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Foreword

A project research: ‘Regulation mechanisms of Ca’*-permeable channels as sensors and their

physiological significance’

Makoto Tominaga

Project Leader

Professor, Okazaki Institute for Integrative Bioscience, National Institute of Natural Sciences

There is more than 10,000-time difference in the Ca?' concentrations between intracellular and
extracellular solutions. Accordingly, Ca?" ions entering the cells work as the second messengers. The
research about Ca?" channels has been mainly performed by focusing on the voltage-gated Ca?" channels
expressed in neurons and muscle cells. However, a lot of transient receptor potential (TRP) channels have
been isolated since a cloning of the prototypical member in Drosophila as a protein encoded by the gene
involved in the mutant having abnormal light responsiveness. There are now 27 TRP channels in mammals
composed of 6 subfamilies; TRPC, TRPV, TRPM, TRPML, TRPP and TRPA. Many of the TRP channels
work as non-selective cation channels having relatively high Ca** permeability. Most cells in our body
express multiple TRP channels and they function as important pathways for Ca*" influx. Although TRP
channels are activated by various stimuli, it is noted that some of them can be activated by not only chemical
substances but also by physical stimuli such as temperature and mechanical ones, and the clarification of their
activation mechanisms and physiological significance has a lot of attention in order to understand the
importance of Ca*" for the life phenomena. Based on this background, we performed a project research
titled ‘Regulation mechanisms of Ca?'-permeable channels as sensors and their physiological significance’
focusing on the TRP channels involved in sensing of temperature, mechanical stimuli, gas and chemical

substances.
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Pe~ra77— DO, * p<0.05, ¥ p<0.01, Ok 3) 2HeZ5] )

A sessorc  0210TC B
30 uM H,0, LRT

%) =3 37°C
£ o 2 = 38.5°C
% 120 NS
=2 | =
@ 100
[72]
S 80
g 20

- g
. Wi TRPM2KO

afs "

B 9. fEE~ra7 7 —T OIREE{LB L ORI LK R LB I L DM Ca? iR B2 k(A SRR R RED T4
Hl~ra”7 77—k TRPM2 KE~707 77—V O HEE(B), * p <0.05, STk 3) M HekZE 51 )

0.7] &




TRPM2 DR /KR ICEDENEA =K L3 L0l
HIZR AT =R LIANE I DB D120~ Al C i
WraAT o7, BEBI I T LlE R O RE MR E I bk 37

DL IDZITROT NI ENMON TS, F2, 7=

AIPENR T OB KR EAZ BT LT ZENMES
ITWD, £2C, HPERENRBAIL A T, il k3
WA Z LT~ 707 7 —D LRI U LI BYSE D1y
RPBEZSNDDEIDZEHIRAN Ca? it B I EVE T
Liz&Z A, B AR ENRA MR CIEEmE LK B ALE #% D2

>

5 pM lonomycin

Wt p-cell

—
Bi0 300 uM 40 mM il
Tolbutamide K* il
I I
6.0 L 300um ‘
i i ([T

0.0-
O 404

0 300 600 900
Time (sec)

Ratio (F340/F380)

Temperature (°

6] B OB TN & OB R BIERS A3, TRPM2 K
BRI CIT Bl S eh 72 (B 10)

%@i@ﬁéﬂﬁki’%m%ﬂ:iéﬂ%ﬂ)ﬁﬁr’ﬁﬂ]ﬂ@ﬂffw&%@t%k

WEE LK FEORER T TH-7- (K 1), £/, 40
mM KCIZE DB iiz A/ U7l PN Ca2 5 5 e i X 55
AR BARAE & TRPM2 KRABIFENEBAIAL T 22D 727> T2
ZEmn BAEEE Ca T v BN UL BIRL
RNZENS -T2 (X 11),

5 uM lonomycin

B 5. TRPM2KO pcel

300 uM 40 mM
Tolbutamide K*

6.
4.

Ratio (F340/F380)

Temperature (°C)

6 S '360' o '660' o '9(')0'
Time (sec)

B 10. HEfEL 7o~ A B AR EREBAMAL(A)E TRPM2 KB FENEBHIA(B) COIREEZE bt L UMM Lok SR ALE (2 Lo

HeIN Ca® e 2k, (SCHK 4) 7 HEk AL 51 )

A Heat-evoked response after H,O,-treatment

B 40 mM K*-evoked response

*kk ] NS
o ® TRPM2KO S 40 -
£ 5
5 g
£ 20 -
3 £ 204
. 2
B ©
® 104 o ]
% $55 538 “
e 2 NS 0 -
NS N 5
0 1 f"‘ - 1 & il | v T T Trrr] $ (L%"
0 30 100 300 1000 Q\&
[H,0,] (M) &

X 11, AR~ 2R S TRPM2 KA IENEBAINE CORBNKIC L DAIEPN Ca2 R EEZE (b oiEmER LK SRR K
TEPE(A) B RBHRIL L L ADHIFE N Ca2 i FE (LoD B AT <7 2B AR & TRPM2 K AR IEIEBHAE T LEi(B), (3L

1k 4) 5L 2851 )
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ZO~0 AENEBHAL T DIRE DA LAY 53 We~D B 7o, FOEER <~ 2 TOIRERIFHR T LV a—2A
HERT LIz, ~UARERENLO T N a—2MEFRRAY IZEDPERNS DAL A) WD B K I LR (K
AV DGy 33 BEE 3T FETHIERLIZLTA, WA~y [FITH-T2 (X 12), NAC {KAFRIZR7 )V a— R Z& DA
ACIRRE EFMKAFINCA AU Gr b DS R AMBLEE VAV G R T ey N HE LGNS (K 13)
AT, TRPM2 RIS ClIiZRS e 72 (K12),

A B C
40 Wtislets (33°C) ~ 40— M2KO islets (33°C) 16.7G (33°C)
é é z p=0.472
o T o " 6o @
< = o 204
o [o)] x=
S k@ £ >
5 20- § - <
© © 2
[ o @ 10
b ? S
£ * £ NS &
S 5 i
2,18 . . 2 ol : : 2 .
336 1676 1073 336 1676 1905\t M2KO

D E F

islets (37° _ islets (37° . 9

g0 Wtislets (37°C g0 - M2KO islets (37°C 16.7G (37°C
@ ) s
> 2 3 p=0.048
© 60 S 60 - B 2 20
B 2 2
—_— ~— (=]
S 40- 5 40 - iz g < 40
© ® 2
2 2 5
2 20+ % e 20 - NS 9 20 -
5 5 i
E 0__i T T E 0'_a T T E
16.7G 1676 = 0-
336 167G A0 336 187G e Wt M2KO

12. 33 EE(A-C)& 37 FE(D-F)ZE1T5 3.3m, 16.7 mM 2 /L1 — A(GYEAFHIZE S (BF A7 & TRPM2 KA8) 2>H DA
AV B L HiERLE% 3 N-acetylcysteine (NAC)D RIS, (SCHR 4) 2>Hek 51 H)

20 -
B Wt islets

Bl M2KO islets

(ng/10 islets)
]
1

NAC-sensitive insulin secretion

33°C 37°C 40°C
13. 33 &, 37 &, 40 FEI2351F5 16.7 mM 7V a—AMEFRIRPER (B4 RLE TRPM2 KIB) DDA A &
N-acetylcysteine (NACHKATHI72AK 57, (5T 4) HXZE 51 )
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FA=BIXZINET, KT TFT /YA MZEITH TRPVA
DAEBREFRE S HIELTE72A8, MNICH TRPV4
EFHLL TD, DA SEAHIIR IS 38 BL 45 TRPV4
MR T CIEMAEL T Na i A& > T RL | ik
MO BEMAHEL VA EEREL TXE),
TRPV4 [T N RAE # 12 < B BLL T\ D, 22T,
TRPV4/EGFP BAC Transgenic mouse Z/ERRL7=EZ5,
RN, ARIEFEITTRY GFP 27 T N a D=2 b,
IRk#&# TRPV4 [ ZEHEBEZ/AFEEZH>TOALOLHE
R,

RS 38 | 2 AUANK 2 |, SN | SR AMM IR 1T DT> THFAEL

—JED LRI, R, DD, R A HTAZ
VT TRPV4 OFEBLARNTLI=LZ A Aikis 35 B Rz fifa i
FHLL | E7c, apical D~ —71—Té% NaK/ATPase ol
ERBMNTERICE R -T2 L5, TRPVA (3RS S 7
HIRR oD apical FFEICFEBITHEMERLIZC, BB/ #
FZAHREC TRPV4 OFSRENIFEBLA Sy F 7T TIRIZED
B LEk CHERR L T2, B~ 2B AR L 7= B AR
KEHE LRI CIE, GSK1016790A (GSK, 0.1 puM) D%
HAZ ko TOMaZEE it 245 3 D B OTE L3 Bz S
=23, TRPVA AR~ A7 i U= BB RS 2
I CIL, 1 uM D GSK O 5 THEIROIEMHALIX iR
TER-T- (R 14) ©,

JIRHS 3 0D B BE7R AR PREERE D 1 DI IR BEIR D PEAE « i
HThHD, 2T, ki&as -G apical 52 C TRPV4 23
TEPMEELC Ca M AL, Z D Ca¥ 8 Ca? TEME L7 1T A
RF ¥ RNV EEEALL CrudA R4 Uit 27260

5 4 R 44 36 b R R A
0.1 uM GSK 4

30 sec

TN ) L7 o TOKRDBENN DD TRV NE
Bz Iz, EVHDOIE, IRkE# BRI HIfRN o7 aZ 4
RAF PR DN T2 DI T T A RA 2 OB
BEZ-20mV T, #ILEENITIHBLZ-50 mV 72D T, 7
27 ARF v XL OIEHALIZ /T A R4 O Eb T
LI N THD, ZIVET, ki LGRS Ca 1E Ak
IaFARTF ¥ XV OHE TN, ZZTET, BRAEH
FHIS Ca? TEMEALZ BT AR F v RV DIEEE IR,

RS NMDG (N-methyl-D-glucamine) -Cl & T/ a7
AREIRLINBES CERWSRE TRy T 77 7 gt
FRIEZ AN TIRITL72E 24 MIIA Ca® i EE 500 nM O
R CHME IR A A T 5707 A NER B S .,

NPPB (5-Nitro-2-(3- phenylpropylamino)benzoic acid) &>
T =L IR T A RF v RV HLEA(100 pM) THIH
SN7= (X 15), Inomaycin (25> TR Ca2 R E%
FA-SEThH, [FERIZ NPPB THIfilS D707 AR F 1L
B OTEE L BIER S = (K 15) ©,

Ca' IE ML 7T AR F ¥ XN Dy FFIEEL T
anoctamin (ANO) 2N EAERTIZ R A S TV D, 2T Ik
# i R 31F 2 ANO BIS T RBIARFI LTI A,
HED ANO 815 T (Anol, Ano4, Ano6, Anol0) DFEEH
BlESNTZ, ZOHTH ANOI 23 Ca2 JEZPED E
ZEDD B BBRE VT ANOT OFHARFIL, ik
He3# BRI ANOL B VB OB A fMERRLIZ Y, 25
L CEIE - EAEL L, BEREL L TR 5 RIS
Ca?EMALZ B Z AR F ¥R/ anoctamin DIEBLHIFER
iz,

TRPVAR & fR#E % b 52 A
01pMGSK __1HUMGSK
LML
L o
_ls
30 sec

X 14. HEEGHE =5 B0 TRPV4A FIREEE (GSK) (ZX 3555, ZROFEAKITERN —AOBBIORVOE

TrEERILR, (CCHK 6) B ZE 51 )
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100 uM NPPB nA basal
—— 0.2
0.1 NPPB
-100 -50 mvV

50 100
-0.1

L
' [T

[Ca2*];, = 500 nM

20 sec

[Ca2*);,, = 100 nM

5uM
ionomycin

100 UM
NPPB

nA ionomycin

HHLsHRN

(80 sec)

200 pA

|

20 sec

15. HEEIRAS % LG Ca* V&M L7 v T A R F v 1L B, MIEPY Ca? i 500 nM 7 ionomycin THEEPY Ca**
IREEZ FR-SET-EE 0o n &R (AKX E R B RR) 2~ /e 7 A NEROTEMEA L BIEES D, (CHK 6)

MBI )

0.1 pM GSK

600 & .
o w
§' 3001 20$ec‘_
g L
ﬁqc-; 4
5 0__ 1.77
2 - TRPV4 + ANO1
@ - TRPV4
[ .
g -300 L ‘ = ANO1

-50 mV +50 mV

membrane potential

600- 0.1 uM GSK
o 1 _\| S
o
< 300 mg“
= 0.90
@
£ O -0.38
° TRPV4 + ANOf
@ Ca“" 2 mM
8'300' Ca2+ O mM

-50 mV +50 mV

membrane potential

16. TRPV4+ANO1, TRPV4 Hjll 520 % ANO FUMFEE HEK293T A2 351F 5 GSK B G- 12%f 357 a7 A RN EDT
(72) OIFMAL L Z DI Ca¥ R EERAFNE (F7) . ** p<0.01, (GCHR 6) B2 51 )

RIZ, TRPV4 & ANOI % I BIXH7-#ifd C, TRPV4
IS THD GSK & G LTradA/REfiiz#EL- s
ZA, MREAMNC Ca¥ BFAET HLXICD B REIR 70T AR
BHEAEIZREN (K 16) @, ANOT HUMUR 5L |
TRPV4 Hijl % B B . TRPVA+ANO4 & B i |
TRPV4+ANO6 FEEL MG, TRPV4A+ANO10 FEE MM Tl
[FEED 7T A NERIIBIEI NIRRT ZEn b, 2O
REHEIX TRPVA+ANO] IZHRFERAY THY | 5, HEK293
AL T TRPV4 & ANO1 O ERAAS & 03 L SniE T 4T
Fo TSN (B 17) ©,

TRPV4 + ANO1 pPcDNA3.1
IP: ANO1 IP: v4 IP: ANO1
WB: V4 WB: V4 WB: V4
non GSK non GSK non GSK

