(CONT) M UHERSH (DIA) 7 v . DIA ZLARTOWFZEICHE - T, Streptozocin
(STZ) DRGHENI G112 X  ER L 72 (Eshima et al., 2013). SEE&IX, STZ WLiEH &
4 SEMBICHER L 72 (>300 mg / dl, blood glucose ). TXTD 7 v M, Eifd
23+1°C, BJE 55£10% T R Ko+ 4 7 v CEB I NZFHBEEICE T, FF
(PMI® Nutrition International) &7K% Z L ZWHHBETZ 2kET 1 207 —
Y (42 x 26 cm) IC2VEE OB L7, £ToEMIE, FBXEE R FEYERRE
BROEKRZGbDTH Y, REHYEBIEEITIH - TiTb/z, 7 v M,
XY RS R —LF R Y7L (60 mg / kg ip.) DIEFENESIC XD REEL 7.

ZATIGUC, MBHEERREM L 72, EERE 7%, 7 v M=y e x—u

FF VY LRSI XY BRI,
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ARIMLE

BHMIEM OWE % & L2 TOEBETFIEL, Sonobe 5 (Sonobe ef al., 2008) D
FFEI s CEMI N GE2E TESHT).

Ca?"#¢457"3E Fura-2 AM (5 mM; Dojindo Laboratories)!¥, DMSO (0.4%) &
Pluronic F-127 T¥fE L, KHB AWK CHRALRE 20 uM 1T L7z, TRPVI1 iEMEALH
& LT, TT=X} Tdh 3 Capsaicin (CAP: FUJIIFLM Wako Pure Chemical, Osaka,
Japan) ZfHH L 7z. CAP 1Z DMSO (1%) ICIAfif & &, KHB RWIC X 0 A& iEE

500 uM ICHARE L 72 b 0 2 RIMFEWR T 5 2 LIic X Y &ff L 7=,
Invivo A X— 25

Fura2-AM % fifif L - BHMIEH % 7 7 A& v + 7L — b (Kitazato, Supply,
Shizuoka, Japan) FICHEE L7z, SOGEEMEIIC X 2 BIEITEIIB 2 EIOR L D
D LFRDTIERER L 72, i oBISHAICHBE 2 7 <, MIRARE X 7 IREE
BHER L. v 7V v 7T )T (~880x663 um) (ZIAREFIC T, HEIL 72 21l
B A -V CEIRL 72, 340 nm, 380 nm DR 1, #HE7 4 v&x—ic
izt onTwz*x s, v I v 72HnCiiiEl 7z, 2 NodeEifiz, L
FAFV =L LT, 510 nm OFHFER 7 4 V2 —%BLTHELE HEEN
72 R L RN 7 b NIS-Elements % FV>C 340 nm JI#ERF D [H{fR 2> & 380
nm JiACHF O Hiff % FREALEE 9 2 Z & T Ratio B~ & 211 72 (F30/F3s0: R) .
Ratio Hf#% YV 7 b7 = 7TICTHAEL L, #WIHAME (Ro) 205 E{LEK % [Ca®']; B

HE (R/Rg) & LTHKLT.
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E=B7oban

b SN

2 BEOMMME | TRLZ7m bartFRfEoTiEEHY, CONT LU
DIA 7 v b OBEHAGIEG < EBR Z BT L 7z, fRICdl~ 2 &, i i3 2R
HY 4 o7z E 7' v — 7 (BAT-10 : Physitemp Instruments, Clifton, NJ) % fifi
L CHIE L7z, 10 o ZEHRFTIR (30°C) D%, #&5fF (CONT 30°C, CONT
40°C, DIA30°C, DIA40°CJz Uf DIA45°C) % 20 rRIMERF L 72, £ 72, (RiR%25H
SLCHEFF S 272017y bR ERHIOF Yy P 7L —F (37°C) LIicEkE L 72,

A ZEBCAICHIE S 4, fE 5 O 2R L 7.

Capsaicin & fi]

10 73l D R R (30°C) D%, #%5<fF [CONT CAP (500uM) X U* DIA CAP
(500uM)] % 20 ZrFEIHERF L 72. KHB X OF CAP (35 D ¥z % B < 72 & I Wike iy ic
IR X 7z,

Western Blot

TRPV1 3 & UF Phosho-TRPV1 £ v ¥ 7B O E & 135551 % Eifif L 72 CONT X

U DIA DEMHAEIEG 2 v, B2 BOMSHE3 TRLAE7 8 b aricfts

THEML 7.
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Htat T

ETCOT — XA + BEERGECREL L 2. HEHHEEHENT I Prism version
7.0 (GraphPad Software, San Diego, CA) HI\WWCEfii L 7=. [Ca*' i EEXT L T two-
way ANOVA & Bonferroni post hoc test Z 5 fi L 7z. %72 TRPV1 © Y VR{LDE
BT LT [AARIC two-way ANOVA & Bonferroni post hoc test Z i L 72. A

BEKHEIZ P<0.05 & L 7=,

63



BIEFERBETILVOBIEEHICH TS TRPV1 DFE

R
RETERRE 1

BREA DIA BEEHID[Ca?' ] IC5 R 5 E

CONT 40°C U* DIA 40°Cic B\ T, KMMimE 10 2 UNICHERE TH 2
40°CEL T L, 20 0 % CHERF X 7z (Fig. 22). —4 T, CONT 30°CX Uf DIA
30°C D KA IZ EER B A U T 30°CICHERF < 1u7- (Fig. 22).

CONT 30°C, DIA 30°C % Uf DIA 40°CIZ 351> T 20 43 [H o BIZL [ 1 ic Ratio D
AERZACIIBIE I D o7z, MNEAMIC, CONT 40°Cii 10 57 LAFE© Ratio 2°
AEICERL200TR=—274 YD 12.9+6%ICHINNL 7= (Fig. 24).

Fig. 25 (I TRPVI fR X v X7 H D FEH %R L T\ 5. TRPVI OFEHLIZ, CONT
L HEZ L T DIA T27.6 + 7%J& L 7z, Fig.26 1X, %4t (CONT 30°C, CONT
40°C, DIA30°C M Uf DIA40°C) @ 20 /7ffficd TRPVL VU VgL 2R L T\ 3.
CONT 40°CiC 5\ T TRPVI U YE{LAEM L 72 (P <0.05 vs CONT). Xt HafYic

DIA &fF 138 X 3 TRPVIL Y YL ZFHE L 7-.
RETERRE 2

DIA B#&5HICFH 1T % TRPVI O RERZEEDIRET

DIA45°CIT B\ TR AL 10 77 ANIC 45°CIicE L, 2097 £ CTHERF L 72 (Fig.
27 B). DIA 45°CiZ, 7 LAREC Ratio PAREICEAL 20 7 TR—RX 74 VD
41.8+ 11%ICHEIIL 7= (Fig. 27 B).

DIA 45°Cic 15 % TRPVI © U v £{tiZ DIA 30°CJX Uf DIA 40°C & L L B

3RO b o 7= (Fig. 28).

64



BEIEMERBETILVOBIEHICH TS TRPV 1 D

AR 3

Capsaicin B ' DIA 5185 D[Ca?)i I 5 R 2 &

Fig. 29 1X CONT < IX DIA IZX§9" % Capsaicin EfiflFf D Ratio DAL % /R L
T\ 5. CONT IC 1) % Ratio (ZPIHAME & HLEL L Capsaicin B{if 2> H 10 53 DK 5
TI15.9+23% LR L, 2% 107M 77 P —Af@Z#FF L7~ —J7, DIAICE
\J7 % Ratio Wl & LK L Capsaicin B> & 10 77 DAL T 21.4£3.9%, 20 57
DIFET29.9+1.3%EH L 7.

Fig.30 (X, CONT XU DIA IZ 351F % Capsaicin E{if 2> & 20 775 TD TRPVI
Y Vgt E/RL T3, CONT XU DIA OMi#E<T TRPVI @V VE{LAMET L
7z.
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50 7

o <> CONT30C°

o 45| <@ CONT4oCe

2 40| Zx DIA30Ce e B 2R
< 4 DA 40ce &

g. 33 1 5

E 30 1 ﬁ"ﬂ"’ﬁﬁggg
& 25

|

= 20

4 5 0 5 10 15 20
Time (min)
Fig. 22 R HERE DR
BB T 2 RAAROZ(L [NIEEE 30°C (CONT 30°C : n = 10), *f
40°C (CONT 40°C:n=10), #E#/K# 30°C (DIA30°C:n=3) K UHERSE 40°C (DIA
40°C: n=7)]. AHZRIMMmEL S AHZRIMICERE L 72 7 v — 710 X 0 ke ic 51

L, 50@OFEfEE LORL, HIRFAE £ FHEREZRL TH 5,
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CONT 30°C CONT 40°C DIA 30°C DIA 40°C

[Ca*]
High
- - - - Low

Fig. 23 £EANRE T O 7 v F FHEMIER I3 2 BUlBa R IC X 2 fHkaN
Ca’ R D 2L D ARG

R 30°C (CONT 30°C), XHHEHEE 40°C (CONT 40°C), H# K5 30°C (DIA 30°C)

0 (min)

10 (min)

20 (min)

T UHEPRIR 40°C (DIA 40°C) 1CE 1% 0492 5 20 90 F TOREN 7x H G H R,
SEMLLA 7 — 13K R 2138 C¥BHEBL WL L ZRLTWw5 (Bar =

100 pm).
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1.3 ; * *
> CONT30C® * I
~ 12| @ CONT4o0Ce I I
5 -/ DIA 30C®
= 11 -4 DIA 40Ce I'
& _ S S|
8 1.0 | e T ?. -’-% T % t?
0.9 |
0.8

10 5 0 5 10 15 20
Time (min)
Fig. 24 fiflildN Ca* B 1T 3 3 BB o E
FHEIC BT 2 BB E T © Ratio BIRE [GfHEHE 30°C (CONT 30°C : n = 14),
TFHEHE 40°C (CONT 40°C: n = 10), IR 30°C (DIA 30°C: n = 3) M UHEIRIA
40°C (DIA40°C:n=7)]. Ratio (% 5 4[] HIE [k CERERY ICHIE L 72, Ratio i
ITRERE (-1043) L~v (Ro) 225 D& L LR L7, fHIZFHEE £ R

EERL TV, *JKEFOUIL <L (Ry) & DFEZE (P<0.05).
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< TRPV1

< Ponceau-S

-
o <
A O (m]
100 _|
kDa -
100 _
kDa
B _
1.5,
@
c
T 1.04 '
(@)
S
— 05,
>
o
0.0 _
CONT

DIA

Fig. 25 BEFRIRE 7 LD TRPV1 DZEAL

A : XTHEEE (CONT) K OBEPRIREE (DIA) BT 2 REM 2N FE{ER, B:

CONT X U'DIA icBF 21cE1F %5 TRPVI DX V878 (Fifn=6). 7 — X

FXHEE LCTERLTHY, CONT ZAEHEMH (1.0) & L7, fEIXPFMHE £ HEEERR

EERNLTW3, *P<0.05vs. CONT.
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A CONT DIA
150  30°C 40°C 30°C 40°C
kDa < pTRPV1
100 E—
kDa . | < TRPV1
:(([J)Oa '| €<~ Ponceau-S
B
E 2.5 1
=1 30°C
E 20-
T 1.5-
2
= 1.0 - #
S #
o
< 0.0 ’
o
CONT DIA

Fig.26 Zfl[i## D phospho-TRPV1 DEAL
A BRRCE T 5 REW RNy PR, B: #HEICEIT S TRPVL @Y Y ER(L
[AHEFE 30°C (CONT 30°C: n = 6), XTHEHE 40°C (CONT 40°C: n = 6), FEPKIE 30°C
(DIA 30°C: n =7) M UBEIRIE 40°C (DIA40°C:n=7)]. 7T —Z I3MxfEL L C&
LCTHYD,CONT ZHMEE (1.0) & L7z (I FHEME £ FEHEHEL2RL TV 5,

* P <0.05 vs. CONT 30°C, # P < 0.05 VS, CONT 40°C.
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FIEERFETIVOEREICET S TRPV 1 D

(°yry) '[.ze0l

A
DIA 45°C
£ B
g— —~ 50 1.6
o L
~ O~ Temperrature .
S Y eca o 1.4

- 5 4 0 g
c [ ,*
— o .
£ g _.5 . I x 1.2
~— g 35 . I.' *
2 [Ca%*]; o ¥ TR AR 2
-~ i — . PR

Hhah 3 w0 o8 M 1.0

[ | =
—_ 25 0.8
= 40 -5 0 5 10 15 20
£ I Time (min)
(=)
N

Low

Fig. 27 BEPRIK 45°CAT € 7 1 O FRERE DB KR F[Ca®']i DEAL
A: BEPRIR 45°CEAMIEE (DIA 45°C) 1B 3 0 055 20 0% TORFEN 7
SR, B 7 — 3R R BI1RE CaAERLTWBE T EEZRLT WD,
B: DIA 45°CIZ 3517 % ZAHI & fRfF o Ratio X VR AR DAL (n=4). Ratio 1
5 Sy o MIE HIRE CE R ICHIE L 7. Ratio fEIXZEFRE (-10 2) L= (Ro)
26 DZALE UTR L7z, $72, MR I RANCERE L 72 7' e — 7
L0 EEICEHIIL, 5 o FEE LORLE, EIZFEE £ EEdEy

MLTWw5, *ZEHFOUIIL < (Ry) & DHE (P<0.05).
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A
150 30°C 40°C 45°C
koa [ < pTRPV1
100 ————
kDa . = | < TRPV1

100 BB
kDa _Lh ~_ |€Ponceau-S

1.0 -

0.8 -
0.6 -
0.4 -
0.2 -

0.0 ) N e

30°C 40°C 45°C

Phospho-TRPV1 / TRPV1

Fig. 28 BEIRRE 7 VBT IC BT 5 B 2 BUlIEUEREE & phospho-TRPV1 AL
A REM RNV VR, B: FERE (DIA) 18T 2 & iRE EfRFD TRPVL Y
V&t (DIA30°Cn=7, DIA40°Cn=7 U DIA45°C n=5). DIA30°CX U* DIA

40°Clt Fig. 26 L A7 — %, fHIZTFI9ME + FEHEBELRL TV 3,
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1.4

1.3

1.2

1.1

[Ca®]; (R/R,)
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<O~ CONT . #
4 DIA * # ®
x &
* ';:.(}.-O
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..::6"
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Fig. 29 fHflifdN Ca?BE 1IN 3 % Capsaicin DEE

THARE (CONT: n=7) K OBERIERE (DIA: n=4) ICF1F % Capsaicin B[RO

[Ca> )i BNRE. [Ca’]i 12 5 [ DRIE AR CHBHICHITE L 72, Ratio {13 LHHE

(-10 57) LNL (Ro) 22D b E LR L2, HITFHE £+ B ZIRL

TWw3,

* P <0.05 vs. Omin, # P < 0.05 vs, CONT.
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A CONT DIA
CAP - + - +
150 T
xa | < pTRPV1
100 —
kDa — | < TRPV1
100
kDa < Ponceau-S
B
S 2.5
& 20 1 CAP ()
= <91 El CAP (+)
S 1.5
v o
= 1.0 - .
_C=> %
o 0.5 - i _T_‘ . 8
é 0-0 T T i
CONT DIA

Fig. 30 Capsaicin & KD phospho-TRPV1 DZAL
A NHEEE (CONT) K OHERRS R (DIA) I8 F 2 RFEH RNV FHEiR, B:
CONT K U* DIA IZX$9" % Capsaicin & fiflF D TRPVI U VBt (F#En=5). 7 —
ZIIMAEE LTELTEHY, CONT CAP(-) % FHEME (1.0) & L7-. fHIZFH

il + fEAEIEAIR LT 5. *P<0.05vs. CONT CAP (-), # P<0.05 VS, DIA CAP

()
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BEIEMERBETILVOBIEHICH TS TRPV 1 D

R

RIFFEIE, AENEREE T C STZ SFRMHERIRIE £ 7 V1857 1< 315 2 2Vl &
faff D [Ca?*] B8 S O TRPV1 DIREEZEZ VIO THO LI L72d D TH 5,
FARMAEIILTOMEY TH 5. 1) CONT 25 40°COEFEIC X b TRPVI #HH:AL
L[Ca®']i 23832 DICH LT, DIA TiE 40°COERHIC B> T[Ca?')i ICAH)
TR 57\, 2)DIA Tld TRPVL O & o378 & Bl X 2 U v R {LE 2398
DL T3, 3) Capsaicin B CTlx, FAHIEE 2 7e Y [Ca®]i 25 CONT & b L T
DIA THEIHMLZ., 2o ofREHET 2 &, FERIRE D BT T,
TRPVI D X Vo3 7 &R CEEZEIMET L TH Y, @FE7 v & ol L T2l