_— | 100
kDa

17. TRPV4 & ANO1 % 3LFBlE 172 HEK293T #ifi T,
PLANOI HUATHRIEILM: (IP)SBAZAIZHT TRPV4 HT
K CRED (WBYE A ENFET D, CCHR 6) 725
K251 D)
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HABEARKS 3 _E R T . GSK R K> CTob &k
MR R T I/uIANERNMEEIN., ZDOEFIL ANOI
PHEFA] T16Ainh-A01 (A01) TrEAZHflSi7z (B 18)
© F72, Rk #E R HIARIZIV T TRPVA & ANOL O
AR A SR E Lo TR SN (K1 19) ©)
PLEDZ LS, ks # ERMIaIZ 5T, TRPVS DY
MAIZ > THALTZ Cattlzl~>C. TRPV4 LPEAgiz
fEATD CaTEME L uTARF ¥ 1L ANOL 2NEMEAL
THZEDRRBET2 ST,

GSK AL TRPVA FIHIE ThHh DT L5 NIRRT
D1OTHAHIKIFEFELET TRPVS Z3EMELL THRFETLT-,
B A~ 2D DA HE LT B RAS 5 BRI 3BT
37 L FC, 300 mOsm 75 200 mOsm ~D{KIEEE
FPLIZ Z o TRERIBTAREROIGEHE L BIZZ SN

nA
0.1 uM GSK 1.0
v 05
-100 -50 iy
50 100
»'LL\ il
r”r'
X 18, HBENRKS#E FRAIRIZEBT S GSK £ 5

(LD C) o 22O A

4 DR L R MR
A

n
e 300 mOsm
200 mOsm ¢

300 mOsm

0.4

0.2
0-
¢l

20 r T T T T T 1
0 100 200 300
time (sec)

20. HBERIE IE HAmIE o 37 I

10 pM AD1 \

B DARIRE R

23, TRPV4 KA~ ADDHii#E U7 FABERAG 5 b R
TSN -2 (K 20) 9, ZoZnn, NIRME
TRPV4 HIIZ Lo THIR#E & LRIl T TRPV4 &
ANO1 OFEREHBN HEFR T Tz,

IP: ANO1, WB: V4

WT KO WT KO

- E | 100
' - kDa

- o = GEED === -acin

19. RS B R AT, BT ANO1 HiiR CHe itk
(IP)XE7-AEAIZHT TRPV4A FUA TGRS LD (WB)EH
B BMEET D, CCHk 6) M HXZEs | )

0.1 pM GSK

500 pA

20 sec

IR BIuTAREROIEMAL () EEOEFRD ANO1 BHLEZK A0l
EIIN—AD BB L ORY OEREERR, Gk 6) 25k ZE5 | H)

TRPVAR RIR#&# L BIRE
nA
0.6
300 mOsm e 300 mOsm
0.44 -
0.24

20 1 T T T T 1
0 100 | 200
time (sec)

IR DrmTAREROIEIEL Ok 6) 22HH 2251 )
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ANO I FEMIRKIZ Lo TR L T 22 MBIV TN D
DT, HEEIRAS T ERGIRA VT 45 EEETo2[EDOF
FE O GSK B 5-21T>TrrI A NEE B L&
25, B <D 20 BAHERHS #% _EBGIE Tl GSK & 5
#%D2[E H OBAI TraF A REFDF LR B
SNT223, TRPV4A KR~ 2D HABEARHAE #5 b BGfifa Tl
BRI BN 2o 7= (R 21) O, B AT <7 20D
AR ARAE 3 _E R ClE, GSK (X~ T TRPV4 235
{ELT CaZ A AL, Bl Loy EST ANOL D
ELVEIRAEZT2bDEE Z BT,

TRPV4EANO1 DOFEREE EAIZ L D s 25 _E R H i
T B ARAG % L R AR
nA1.0 0.1 M GSK 1 M HC067047

0.5 1
04

A

T T T
0 50 100 150
time (sec)

X 21. HLEEARAS # B R M

HC067047: TRPV4 BHEHE, (SCHk 6) 7 HEZE 51 )

+50 mV

7L Jo L
-50 mv /
E i
L/’J 5nA
15 3 30 sec

relative cross-sectional area
(faveraged basal)

0.5 r

0 120 160 (sec)

manot | Trso mv
pcDNA3 1 i\ . 'ﬁ\ ﬂ

A 0 . -50 _+50 mV
pcDNA31 €3 6_““" ¢ ";
al\ "I\ \

mMANO1 e S0 gmv

o .

pcDNA3.1 | \/ ( e

i 1 i

X 22. HEK293 HHfaIZ
Tt TES 5 S AR 3225,
IEMES L EMa AR D,

BIFHEGEMAL T AR E

HOIRTARAF L RHIFKBEZ BRE 5133 Th D,
TRPVAIKT /LT 277 7R 4 (aquaporin 4; AQP4) &
FEALTNAZENBRICH LI/ > TS, £ T,
HEK293#HfdIZANO1 Z 3R IR BLS & TRy F /7074
B RERE G N Ca® i 500 nM) TN Z-50 mV
IR FFT D EF LWl AR DBl S, IRFFENL
2450 mVIZE LS A MR AE I TR~ T, Z0EH
ZUIANOIZFEBLL 22 WA OB A 2 (LS H 70V IR EE
TR EEINR o7z D | RFFEMEIZLD
ANOI1ZN L=/ uaTARAA > Ot i EFEA D KB B &
FlEEzLI-boLE 2 BN (K22) ¢, TRPVAEANOI

TRPVAR R %+ 5 A
nA g 0 1&5!(

04 AN
AN AN
30 /

) 100

time (sec)

ZxF9% GSK #5285 TRPV4 IEME(LDZh R

-50 mV
R T
0.1 uM GSK
%IIL

(faveraged basal)
o

relative cross-sectional area

0.5 r

0 20 5IO 80 (sec)
/ / \
— 50 -50 50 mV
MANO1 k\ 1\C : 'i\":
mTRPV4 'y —cy .
s (27

mANO1

Le P

BIFDH ANOI EAFH72 IR A R, /2. ANO1 2R BLSE M ClXE MBI C/uT /R E
**p <0.01, £7. TRPV4, ANO1 Z GBS LH L2 MEBAL Tr/rI AN EitE
*p <0.05, ** p<0.01, (3THk 6) MHELZE51H)
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Z JREBLSH 72 HEK293 Al (RERR PN Ca? iR FE 100 nM)

TlE. GSK DFEGAZ L > THREFEN-50 mV TREZRHN
ks (IaFARATF > OMIANLOWEH) 125X fEw
TR OW D DBILES -, ANOL 721 & BlEt
TR CII A A ITBEISI T, TRPVA 721 2R Bl
WM Tl NS N A& E R ORI T LA FED
RS2 (K 22) @, GSK (2k% TRPV4 fEMEAL
IZE o THALTZ Ca?™EfiEZ D Ca? it AMZERENS 7=
KFEAD G | ZRZSNTzb D EHERSNT,

BIELSHLTZ TRP T 1/ & ANO1 OREREE B I3 L0
BRLDOTHAIEEZ D | BRI CRIELID &
EZ T AT T A R A PR S EN T
EMFNHILTHY, ANO1 Fr VOB /a7 AR A4
S ESTR DA I H T e ESND, 22T
Hed, AR ARELETTO TRPV1 & ANO1 D381 %
BRFTLI=E 25, 2L/ MEORINE (B2 5 IRED CHjHE
DOHNE) TOHLFEH PRS- (K 23) ©)

WIZ, HEK293T #fifdiZ mTRPV1 & mANO1 % #3851
SHTHIRINA NMDG-CLEIR D ST raT A R &%
BIEL 7224, mTRPV1 & mANOI1 & 338 Bl SH 74

BT

~ A RARAREH S

TIX03 WM DA T AT U 5 TRERIOTARETD
Blgzs =2, mTRPVI H2U T mANOIL 721 A& 5Bl
B fE CIBERS ) oz, T2, F DT ARERR
TEMEAITAIISMNC Ca DM ET DX BIESNT
(” 24)®, ZOFERIT, BT AL TIEMAELT
TRPV1 Zif~> Tt AL7= Ca®* 2% ANOI ZiE P bst7=2
LEERT D,

AP PR PR IE I LD M AT 5 L HEK293T # flw C
mTRPV1 & mANOI 2EE L TODIERHILMNI o7
(K 25)®,

transfecterd cDNA

A 0y N
& o & o K
Q. ol o Q
S ¥ & & &
100
kDa ] - -
IP: ANO1 TRPV1 ANO1

WB: TRPV1
[ 25. mTRPV1, mANO1 Z 3 BIS 172 HEK293T #fifie
TOHL ANOI HFURGIEILRIEATO TRPV] B HED
R STk 8) Bk ZE 51 )

BiF5 TRPVI (k) & ANOI (i'f) D H:FEH, Scale bar 50 um, (SCHk 8) 7 HEkZE 5| H)

X 23.
A oA B C
2+, 4 =2mM TRPVA
0.3 uM p 800 - [Cas*out 400 - m
Capsa'fm b 140’6"’ - * % =, MANO1
2 s *% & *
< <
e 1 —t I
€ T
mTRPV1+mANO1 2 ~400 1 g -200
3 3
K &
_—‘J) mTRPV1 g‘ 8
—=—-124 . -1.68
| L 0 Y A\ 3 2mM  0mM
[T+ m. 2
30 sec S &Q‘ ?S; (('\\Q- @V‘% [Caz*]out
24. HEK293T il CD mTRPV1, mANOI1 R BUKTEA 7 0T AN EFOTEMEL (A, B) EZDOHMIfas Ca K7 ME(C),

(3CHR 8) DB G
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WIZ, HBEL 7o~ AAR MR AL TR KCLAE
fash NaCl DA AL e Th7 A NI DN FEER
EHIEILT-, ANOL FHERITHS A0l (F/E FTiE, 17
YAV ANZLDNAZBIRDAEINEL, 20 A0 KAF
PEIXEREE EGTA THEDLRN -T2 ERE BAPTA

TIEERLE (" 26)®, Lo T AT AL EHITE-
THIEINANREERIL Nat,Ca?' 7217 Tl Ca?fiz
&% ANO1 TEHALZE T LA E I aT A REFAD LD
DEGE HDTNDEEZ DI, FT-. ANOL {KIFPEN
EEE BAPTA TIHAELZZEND, ZOMREHEDNL 20
nm UNO BT CTREISTWALDEAEES L, Ut
mTRPV1, mANO1 OEERHE GO REEET D, v T A
JEEARRRICI T TRPVL & ANOL OFEA MRS
7=(X27)@®,

Z® TRPV1 & ANO1 DOFREHE IO B ZAE (KL~ v
THRETT 272012, vV ADBIIZ I T A 2 b L
TR ABETEN A B LT, T8 W7 AT U a il
IZEDRERDITENT ANO1 FLERI DR G-CHEID
WIS, AF > F v RAA ATP 52 25 A0 Pk 3
afmethylene ATP |ZRDRERDITENIED 27 >72 (K
28) (8)

A
20 o
o capsaicin
(o]
]
&
S o A01 ()
£10/ TR
g
-
o
O-I T T T T
0 1 2 3 4
time (min)
= 20
Py afmeATP
Q
Q
2
£
=101
(=]
=
x
- M‘_‘
0/

0 1 2 3 a
time (min)

X 28. ~TAGEA~DH TP AL AR EITED 30 BRI E(A)BLDNS 4
Lapmethylene ATP (apmeATP)#% 5-1245 30 BT LH(O)FBL N5 4

<0.05 (Cik 8) o7 H)

5

10 uM AO1

1 pM capsaicin

DRG

104
-
g T [ W
< 30 secm ) ;
= |
=
£ .05 I
3
8 x *
5 T T
I + - + -
0.2mMEGTA 5mMEGTA 5 mM BAPTA
B 26. ~U AZARAFRE ML COHI 7 A :Ot%%]
&L ~D ANO1 [HFEHIE Ca¥'FL—F—DRE, *p

<0.05 (3CHk 8) 7B ZE 51 )

IP: ANO1 TRPV1
WB: TRPV1 TRPV1

run through
IP: ANO1 TRPV1

100

1% [ 27. ARG A C

@ TRPV1, ANO1 & [ D4k
TR, (TR 8) b

51H)

f-actin {——

B

S 40+ "

8 |
g

wn

S 20-

£

= T
g

g o

- A01(-) AO1 (+)
D

3 40-

@

c

R

5 [
S 20-

(5]

£

g

3

= %o (-) AO1(+)

TRI(B) DY 7 BRIEATE ~D ANO1 FHEH| > %) R

Iy EI(D) DI 4 BEHA TEh~ ANOI1 BHLEAIDOZhE, * p
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3. EEBFUVSHRDEE

A EDFEFRIZL ST, WK FEIZLDATFT A =0 D
fE{bizd>T TRPM2 OTEMEALIRERIMEAME T 9528
DEABIEI ST, ZIVET, BRI TRP T /LD
IEMALIRERE DO ZALITIIS ES EFRAT =R LDRHHT
ERASLNIZI2 > TND, BT AT 2B TRPVLE O
TEMEALIREE BIMEIE PKA, PKC IZLDV B bIc k> TR
Sk 43 FELLEHIRIEICIR T A2 ENALNNI o
THRY, KIEDTEHEALRRE L 72> T A3 25 Al M
DIRSILTNVD, ZiUE, BPERIEMEER I ED1OD Sy
TR LB 25N TND, £z, TRPVI EAUN— /LK
{& TRPMS [ AL (TRPV1 (247 %A, TRPMS
XAV —)V) OAFTE T Cil P Ak R B B B 23 28k

(TRPV1 &, TRPMS i3 7)) T 228 BIL TVVA,

Nz T, FAT= IR T, PIP, &LL< PIP, @ TRPMS ~
DFEG D, MR E T DR IR FEICEL T
TRPMS8 DIEMALIREBMEDE b2 LT3 Z e WmEL
= O HERISMEEE DS O EOFIEE E Y, TRPMS Of
PEALIREE BB S BR80T, ZOAN =K L
LY 2 — /" —D 3R MVERR (BT IKICFERLIZZ T
FIROKIZTFER T EENET, BOWNRE DL T%
RULTE THRIROKICFEZR T LMT-RCLBE) 2
HTEHLEEZ TS, SRIOATF A= Dbz Ls
TRPM2 DYEMEAVIREE BB D 218 7o 22 TE AL IR
BUEZEA LD AT = A L THD,

AF A= BAIC kD TRPM2 OFERERE T (JRIE) 13~
a7 7 —UBERBIC KR E R E R A FFOZEN LMo
720 R BI7RAIFYYSE Cld NPDPH oxidase (2&~> T~
a7y —VE TR KT R EESIL, v /77—

i

B

FEREMMIEIRE D, A RIA OB R REDHE TR I %
IR DOIZEFNBH, FIKFZ, 1.5 EEWO U
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Summary

Thermoregulation is the ability of organisms to keep their body temperatures within a certain range (~37°C). Nine
thermosensitive transient receptor potential (TRP) channels (thermoTRPs) are known to detect ambient temperature and are
believed to be involved in thermoregulation. We investigated the regulatory mechanism and physiological role of TRP
melastatin 2 (TRPM2) at the body temperature, which is sensitive to warm temperatures (>35°C).