BTN 2 IS E 25059 L T b 2 e S b & T o 7z,
#RMEFTIC L B[Ca?] E1L

BERIAE IC 31T 5 TRPVI DEERE IXERBAREET (DRG) ZHOLICiffE I T & 7=,
INE CTOMIEIC XY, BERIFEMFLEIX TRPVI OFRETTHE LB L T3 Z
LR EIN TS (Hong & Wiley, 2005; Hong et al., 2008; Bishnoi ef al., 2011;
Khomula et al., 2013; Cui et al., 2014; Pabbidi & Premkumar, 2017). EA{REYIC, Hong
& Wiley (Hong & Wiley, 2005) 1, STZ #%5 4D 7 v b fEMIgIC B T,
MHAFE & LEE L C Capsaicin a5 BEBRMAEM L T3 2 b 2R LT3, £
7z, Pabbidia & (Pabbidi & Premkumar, 2017) %, STZ iEFMEIRE~ Y XiIcH»
T, STZ MLED> b —HE R ICECT I 2 B TEI A TTHEL T b 2 & 2L
TWw3, 51T, Cui & (Cui et al., 2014) 1% STZ FHFHUMEIRIK 7 v PicB T
b, STZALED S 7 H2 5 28 HiCE W CEICH 3 2 BB TEI 23 /THEL T 5 &

EHREAL I LTS, 2T ORI & ITRIERYIC, AREFFEIC BT STZ L&
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25 14 HEDOWERIR 7 v b a7 13 40°COBFIHIC X b [Ca® i B L 220 72>
o7z (Fig.23,24). & 51, DIA TiX CONT & LU#E L[Ca?* ] 23813 2 i B
DIETR D, 45°CORMIFIC X 0 [Ca® i 23EI L 72 (Fig. 27). T4 b DOfEHRIL, B

PRI € TV ERSEE BGEC L CORIGHEME T LT b 2 L 2RIBRL Tn b,
Capsaicin &fifiC &k 3[Ca?]i &1t

BHIRIZE N 2 20T, AREFZEIC 35T DIA 1% 40°CO BT X b [Ca® ) AL L
70> 72—7C, TRPVI DT I =R b TH % Capsaicin B[ 1T X D [Ca® ] 2385
L7 (Fig.29). Z OfER1%, DIA B#H D TRPVI ICH T, BT 3 2 J&
ZHMET LTS, Ta=AMCHT2RBZHIIEFEL CHWDEILEZRLT
W%, F72, DIA Tl CONT & LK L Capsaicin &fif2> 5 10 53 LA T[Ca®*];i 28
HEICHIML7Z. [C2 i IZSRA2LD Ca? i SRR Fav FY 7D Ca
MY ABRDEICE Y REIND. HHBL 728 Y, STZ FFFRMENERE 7 v + D GRG
Za—BYVICBVWTAHAT A VICKXZERPIEMT L2 LBRINTWD
(Hong & Wiley, 2005). —/7C, Eshima & (Eshimaeral.,2013) 1% STZ #FFM:7 v
FOEHICENTI Fa v P ) T OEREREICE Y CaRERENAMET LT
BY, ZOERE L CHIER D[Ca* )i A5 CONT & L L DIA THIN$ % C &
S L CTw3b. AFRICEWT, Capsaicin EfRFD[Ca’']i 28 DIA THE{ETH
> 72 IRARR R R IKNIZ R CTH % 55, TRPVI D@ 22 i AL S O Ca? B Y 3A A i
EOWH G LT B AREE S H 5.
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BEIEMERBETILVOBIEHICH TS TRPV 1 D

FERBICHEITE TRPVI ODZ R I7ERTY YEE(LEDZE(L

TRPV1 OiEMEIZ Y VERALKONE Y v LI X Y FiEi 5. TRPVI D Ser 800
BE L, TEMALAG 0 EREAGIEERAL & L CRE S T b (Numazaki ef al.,
2002). TRPV1 @ Ser 800 #IEA Y VgL I 5 & F ¥ 3 VDB OKIEINT 5
(Vellani et al., 2001). SEFRIC, STZ FHFEMUREIRIEE 7LD DRG Tlid TRPVI © U
VEEESEEI L T3 2 AT & LTS (Hong & Wiley, 2005). AHfF5Eic ks
VT, CONT TIXIEITHISE & [ERRIC 40°CO BT X ) TRPVI @ U v EE{L 234
L 7= (Obi et al., 2017; Ikegami et al., 2019). x{HEfYIC, DIA i CONT & kb L
T TRPVI D& v o3 7 O T 7210 Tk S BFRHIC X 2 TRPVI © VY VgL D
fEF L Cw 7z (Fig. 25 and 26). %62 HICH T, FHHMICHE VT TRPVI DY v
AL DR T 23 TRPVI Z /b L 72 Ca" AR 32 2 & ZHER L 7. L7235 C,
DIA X TRPV1 U Y ERILAR T iC X 0 ZARIBERTRFIC[Ca® ] D3ZEAE L 72 2> > 72 A RE
YD D, F7-, RBFFEICEH T DIA 13 45°CORFEIC X Y [Ca® ] BN % 72
7223, TRPVI OV VIELICHEEZEIIZED - 7 (Fig.28). L7225 T, DIA
ICB T 5 45°CTD[Ca*' i HEMIL TRPVI LIS D ERIC L 2 DTH 5 T & AR
I N,

¥ 7z, Capsaicin JFIC BT, [Ca¥' i ¥ Z D 721D D 5 F CONT KTt
DIA 1£iC TRPV1 Ser 800 TP Y V(L2304 L 7-. Mandadi » (Mandadi et al.,
2006) X, TRPVI Ser 800 2% Capsaicin B#IC X 0 U v (L X 2 HALTld e
T L& L CT\Ww5, Capsaicin IC X % TRPVI iGMALICBEE T 253 & L C, Thr
550 KU Tyr S1L 2AHIHNT W5, LaLAEDSD, IhoDRED ) Vgt % 2
T DPUARIIIHEER I N Tz, L7228 5 T, Western Blot IC X Y Capsaicin

B TRPV1 U viglb 2 €842 2 L IZWEEcH b, %< DWf5EIZ Sy F72

I



BIEFERBETILVOBIEEHICH TS TRPV1 DFE

7 v 7R, Ca¥ A4 A=Y v 7T X D Capsaicin EfflRFD TRPV1 114 % §¥Afli L C

W5,
E3FDFLY

KIFFETIE, invivo 4 A — 2 v Z %\, MGG % £ 5 R NBRES T © STZ
FHFEEREIRIE £ 7 v DB REHIIC 351 5 BRIIC N 3° 2 TRPV] OFEREZ B & 2> 1C
L7z, AREFFRIC XV, STZ iFFMWRERIA O BT 1T % TRPVI 1Z 40°C D Efl
BEFTIRFIC[Ca¥ i 3B L 7\ & & TN 40°CO BB XV TRPVI @ U v g1l
DBFERINLNC LI N, X 51T, DIA TREIEIC X %2 TRPVI i
LaMf T2 I b b 59, Capsaicin O 7 ==& M 2 G I3 AER
INTWB I LP/RE N7, Laursen b (Laursen ef al., 2016) ¥, BEIRE T T
ANET S HAENY O TRPVI (DRG = = —v v 2 HEEL 72 R) W, WE
RZPED ZAMET L, {LFERIEL (Capsaicin) 1T 2 &2 3R ST 2
TeHRRLTWS, ZoOfREIX, TRPVI ASMAEEREICRIRICES L 258 Th
L EEZLNT WS, ABFFERER S FfkIC, BEREEIC X ) BVBRREDIK T L
TR IR BE DB & IC BT, TRPVI AMIEERBICHEIC L2 D ThH 500D
L7z,

TRPV1 OEMEALIZENA U 72 & 5 (CHEPRIE TEFIREAE (C B - 5. —J7 C, T4,
TRPV1 12 BT OICEE R OBRRE # B X & 2 A[REE S R I N CTEB D, A
A T Ic T 2 H 7= i L 2 5 2 I s hTw 3. BRIz, <
NETOWHFEICK Y, TRPVI FEMHELT 2 Z iV BRRBIERCI Pav
VT OFEICEG T 252 R INT WS (Luo et al., 2012; Tto et al., 2013b, a).
L7228 5 C, BRI E 7 VIS HIIC 1T 5 TRPVI OFERER B O 22 1C 975 Z & 13,

WEPRIF IC BT % fihZeiii-e = OIRBERICH - MR 2 féfit 3 3.
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ANWFE 1L STZ FFHFEERINENY) % > T1T 5 7. Johnston & (Johnston et al., 2007)
1%, STZ OEFEH (F74ab b @Il & 13 MEREGR) 2o R ICEE %2 g
T LR LZ, PR L BISHICE T 5 TRPVI OEEL X W IAfEICT 2729
i<, 1 BUBERRR 2 2 BBEIRR E T AR EIC X B IREET A EBEIT A 2 L b L

THDE0H Lz,
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FIERERVESR

FAEBRERVER
TARTRONLHEDI LS

AR O Bz, BB BHBMIAN Ca* BiiE Kk N EFIKAICEB 1T 5
TRPV1 OZEZBHOPICT B2 THo72. UTICE 1 EELLEIEZLVED

NEHMAZRRICE LD 3.
Bl1EHRTHARDELSD
Ca®"IC X % ‘B M5 A b Al e ONTI RE Il S OV BNRIREIOAS BAS 7 12 5 2 2 5 B % Tl
1T, TNETRHONT S HAHEE O H L %2 F I BEE L 72,
%2 E-FEH[Ca?) ICER FHE

BASAICT 2 Bl O B A T L 2209818, BREAiiE e e & AR
HEREE T CITb N C & 7z, MR EZFAR T 2 HERERTH 5720, Bl
DEEIHICE 2 2502 A RNEREET & AINRET Tl R 2 7Rl 5 5.
AWFFEIE, MR PR7 T B AERNERIE T IC B 2 B85 CEVE M D [Ca®');
HHEZ WO TR L72bDTH 5.

B2 EOFTE T, VKA [Ca2 ) IC G 2 BB Rt L2, 2 R, Bl
BUE[C i 2 INE 3 2 L pIc Iz, E72, 2 OB X 3 [Ca?";
BEMOER X, TRPVI /L 72 SR 25 D Ca¥ AT TH 5 Z L ARSIz,
I 5T, BT X B [Ca¥ ) BN, MR IC X D dl T p 2 e AR I T,

% 72, DAN Afific X » RyR Z& (kL TRPV] OBGRM:ZMET L 72, = DF5 R,
RyR Z &k & TRPV]I DM AERIZERE® Sindo7-. TOFERICK D, Bl
EfRF D Ca? HUHIC RyR ZARMKIZES G523, TRPVIL 225 D Ca¥' il ETH %

CLHRBRINT. T HIC, RyRZARZHE L, MF#ERIMET L2 KED
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AR IC & 0 BRI AT O [Ca® T NI S 7z, Lo ¢, REBCff
FA U 7= AR T AR 3E E o0 A RIEL C b BRI AT IRF 0 [Ca ']y B AN I
INDAHEMED D 5.

F2EOBETIR, B AMK D TRPV] U YL FICHET L 72, % of
B, TRPVI © VU vEfbix, Bl X v L, MEc X v Bl amic X
20 VEBLIZE X 2. X 51T, CaMKIL @ U v Al I3 I K OV Ui +
IHEREIC B W CTHINER TH - 72, CaMKIL iZ—E iRt 2 L HE ) VgL +
57-%, CaM/Ca*BZ 4T LHKIL 7w, Lo LA s, CaM / Ca* 0MELE
L 72 4uid CaMKII I3 AL L7272 %, CaMKIL @ YV v ig{tid—i@ Pk ic CaM /
Ca" MM L 722 L ZRKB LT3, — T, —@BEICHEML 7 CaM / Ca> 2
TRPV1 IZH5 & L 7256, 2 OFFIEE TRPV] OB OEZ EoREIH < ¢ 2
DAL I I TRV, 72, CaMKII HE X TRPVI @ Ser 800 & i3l DR
iz ) vEBtE g x> —¥Th3. LA >T, CaMKIl V Vit oftF T
CaM / Ca®*iC X 5 TRPVI OREEAL A EEMICEHAS 2 7 — 2 TldZzw., ¥ &
H5E, F2ETIE, FINHES TRPV] Z AL L, BVliliEuc 3 % [Ca?')ifE
FYEZHERES 2 2 L 2O 2T L 72, il & TRPVL @V v (L IZBEE 3 2 23,
ZDOFEHMAR AN =X LIS HOMGRETH 5.
FE3IERRBETIVOBREICE TS TRPV 1 D%

TRPV1 3HERFGICE T 24 G PHEICB#ET 2. o TOfFEIcE W T
PWEPRIFIREEDS TRPVI 25 2 25280, F oz v TEt s T & 7-.
AWFFEIE, SRNBREE T C STZ SERMEMIRE € 7 VB &I 31T 5 2L & fap

BFD[Ca® | BHRE X U TRPVI DIREREZ % W) THH L 22T L 7=,
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%3 HORTFETIE, STZ SAFMNERFEE T VAR D[Ca?' ] 1233 2 BRIl
DREERET L 72, Z OfER, BERWEE T VET T3 40°CoEMIC X b
[Ca>' i AL BT, 45°COBRIEIC X D [Ca> i A LR T2 Z L AL I T Tz,
i<, BEPRIEE 7 B CIX BRI A TR (40°Cd L < 13 45°CHIBH) 1<
TRPV1 OV VL2380 bNixh o7z, L7225 - T, 45°COERHIC X 3[Ca®'];
AT TRPVE 24 L72b D THRWWI LRI N7z, 45°COEIEIC X D [Ca>];
BLERT 2 AN =X LFAMFE TS 2 IC TN TR, 40°CORFRIC X %
[Ca?*)i LA IC 7 2 DI xt L, 45°CoREIC X 5 [Ca®' ] ERIE T~ C
DT —TH o 72, L7223-C, 45°CORIC X B [Ca¥ ] LRIZF v 2
ZNL7=b0Tidn <, MiuEOEE R SHilust» 50 Ca TRADEE L T
LA[HEMED B .
55 3 BEENTIE, STZ FARIEREIRIN T T VERKH D[Ca* ] 1o 3~ % Capsaicin
AR OB G L7z, % OFER, BEIRINE 7 VB © 2BV E IR & 3o
G IC[Ca®']i 23 Capsaicin IC X > TN 5 Z & ABHL DL 7572, TRPVI I
Capsaicin & EA\EZ AT 28R 2 Z E N OFERE D 725 L= HEMEDR H
5. 7z, BERIEE T AIETIREE & LIS L C Capsaicin BffIC & O HEIC[Ca®']i
DML 7z, LA L7%ass, FERWET VT TRPVI O X v o8 7 EMET LT
Wb, INLDFEREMRAT S &, FERFET L TIE, TRPVI OREREH IR L
T2 DTS, Ca¥ FREREIIKT D S HRHE & TRk L C[Ca> i 23N L 72
AREME H 2. F L0 3L, BERINET VEEIICE T 5 TRPVL E, BTk
LM RRMICET LT3 2 ERBE -,
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FeH

HEO2ERVEIBEOMAEZHE T2 L, TRPVI ZHIIEHN D Ca lEHF M % H#>
=90ic, ZOEHELL BB ¢ 2 aEeED R S iz, BARNIC, 280
BRI+ e £ 7V EBRIC B T, BVERRIC X 2 [Ca?t) o BFEHNE X 7.
BT, B 3 EORERMFEE T VST 2 B AR ERICE W, BERFEIC X
D IZBHIBIC X B [Ca* ] o BRGNS X iz, FIHERE I — @ e I E N o
[Ca® s b3 2. 7, BERWETAERBIZI L2y P 7 oREREIC X
D Ca®#RMERE I 2ME T L, BEET7 AL HIRL T Ca¥*AER L3\ (Eshima
et al., 2013). T D X 5 IC[Ca® ) 28 L HF 2 X 5 Rl cHIluBERE Ic 5w T,
TRPV1 I AEHL &, #EF e LC CaMaEFEWSR7ZN5 2 L BRI NIz,
Ca? IZAIE PNIC 35\ THIUNE - AR S & v o8 7 B - rfd a3 2w b v
FAyevY v —& LTHEET 2720, TRPVI OiEMLAR S I REMELIE,
RE R OB I E R 52 24 A v F vy A e LCEHEAKEZRFOZ &

BEZLND.

KARDFMLMIED 1T
EkkaE & DRE

INETIC, BRSBTS 2 28I T ICHRIER T 7 & B0 -3
TA—~VAEHLTHAPERINTE L. L2 LAXES, B IE -
st % W9 2 [Ca?* ] ICEVHIEAY 5 2 2 EIC O W TS T b,
ABFFECIE, [HEMIZIC 31 2 TRPVI IZEIEIC X 0 G L ca® 2 Mlfia

ICMAZTE D] &) RITIIRICE~R 215 T, AFNEREL T DB IC B CIH
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BROBRDBAEL 2 2HET L 7. AWFZER Y0 THEENEREE T o BHHIcE T
BN Ca® i 15 2 2 BERIAL 72720 T L, HIERIEIC X b TRPVI
P X A, 2 DFER L LCERIBNIC X B [Ca i DMAHIHl Eh s 2 & 25
2T L7z, iliEIc & 0 TRPVL 23l 05 C & lE, T E CICAEKRNERET
K RN BREE T DT X TORTHEICE T L I I N TV, RIS
fER 1L, TRPVI ORI Ca’ HHE % HEI T 2 H7- e A H = X L %R L 72.
CNIFBERE T COMBRER MR T 2 200 A HNM 2R e L CEE 2%
RTthre&Ezoins,