TRPM?2 is a nonselective, Ca?*-permeable cation channel, and is expressed in various organs such as the brain, pancreas,
spleen, kidney and a wide range of immunocytes, such as lymphocytes, neutrophils, and monocytes/macrophages. TRPM2
plays important roles in Ca?" signaling in these tissues and cells, and contributes to cellular functions that include insulin
release, cytokine production, cell motility, and cell death. The primary activator of TRPM2 is adenosine diphosphate ribose
(ADPR). We found the novel activation mechanism of TRPM2 induced by H,O,. The alteration in the temperature
sensitivity of TRPM2 by H,O, was mediated by a reduction in the temperature threshold for TRPM2 activation, enabling
channel activation and cytosolic Ca?" elevation at the physiological body temperature. Sensitization of TRPM2 by H»O,
was found to be via oxidation of methionine residues. Therefore, endogenous TRPM2 channels in vivo could be modulated
by redox signals in parallel with adenine-containing second messengers at physiological body temperature.

Sensitization of the heat-evoked response was also observed in wild-type (Wt) but not in TRPM2-deficient
macrophages, indicating possible involvement of TRPM2 sensitization in macrophage functions. ROS-mediated elevation
of cytosolic Ca?" and Ca?'-dependent ROS production may interact and amplify each other, playing central roles in innate
immune responses. Indeed, zymosan-induced cytokine release was affected in TRPM2-deficient macrophages. In
addition, elevated temperatures (fever) were found to enhance phagocytic activity of Wt macrophages, but not
TRPM2-deficient macrophages, implying that the ROS-TRPM2 activation pathway plays a critical role in macrophage
functions. This novel activation mechanism of TRPM2, sensitization to temperature, might provide new approaches to
immune research.

We then investigated whether the TRPM2 sensitization by H,O, is a global phenomenon by focusing on the TRPM2
functions in pancreatic B cells. Heat-evoked [Ca’"]; increases were observed after H,O, treatment in Wt B cells, but not
TRPM2-deficient B cells similar to macrophages. In addition, TRPM2 activation downstream from the redox signal plus
glucose stimulation enhanced glucose-induced insulin secretion in a temperature-dependent manner. The N-acetyl cysteine
(NAC)-sensitive fraction of insulin secretion by Wt islets was increased by temperature elevation and this

temperature-dependent enhancement was significantly diminished in TRPM2KO islets. These data suggest that
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endogenous redox signals in pancreatic B-cells elevate insulin secretion via TRPM2 sensitization and activity at body
temperature. The results could provide new therapeutic approaches for the regulation of diabetic conditions by focusing on
the physiological function of TRPM2 and redox signals.

We also investigated the physiological role of TRP vanilloid 4 (TRV4) at the body temperature, which is sensitive to
warm temperatures (>30°C). TRPV4, a calcium-permeable channel, is highly expressed in the apical membrane of choroid
plexus epithelial cells (CPECs) in the brain. The function of TRPV4 is unknown. We show physical and functional
interaction between TRPV4 and anoctamin (ANO) 1, one of the Ca®*-activated chloride channels, in HEK293T cells and
CPECs. Chloride currents induced by a TRPV4 activator (GSK1016790A) were markedly increased in an extracellular
calcium-dependent manner in HEK293T cells expressing TRPV4 with ANOI, but not with ANO4, ANO6 or ANOI10, the
mRNAs of which were expressed in the choroid plexus. GSK-induced chloride currents were observed in wild-type
CPECs but not in TRPV4-deficient CPECs. We also found physical interaction between TRPV4 and ANOI1 in both
HEK?293T cells and choroid plexus. We observed that ANO1 was activated at a warm temperature (37°C) in HEK293T
cells and that the heat-evoked chloride currents were markedly enhanced after GSK1016790A application in CPECs.
Simultaneous stimulation by warmth and hyposmosis induced chloride current activation in wild-type, but not in
TRPV4-deficient CPECs. Cell volume changes were induced by ANOI-mediated chloride currents in parallel with
membrane potential changes, and the cell volume was significantly decreased at negative membrane potentials by
TRPV4-induced ANOI activation. Thus, physical and functional interactions between TRPV4 and ANO1 can modulate
water transport in the choroid plexus, and it could be one of the mechanisms for cerebrospinal fluid production in choroid
plexus.

To find another example the functional interaction between Ca?'-permeable TRP channels and ANO1, we focused on
mouse sensory neurons. Because it is known that cytosolic chloride concentrations are high in the sensory neurons, opening of
ANOI is supposed to lead to chloride efflux, resulting in the membrane depolarization. Capsaicin receptor TRPV1 is activated
by various noxious stimuli, and the stimuli are converted into electrical signals in primary sensory neurons. It is believed that
cation influx through TRPV1 causes depolarization, leading to the activation of voltage-gated sodium channels, followed by
action potential generation. We found that the capsaicin-evoked action potential could be induced by two components: a cation
influx-mediated depolarization due to TRPV1 activation and a subsequent anion efflux-mediated depolarization via activation of
anoctamin 1 (ANO1), a calcium-activated chloride channel, due to the entry of Ca?" through TRPV1. The interaction between
TRPV1 and ANOI is based on their physical binding. Capsaicin activated the chloride currents in an extracellular
calcium-dependent manner in HEK293T cells expressing TRPV1 and ANOI. Similarly, in mouse DRG neurons,
capsaicin-activated inward currents were significantly inhibited by a specific ANO1 antagonist, TI6Ainh-A01 (A01) in the
presence of a high concentration of EGTA, but not BAPTA. Furthermore, pain-related behaviors in mice treated with capsaicin,
but not with afmethylene ATP, were significantly reduced by the concomitant administration of AO1. These results indicate

that TRPV1-ANOI interaction is a significant pain-enhancing mechanism in the peripheral nervous system.
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Figure 1. Time course of thermo-TRP channel mRNA expression in the developing DRG and spinal cord. In situ
hybridization analysis was performed in the spinal cord region of E9.5 to adult mice. Expression of TRPV1 (A-G) and
TRPV2 (H-N) started at different time points (TRPV2, E10.5; TRPV1, E13.5). TRPMS expression was observed after
E13.5 (O-U). Expression of TRPV2 mRNA was observed both in the DRGs and spinal cord ventral horns (I-M). Scale
bars; 100 um.
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Figure 2. In vitro cell-stretch system.
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A, B. Elastic silicone chambers and their dimensions. Two pieces of cover glass (rectangle) are attached to the bottom of the

silicone chamber with an adhesive agent and a 1 mm width slit (from glass edge to edge) is made in the center of the

chamber so that only the slit area can be elongated upon extension. C. DRG neurons were cultured on the silicone chamber

(the gray 18 mm X 18mm square place in Figure B) after EGFP cDNA was electroporated. Many soma and axons were

visualized by EGFP expression.
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Figure 3. In vitro cell-stretch system.
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A. After 48 hr of cell culture, the silicone chamber is set in two arms of the extension device on the Ca®*-imaging microscope.

An arrow in 4 indicates the direction of extension.

B. HEK293 cells expressing TRPV2 were exposed to membrane stretch (102.8% extension) for 15 seconds by the STREX

machine during Ca**-imaging. The red signals in the most left picture represent the TRPV?2 transfected cells revealed by

Ds-Red co-expression. Fura-2 ratio traces by symbols are from the cells indicated by the same symbols in the pseudocolor

image.

Ca?" influx was observed only in the trasfected cells (red cells) by 102.8% stretch. C. The representative traces

were shown in the graph (both transfected and non-transfetced cells).
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Figure 4. TRPV2 activation through membrane stretch promotes axon outgrowth in developing sensory neurons.

A: Representative images of cultured DRG neurons from E12.5 embryos (at 2 DIV); a control cell expressing EGFP (a), a
cell expressing WT-V2 (¢) and a cell expressing DN-V2 (e). All plasmid DNAs were incorporated by electroporation.
Five independent cultures were examined (n = 121 - 155). WT-V2 expression significantly enhanced axon outgrowth (c)
compared with EGFP (a). Conversely, DN-V2 expression significantly inhibited axon outgrowth (e). In order to apply
mechanical force on the cell membrane, we cultured dissociated DRG neurons electroporated with cDNA of EGFP alone (b),
WT-V2 (d) or DN-V2 (f), on a shaker (rotation). The rotation enhanced axon outgrowth in EGFP- or WT-V2-expressing
neurons, but not in DN-V2-expressing neurons. Scale bar, 200 pum. B: Average maximal axon length was quantified both in
control (blue) and rotation (red) conditions. C: Comparison of intracellular calcium level both in control (blue) and rotation
(red) conditions. All values represent mean + SEM. Significant differences are represented as * (p<0.01) vs. EGFP
values or # (p<0.05) vs. EGFP values.
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Figure 5. TRPV2 regulates axon outgrowth in chick
embryos.

A: Representative images of motor neurons, which were
identified by neurofilament expression (red) in chick
embryos; a control spinal cord tissue expressing EGFP, a
tissue expressing WT-V2 and a tissue expressing DN-V2.
All plasmid
DNAs were incorporated by electroporation in ovo at HH

Arrowheads indicate commissur axons.
10-14 stages. After 1 day, chick embryos were fixed and
tissue sections were prepared.  Fourteen to sixteen
independent embryos were examined. WT-V2 expression
significantly enhanced axon outgrowth compared with
EGFP. Scale bar, | mm. B: Maximal axon length in each
embryo was measured and quantified. C: Ratio of GFP
signal to neurofilament was quantified. All wvalues
represent mean = SEM. Significant differences are

represented as * (p<0.01) vs. control values.
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Figure 6. Weak membrane stretches evoke TRPV2
activation

Current densities for 3, 5, and 10 cm H20O pressure-induced
responses in mouse TRPV2 transfected HEK293 cells.
Pressure-induced TRPV2-mediated responses (10 cm H,0)
were significantly larger than those in 0 cm H,O
pressure-induced responses in TRPV2-expressing cells
( #p_0.05) and than those in 10 cm H>O pressure-induced

responses in cells not expressing TRPV2 (*p_0.05).

IBET IR (3071%)

Figure 7. Weak membrane stretches promote axon
extention

DRG neurons were cultured, and Fura-2AM was applied to
the cells. The time lapse imaging was performed focusing
on the location of growth cone. Basal axon elongation
during 30 min was shown by green dashed line. Membrane
stretch evoked axon elongation during 30 min was shown
by red dashed line.
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Figure 8. TRPV2KO mice did not show any abnormalities
related to axonal growth

We analyzed WT or TRPV2KO spinal cords by
immunostaining with anti-neurofilament 145 antibody or
anti-CGRP antibody at E12.5. Furthermore, we performed

the HE staining in adult WT or TRPV2KO spinal sections.
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Figure 9. TRPV2KO DRG and spinal motor neurons
abnormally expressed TRPC5 channel

TRPC5 mRNA was detected in spinal sections of WT or
TRPV2KO at E14.5.
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Figure 10. Cultured TRPV2CKO neurons impaired the axonal outgrowth

The cultured DRG neurons were prepared from WT or TRPV2CKO mice at E12.5. To visualize their morphology, EGFP
plasmids were electroporated, and cultured for 2 days. The maximal axon length was quantified both in TRPV2CKO (gray)
and WT (blue). Right graph represents the distribution of the maximal axon length, and left graph represents the average of

maximal axon length. All values represent mean £ SEM.
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Figure 11. Cultured TRPV2CKO neurons displayed normal axonal branching
The cultured DRG neurons were prepared from WT or TRPV2CKO mice at E12.5. To visualize their morphology, EGFP
plasmids were electroporated, and cultured for 2 days. The axon branching was quantified as the cartoon.
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Figure 12. TRPV?2 is expressed in neurons and astrocytes

A; Immunostaining of TRPV2 (green) and GFAP (red) in
adult mouse cerebellum. ML; molecular layer. PL; Purkinje
cell layer. TRPV2 expressions were observed in ML, PL
and internal granular layers. Arrowheads represent
TRPV2-expressing GFAP-positive astrocytes. Scale bar;
100 um. B; RT-PCR was performed from total RNA of
cultured cerebellar astrocytes by each TRPV channel
primer sets. C; Immunostaining of TRPV2 (green) and
GFAP (red) in cultured cerebellar astrocytes. Those cells
were counter stained by DAPI (blue). Arrowheads represent
TRPV2-expressing GFAP-positive astrocytes. Scale bars;

100 pm.
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Figure 13. Astrocytic TRPV?2 respond to heat stimulus

A, B; Quantification of Ca’*-imaging experiments in cultured cerebellar astrocytes. We applied heat stimulus from room
temperature to near 60 °C. Red thick traces represent the heat changes. Other thin traces represent changes of [Ca?'];. Heat
application (A) evoked steep rises of [Ca?"];, however, heat application in the presence of 10 uM ruthenium red (B) inhibited
the rises of [Ca®];. Dashed lines represent the temperature threshold for rises of [Ca?'];. C; Quantification of Ca’*-imaging
experiments in cultured cerebellar astrocytes. We applied short heat stimulus from room temperature to near 55 °C. Red thick

trace represents the heat changes. Other thin traces represent changes of [Ca’'];. Dashed line represents the temperature

threshold for rises of [Ca®'];.
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Figure 14. Astrocytes respond to heat stimulus by activation of TRPV2

Aj; A schematic drawing of EGFP expression vector under hGFAP promoter control. The representative picture was taken
after the vector was expressed in cultured cerebellar asterocytes (2 days after). Scale bar; 50 um. B; A representative trace of
heat-evoked current in cultured cerebellar astrocyte. The current was recorded EGFP-expressing GFAP positive astrocyte.
Holding potential was at -60 mV. Dashed line represents the temperature threshold of heat-evoked current. C; The outward
rectified current-voltage relationship of heat-evoked current (red trace) corresponding to red arrowhead point in panel A.
Black trace represents linear basal current-voltage relationship corresponding to black arrowhead point in panel A. D-E;
Comparison of current densities between mock or DN-TRPV2 expressing astrocytes. Quantified current density results were
shown as bar graphs (D). Asterisk represents statistical significance at p<0.01. Representative traces of heat-evoked current
in cultured cerebellar astrocyte expressing mock or DN-TRPV2 (E). Holding potential was at -60 mV. Occasionally, lower
temperature threshold heat-evoked current was observed (arrowhead), as we found some of specific astrocytes rarely
expressed TRPV4 (under submission). Dashed line represents the temperature threshold of heat-evoked current.
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Figure 15. TRPV4*-specific subtypes of astrocytes are modulate synaptic activities

Schematic representation of our findings. A particular subtype of astrocytes shown by blue color (TRPV4Y) is
specifically localized in the brain; activation of TRPV4 in these astrocytes causes excitation in neighboring astrocytes
through GAP junctions and ATP release (shown as red arrows). The expanded excitation in astrocytes form excitatory
astrocytes unit, and causes glutamate release from astrocytes (shown as green arrows). Glutamate release affects typel

mGluRs in pre-synaptic sites and enhances neurotransmitter release.