BEEETIE DOEE

TRPV1 (ZHEIRIE D% K DAPHIE & BhE 3 5. BRI ORERNZZETHE 3 K
BHHE) & LT, BERRIEVERERE, BRI PEMEIEOE S RS PRIR P B RE 238 1T 5
2. oW, FHCHERIBTEEEIEIC B 5 TRPVI OFEIR% S I hT &
7. E72 3 REAOHEUIMC, BERIR A2 B8RRI T 2 357 5 2 A%
W7RRTFTH 5. TNE TOWIIC I W THERFEA TRPVI ORRREICHE % 5 2,
Bex RBEICB ST 2 C L 3L I NT WS, LaLAREL, HiKHoD
TRPVI X3 2RO E I nE CHO 2 IC I T, KifFEIE STZ
FRMUEBIRIFE T A ZHR L, BREE T VEEAICE T 5 TRPV] DEERE % 1)
HTHO I LTz, BITHRICE T, STZUED S 4 H[E#% D DRG = 2 —n
VICEBWT, TRPVI OIEFEH S HREMHE (A) ICH VT L, MHEERAE (©) I
BWTHA L TWwW5 Z & (Hong & Wiley, 2005) %, TRPVI X v X7 'H & jE#)E
FLAEM L T3 Z & (Pabbidi er al., 2008) 23RO b T & 72, BIkAHICE
WU, AWBTZEDS STZ ALiE 2> & 4 H[E %, TRPVI OFHE KT F2L &b

BN § 2 BZE I T2 e 2O IC L. 2o XS RlEREET
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NERIIC I T 5 TRPVI OREUL, BERIEDSEEFE S 2 BARIFRAEIR T 2=

BEUHST 5 FCEELFLRLV EARVEIHMRTH B,

HRoRE

AWFSEI, B E TR O B FAIEA Ca>* % TRPVI ICEH L CTHHL AT L
7o, AR, BRI EASAIRE S U T K, B OTEEMERRIC D EE 5 2 5
AJRETEDS R I T w5, 2 2T, BVHRIC X 2 AEKIC TRPVI 23 EE 7 K]
TTH AR R IRR 2,

5 F 7 I BE I R AT 2 ImEVEE L, W ofThbhTw 3B
BEO—oTH 5., WMEHEOHME L L ClE, IEEROMEHELEN K, #fo
7R E 8B b g, EE, BRAICE T, BRI X v s BE %1
M, HIEKCHEEMCEES S 2Rk RBINTE Y, EH L —= v
7" W7 B O BIE L Emi I R~ DS s T s, 20—
Ji, BRI EEHER 2R T el e F A = X LDV TIRRER
B i3 % o, 2 E TR 3 v 7 & X7 E  (heat shock protein : HSP)
ZWME &, Zo HSP OSBRI EHIMICES L CTuv 3 A[RETE S (Ohno et
al., 2010; Locke & Celotti, 2014), ZfIIEUC X 0 BEHAHAEK > 7' F MEEREE A3 G
Hilbxns o & X v HERLAE L %Al REME (Rommel ef al., 2001; Ohno et al.,
2010) 2RI N T\ 5, BRI X % Ca? TRAZBIIIERIC X B & v o 2 AR
S OG5 fgat i % flfE L T 2 ATREME 23 v, FEBRIC, Capsaicin B[ IC & 5 TRPVI
DIEHEAC IO K %2 FFHT 2 (Ito et al., 2013b, a). EHICTRPVI %/ v 7TV
FF2LbPL—=VvZIC K2R IFIINE Z LR EINT S (Itoetal,

2013a).
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Z0—F, V) 7= a v oK CEKBHIIEKR% B WICiRmEE
HEOSEEN L 2T R 72 5 7, 2 0B, AIIEKEE Bl 7 u b o
AL TERNZOTH S, BRES MK > 7 F R ER % iS5
XD AN =X LRI, BERICH~OFRD Y &7x 5. RIFFE R L 7281
fiiC 315 %5 TRPVI &AL 72 Ca?" T A DR, FiiE B 238l o Ca A
RIS HTH L. MBI X 2 CHRAEZHIGELET 2 2 &3 8
BRI N COEE EMICITAE BN TH 2 b 00, MEREDIIEGH D
T2 L PHENDOKRETH S, Bt —=v 2k 3MR7 o k3L & B
WIC X BMEATE b aroffladbes, HENRSEZRDTIC, B LA
I RBAREZ R > T b 2L 2 EWRT 5. 2o DA, ZERIICHERZ
FRATHRBFE T P avOVRICHE T EZ NG, $7, HEMEIE
9 DHRIFICE VT, TRPVI DIREEZEIMET 3725 & w5 FRIL, BERIE
B~ DIMBAREOHE 2L MR TH 5.
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A
R OVEKIC B 72 0, AGIRY T8 7% S, MKk ZZTHb Y £ L7z,

FREF B EBICIIES L oL L BT E T, £ 72, ARERUCY 72 Y IR
Bl b bV E LABROEERY: WM TR Al P8 iR, EE
B OB HE OB dERdx, SR B dEBdR, B¥ O OKIE dEBURICE
CHLHR L BT ET. 74, AMMEZZEITT2ICHY, HRAGTHREEZHY
L7z v F ALK David Pool KIT/ Lo GHFLH L RIFE 3. %2 L CARER
ICBRL ZW 2 TE 72 2 XL RFEDILE MRS, AREREROBRICER 4 72
S% P o ST E RO BRI R E D FAJCE )T I NIRRT IR L |
FEI.
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Ikegami R, Eshima H, Mashio T, Ishiguro T, Hoshino D, Poole
DC, Kano Y. Accumulation of intramyocyte TRPV1-mediated cal-
cium during heat stress is inhibited by concomitant muscle contrac-
tions. J Appl Physiol 126: 691-698, 2019. First published January 24,
2019; doi:10.1152/japplphysiol.00668.2018.—Heat stress promotes
intramyocyte calcium concentration ([Ca®*];) accumulation via tran-
sient receptor potential vanilloid 1 (TRPV1) channels. We tested the
hypothesis that muscle contractile activity concomitant with heat
stress would accelerate the increase in [Ca®>*]; via TRPV1, further
impairing [Ca®*]; homeostasis. Spinotrapezius muscles of adult
Wistar rats were exteriorized in vivo and loaded with the fluorescent
Ca?" probe fura 2-AM. Heat stress (muscle surface temperature
40°C) was used as TRPV1 activator. An isometric contraction (100
Hz, 5-10 V, 30 s) was induced electrically concomitant with heat
stress. [Ca®*]; was determined for 20 min using in vivo fluorescence
microscopy, and the phosphorylation response of TRPV1 was deter-
mined by Western blotting. Heat stress induced a significant [Ca®™"];
increase of 18.5 = 8.1% at 20 min and TRPV1 phosphorylation
(+231%), which was inhibited by addition of the TRPV1 inhibitor
(capsazepine). However, contrary to expectations, the heat stress and
isometric contraction condition almost completely inhibited TRPV 1
phosphorylation and the consequent [Ca"]; elevation (<2.8% accu-
mulation during heat stress, P > 0.05). In conclusion, this in vivo
physiological model demonstrated that isometric muscle contrac-
tion(s) can suppress the phosphorylation response of TRPV1 and
maintain [Ca®"]; homeostasis during heat stress.

NEW & NOTEWORTHY This investigation is the first document
the dynamics of intramyocyte calcium concentration ([Ca®*];) in-
crease in the myoplasm of skeletal muscle fibers in response to heat
stress where the muscle blood flow is preserved. Heat stress at 40°C
drives a myoplasmic [Ca®"]; accumulation in concert with transient
receptor potential vanilloid 1 (TRPV1) phosphorylation. However,
muscle contraction caused TRPV1 channel deactivation by dephos-
phorylation of TRPV1. TRPV1 inactivation via isometric contrac-
tion(s) permits maintenance of [Ca®*]; homeostasis even under high
imposed muscle temperature.

heat stress; isometric; muscle contraction; myocyte calcium homeo-
stasis; TRPV1
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INTRODUCTION

Muscle temperature and changes thereof impact multiple
physiological processes including muscle contraction velocity
and fatigability (24, 29, 34, 42). Moreover, it has recently been
recognized that heat stress is a stimulus for muscle protein
synthesis (46). Given the overarching role of intramyocyte
calcium concentration ([Ca?*];) in muscle function and dys-
function (5), this investigation sought to determine the impact
of heat stress on intramyocyte [Ca®"]; and establish if this can
be modified by concomitant muscle contraction. As supported
by the evidence below, the relationship between [Ca®*]; dy-
namics and transient receptor potential vanilloid 1 (TRPVI)
channel control via phosphorylation was of particular interest
as a putative mechanistic link by which heat stress impacts
muscle function.

TRPV1 is a nonselective cation channel that was cloned
initially from the dorsal root ganglion of the rat (8). TRPV1 has
high Ca®" permeability and is activated by capsaicin (8, 19,
27), heat (7, 8, 22, 31, 43), acid (2, 18, 36, 40), and certain
lipids (9, 16, 37, 38, 47). One of the important attributes of
TRPV1 is the interdependence of its sensitivity with the intra-
cellular environment. Although TRPV1 has been extensively
studied in nerve cells, TRPV1 is also expressed in nonneuronal
cells and plays a role in various cellular functions (12). In
skeletal muscle cells, TRPV1 is mainly expressed in the
sarcoplasmic reticulum and Ca®* flows into the myoplasm by
TRPV1 activation (25, 45). In addition, an increase in in-
tramyocyte [Ca®"]; via TRPV1 stimulates peroxisome prolif-
erator-activated receptor-y coactivator-la and mitochondrial
synthesis and increases exercise tolerance (26). Furthermore, in
a recent report, TRPV1 has been shown to activate the mam-
malian target of rapamycin (mTOR) by elevating [Ca®™];
thereby promoting muscle hypertrophy (17). Thus there is
abundant evidence that the TRPV1 channel plays a role in
myoplasmic Ca®>* homeostasis with the potential to impact
skeletal muscle structure and function.

Muscle contraction is powered by ATP splitting with ~70%
of the energy produced being converted to heat (33, 35). Thus
during intense heavy or severe intensity exercise, especially
when continued to exhaustion, muscle temperature can rise up
to 42°C, which exceeds the activation threshold of TRPV1 (6).
Therefore, we hypothesized that muscle contractile activity
superimposed on a preheated muscle would accelerate the
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increase in [Ca®"]; via TRPV 1, resulting in a breakdown of
[Ca®*]; homeostasis and consequently increased [Ca®*];. To
our knowledge this study is the first in vivo experimental (i.e.,
circulation intact) model capable of measuring intramyocyte
[Ca?*]; changes during concomitant contractile and heat stress.
Because of the importance of TRPV1 channel control to
[Ca”"]; dynamics, we further hypothesized that TRPV1 phos-
phorylation would associate with elevated [Ca®*];.

MATERIALS AND METHODS
Animals

Male Wistar rats (n = 72, 10 wk of age; Japan SLC, Shizuoka,
Japan) were used in this study. All rats were housed in a temperature-
controlled room at 23 = 2°C with a light-dark cycle of 12 h and
maintained on rat chow and water ad libitum. All experiments were
conducted under the guidelines established by the Physiological
Society of Japan and were approved by University of Electro-Com-
munications Institutional Animal Care and Use Committee. During all
experimental procedures, the rats were anesthetized using pentobar-
bital sodium (60 mg/kg ip), and supplemental doses of anesthesia
were administered as needed. At the end of experimental protocols,
animals were killed by pentobarbital sodium overdose.

Muscle Preparation

Experimental techniques, including the spinotrapezius muscle
preparation and [Ca®*]; imaging, were performed as described previ-
ously (39). Briefly, the right spinotrapezius muscle was gently exte-
riorized with minimal blood loss and tissue/microcirculatory damage
and attached to a wire horseshoe around the caudal periphery by eight
equidistant perimeter sutures (Fig. 1). For the contraction protocols,
electrodes were placed on the dorsal spinotrapezius surface along the
caudal periphery, facilitating whole muscle contractions. The exposed
muscle tissue was moistened by continuously superfusing with
warmed Krebs-Henseleit buffer [KHB (in mM); 132 NaCl, 4.7 KClI,
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21.8 NaHCO3, 2 MgSOu, and 2 CaCl,] equilibrated with 95% N>-5%
CO, and adjusted to pH 7.4. The fluorescent Ca®" indicator fura
2-AM (5 mM; Dojindo Laboratories) was dissolved in 0.4% DMSO
and pluronic F-127 and dispersed into KHB solution at a final
concentration of 10 wM. Muscles were incubated in fura 2-AM/KHB
solution for 60 min on a 37°C hotplate. After incubation, muscles
were rinsed with fura 2-AM-free KHB solution to remove nonloaded
fura 2-AM The TRPV1 inhibitor capsazepine (CPZ; FUJIFILM Wako
Pure Chemical, Osaka, Japan) was dissolved in 0.06% DMSO and
mixed into KHB solution at a final concentration of 300 wM. The
ryanodine receptor (RyR) inhibitor dantrolene (DAN; Sigma-Aldrich,
St. Louis, MO) was dissolved in 1.0% DMSO and mixed into KHB
solution at a final concentration of 100 WM. After fura-2 incubation
and rinse, DAN (100 wmol/l) was applied for 10 min before the start
of experiments.

Calcium lon Image Analysis

The spinotrapezius muscles loaded with fura 2-AM were mounted
on the glass hotplate (Kitazato Supply, Shizuoka, Japan) and observed
by fluorescence microscopy using a X 10 objective lens (0.30 numer-
ical aperture; Nikon, Tokyo, Japan). After it was ensured that the
spinotrapezius muscle was not grossly damaged and supported robust
capillary blood flow indicative of healthy function, a sampling area
(880 X 663 pm) was selected using branching vessels as landmarks,
and bright-field images were captured. Thereafter, 340- and 380-nm
wavelength excitation light was delivered using a Xenon lamp
equipped with appropriate fluorescent filters, and pairs of fluorescence
images were captured through the 500-nm emission wavelength filter
for ratiometry. Fluorescence images were captured by a high-sensi-
tivity CCD digital camera (ORCA-Flash2.8; Hamamatsu Photonics,
Shizuoka, Japan) using image-capture software (NIS-Elements Ad-
vanced Research; Nikon) Basically, image acquisition was carried out
every 5 min with all protocols. Image acquisition for the muscle
contraction protocols was initiated at rest just after electrical stimu-
lation. The specific region of interest (ROI) for the Ca®>* measurement
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Fig. 1. Schematic showing direct microscopic in vivo obser-
vation of spinotrapezius muscle and intramyocyte calcium
concentration ([Ca®>*];). Independent glass hotplates were
used for maintaining body temperature at 37°C and applying
control temperature (30°C) and heat stress (40°C) to the
muscle. Heat stress was applied for 20 min after 10 min of
rest. Krebs-Henseleit buffer solution was continuously super-
fused, and the muscle temperature was either kept constant at
30 or raised to 40°C. Muscle temperature was measured by
direct contact with a thermometer. Isometric muscle contrac-
tion(s) were elicited by electrical stimulation. Fluorescence
images were captured from the specified region of interest,
and ratiometric (R: F340/F380) images were used to calculate
intramyocyte [Ca®"]; alterations.
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was set along the muscle fiber. Two ROIs were set on five muscle
fibers for each rat.

Experimental Protocols

Exposure to heat stress. Heat stress (40°C) was applied to the
spinotrapezius by adjusting the temperature of the glass hotplate
underlying the muscle (Fig. 1). The muscle temperature was measured
using a temperature probe (BAT-10: Physitemp Instruments, Clifton,
NJ) attached to the muscle surface. The required condition (either 30
or 40°C) was maintained for 20 min after a 10-min normothermic
stabilization (30°C) period. Importantly, the rat’s body was main-
tained on a separate hot plate (37°C) to maintain the body temperature
independently. The surface muscle temperature was measured contin-
uously, and the value is expressed as an average at 5-min intervals.

Isometric contractions during heat stress. Isometric muscle con-
tractions (electrical stimulation, 100-Hz frequency, 6-10 V, 30 s
duration, SEN-8203; Nihon Kohden, Tokyo, Japan) during heat stress
were conducted in two different patterns. For protocol 1, isometric
muscle contraction was initiated simultaneously with the onset of heat
stress and thereafter repeated every 5 min. For protocol 2, a single
30-s isometric muscle contraction was initiated 10 min after start of
the heat stress period when the muscle typically had reached 40°C.

Pharmacologic inhibition of the RyR function. To verify the phar-
macological effect of DAN (100 wmol/l), peak tension induced by
electrical stimulation at 10, 20, 30, 40, 60, 80, and 100 Hz was
measured in preliminary investigations. In Ca?" image analysis ex-
periments, DAN was applied for 10 min before the start of each
experiment. This experimental protocol was the same as for the heat
stress and isometric contractions (protocol 2).