Figure 16. The JBC cover art

Astrocytes (shown by red as GFAP-staining) have novel specific communications with neurons (shown by green as
Tujl-staining). TRPV4" astrocytes constitute a novel subtype of the population and are solely responsible for initiating
excitatory gliotransmitter release to enhance synaptic transmission. TRPV4" astrocytes release ATP and glutamate to regulate

neurons.
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Mechanosensor TRPV2 Regulates Axonal Outgrowth during Development

Koji Shibasaki ', Kastuhiko Ono *

! Department of Molecular and Cellular Neurobiology, Gunma University Graduate School of Medicine,
2 Kyoto Prefectural University of Medicine

Summary

It is specific characteristics that neurons can grow to the length of more than 1 m in humans. This
mechanism of elongation has been called ‘‘passive stretching’’. From embryonic stages, the passive
stretching-dependent axonal outgrowth begins. As our body grows, the distances between neuronal cell bodies
and growth cones gradually increase, thereby exerting tensile forces on the axons. It has never been identified for
a long time which molecules are the mechanosensors for it. We previously reported that TRPV2 was a
mechanosensor channel which contributed axonal outgrowth in membrane stretch dependent manner. These
results indicate that TRPV2 might be an important component for passive stretching, if TRPV2 can detect very
weak mechanical stimulus. In this study, we examined whether TRPV2 can detect such very weak mechanical
stimulus by a Ca*'-imaging method and a whole-cell patch clamp recording. We also examined whether the
activation of TRPV2 by weak mechanical stimulus lead to the enhancement of axon outgrowth by a time-lapse
imaging method. Finally, we identified that TRPV2 had a potential to detect very weak mechanical stimulus, and
the activation of TRPV2 promoted axon outgrowth. Taken together, TRPV2 is a strong candidate molecule for

passive stretch-dependent axonal outgrowth as an important cell-sensor, which highly permeates the Ca®" ion.
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ZORER, COy B —BMLD CO, ~DINEIL,
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+ — 30 sec
pH4.9 CO2 HK CO: +RR

Fig. 1. Calcium imaging of novel CO»-sensing olfactory
sensory neuron (OSN) without expressing Car2. This
neuron without expressing Car2 responded to CO,. The
treatment of TRP channel inhibitor, ruthenium red (RR),
suppressed the response to CO; in the novel CO,-sensing
OSNSs.
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(Fig. 2G, H) ,

TRPML3

IRERTERBENMRHShGN -7 TRP F ¥ 1)L

TRPC3 TRPV1 TRPMA1

TRPC4 TRPV2 TRPM2

TRPC5 TRPV3 TRPM4

TRPC6 TRPV4 TRPM6
TRPV5 TRPM8
TRPV6

TRPP1
TRPP2
TRPP3
TRPPS

TRPMLA1
TRPML2

Fig. 2. Expression patterns of TRP channels in the mouse olfactory epithelium (OE).

(A-H) In situ hybridization of OE sections from 3-week-old mice. Green arrowheads indicate the expression of TRP

channels in the OE. (I) TRP channels which were not detected in the OE

-44 -



ZZTWIC, B R TR LD bz TRP Fv F/L
BWOEA—HII THLR ML THREL TWDHDE
V) EIZOWT, A~ ——Thd OMP H LI,
BEFNOD COy o — D~ —H—Tdh D Car2 LD IS
{E% . 2-color in situ hybridization [ZEVIRFI LT, ZD%E
F. TRPC1 |% OMP BEIEDIRIE T COMRMIE THRIELL
THY, Car2 fIIITHLRETHILNHLN L7 (Fig,
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A _
B
% Car2 #fifa
S TRP F ¥ %L

TRPCA1 il LE

TRPC2 ++ ++

TRPM5 ++ + g

TRPM? ++ ++ Car2#ifd o, o+ —

TRPML3 ++ ++ kil

Fig. 3. Expression of TRP channel in the olfactory sensory neurons (OSNs).

(A) 2-color in situ hybridization of OE sections with TRPC1 or TRPC2 (purple) and OSN marker, olfactory marker protein

(OMP) or Car2 OSN marker, carbonic anhydorase2 (green) probes. Cyan arrowheads indicate the OSNs, expressing both
TRP channel and OSN marker. (B) Expression of TRP channels in the canonical OSNs and Car2 OSNs
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Fig. 4. CO, stimulation to mice induces the expression of
neuronal activity marker, Zif268 around the necklace and
other glomeruli. (A) Immunostaining of the olfactory bulb
sections from 6-week-old mice stimulated with CO,. OB
sections were stained with neuronal activity marker, Zif268
(yellow) and Car2 OSN axon, Car2 (green). (B) Scheme of
mouse olfactory system.
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Fig. 5. Unrolled map of olfactory bulb (OB) from mice stimulated with CO;
(A) ISH of OE sections using Zif268 probes from 6-week-old mice stimulated with CO,. (B) Glomerular layer of the section

in (A) was unrolled from the ventral side of OB. Activated glomeruli were indicated by red circles. (C) Unrolled map of OB
from mice stimulated with CO,. Activated glomeruli in the dorsal and ventral OB were indicated by blue and red circles
respectively. Black line show the dorsal marker, NQOT1 positive region. Big circle represent the Necklace glomeruli, which

receive the input from Car2 OSNs.
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Fig. 6. Calcium imaging of vomeronasal sensory neuron (VSN).

This is the typical result of VSN responded to CO,. The

treatment of the extracellular calcium chelator, EGTA, completely inhibited the response to CO; in the novel CO,-sensing

VSNE.

= 1] L\ 1'\K
CO2
Y — B0 sec
%Az ?
< HCOs |HEED
i ._..J It Sy H+
e A7
_— ] m C O
pH4.9 CO:z(pH4.9) COz+AZ

Acetazolamide (AZ): ik Bl KEERAE

Fig. 7. The effect of carbonic anhydrase inhibitor for the CO, response of VSNs.
acetazolamide (AZ) completely inhibited the CO response of VSNs.

important role in the CO,-sensing of VSNs.

Carbonic anhydrase inhibitor,

This result suggests that carbonic anhydrase plays an
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Fig. 8. Expression patterns of carbonic anhydrase in the mouse vomeronasal epithelium (VNE).
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aica] basal
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ViR V2R
Gai2 Gul
TRPC2 || TRPC2
OMP OMP
NQO1
Car7 Car7
Car2

(A-C) IHC of VNE

sections using antibodies against both Car7 (purple) and VSN marker, OMP (green) (A), both Car2 (purple) and OMP

(green) (B), or both Car2 (purple) and apical VSN marker, NQOI (green) (C).

carbonic anhydrase expression in the OMP" or NQO1" VSN,

(D) The graph showing the rate of the
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Fig. 9. CO, response of VSN derived from the apical and basal layers of the VNE.
(A)Calcium imaging of NQO1* VSN derived from the apical layer. (B) Calcium imaging of NQO1- VSN derived from the
basal layer. Note that the rate of CO,-sensing VSNs exists both in the apical and basal layers of the VNE.
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Fig. 10. CO; stimulation to mice induces the expression of neuronal activity marker, Zif268 in the accessory olfactory bulb
(AOB). AOB sections from 6-week-old mice without the stimulation (A,B), with CO; stimulation (C,D), or with the
injection of carbonic anhydrase inhibitor, metazolamide (MZ) into naris before CO, stimulation (E,F). (A,C,E) ISH using
neuronal activity marker, Zif268 probes. (B,D,E) IHC of serial sections of (A,C,E) using antibody against anterior AOB
marker, nulopilin-2 (Nrp2) (green). Note that VSNs in the apical and basal layers of VNE project their axon to the anterior
and posterior part of AOB.
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Fig. 11. Expression patterns of TRP channels in the mouse VNE.
Two color ISH of VNE with TRPM?7 (purple) and OMP (green).
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(A-F) ISH of VNE sections from 3-week-old mice. (G)
White arrowheads indicate the expression of TRPM?7 in

the VSNs (OMP-positive). D, dorsal; V, ventral; L, lateral; M, medial.
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Molecular Basis of CO; Sensing in the Mouse Olfactory System

Hiroo Takahashi, Sei-ichi Yoshihara, Akio Tsuboi

Laboratory for Molecular Biology of Neural Systems, Nara Medical University

Summary

Carbon dioxide (CO,) is an important environmental cue for many organisms. In mammal, mouse, rat and
guinea pig have a CO; sensor in the olfactory epithelium (OE). Mice can detect CO; at concentrations around the
average atmospheric level by olfaction. In the ventro-lateral region of the mouse OE, there is a unique subset of
olfactory sensory neurons (OSNs), termed GC-D OSNs, which express carbonic anhydrase 2 (Car2) and guanylate
cyclase-D (GC-D), instead of odorant receptor. In GC-D neurons, Car2 and GC-D function as a sensor for CO,,
urinary peptides and carbon disulfide (CS,) that mediates food-related social learning. Recently, we found that at
least two novel subsets of OSNs, which are not expressing Car2, respond to CO; as well. These results suggest
that mice sense CO; with several subsets of sensory neurons in the OE. On the other hand, mice have the other
olfactory organ, vomeronasal epithelium (VNE), which is important for the pheromone sensing. It is uncertain
whether the VNE also plays a role in the CO, sensing. Interestingly, we recently found the novel CO»-sensing
neurons in the VNE. These results suggest that mice sense CO, not only with GC-D OSNs, but also with novel

subsets of sensory neurons in the OE and VNE.
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IR EZFHI T DIENFHHILTND, ARFFETIL, FIERAFRRITIEBLL | Ak 2 2R E O v —L LT
BERES 2 TRPAL 1T AL, A VT IF AR AR MR R E L OBEZFISNNT T2 B THREE T o7,

ZORER, AXHVTTF 2 (5 mgkg) 2~ AHEFEENTR 5358, 2 Fi& I, OB AR AT TF 2,
RIVEXE L) TITRO DIVRWRHEA 2 SRR E N EESN D2 e2 R LT, Fo, 2O BUSZIL.
FXAVTTF ke O oxalate THIRD LAV, FEERRIZFHEBL TS TRPA &R IRAVITHEREITRL 725 R, AL D
bDEZR DI, EDEA La—A A FRESEFE I DIEMEEL MEOE W FRIR TH WS Ca A D F LR E
5, ZOITEIANERR LT — B 5720 | AX V)T TF L OLMARR AR E R AO2 L O, B 2R BT 5L
UHERITEN Ch D ATREMED BB 2 HIVD,

F7=, hTRPA1 FEBMIEAE F WG 0, mREOAFHI77F 0 (1 mM) 1L, BELED HEMTICEHIhay
RUT BEEIZ KO PEA ST IEPERR R FE (ROS) 23, TRPAL N KimD T AT A L F AR UG T 52 L2 KD TRPAL 275
ML 22EE R LTz, UL, BEIR TV WEREDOAF I FFF U NUETHLHI L, R A RHFIR X
TIF L THIFARE O T TRPAL IEHHAL RO ONIZZENS ARV T TF R AR EED AT = A L
e A AN

—J5 . hTRPA1 ZEBLIEIC LE AR EE O AF YV 7T T2 % 2 RERRIATALE 3228 T, ROS 1Zx1 95 TRPAT il
JISEPERSIL, ZOIEL AX PV T ITF R A ORI oxalate THEROOLNLZE, — ., A G AR
Pt(DACH)Cl, R0V AT Z7F L TIERRBOLIVRNZ LD, AV T 7T 3 AR iR = O JR K TH 5 Al etk )
B, 52, 20 TRPAL BHEULIGE D5y T HkEE L C. oxalate 2SRRI M7 0V /K ER{LEESE (PHD) OEEETEES
PRI, 2% 5. PHD (20 By, /KER{L A 2217 TV 5 hTRPAL N KD 394 & H D7 1) 75k (Pro®™) 7k ER LS
fRBRSNHEV) TRPAT DR IZ L ATE AL LA — DOFEE N9 522 L E LT,

INHOFERDD, TRPAL (34 FHVTFF L L ENMIEBWUIIEEFI CLONEFB R T FEWE DO/t
P—L L THEREL TV AL, &51C, TRPAL IZLUHURAI DB P —L L COAFZRERZAL CWDALDOEEZ LN
Do

1. AEDEREEM PRI T D, ZDRERITRELB3DITAMT BAL, R

DS AAE TP E NS J 2 R A #h iR B E (chemotherapy  #RDFEEIC LD MUBRIHOL O, &R 2 (PEIKEEE) |
-induced peripheral neuropathy: CIPN) %, —fi%fIIZF /2 PR | SR BB | SEE AR DR I LD A ZEME . i /)
DL AR E DERFETE TIHELZENELL T KT IREESS OIR T -1HR DML, B AR RREE SR
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HHID, CIPN O HBUIH A O &HER 1-L705
728 | BAALFFIEDIRRGRICH K& e 5.3 |
F-, BED QOL 2K FSHAHEKELA25Y, CIPN %
LT WVEIBARIEL T, 5T R (X781,
REeXXELVE) BT VIaAfRRHNAA (B 7Y
AF U CTITATFUE) | AGH (AT T A
FVTITF %) DM, -, 7 a7 7Y —AHERR LT
VIT7 R CD30 fEITUR-FEME AR T L o YF o~ T
RF U728 Do FREREEN ZE T N5, ZFXP R, BV
AT NHBARBHIDAFRE T, SRR Ol 5E
IZPEELY 52, IR EESNDEEZHNT
B0, BHNCIRANZ IR A0, R ORI L=
PLIZI > THAL, FENLAENLESNTND, —

75, BN, RIRFhREE ORI R C R R 2 54

TIREYITHH R B SR E AT HEE 2 5L TERY, (1]
WRWNEE AL H 5P, BIE, CIPN 16 LT, B4

v BHAI (B #30 Be, X3 Bro) | IR (R I) .
FIRADRHDHEXTNT, EEVESRIET 2T 72

PLIIEME SR K (NSAID) SRR IEME SR 3K (A A AR) |
HANIT VARV RH) DE R ERHWONAZ LD
DH, WT IS ENDDOANEIT DUV THEFHE e AR L
ICZ LW 39 ESETCIE, CEER T TR SRS
{brua2xA — =3 BRICLY, #RErb= TR
LU B EIA AL ESK (SNRD) O F anF £ F A8
CIPN (ZX50F#A#X° QOL #H Bl #ET HIENnHLS

NTHDY, UL, 2b3 G ahtia mS220E6 <,

CIPN OXHGIZITFEF IZHERL TODONRBUR TH D, £
722 CIPN DOFRJEAD=ALEL T, Sha RY T FEE TR
PEREFEFE (ROS) DI, K ENFHIRARAE DI | faE
RI7VT MRRA AT LT AR SR IS B 2R E DS HEE ST
DNKIEEZE 13O | BRI TRHEIRFRRIED
BHAESILTURUY,

LR PE KBS ATRIEIRE L C RIS Qnddar
FVTZF N3 OTRAAI TROHND L7 LM
OB R R FEEOMIC IFIERFNCB O TR GE
B DEIRF I LA, JEm R CaE 38 L tHmS o
- OEFO UGV, AT EE | EAUTIHEE - MEFHO
AT, T BT 1D R PR o T R0 & Al
DHLD AHNTIXFED HIVZRNEE I 70 2 AR feb e et
EEFETHIENMENTNDEY,

— ., Ca¥ B D IR T T A F v RV
transient receptor potential (TRP) T+ /L DI HEDITIR
FEIZIEA2 A 7R L, F51Z, TRPVIL, TRPAL, TRPMS (1>
T AR T B BRI k375
REZRBELTREREREZED TNDHLEZATHSL
8, #iL, CIPN (Z, TRPVI, TRPA1, TRPMS 23 5-9°%
DOTIHRVNEHEERSIN QD EEE, EFROFIRAAID
F 51250, Jishfkic 175 TRPVL, TRPAL %
VML TRPMS EDFEBLEDHEINL | FIAANZ LV ERS
AT AN OB - 3 N Sk T 2 SR R TEN 3,
A5 TRP F v VDR ERESD DU BT KABIC IO
FlENDZERENHESN DY Bk 7EE HI,
FXPVT TF N LD BRI F O 2 IR (v
ROV R SE) TRASE ., BTSN DLW EER IR BRIZE B
L. AHAFFETIZ, TRP Fv b, R R EZ AR ERELT
HEHET D TRPAL'S WRAF VYT TF NI T H7IN
N —E U THEREL . AX VU TTF LD 8MER
WA ERICF S L CODNE, TOAT =R L E D
OMITTHHIYT, vUAZ HWATEIE B R B LY
TRPA1 SRIFE BLHI L CE5 2 2 ARt LT (DRG) #ie A
AW a1 T o7,

2. Wr9ET5ik
2. 1 EHEMBLOEY

FRRIT A TR R FE) R ZE B ST L% A - KGR
2T, TE FEERIZEI 3% A RSB a8t 2l T L
AT, FERITIE, C5TBL/6 SZDREME~D A (6-8
fin, HA SLC, #hid) ZfEH LIz, A7 F7FBLO
sodium oxalate (FNYEAIEE) 1%, 0.5% 2 /L2 —RAEHRIZH
KRB 7=, > A7 T F > (Sigma-Aldrich) |34 LA K
2, 737U EX)0 (Sigma-Aldrich) 1327 VE 7 4+ 7 /KT
A — VAT R R AR B R K TR 72,
TRPA1 3 HC-030031 (Enzo Life Sciences) (. 0.5%
AF L a— A CTERIRLT,
2.2 {TEHRER

Cold plate 7R (i RITRIZKRE T~ DI MEDRIEIL, 5C
@ cold plate FIZ~vr A% Fed | HHINDITEIZBIZE T
HZEIZEVFHmL 7=, Lifting 5V M & backwards walking
131 jumping 13 2 REFHEL ., 60 RHIDOGF AT %
FHU, SFEEREORARE T DD, B
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(RIS BEOIN <R —/L (HAFEHK) T Tz, 2
V7 Z o (Santa Cruz) B X O AF L F
(Sigma-Aldrich) [XEEEPNIZ cold plate 7 ARE1TS 30 47
AT CAX VT IF oG 1.5 Bf) ok b Lz, ¥7n
7 =} 7 (Sigma-Aldrich) . %73~ F > (Sigma-Aldrich)
BELOTINZF U (LKT laboratories) (3. cold plate 7
ANEATH 1 WA (AT e 5 1 e %) 12
PN G- LTz, 2D L2 AR AR KICEML
7

von Frey 74 ZXPT AP~ A% @AY 2 BOR
FloEE 1 BEBEES 1% RISV, A3
T TF P G4 ORARRI R DA OB E L, K
SRIE DI T ARD von Frey 747 A2 1(0.008-1.0 g) %
FAV, up-down 7£12JY 50% withdrawal threshold %t
L7z, Fio, BEE M FERET MZB W TE 1.0 g
von Frey 747 A b2 Huv,
withdrawal, lifting = 1 s, licking, flicking = 2 JSEFHIL .
5 EIfEA TR DA FHFR (B 10 48) ZAa 7 L TR LI,

TRP T+ R il SRR e P G I L S I e 1T
BYDFH -~ ASEAR IR JENIZ, TRPAL HIEEK AITC
(0.1%) . TRPV1 FIEFEA 7122 (80 pug/ml) HDHU ML
TRPMS HILHEAL R —/1 (800 pg/ml) ZZ 41240 20 ul $¢
H.LTz, AITC &5WNEH 7T AT D6 ZE
Hi% 20 mpH&HLWE 5 o5 &~ flicking.,
licking 1TEIREAIE LTz, A M=V DGE | #5% 5
S OFTENE | cold plate T ANDIGA LIRIEE, A7 kL
TR L 7=,

2. 3 HiEt DRG ##En%

A% 6-8 HlinD C5TBL/6 2~ ALY DRG ZHiHL .
Percoll {£% IV T DRG %% HEfL 72, 3 mm x 7 mm
A I AREREL ., 10%Y & BT g % & e
DMEM 1, 37°C, 5% CO,E25E FC 1 HEs#%, FHRIC
FAWZ,

2. 4 90— 1tErTRPA1 cDNA 0 HEK293 #iBE~ D
transfection

HEK?293 fifaiL, 10%7 > a2 & T DMEM H,
37°C. 5% CO, BR5E I CHE#E Lz, FBIARY X —|TH A
A2 —2Abeh TRPA1 (hTRPA1) c¢DNA 31O EGFP
cDNA 7" Z7AIR% 4:1 OEIETIRA L, Lipofectamine %
AT, HEK293 #ifEIC transfection L7z, 2 H ;3

no response = 0 A,

%, TR,
2.5 #ifaRN CaZ A A=Y

Hifft DRG #1552 hTRPA1 368 HEK293 iz
AT A REFEL CTMEds% | 40 Ca* i~ ¥ Fura-2/AM (5
mM) % 5 TREEHR T 37°C, 30 A Fa—hLiz,
T DA%, Ca? I E & MR AT 22 15 (AQUACOSMOS
JORCA-ER A A= 7V AT 1) Z TR 340 nm
O 380 nm DJHE TROAVDHEOGIREL L2 EUSL | Al
NI Ca i EE AL DFREEL LT,
2.6 I\YFISVTE

TRPA1 %55 HEK293 #lifa% 77 AICHEFEL CRIBLL |
% D% EPC-10 (HEKA Elektronik) Z FH\ N CHIEZ, T 7=,
VN Ry F T TR I HRETIE, -100 mV H»
© 100 mV FET? Ramp pulse Z7MFHZEIZLDE A A
21 (02 Hz, fREFFEN;0 mV) ., SN T — Xk
Patchmaster (HEKA) |2 XOA#HTL 72, Cell-attach (22
TECIE-60 mV ICFEEARFFLERAZ BRI, 5oz
7 —#1% Patchmaster 33X U' Igor Pro (HULINKS) (Z LD fif
Hritz,
2. 7 HRETEEMT

X3 O BEIT ) E AR HERR ZE (S EM) THRL
77 B EZEMREIL, 2 BELLEOSEIZIE, one-way HDU
I% two-way ANOVA F5 LUV | &<, Bonferroni’s post hoc
test, 2 BEMIOMIEIZIL, Student’s t-test (2T L=,
ETOEBRIZBVT, p < 0.05 OEFAEIT, MatFHRAE
BEROHEHELT,

3. ARBERELVER
3.1 AFHVTSFUICKYERINSMRIHS LS
R HBBIGE

AP VT FF 5% O il ds KOG RIS k3
DB MDD ZNE I, von Frey 747 A N7 A
ML cold plate 7 AMI TR L7z, DRGSR, A4
VF7F (5 mgkg) Z#MEIENIZHIBI B 5954, von
Frey 747 AN ANTIE, $#5:3 B B0l xh-42
BB DA B /2R T (A3 218 BUSE) 23588 5
. EOMRITD7<ES T HEE TR L= (K 1A) . —
7. cold plate 7ANTIL, AFHVTTF &5 2 Ktk
Wi, A ERGRI TS T W BUSE R RO BIL, D
hRIT D7D 7 Bt ETRFELT- (K 1B), 7=, A%
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FUTFFF (1, 5,10 mg/ke) B G- 2 REEE OB IBBUSE
IR EERFHTH-72 (K 10), T72bb, %377
T2 D P 521 LD BB RO BT iR EUR
BNEERS LD, AR R 2R BUS A LR B AL
T INODORERDD | 2O G ELIRER% TO MBS
B, AFY VT TF AR A7 B O KA AR R
EEARBLUIATH TR0 EHEERIND, F2. 2D
DIFNT, A XV VT TF N L DL O RAY fh i e
FR | FEMPIREI Lo THEFE RSN D LD IR R BR
Eb—EHT DO THDY,

—H AT ITTF AL EENRED CHEE T T
IXIERER B TA U LIRS BBEL . B4 RAI DI A
VEROIEWEAK THLHY 7an 12-0 7 ra~F¥

H4 (P(DACH)CL) ~EREHEI D, ZIVETOHENS,

ZOFXPINENF XYY T TF AT LD BMERAE R
BEEDFRAYWE CHLEHRIN TN 22T A
FZE Tl 5 mglkg DAV VT ZF B BEET % &2
M35 1.7 mg D oxalate (> =V R) ZHEFENFEG-L | cold
plate 7 AMIIVHES MK DR EBE G LT, 2D

A) Oxaliplatin-tactile

B) Oxaliplatin-cold (time)

FE | oxalate #% 5-2 [ #4 | HEE 7 Lf&ﬁﬁ;ﬁi))ﬁié
. EOMEITHK 3 BB ECTRELZA, 7 BRI
vehicle & 5-REL LG TH BERZEITZRO LN/ o7
(B 1D), ZIHDOFERMNEG AV T TF UL H 2
HOMmBEISE L, AT ITTF 04X UL ED
DUNIHLEEL 7= oxalate 23PIEHEL CWALDEEZ HND
19 F7- oxalate |Z XD RAMMBEISEDH A L — AT,
ANTRONDTF YV T TF AL D AR RS i FEE D
FEARFCRFRF R L TT B L TV D,

— MO BERAITHH AT TTF v AXH R
DARBITHD/ X7V EX L, FORER5IZIVERH
PEDKMHRIEEZFHRETDHOD, AFHITIF7F 0
IR AR R 1T A VN2 e b T D
4 22T VAT TF (5 mgkg) HHWT UV Z %t
)V (6 mg) Z HAIIEEN 5L, 2 B oftliid i L or
AR T DB M E LTz, L LRRS, VAT
FF BRIV EF L, $h 2 BRI Tl
W L ORIk 3 DS VI 5B % 5- 2 7o Tz
(K 1E-H) , ZIODFEFRND AP T TF U5 2 IR

C) Oxaliplatin-cold (dose)

= -e Vehicle 2 2
o o 2
5 08 - Oxal|p|at|n 3 10 - = 10
2 S g * *i* E 3 g
g 0.6 -aD) g
= % 6 % 6
S 04 I 5 —
g s 4 s 4
£02 8 - Vehicle 38
= 5 2 -& Oxaliplatin 5 2
® o o
g 0.0+ g 0+— ————— g0
02h 1 2 3 4 5 6 7 o 02h 1 2 3 45 6 7 o Vehicle 1 5 10
Time after i.p. administration (d) Time after i.p. administration (d) Oxaliplatin (mg/kg)
D) Oxaliate-cold E) Cisplatin F) Cisplatin G) Paclitaxel H) Paclitaxel
-tactile -cold -tactile -cold
g S [ Vehicle 2 [ Vehicle 5 O Vehicle £ [ Vehicle
= 8 3 1-:0] M Cisplatn 3 107 m Cisplatin 5 107 = Paclitaxel 3 107 H Paclitaxel
< ° < © <
F 508 2 8 708 S 8
2 IS 3 £ 3
8 =06 g 6 o6 g 6
a4 ] @ [ @
) 2 ) 2 )
o _g 0.4 - 4 g 0.4 k) 4
32 © Vehide £, S, £ 00 S,
° & Oxalate s b = 9
o x 4 = o
g o0+ ——————— 300 g 0 S 0.0 g 0
© 02h 1 2 3 45 6 7 ° Pre 2h @ Pre 2h © Pe 2h & Pre  2h