Western Blot Analysis

Western blotting was performed to determine the protein expres-
sion levels of phospho-TRPV1 in the spinotrapezius muscles from
each group [i.e., control and protocols 1 and 2]. To avoid any potential
confounding effects of fura 2-AM loading, muscle samples were taken
from different groups of rats who underwent the same protocols (each
groups n = 4). Spinotrapezius muscle samples were homogenized as
previously described (11) using ice cold lysis buffer (50 mM Tris pH
7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 200 mM NaF, 20
mM sodium pyrophosphate, 1 mM NaVO,, 1% Nonidet P-40, and
10% glycerol) with a protease inhibitor cocktail (Nacalai Tesque,
Kyoto, Japan) and PhosSTOP phosphatase inhibitor cocktail (Sigma-
Aldrich). Homogenates were centrifuged at 15,000 rpm for 15 min at
4°C. Supernatant proteins were than quantified using BCA protein
assay kit (Thermo Scientific, West Palm Beach, FL). The samples (20
g total protein per lane) were separated on 7.5% polyactlamide gels
for 60 min at 150 V and then transferred to Amersham Hybond-P
membranse (GE Healthcare, Buckinghamshire, UK) for 75 min at 100
V using the wet method. After the transfer, the membranes were
blocked with Blocking One or 3% skim milk (Nacalai Tesque) at
room temperature for 1 h. After blocking, the membranes were then
incubated with primary antibodies [anti-TRPV1 antibody, 1:1,000,
ACCO030, Alomone Laboratories (Jerusalem, Israel); anti-rat phospho-
TRPV1 polyclonal antibody, 1:500, KM112, Trans Genic (Fukuoka,
Japan); anti-calmodulin-dependent protein kinase II (anti-CaMK II)
antibody, 1:1,000, D11A10, Cell Signaling Technology (CST; Tokyo,
Japan); anti-phospho CaMK II antibody, 1:1,000, T286, CST; anti-
AMPK antibody, 1:1,000, 2532, CST; and anti-phospho AMPK
antibody, 1:1,000, 2513, CST] at 4°C overnight. This phospo-TRPV1
antibody reacts with phosphorylated TRPV1 at serine 800. Subse-
quently, the membranes were added to goat anti-rabbit IgG linked to
peroxidase (SC-2055; Santa Cruz Biotechnology, Santa Cruz, CA) for
1 h at room temperature. The bound antibodies were detected by
Chemi-Lumi One Super Kit (Nacalai Tesque) and analyzed with
Image Quant LAS-4000 (GE Healthcare Life Sciences). Ponceau-S
was used as an internal loading control for Western blot analysis.
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Statistical Analysis

Values are expressed as means * SE. Statistical analyses were
performed in Prism version 7.0 (GraphPad Software, San Diego, CA).
The changes in [Ca®*]; from resting levels were compared within
groups using a two-way ANOVA with repeated measures followed by
Dunnet’s post hoc test. The comparisons between groups were ana-
lyzed using a two-way ANOVA with repeated measures followed by
post hoc comparisons of the group means using the Tukey’s multiple
comparison test. One-way ANOVAs were used for relative protein
data. The level of significance was set at P < 0.05.

RESULTS
Exposure to Heat Stress

In the heat stress (Heat; 40°C) and Heat + CPZ groups, the
muscle temperature reached its target temperature of 40.0°C
within 10 min, and this was maintained through 20 min (Fig.
2B). In contrast, the surface muscle temperature of the control
(CONT) was maintained at 30.5 = 0.1°C throughout the ex-
periment.

In the CONT and the Heat + CPZ group, no significant
change in [Ca%*]; was observed over the 20-min observation
period. In contrast, by 10 min a significant [Ca®>*]; elevation
was evident in the Heat, which increased by 18.5 = 8.1% of
baseline at 20 min (Fig. 2C). The frequency distribution of the
fura 2 ratio value in the Heat protocol demonstrates a temporal
and spatial heterogeneity within each ROI (Fig. 2D).

Effect of Inhibition of RyR Function on [Ca’™]; Response to
Heat

Figure 3A depicts [Ca?*]; responses to DAN (RyR inhibi-
tion) applied during heating condition. DAN application did
not impact the [Ca®*]; increase induced by hyperthermia (P >
0.05, Fig. 3A).

[Ca?™ ]; Change To Heat + Isometric Muscle Contraction

Figure 4 shows the muscle temperature (Fig. 4, A and C) and
[Ca%*); (Fig. 4, B and D) for the two protocols of isometric
muscle contraction (ISO) and Heat. In the ISO under 30°C
muscle condition, [Ca®"]; gradually rose and had increased by
5.6 £ 7% (P < 0.05) after 20 min (i.e., 5 sets ISO, Fig. 4B). In
contrast, there was no significant change over the 20-min
observation period in the Heat + ISO group (Fig. 4B).

In protocol 2, a single ISO performed at 10 min during Heat,
when the target muscle temperature of 40°C had been attained,
curtailed any increase of [Ca®*];. Specifically, after 10 min of
Heat [Ca®*]; had increased by 7.9 = 2.3% (P = 0.32) but
imposition of single ISO decreased this to 4.3 * 1.9%, which
was not different from baseline (P > 0.05, Fig. 4D).

Effect of Inhibition of RyR Function on [Ca®™ ]; Response to
Heat + ISO

In the DAN condition, the muscle tension at 40, 60, 80, and
100 Hz was significantly reduced compared with the CONT
condition (Fig. 3B). The muscle tension at 100-Hz stimulation
frequency was decreased by 27 = 3% in the DAN condition
compared with CONT. The tension at 100 Hz with DAN
(76.6 £ 3.2 mN) approximated to between 40 Hz (64.2 = 4.0
mN) and 60 Hz (83.6 = 2.3 mN) in the CONT.

hysiol.00668.2018 « www.japp
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Fig. 2. A: typical example of changes in intramyocyte calcium concentration ([Ca®*];) during in vivo heat stress in rat spinotrapezius muscle. Scale bar = 100
pm. B: change of muscle temperature for control (CONT; n = 12), heat stress (Heat; n = 7), and Heat + transient receptor potential vanilloid 1 (TRPV1) inhibitor
[capsazepine (CPZ); n = 6] conditions. C: influence of the different heat stress conditions on [Ca?*J;. Fluorescence was measured continuously during the 5-min

measurement interval and ratiometrically quantified data were graphed as changes from precondition (i.e.,

—10 min) levels (RO). D: frequency distribution of

fura 2 fluorescence ratio at 0-, 10-, and 20-min in Heat condition. Values shown are means = SE. #Significant difference (P < 0.05) between Heat and CONT
or Heat + CPZ condition. *Significantly different (P < 0.05) from initial level for each condition.

Just as there was no effect of DAN on the [Ca®"]; accumu-
lation induced by the Heat condition (Fig. 34), the suspension
of the heat stress-induced [Ca®*]; response was also not im-
pacted by DAN (Fig. 30).

TRPVI, AMPK, and CaMK II Phosphorylation: Effects of
Heat + ISO

Figure 5 portrays TRPV1, AMPK, and CaMK II phosphory-
lation levels at the 20-min time point for each condition (i.e.,

CONT, Heat, ISO, and Heat + ISO) in protocol 2. The Heat
condition increased phosphorylation at serine 800 of TRPV1 (P <
0.05 vs. CONT). In contrast, combined Heat + ISO significantly
inhibited the phosphorylation of TRPV1 by the concomitant Heat.
ISO alone did not alter TRPV1 phosphorylation level. The phos-
phorylation level of AMPK was significantly increased by ISO
(P < 0.01) compared with CONT, but no significant change was
observed in Heat or Heat + ISO. Phosphorylation of CaMK II
increased significantly only under ISO (P < 0.05 vs. CONT).
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Fig. 3. A: effect of dantrolene (DAN) on intramyocyte calcium concentration ([Ca®"];) during heat stress (Heat; same data as Fig. 2C) and Heat + DAN (n =

5). B: effect of dantrolene (DAN) on muscle tension at 10-, 20-, 40-, 60-, 80-, and 100-Hz stimulation frequencies [control (CONT); n =

5; DAN; n = 3). Small

gray bar indicates loading time of muscle contraction. Values shown are means * SE. *Significant difference (P < 0.05) between CONT and DAN. C: effect
of DAN on [Ca®"]; during Heat + isometric contraction (ISO; same data as Fig. 4D) and Heat + ISO + DAN (n = 5).
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DISCUSSION [Ca?*]; homeostasis even under high imposed muscle temper-

This investigation is, to our knowledge, the first to document
the dynamics of [Ca’"]; increase in the myoplasm of skeletal
muscle fibers in response to heat stress in vivo where the
muscle blood flow is preserved. The principal original findings
are as follows: /) heat stress at 40°C drives a myoplasmic Ca>*
accumulation in concert with TRPV1 phosphorylation; 2) heat
stress-induced [Ca™]; accumulation is abolished by isometric
muscle contraction(s); and 3) muscle contraction(s) caused
TRPV1 channel deactivation by dephosphorylation of TRPV 1
serine 800. Collectively, these data revealed that TRPV1 inac-
tivation via isometric contraction(s) permits maintenance of
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Increase of Cytoplasmic Ca?* Concentration by Heat Stress

The spinotrapezius muscle used in this experiment is capable
of partial microscopic observation without injury to the nerves
or major vessels (1, 20). Thus the present investigation was
conducted in an in vivo environment where the blood flow
found in resting muscles was sustained along with any physi-
ological contraction(s)- and/or hyperthermia-induced hyper-
emia. Since blood flow itself contributes to temperature regu-
lation in vivo, maintaining the blood flow state is extremely
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Fig. 5. A-D: representative band image (A), quantification of phosphorylation and total protein level on transient receptor potential vanilloid 1 (TRPV1) (B),
AMPK (C), and calmodulin-dependent protein kinase II (CaMK II) (D) for control (CONT), heat stress (Heat), isometric contractions (ISO), and Heat + ISO
(all groups, n = 4). Values shown are means = SE. Data are expressed as relative values with the reference value (1.0) as the untreated muscle. *P < 0.05, ** P <

0.01, significantly different from CONT.
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important for physiological studies of heat stress. When the
muscle temperature exceeds body core temperature and that of
the inflowing blood as herein under the heat stress condition,
heat dissipation from the muscle is aided by the associated
increase in blood flow. Interestingly, skeletal muscle blood
flow is increased by heat stress per se (15).