Time after i.p. administration (d)

X 1. XYV FTF o VAT TF o BLOZY 2BV 0 BB G2 J AT SH A TSI AR

PE~D

ZhR. A, B)AX WV F5 (5 mgkg) . O) AFHV7Z7F (1, 5, 10 mgkg) . D) A HV7Z7F > Ok oxalate (1.7
mg/kg) . E, F) VA7 75 (5 mgkg) HDHWNE, G, H) 737V Z%1)L (6 mg/kg) & HRIIEIEN 5L, 2 Rtk 1. 3.7

ERC 0N e SERORGT N (0 ae WAV 554

WA ZIEI, von Frey 747 A hT AR (A, E, G) 8L cold plate 7 A (B,

C, D, F, H) IZXVRIE LTz, n=6-8, *p<0.05, **p<0.01, ***p<0.001 vs vehicle-treated group (two-way ANOVA followed by

Bonferroni’s post-hoc tests)
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A2 ICA DM EBS E 34T 7T F AR
HOT, MOPLBAAITITFRD HIIRNZEBRA G LR

Of:“S)O
3. 2 AXHYUYTSFUBRAUABBISEICHT D
TESEAE DR

TV TFTF L OIEENE G LR SN AMn
BHOSZIZKILTONSAID Y7747 A A%
PSR ER T LR AR E MR O A A IR T

HOBNAETIFNE Ca? F ¥ HIL apd VAV R WS F o

ZRARPOOIETIN T FI | Erh=r LT RS
CEEIARBLEIIL LTI FIAREARE L THV
5D Na' T ¥ RV EEAF LTV | 554 EAAROLE
AEtab=2 VTRV B EYIA R R E R ZOf
HEFOMT <R — /L o 7o R M7 B0 SO 2D R i
L7 (H2), LRoi@y, A% 30755 (5 mgkg) D
e N3 G- 2 W% T, vehicle #¢ G REL L THE

A) Diclofenac B) Morphine C) Gabapentine
§ 10 é 10 § 10
g 8 g 8 g 8
S S ‘©
2 6 2 6 26
k] k] k]
8 4 8 4 8 4
k] ksl k]
L 2 e 2 g 2
3 8 8
2] 0 () 0 7, (%] 0
50 0 25 50 10 0 5 10 30 0 10 30
Diclofenac (mg/kg) Morphine (mg/kg) Gabapentin (mg/kg)
Vehicle Oxaliplatin (5 mg/kg) Vehicle Oxaliplatin (5 mg/kg) Vehicle Oxaliplatin (5 mg/kg)
D) Amitriptyline E) Milnacipran F) Tramadol

510

510 510

ti
ti

o

Score of cold nocicepti
'S
Score of cold nocicep
'S
Score of cold nocicep
N £ [}

0 v
10 0 5 10 30 0 10 30
Amitriptyline (mg/kg)

Tramadol (mg/kg)

Milnacipran (mg/kg)

Vehicle Oxaliplatin (5 mg/kg) Vehicle Oxaliplatin (5 mg/kg) Vehicle Oxaliplatin (5 mg/kg)
G) Morphine + Milnacipran H) Mexiletine 1) Calcium gluconate
é 10 § 10 -_§ 10+ #
g 8 g 8 g 81 *
3 R 3
3 26 2 6
k] k) k)
8 4 3 4 S 44
G k] ‘G
L2 L2 L 2
8 8 . 3
20 a g @ gl
Mor 5 30 0 10 30 0.5 0 05
+ s -
Mil 30 Mexiletine (mg/kg) Ca (mmol/kg)
Vehicle Oxaliplatin (5 mg/kg) Vehicle Oxaliplatin (56 mg/kg) Vehicle Okxaliplatin (5 mg/kg)

X 2. APV T IF R AR IR S E T OB BRI L O Ca? i 5O R

YA XY T TT L (Smg/kg) HDHUMT vehicle ZREFENL G-L . 2 FEET£ . cold plate 7 ANMIEY, mFlIZ*R32
MR RIE LT, BB (5, 10 mgkg) BEONT7~R—/1 (10, 20 mg/kg) 1L T2, V77 (10, 30 mgkg)
BLOAFTLF (10, 30 mg/kg) IXIEFENIZ cold plate 7 ARETTH 30 437l (A VT T7F 5 1.5 Kefil#g) I 5
L7z, ¥7u7=F7 (25, 50 mg/kg) . H/3~F 2 (10, 30 mg/kg) B3EL T IR 7 FV (5, 10 mg/kg) 1%, cold plate 74
NeATH 1 R AT (A7 ZF o & G AR %) ITREVEN & 5 U=, 7 vas gL (0.5 mmol/kg) (3 1 RFFETRTIC
FRNTEST LU 72, n=3-9, **P < 0.01, ***P < 0.001, compared to the group treated with vehicle ZLiEHE, *P < 0.05, #P <
0.01, ##P < 0.001 "
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IRIRIEBISE NSNS, YT )7 (25 BLO
50 mg/kg) BEOTINTFV (5 BEU 10 mgkg) 1T
DT BB N R L TS B B 2 I oTe, — 7,
HRAF (10 BLON30 mglkg) . h7~R—/1 (10 X
X 20 mg/kg) . BEUAFL LT (10 3L 30 mgkg)
X AFR YT IF R mBUCE 2 WTIUbIRE
FEARTFHNCAH BICHIHRI LT, £, AR (S BXWU 10
mg/kg) BLOUL T 77 (10 BL 30 mg/kg) [543
UGS 29 DA 2 7R L2082 ORI L 55
WHDThoT, HAETAROIEH SR = L TR
LU B IRIAB R EE R IR RO T~ R —/L s,
SHE 7R IEIERZ /R L2285, BLE R (5 mgkg) &3
NI 7T (30 mg/kg) wIRIFFALIEL | DOz %
HIRFLT2S W O RIFFLE I K-> T IR
DONTEbDODOEFBERLLD T/ oTz, ZOREEND, b
TR =LA XV TFF i Atk iR gus & o
WHIERIX, 9944 ARDIERH EERR= - /LT R

TV B HRDIAZHEEH O DRI DB D TIFZRL

BZOOVER (FBF 5L Nat T 2/ UAMHITER) A3 BE5E
THDOTIHRNNEE ZBND,

— 5 AXPVTTF AL DRI R R e LR
THNAY YL~ RT DRFBR NG TN D, — K
W, FUES R R A~ DR BB IR ES NI, Z D ATREMET
HESNY | FIT T, BPERMARRFEE 1 T,
B PO 1B MR AR IR I L Th DA 2D 7R
HENTNE),

FXRA VT FF L FHRIMBISE T 27 v g
HV 7 (0.5 mmolkg) DR AERBILIZEZ A, il
BUSEIA BRI ST, ZAUSA Tl SR HE D FE) Ik
ZHEDD FATHEINSI R E FIC PR RICIER LT
PRI A R T Y (e R, TINTFI, vy
Ty, (TN Fr, b= R—0)) OVERITHRE T
<L — R FARRRE R T O G AR W BBl
TER (B F )0 NarF v L (AL FU) | Ca*
BUF 70 & RN R B EH T 25 O DEN =
WO TIHRVINEE ZHND,

Fio, INLOFERNS AX PV T TF B A m
WBEUSE DS, T LS ER BE TR 2R BIL TV HDT
137 DIETR, BZH LU R F 2R
DATETIAAR N EHELZR L T @,

3. 3 TRPA1,. TRPM8 H&U TRPV1 FlBIZ& &SR
BRITEICx T 54 FHUTSFURILEDHR

XYV T T L HBMERE MR FEE IC BT 51
£z P TRP F %/ TRPA1, TRPMS8 3L} TRPV1
OB 5 %Ki %5 H KT, TRPAL #IFEFE AITC,
TRPMS/AT FIFE AL M—/L I L OV TRPV 1 HI A~
AL B EN I G- LT B A SN DI AR TEh
(R DAYV TTF oD 2 BERFTLE O R A f
L7 F9°. AFHVTF7F (1, 5, 10 mg/kg) ZHEIEN
GU7z 2 ¢l . TRPAT R AITC(0.1%, 20 pl/paw)
ZIRENE G 5HE, AITC ICX0AERSNDEIRART TE)
(licking/flicking) 234V 7 Z7F > O FERFNH B
(RS (B 3A) , F72, £D AITC FFHEIRERT TE)
I, APV TIF 0 (5 mgkg) 5 1 BiZBEI O3 B
THA BRI QD B E 7 HZIZB W TIHE
KL= (X 3B), ZOREERRR L, APV 7 F7F oD
SPERMARRREN S 1ML T D409
BRI S B BT 5,

—J5, TRPV1 FEIEH 7 A (1.6 pg/paw) IZED
PRI T (licking/flicking) (2 B2 2 LIZRH B
Motz (K 3C) . TRPMS/AL Hill i #K A~ — L (160
ug/paw) (2L DR R TE) (backwards walking/lifting) 1.
AEICHRESNZ (K 3D), LiL, A b—/LiZ, TRPMS
FIEEL L TR OWDITO D3, TRPAL B35 &
DBESNTND R Z DA h— U LD TR TEIOA
E7oHERIL, TRPAL BiR R~ RIZBWTIHELZ
ZEB(E 3E), D7Eb AXHI T TTF AL S THY
FRIID AL M VBT TN DA 53 1% TRPAL &4
L7ebDTHDHEBZ R TD, ZRHDFERDL, %51
7 T7F 1k, TRPAL ZALT-ATEN A 589 553, TRPVI
FBEUTRPMS A4 LT EIF AR TN I T B L e 28
REND,

Fo AXHVTFT L D REY T D oxalate D 2 I
MRTALEIZ L ST, AITC RN G-I TE
MRS IIZ (K 3F), 37205 AX VT I7F 128D
TRPA1 %I LT-EIR A TEN OISR, iR EM T D
oxalate, HHVNIA XV VT ZF L DA WYL EHN B 5
T HIELDIRESND, —T7 VAT TF (5 mgkg) HD
VNI RZDEEEL (6 mg) D 2 BERIATALE X > Th,
AITC BIENE G LM TEN I B S N7
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A) Oxaliplatin-AITC (dose)

B) Oxaliplatin-AITC (time)

C) Oxaliplatin-capsaicin

[ Vehicle (2 h) 3 Vehicle I Vehicle
Ml Oxaliplatin (2 h) Il Oxaliplatin (5 mg/kg) B Oxaliplatin
) ) @
c c c
S 1501 2 1501 %100_
3 3 3
o 1004 > 1001 >
£ £ £
S K} $ 50
g 504 g 504 ’l‘ g
£ £ £ ’l‘ i
x 4 X
[S] [} [$)
3 0--=-—— 3 0 3 0
1d 3d 7d ) —
I.pl. vehicle |.pl. capsaicin
L.pl. vehicle l.pl. AITC L.pl. AITC
D) Oxaliplatin-menthol E) Oxaliplatin-menthol F) Oxalate-AITC G) Cisplatin-AITC  H) Paclitaxel-AITC
(TRPA1" mice)
[ Vehicle [ Vehicle : i i
- S [ Vehicle [ Vehicle [ Vehicle
Il Oxaliplatin Il Oxaliplatin = B Oxalate . I Cisplatin . Il Paclitaxel
3 40- g 404 *x * 2 @ @
3 3 S 300 . § 3001 S 3001
2 30 2 30 IS g ©
5o 2¢ 3 3 3
22 22 > 2004 & 200/ o 200
8 & 204 8 ® 20 £ £ £
< < x < x
= =8 S ) ]
o 10] o 101 S 1001 5 1001 S 1004
] S £ £ £
O (s} 4 < <
%) ) ] © ]
0 0 3 o 3 o 3 o
L.pl. vehicle  I.pl. menthol TRPA1**  TRPA1™ Lpl. AITC Lpl. AITC Lpl. AITC

1.pl. menthol

X 3. TRPAI, TRPVI, TRPMS HINFD L N G- LD mER TEN

2RI EZXBIVETR 5O 5

A-E) AFHV7FTF 2 (A: 1, 5, 10 mg/kg, B: 5 mg/kg) . F) oxalate (1.7 mg/kg)
70 5%/L (6 mg/kg) A HEENE G- L, 2 BFf## (B: 1,3,7 H%) |

T AT STF o VATSTF BN

G) VAT ZF > (5 mg/kg) . HDHWO T H) /X
(A, B, F-H) TRPA1 HIJJ3#E AITC (0.1%, 20 pl/paw) |

(C) TRPV1 JIHE 7 A2 (1.6 nug/20 pl/paw) (D, E) TRPMS8/A1 JIRFEAL F—/L (160 pug/20 pl/paw) &4 5 2 EEAN
BHL, BEISNDEFFEITEIOR M B L WII AT Z R E LT, n=6-7, *p<0.05, **p<0.01 (two-way or one-way
ANOVA followed by Bonferroni’s post-hoc tests, or Student’s ¢-test)

(H 3G, H), Lo T, VAT IF U BLUVZUFXELT
B 52 R L WO IR ClE TRPAL &2/ L7 T8 S 2
EHZIRNZEDRRIBEEND Y,
3.4 B DRG ##(ZHI1+5 TRPA1, TRPMS,
TRPV1 BEEICX S A FHUTSFURILED
IES
FX V7 FF D TRPAL, TRPM8 LT TRPV1
BEIXI 458 85% | Bl DRG #h#% VN T, Ca2' A A—
VT EBRIZIVRE LT, ATV TTF o 0RbYIC
vehicle & 1, 2, 4 IRFfH]ATALE L 7= HifE DRG #H#RIZ, Fhig
A FE D TRPAL I AITC (10 pM) 2L E 3 DL,
#14.2%DMIRAY AITCIZESZ A R LT, — 7, A4
U7 Z7F (30 uM) % 1, 2, 4 REFRTALE L 72 HiE DRG 4
& Tl AITC |2 M2 7R IR O EIA IS HE MG R 23

BOLNTEHLOD, HREALLOTIH RT3, AF YV
TTF % 100 uM HDHUNE 300 pM DFREET 1, 2, 4 K
fHI AL L7 B DRG % Tl AITC I 27~ d
MR OEIE AR HEAFENTIE L APV T FF oD 2
BEOY 4 KR RTALE XD B BRI O B (K
4A-G), —J7. TRPMS8/A1 FIIEFEAL ~—/1 (100 uM) 5
LV TRPVI BIEEEA 7 P42 (500 nM) 12z 2R
FTHIBEOEIGIE, ATV TZF2 (100 uM) % 1, 2, 4 I
MATALE L CHAITRO B2 ~7= (K 4H, 1), 24
DOFERND, AXH VT TF o OERFRALEIZEY, B
i DRG (2 3317 5 TRPAT DRAZ MENEIR BT HE KL .
TRPMS8 LU TRPV1 DS MEIIZE(LL 72N ED S
nEipo7= 19,
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A) Vehicle B) Oxaliplatin 30 uM C) Oxaliplatin 100 uM

D) Oxaliplatin 300 uM

5 5 5
24 24 24
g w w
23 23 %3
g g g
o 2 o2 o2
k] s T
@ 1 X 1E X 1|
0 0 04
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Time (min) Time (min) Time (min) Time (min)
E) Oxaliplatin (30 pM)-AITC F) Oxaliplatin (100 pM)-AITC G) Oxaliplatin (300 uM)-AITC
[ Vehicle [ Vehicle [ Vehicle
Il Oxaliplatin (30 uM) Il Oxaliplatin (100 M) Il Oxaliplatin (300 uM)
= 60+ = 60 = * *
S5 S5 &
@2 @2 2 40
[) [) [0
S 404 S 404 o
2 2 2 39
2 2 2 20
% 20- % 20 %
= = 2 1]
< 0 < 0 < 0
1h 2h 4h 1h 2h 4h
AITC (10 uM) AITC (10 uM) AITC (10 uM)
H) Oxaliplatin (100 nM)-capsaicin I) Oxaliplatin (100 pM)-menthol
[ Vehicle [ Vehicle
- mm Oxaliplatin (100 pM) B Oxaliplatin (100 pM)
&£ 60, 3 15
[2] ~
= l’
8 3
é 40 2 101
n =
C [2]
) g
<20 % 5
o []
© s
2 5
©
S =

00 I R T |

Capsaicin (500 nM) Menthol (100 pM)

X 4. E#fE DRG ##%12351F 5 TRPAL I AITC, TRPMS/A1 FIIEHK A ~—/ L TRPV1 RS 75 A2 A2 K0#
FESNDAMIEN Ca?' BTt 54X U7 T F L RiALE DR

Hifff DRG #1212, A) vehicle, 52\ %, B-D) A4 U~7"75 (30, 100, 300 uM) %, 2 FEMIRATALE L 7=t LEEZAIL
JEEED TRPA1 HlIE AITC (10 pM) % 3 Z3MIALEL | [Ca2*]i (Faao/Fago ratio) 800 Calt A A— 0 7N I0HIELTZ,
AITC AL, 50 mM KClL ZALEL | &0 Uy 2RI IGE 3 2/1f% DRG % ChoHE[FE LTz, E-) HLEfE DRG #i#%
2 AFHITTF (30, 100,300 uM) Z, 1,2 HDUNE 4 RFHIRTLE L7214, FLiAER 20O TRPAT HIFECERE AITC (10
uM) | TRPV1 HIECEHE T 722 (500 nM) , TRPM8/A1 RIIEEE AL ~—/1 (100 pM) Z 3 Z3ALEL | fldiy Ca> i
%73 DRG ##SHIRE FH L 7=, #tlhix, KCLIZISE T A0S | 2 E ORISR A R o fiia o E
EEY% TRLTHD, n=4-6, *p<0.05 (two-way ANOVA followed by Bonferroni’s post-hoc tests)

3.5 AXHIITSFUICKREAMABBILEIZBITS
TRPA1 MEAE
A XYV T TF I IEBBULE )Y TRPAL 24 L7zt

B CThHHNEWR T D=0, TRPAL HEIR H)FHLE 3K
HC-030031 L8 TRPAI Eis 1K~ A% V-
FEAT o7, EOFER ., HC-030031 (100 mg/kg) D cold
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A) TRPA1 antagonist
3 Vehicle

B) TRPA1-KO mice
3 Vehicle

0 I Oxaliplatin ® I Oxaliplatin

S *x *hx ks]

'g % 10 Hokk ok
< =y

g 15 g s

[} [}

o Q

810 g 6

3 3]

k] o 4

Q 5 Q

o (5]

5 5 2

o o

8 g o

n Vehicle HC-030031 ] TRPA1* TRPA1™"

X 5. AXHVTIF UFRAMEm BN E 3T
TRPA1 BHEFK I LT TRPAL Bis T KIB D2

<D ACAF VT TF (5 mgkg) DT vehicle Z i
JrENFE G- L, 2 R4, cold plate 7 ANMILY, MK
*T DS EERIE LT, (A) TRPAL 2 HC-030031
(100 mg/kg) I, cold plate 7 Ak 30 43 ATICAEHEPNEE 5-L
72o n=6, (B)"E TRPA1"= 7 A LUVRE TRPAL -~
A& H Wiz, n=7-8, *#p<0.01, *p<0.001 ( two-way
ANOVA followed by Bonferroni’s post-hoc tests)

plate 7 AMiiAT 30 43O G- (B 5A) BXL U TRPAL &
- RE~VA(K 5B)IZBWTC, AX VT ITF ik %
ERBUS A BIZIHI Sz, ZRHORERS A%
V7 I7F AL DM EBULE L, FEERIZ TRPAL 247
LIATEN CHLZ ML IR T219,
3. 6 AFXHYTSFUIZED TRPAIL EMHLHEE
FXHPVFFTF LD TRPA1 DIEMEALHEREZRAS
2T 57012, 77—t hTRPA1 %5#i| B H 72
HEK293 iz T, Ca? A A=V 7 EBREBL Oy
F I FIEZIORFI LT, 22D T 2 —0D % transfect
L7= mock HAMIE T, mREOAFTHITT7F (1
mM) ZALEL TH, HIfEN Ca BB I OVEIICTH2
{LIZFRD B2 ->7-03 (] 6A, B), hTRPA1 FELA
IZAXHVTZF 2 (1 mM) ZALE T 5E, FRIR CRARE
7RI Ca® PR EE DHEINF X ORI E D TRPAL A
OB (K 6C, D), Fio, ZOMMIEA Ca> IR EEDHEIN
ITAXHVTF7F 2 (0.1-1 mM) DIRFEITHEKAFAI T, | mM
DPELETHBRBEMMNFRDHNT- (K 6E) , ZIHDfE R
DD, FIREOAX VT ZF 1%, TRPA1 ZHOSES
REIEA L TCWAIENREIND, £ T, WITAFHY
T TF BN TRPAL ZEBHENEL S D70, HDOWIFHERIIC
IEHEALL TOBONEBNNZ T 57201
o F 7T TIEIZIORFTLTZ, TRPAL FIREE AITC (100
UM) I TRPA1 O HL—F KLV A RN 72D 5L
FX VT T7F 2 (1 mM) T HREE 5 2 7272 (K]

Z. inside-out /¥

6F), ZDOZ D, AX VU T TF U 1E, TRPAL ZEEHE
LB O STV DD TR RN O HND K12
TER25ZEC, MEEAIZ TRPAL 2B D SETWDIEN
BN EI2 T,

TRPA1 [T LR MEDSIER 12 @<, ROS 2L D1l
PEMVEIC I N RGO AT A P DRSS D2
LICIVIEMALESNDZ ENMBN TSP 2 Fi= A%
PUTTF AT LD AR IR TG VERE S FE (ROS) D
PEANBEEL COAZERHRESNTNDIEND 1029
F9. EREAT VT TFUALEICLD ROS DREEAE
bk 3 (H0,) R S HOEHRE R IE Peroxy Green 1
(PG-1) Z W THRFILTZ, TOREE, TRPAL 3Bl
TURV HEK293 fifiRic, A7 FF 2 (1 mM) &AL
B3 H&, AER PG-1 20NN, 37005 H0, FEAE
MRDHHNTZ (K 6G) 3, AX VT F7F L DIGHFEY
oxalate DN ZE W7 =2 dimethyl oxalate (DMO;
3 mM) OILETIX, H0, FEAITFRD B0 o7~ (data
not shown) , SHIZ, MIREASFHIVTTF I2LD
TRPA1 Z 41 L7z Ca I ) AP LI 7 V2T
(1 mM) OB RARTLI2LZA, EiREA T
UV7ZF > (1 mM) 12855 TRPAL 24 LT- Ca? IS I3 &
Il (B 6H), DL EDORERED, iR A5
TIF LD TRPAL IEMHIRIE, BEOLAFHITTF
ORI BIN LRI T EELZGISEIL, EORE
FEAZENTZ ROS 7% TRPAL @ N KDY AT A L F %
LM T D LICIVTEHELS b O THHEE XD
%, ROS HDHNEELD TRPAL IEMALHIKIZ LS
TRPA1 {EPEIZIE, N REGDEE DT AT A L FRFED K E
FRIGDEG L TODZENFESN TN 1820 22T,
INBVAT A Z R NCE RIS D 2 A
TRPA1(C192S, C213S, C414S, C633S, C641S, C665S,
C856S) & W TR FIL 72, Z DR, TRPAL OF v 1/L
FEREICE SN CUVD C414 OZEFET TRPAL IZEBW T,
FXPVTTF LD TRPAL LTz Ca¥ A&
(IS 7o, EER L KR — ek EE R (NO) ITkD
TRPA1 {EHALICEE CTHHZ LN HE ST Co41 D
ZEHA TRPAL IZHE W THA BRI DB (K 6,
3,

PLEOFRERIY, @IREAXHY T FF 1285 TRPAL
IEHAEIE, BEOLA VIS TF D HE&H 7D ha
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A B (PAIPF)

4 Vector OHP (1 mM) 100
3 lonomycin
% AITC o © +80mvV 50
< 2 o S OHP (1 Mg
g mi
o OHP (1 mM) = asal
= e T T & . it .4
51 = §| S =—=""20 100 mV)

A
0 -
0 5 10 15 20 25 2min -50
Time (min)

C lonomycin D OHP (1 mM) (PA/pF)

41 hTRPA1 o . i) S ) OHP (1 mi)
E hTRPA1
% 50
& o +80mV
o w © 80mv Basal
3 2
= g - 50 100 (mV)

<
0+ ; . . . .
0 5 10 15 20 25 50

Time (min)
0.25 2 .u_a..L-L.__
2020 -
: 3 LR
LML
5 _
2 0.10 50s 7
/4 =
g 0.05 < 30 1. Baseline 30, 2. OHP 15, 3. AITC
0.00 2 20 20 10
veh 01 03 1 Z
_— E 10 10 &
OHP (mM) 3
O 0 0 0
3 0 3 6 9 12 30 3 6 912 -3 0 3 6 9 12
G Amplitude (pA) Amplitude (pA) Amplitude (pA)
8
81.2 $ 0.20 . Ha4 020
§ 2 l lonomycin _
E - f— (=3
53 S 0.15 g3 AITC S 015
S 2 %’ GSH (1 mM) — %
e ¢ 0.10 ) OHP (1 mM) < 0.0
a 5 = £
2 -0 Vehicle £005 S 1§ @ 005 -
= < OHP (1mM) & =
1068 2 0.00 0 0.00
0 5 10 15 £ Veh OHP 0 5 10 15 20 25 Veh GSH
Time (min) (1 mM) TOHP (1M mM)
I 0.4
’éoa
™ 8
'
w02
'(gu *
% 0.1 *H
L R
o 2 A e e & & ciez : i
O-\ o‘l ob- OQ) o‘b o‘o o‘b HN > Ankyrin

X 6. miREAFTYYTTF LD ROS FEA A LT- TRPAL EMAL

(A, B)mock (74 —DH) , HDU N, (C-E)hTRPA1 FEHLHEK293 flifdiZ, AFH V7 Z7F 2 (0.1-1 mM) Z4LEL ., (A,
C, B) Ca?" M A= U 7IRIZED[Ca* ] & 5D T (B, D) whole cell patch clamp (A2 EVEFISE & HIE LTz (7 EithG
IEOMRBFIIZEAL, 47, AV T TF U ALERTH ONRERZR IV I—T), E)IIAST VT T7F AL ER O Ratio -
(ARatio) |2 XAV 5F L O AT A ETL TUVD, *#P<0.01 vs vehicle. n=5-8. (F) hTRPA J&ELAIZ 31T %
inside-out /X F 77 FVEIC LD E—F v R )LEHR, trace 1 (control), 2 (FFHVTFF7F ), 3(AITC) 1L FREE 4 APLK
L7z D, FEIZHE—T Y VERDEAN T 82K T, (G) AFH VT F7F (kD Hy0, A &, HEK293 MifRicA =%
PVTFF (1 mM) ZRLE L, HoOo B AR R IR PG-1 T Hy0, FEAE A TERLTZ, *P<0.05 vs vehivle. n=28-36
cells. (H) APV 7 Z7F L FFH[Ca? ] NI T D7 NEFH L DR, 7 VE2F A (1 mM)F1E F CAHXH T F5
(1 mM) ZALE L7-, #*¥P<0.01 vs vehicle. n=6-8.(1, J) > AT A L FEILAEFIN TRPA1 TOA XYV FFF L #hFE[Ca');
BN, TR AT AU FRFEDZEFI TRPAL 2 HEK293 ICHHEE A% V7 FF 2 (1 mM) ZALE L7, *P<0.05,
**P<(.01 vs vehicle. n=4-10
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RUTREELSIEEIL, ZOREREASITZ ROS 2
TRPA1 O N KDV AT A iR IEATRLEMTHZ &I
JVIEMHALSET-b D THDHEE 2 HIVD,
ZZTWRIZ, R ASRAITHLH, AR R
EIIH ISRV AT TF AW CRBEICHRBILTZ, £
DOfE R hTRPA1 FEBLALIC, MIRES AT F7F (1
mM) ZALELT-EZA | [FERIC Ca¥ B B L N TRPAL &
TRAFRDBIL, W h, TRPAL FHEESK HC030031 (100
uM) IZED . s iTe, o, mREAS XIS IF L
[FkE, PLERILAIZ V2 F 4 (1 mM) IZk>Thy AT T
F Uik Ca¥ INEITA BEICHfilsing- (K 7A-E).,
INBOFERID, APV T TF 128D TRPAL 151
{LIZIIEF ICRIRENLETHY | FREHSh D &
CIEIDNTHENL T DI L AR AR TR S22
VAT ZF U THIAERIZ, ROS FEA LIz TRPAL i1
(ERBDONTZZ NG, ZOWEIIA XTI TIF
FAPERMIIRFEEDED AN =X LETE 2, &
AT TGFoRAX PN T TF Ul AeRAI OFZERE MR

o> TWDZENMBNTNAHIENES | [ 48552 X
PP AR ARR R DR E ORI TRPAL VAL B
o TWVBEDNE LR,
3.7 FAXHYTSFUFILE
TRPA1 @&t

W, APV T TF 1285 TRPAL U L& 5
DI B2, hTRPAL A EEHEME(LIZSE 700 g
IR E DAYV T ZF R E L7 1% | HO, 1285
hTRPA1 {EMEAVITR T D508 A ML 7=, Vehicle % 2 IF
fHIAALE L 72 hTRPA1 88 HEK293 fifaic, FhiifRie
FED Hy0, (10 uM) ZALE T H&, — DML I TD
F HyOy B [Ca?' ] EIMDFRO LI, AF VT FF