Elevation of [Ca**]; during heat stress occurs not solely by
TRPV1 channel activation but also via attenuation of Ca?*
uptake by the sarco(endo)plasmic reticulum Ca’>*-ATPase
(SERCA; Ref. 41). SERCA dysfunction caused by heat stress
is thought to result from reactive oxygen species produced
through the mitochondrial electron transport system (41).
However, as shown in Fig. 2, CPZ, a specific inhibitor of
TRPV1, inhibited the majority of the increase in [Ca®™]; due to
heat stress supporting that, of the two candidate mechanisms,
Ca?" influx into the cytoplasm in response to heat stress at
40°C herein was via TRPV1, and thus any influence of Ca’™
uptake failure by SERCA was therefore relatively minor.
Based on in vitro experiments, the activity threshold of TRPV 1
is expected to be in the range of ~40 (7) to 43°C (8) and
TRPV1 activation by heat stress at 40°C herein was confirmed.
Interestingly, however, the accumulation dynamics of [Ca?T];
was found to be substantially heterogeneous across muscle
fibers (Fig. 2, A and D). Although it is not possible to specify
the causal factors for this phenomenon at the present time, it is
quite likely that the activity of TRPV1 is dependent on muscle
fiber type. The volume (33) and protein composition (30) of the
sarcoplasmic reticulum that houses TRPV1 is dependent on the
specific muscle fiber type, which may in-and-of-themselves
help modulate the fiber type-specific responses of TRPV1 to
heat stress. In addition, we have recently demonstrated that
mitochondria play a major role in Ca>* buffering (10) and we
speculate that the pronounced interfiber heterogeneity of
[Ca?*]; accumulation may be related to differences in mito-
chondrial volume density among fiber types.

Based on the biphasic [Ca®*']; increase after capsaicin ad-
ministration, Lotteau et al. (25) proposed a RyR/TRPV1 cross
talk model in which RyR is activated by TRPV 1-derived Ca>".
In the present investigation, we have demonstrated that the heat
stress-induced [Ca®"]; increase was not suppressed by DAN
loading (Fig. 3B) supporting the alternative thesis that heat
stress-induced Ca?* influx is a TRPV1-dependent response
rather than RyR/TRPV1 cross talk.

Inhibition of TRPVI-Mediated Ca®* Accumulation by
Muscle Contraction

One key facet of our preparation is that blood flow is
maintained throughout the protocol including during muscle
contractions. Thus the slight [Ca?*]; accumulation after con-
tractions is not the result of ischemia. We have previously
demonstrated that such ischemia as seen after the blood supply
is severed, as seen for isolated muscle preparations, in-and-of
itself leads to an elevated [Ca?*]; even in noncontracting
muscle (39).

TRPV1 shows desensitization to further stimulation by ex-
posure to sustained external stimuli. Specifically, previous
studies have shown a decreased TRPV1 susceptibility to sus-
tained capsaicin and thermal stimulation (27, 43). In the pres-
ent investigation, as shown in Fig. 4, B and D, muscle con-
tractions intervened to significantly inhibit Ca®>" accumulation
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during sustained heat stress at 40°C. These findings indicate
the presence of a, so far, undetermined mechanism that de-
creases thermal TRPV1 sensitivity. Lishko et al. (23) reported
that desensitization of TRPV1 to sustained stimulation was
dependent on Ca?>* accumulation. Accordingly, repeated (5
times) 30-s isometric contraction bouts caused (as seen at 20
min in Fig. 4B) a slight, but significant, Ca?>" accumulation in
protocol 1. Also, dependent on the precise contraction param-
eters [Ca’"]; during muscle contractions may transiently in-
crease up to 100-fold (4, 14). It is quite possible that such
[Ca”"]; transients may reduce TRPV 1 sensitivity to concom-
itant or subsequent (protocol 2) heat stress.

Also, it was notable that even the decreased level of con-
tractile tension produced under DAN conditions continued to
maintain the inhibitory effect of heat stress-induced Ca**
accumulation (Fig. 3C). This observation supports that even
low-intensity stimulation is highly likely to suppress Ca®*
accumulation due to heat.

The Effect of Muscle Contraction on TRPV1
Phosphorylation

Phosphorylation of serine 800, one of the two serine residues
of TRPV1, has been identified as an important site of control
for the activation response (30). In this experiment, the phos-
phorylation of the serine 800 residue was significantly in-
creased by heat stress at 40°C (Fig. 5B). This result is consis-
tent with a previous finding of an increased phosphorylation of
the serine 800 residue in cultured skeletal muscle cells exposed
to heat stress at 42°C for 30 min (31). Interestingly, muscle
contractions markedly suppressed serine 800 phosphorylation
by heat stress (Fig. 5B). These results demonstrate that Ca**
accumulation induced by heat stress is dependent on TRPV1
phosphorylation. On the other hand, dephosphorylation after
activation of TRPV1 is considered to be one of the mechanisms
of TRPV1 desensitization (21, 32). To our knowledge, muscle
contraction has not previously been shown to lead to TRPV1
desensitization. In skeletal muscle, the mechanism underpin-
ning the correlation between TRPV1 desensitization and Ca®*
accumulation is unknown. However, the fact that Ca?*/CaM
binding desensitizes TRPV1 in neurons (23) may offer an
important clue. In the present study, muscle contraction(s)
significantly increased CaMK II phosphorylation (Fig. 5D),
reflecting elevated Ca®>*/CaM levels (13). Therefore, CaMK II
activation by muscle contraction(s) may induce TRPV1 desen-
sitization. In addition, negative modification of TRPV1 by
AMPK has been reported recently in sensory neurons (44), and
it has been determined that TRPV1 and TRPA1 coexpress and
functionally interlink with each other (3). Therefore, it is
feasible that the rapid muscle contraction(s)-induced increase
of AMPK phosphorylation (Fig. 5C) acts to desensitize
TRPV1.

Continuous muscle contraction induces muscle fatigue, in
part, by elevating myoplasmic [Ca?*]; consequent to decreased
SR function. Activation of TRPV1 may contribute to the
increase of [Ca®"]; because muscle contraction is accompanied
necessarily by muscle temperature elevation. However, be-
cause dephosphorylation of TRPV1 is induced by muscle
contraction, and the increase of Ca’?" in the cytoplasm is
suppressed during heat stress, this mechanism may constitute
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an important physiological pathway for sustaining muscle
contraction despite elevated temperatures.

Summary and Perspective

Using an in vivo bioimaging model to maintain blood
circulation and a close-to-physiological muscle physicochem-
ical environment, we resolved the effects of muscle contraction
on simultaneously applied heat stress. By inhibiting TRPV 1, it
was apparent that Ca®" accumulation consequent to heat stress
occurs principally via TRPV1. Importantly, we demonstrated
that muscle contraction intervenes to suppress heat stress-
induced Ca®* accumulation by reducing TRPV1 phosphoryla-
tion. Furthermore, it was determined that suppression of Ca**
influx via TRPV1 by muscle contraction is caused by dephos-
phorylation of the serine 800 residue. In addition to serine 800,
serine 116 (28) and tyrosine 705 (22) have been identified as
residues controlling TRPV sensitivity. Additional prospective
studies are indicated to elucidate further the controlling mech-
anisms for the entire TRPV channel family. Heat stress is a
major factor regulating intracellular Ca>* dynamics. There-
fore, the findings of the present investigation provide important
clues for better understanding the profound muscle fatigue that
attends hyperthermia and possibly also the mechanism(s) of
thermal stress-induced muscle protein synthesis.
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