> (100 pM) % 2 B BTALE L 7= #0238V T, vehicle
RUEREL LRI L T Ho00 55 F8[Ca? ] BN O A B 7 B 5R A3
BB (X 8A, B, E), ZOAFHI T TF U AiIALEIC
&% TRPA1 @BULIEEID, AX VT FF L RiIALERED
ROS FEANE G- L CWAEIRETT 5720, Piig{LAls
NWEFF (1 mM) HDHWIE ROS ARy —

&% ROS 29 %

PERFAPRRE L, Iba s RUTEEIZLS ROS FEAEN a-phenyl-N-tert-butylnitrone (PBN; 1 mM) &4 %4177
A  Cisplain(1mM) onomyen B +TRPA1 antagonist - C  +Anti-oxidant D
5 = 5 lonomycin 5 lonomycin 03
34 24 = :§
%3 %3]  HC030031 (100 uM) %3 GSH (1 mM) i
u.g |.|.g |.;_g e
o2 it Cisplatin (1 mM) o2 Cisplatin (1 mM) =} 01
- B § B
@1 . r 1k 1 4 o
0 04 ; : . i 0 0.0
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 Veh HC GST
Time (min) AITC Time (min) Time (min) (100 uM)(1 mM)
s Cisplatin (1 mM)
o° e .
E o o F . Cisplatin (100 uM) (pomen o 4
Cisplatin (1 mM) o — g
© 24 AITC ]
Tig H,0, (10 uM) g 2
© 3 —_— o
% u.g ]
f& %3 o +80 mV Cisplap‘n 'a' 2 “q:
° -80mV CistHC 2 o !
s M 50 100ﬁse e = k]
2 f ¥ 0 £ o [
2 'L ] 1 Veh Cisplatin
Smin . Time (min) H,0, (10 uM)

B 7. @l 27 FF LB ROS 241 Liz TRPAL IEHEAL:
(A) B AL, (B) TRPAT FHFESE HC030031 (100 uM) {77E T

hTRPA1 & HEK293 #lfaic, A7 FF > (1 mM) &

HDHNL(C) FiBRLHFN 7 V2 F 4 (1 mM) 7FE FCLLEL ., [Ca* i ZHIE L7z, (D) ARatio T, **P<0.01. n=4-7.(E)
Whole cell patch clamp 2LV A7 752 (1 mM) XL OVHC030031 (100 pM) L& (2 KD EFSEZHIE L=, (F) ¥
A7 ZF (100 pM) 2 B RTALE R . Ho0, (10 pM) ZALE L | [Ca*' ] ZTE LTz, n=3-6
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F (1 mM) EIRALE L7223, [FIERIC Ho00 3558 Ca? I
DO BERIERPROOLNT (K 8C-E), ZDZENb, A%
FUTFF N85 TRPALEBUL OFFEIZIZ ROS AL
BELARWEDEE 2B,

W, A YV T FF U RIALEIZLD TRPAL BRI,
FXPVTZF L AEY oxalate HAWITAEE A HY
P(DACH)Cl, R 5T 2 EMiTLTz, £ DR,
oxalate DFMfLEFEIEMET 122" dimethyl oxalate (DMO;
30 uM) % 2 FERIALE T D&, A7 FF o LRk,

H0, # % [Ca' i MO A B/ mATRD LT D
Pt(DACH)CL, (30 uM) D RiTALE TIXZ D IH72 0 FITHR
Do (B 8F, G, [FERIZ, 208578 Ho0 1%t
3% TRPAL i@BHULIX, B&MRAI A7 ZF 2 (100 uM)
Z 2 WEEALE L7 M ChRBo bieh o7 (B TF), =
NHDFERIG | APV T TF U RIALE LD TRPAL it
Bkl ASEHS TIER APV TIFTF IR OR
Ht oxalate NEHL CWBZEIRIBEND,

A . lonomycin B =
61 Vehicle - 61 OHP
= >
3 3
% e
) 3
L L=
s g
14 [ -
0 2 4 6 8 10 12
Time (min) Time (min)
C D . -
OHP+GST lonomycin OHP+PBN lonomyein
o GSH(1mM)  -ATC 6] I o4
—_ s m [7]
3 H,0,(10 M) s g S 4 N.S.
C 4] ol < 4 H,0 (1opm) [ g - g
o *
= 21 = 2 J
g g i
b 3
i [0]
0+ T T " T ) 0- T . T . X0
0 2 4 6 8 10 0 2 4 6 8 10 Vil GSH PBN
’ : ; i e
Time (min) Time (min) OHP (100 M)
H,0; (10 uM)
P lonomycin G
6, DMO 2 4 4, PH(DACH)Cl, . B4
— 5 * - tonorm:_ln =
2 > 3 8 “>’_ 34
iy ¢ g ¢
> ) =) °
3 T 21 3 B o
e o L &
8 & g <
= 11 T 0 4]
¢ 2 i 2
2 o & 0
1 [ y Veh DMO 0 2 4 6 8 10 Veh P{DACH)
Time (min) H,0, (10 uM) Time (min) Hzoz(TllM)

X 8. AF V7 TT U RIALE LS ROS (%575 TRPAIL

hTRPA1 3£ HEK293 flifaiZ. (A) vehicle, (B) A%V ~7

WA
FF (100 uM) % 2 IRF AL E L7214 . H202 (10 pM) A AL

L. [Ca i ZHELT, (C)Z 2T A (1 mM) HDHWE (D) PBN (1 mM) #4775 (100 uM) E[RIRFIZ 2RE [ il
ALE L, HyO, (10 pM) #5FE[Ca2* ] BENZHIE L 7=, (E) ARatio fi##T, *P<0.05, **P<0.01 vs vehicle. n=5-12.(F) DMO (30
uM, n=4) H25 ML (G) P(DACH)CL (30 uM, n=6) % 2 BFRTALE L=, H0, (10 uM) Z4LEL | [Ca?' ] ZHIE L=,

*P<0.05 vs vehicle

66 -



3. 8 AFHYTSFUIZLD TRPA1 BELHEE
TRPA1 1%, mlEEHRA 5 TR EIZ L N RimOEE
DYV AT AL FRIED LB LOTEE(L 3523, — 7,
IR Lo ThiEMAL %, TRPAL IE N KD 394
HoO7 a5 (Pro®™) 23K b SN D Z EIC K0 H R
HlSCTRY, REAR I LB R IR T 1) K ER L
7% (PHD) DIEMHEME T3 25&, Pro® OKEE(LMRERE
IWCEME LT HZ N LREIFEE DICIVHES TS

@4 = PHD DFHEZR dimethylox allyl glycine (DMOG)

LA VI TTF U HANNIEDORHY) oxalate (FHFIER

HET AR XTIV TITF B HNEZE DN
rﬁﬂ@ oxalate % PHD JEVERNH &2/ L= vl KEg(b %
I 7455 TRPAL 28320 TR I EHESR
L7z,

FITCET ATV TITF B LOMEHY oxalate 73
PHD Z#HiILo 20 ZMFT U7, (IKEE #5535 K -1 (HIF)
-lo 1%, PHD (X570 K b a7 528280, &
Bf, 7a7 7Y — LIRS BB EME IR

TWDD, ISR F T C PHD OFFERTEMENME F 9754,

T KBRS I, T T T — DD RRD
s, EETHI2ENALNTNWS ) 22T,
HEK293 #ifalZ A=V 7"ZF 2 (100 pM) &2\ ML DMO

(30 uM) % 24 WFEJALE L, HIF-1o O5EE% western
blot {EIZEVIREIL L2 A, positive control @ PHD PHE3E
CoCL (100 pM) LRIk, EH5HH HIF-1a DI B EAEIN
SH7- (K 9A), £7-. hTRPAL FEEANILIZ, DMO (30,
100 pM) Z4LE 5L, DMOG &[EEE? | AT
[Ca?'] BENZ B EHZ L=, 2D DMO (ZL5[Ca; #50
I% TRPA1 FHE3E HC030031 (100 puM) DALEIZLV A E
(ISR, FLER(LAIZ V2 F A4 (1 mM) TIEH
BRI b0 -7 (K 9B-D), X512, PHD 12
FOKEEILSID Pro’™ 228 BRI E 74 #A TRPAL
(TRPA1 P394A) 23\ Ti%, DMOG & [AEE2Y  DMO
(300 uM) (LA [Ca | HE sl Siu7- (K 9E-G) , Z#
HOFERG, DMO (oxalate) (X, DMOG &[Fl£k, PHD #
P DIERZA L. Pro®™ o /KER(LOMERRIZLY TRPAL
IEMALLY D EZ BN LT, RIC, K& PHD i
EI DMOG NAFHVTTF R oxalate &[FEAEIC
TRPA1 OiEALISEZHE T 502 ML 72, hTRPAL
FEHLALZ DMOG (100 uM) % 2 BRI ATALE L CTHR<ZE
(2D, Hy0, (10 uM) [ZE5[Ca®' )i HEANIE, vehicle ALE#E
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Summary

Oxaliplatin, a platinum-based chemotherapeutic agent, causes an unusual acute peripheral neuropathy
triggered by cold in almost all patients during or within hours after its infusion, while its mechanisms are poorly
understood. In this study, we examined the involvement of TRPA1, which is expressed mainly in primary
sensory neurons and works as a chemical nociceptive sensor. A single i.p. administration of oxaliplatin (5 mg/kg)
or its metabolite, oxalate (1.7 mg/kg), into mice induced cold hypersensitivity within 2 h, while other
chemotherapeutic agents, cisplatin and paclitaxel, had no effect. The time course and drug sensitivity to
analgesics support the possibility that oxaliplatin-induced cold hypersensitivity observed in mice may represent
cold-triggered dysesthesia as clinical symptoms of oxaliplatin-induced acute peripheral neuropathy, rather than
pain. The oxaliplatin-induced acute cold hypersensitivity was abolished by TRPA1 antagonist or deficiency. In
addition, oxaliplatin enhanced the TRPAI1-, but not TRPVI- and TRPMS8-, mediated nociceptive behaviors,
suggesting the involvement of the increased sensitivity of TRPA1. In hTRPAl-expressing cells, oxaliplatin
evoked TRPA1 activation through reactive oxygen species (ROS) production and oxidative modification of
N-terminal cysteine residues of TRPA1. However, it required a high concentration of oxaliplatin (I mM) and
cisplatin, another platinum-based agent, also evoked TRPA1 activation, suggesting other mechanisms should
underlie acute peripheral neuropathy peculiar to oxaliplatin. To further explore the mechanism of
oxaliplatin-induced TRPA1 sensitization, we found pretreatment with relatively-low concentration of oxaliplatin
(100 pM) or a membrane-permeable oxalate analog, dimethyl oxalate (30 uM) increased the H,O-evoked
TRPA1-avtivation in cultured dorsal root ganglion (DRG) neurons and hTRPA1-expressing HEK293 cells, while a
platinum-metabolite, Pt(DACH)CI, (30 uM) and cisplatin (100 uM) had no effect. Furthermore, we found that
oxaliplatin or oxalate induced TRPA1 sensitization by inhibition of prolyl hydroxylase (PHD)-mediated
hydroxylation of a N-terminal proline residue (Pro**) in TRPA1, which is the same mechanism to
hypoxia-induced TRPAL1 activation. These results suggest that TRPA1 is a chemical sensor to oxaliplatin, which

certainly produces dysesthesia as an acute peripheral neuropathy.
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Perspective
Makoto Tominaga

Project Leader

Professor, Okazaki Institute for Integrative Bioscience, National Institute of Natural Sciences

This project focused on the TRP channels which attract a lot of attention as a Ca?>" influx pathway in
cells. Because many TRP channels have sensor function, they could be promising targets for drug
development which could manipulate sensory functions. In addition, it is known that dysfunction of TRP
channels causes various diseases (channelopathy) and that TRP channels play pivotal roles in many acquired
diseases and cancer development. The facts promise the usefulness of their inhibitors and activators.
Furthermore, structures of some TRP channels at an atopic level have been clarified using a single-particle
analysis with CryoEM in last few years.

Researchers all over the world have analyzed these ‘non-selective cation channels’ and made great
achievements for 27 years since the initial report of a #p gene in 1989. However, there are much more
things to be clarified since it is believed that ‘non-selective cation channels’ with high Ca?" permeability are
involved in many cell functions. Therefore, it is well expected that regulation of TRP channel functions
leads to the functional modulation of cells, organs and even whole bodies, and that medicines targeting TRP
channels would be developed based on their clarified structures. Relation between TRP channels and
diseases would be investigated more. However, it is still not known how temperature opens the TRP
channels. Development of techniques for dynamic structure-function analyses of TRP channels activated by

physical stimuli such as temperature is definitely desired very much in the near future.
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