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Role of proton-sensing G protein-coupled receptors on microglial activation and
neuronal cell survival in a ischemic situation.
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OGR1 family G-protein coupled receptors (GPCR), including OGR1, GPR4, and TDAGS,
sense extracellular pH of 8.0-6.0, resulting in the activation of intracellular signaling pathways.
Extracellular acidic pH of 6.8-6.1 has been shown to take place with ischemia and neurodegenerative.
However, the mechanisms underlying acidic pH-induced actions are poorly understood. This study has
especially focused on the roles of proton-sensing GPCR_in mouse microglia and neuronal cells in acidic pH
cultured medium. Our results suggested that acidic pH inhibits lipopolysaccaride-induced IL-1(3
production through the TDAG8/cAMP pathway in microglia, and stimulates neuronal NO synthase-mediated cGMP
accumulation via OGR1/Ca2+ pathway in N1E115 cells. Thus, the elucidation of the molecular targets for
acidic pH actions may provide therapeutic targets of neurodegenerative disorders such as ischemic stroke.



B X C—19, F—19,
WFIEBR A L F DY 5

(I)KEBUTipH#%TK@<:E
RS pH OAR T 232 < ORAE 05 R
OO EL 5252 DML N
TWa, 27u7 )77 A had A NI
NOIER 2 - T b, Lol fifast
pH KT E BN RAE A B = X Ao o fil i
FaLED e (M - /2E) L oEE T
RBHTH D, OGRL, GPR4, TDAGS, G2A [Lfii %
@ﬁ@ﬁ%ﬁ@%%%%ﬁk?éfub/
M (pH 8.0~6.0) @ G EHEILEMZE
W(@m)f%éo7mh/mﬂ@GmRi
AEERVEVENRE @ GPCR BFZE HYRAE L CRIE
INT&E, RREL TV A= RAZBITH4E
PSR EEH O stEE T, 7 a B
P GPCR Z T L= RSB 2B LTz,
ESEN mw&¥®ﬁ% WO T e kR
M GPCR DFRBINFED 5TV 5

(2) FAEIX, KGEFER T pH KT
OGR1 #4r Lt4/&~m4#/6@F$#
mELZZEWME L (REMER), £/2. 7
o bR RE Ry ABERO~ s
07y —YE R, fMlas ph K TICX 51
TDAGS 2NH L TWAZ E2RR L (Hik
EER), ~7n7ry—vRIsus V7%
HME RSy (LPS) THLEEd 5 & TLR 24 L7z
RIEVES A DA VEENFEIND, FAX
ML T Iz Y T E20MET 5 &
M~ IL-1 B EERTH SN Z L%
TR A LT\, Zo L5, 7a
VRN S AR DS RIEH A2 < B o T
WahETHEENTZ, ZhbiaEZ T, 7o
FV@ﬂ@GmRﬁ\%Em%ﬁ%k%ﬁb
27 a7 T OIEMESIECH R O RS
@ﬁﬁ%bvw%%ﬁZﬂW%ﬁT et & HETE
L7,

2. WHEOHB

AR AR R D pH ZAL ISR IC IS 7n
BERITTEEZONDN, TOAH=A A
KRR TH D, AFETIE, 7 ADJH
MK ZHBI AR DB ZE 24T 5 RINE & 7 L %
mwT¢ET®M@X%VX’ﬂTéfD
kSN ME GPCR OFENZRF L=, £7-.
7Dh/mﬂ@GmR#m#m%@%&%L
L7 a ) 7ofE e 7T~ —

A%ﬁﬁﬁ%@@)a%%trwé@# i
REOMIEIECHIREREIC E D L D e B %
ﬁié@#%E#K?étbﬁWVAWT
FRAT 25l 7=,
3. ok

(I)EWT@&@XFVX X957 | b
VR GPCR OB AR L=, ORiiMAL
iz ?é7nh/mﬂ&GMR#7&47
@%ﬁ%Rﬁwmf%&ko®%%£m$%
(F R ZEENR O BZ2) A6 L7, it
T ORI 7 EEEOIRM Z T2, F2.
R7u 7 VT OEHRIEOBREERRED -0,

Z—19 (dm

)

MR~ — D — I TRt B T o Tz, &
BT, RIEMYA B A (INF-a, IL-18
&E)@%ﬁ%ﬁ%ﬁw ERIZBITFS 7 2
I >Rt GPCR A& 23] ~~7-,

(2) 27ua VT OREMEYA NIA VE
ém%ﬁéw@ﬂ@wmm%%%ﬂ?wi

m%bto® VA=Al ol: i Ayt
%ﬁ JB7 e b GPCR YT X A
7@%%%Rr@w1ﬁmto® Va=2/)
TIZEBWT LPS IZ X BRIEMYA b4 v
(IL-18 = TNF-a 72 &) BEAINENR LN
HOT, ffashEEtE pH OB AP, £
7o BEMESM T COREMSEY A A v DF
B, PEEAINEIZW T AHIEN Y 7 Rz
PR R B 70 B A & O TCRAT L 7=,

(3) MBI KIETEMEA L ADERE
M 73 & %&%@ﬁ%W/&fw%%@Mﬁ
%ﬁoto®kMﬁE# AL L7
SR L ARSI S 7 e b R
@mﬁ7547®%ﬁ%RT@mfﬁAto
@~ U AT D B I L 72 ph A0 B 052 25
KROFH T 1 7 7 A4 NV DMELT U 2 4R fE
fakkz A, K pH I XAl A A — e &
WL ~7-, OGR1 X Ca2+®NB &=z
TOT, BRESMET TO Ca2+8) B2 PI3K &
TFNEN LR OMBAN Y 7 AR
BRI& A AT L 7= GPR4 1% Rho o 7 /VRRIKIZ
HET 20T, MIEOTEIE~D ZESHMD D
PRAEER SV T H T 2R 2 T,

4. WFFERE
(I)EWT@&ﬁXFVX’ﬂ¢57HF
VIREIME GPCR DN 2185
mqumeﬂ% Birs 7o ko gkantk
@m%7&47%ﬁ~ OGR1, GPR4 & TDAGS
OB Z i U, W 2B R O S22 % i
L7e~ T ARMORIEMY A b A4 > (INF-
a, IL-18) OFBEMT LI 2 % [532
= 7 2|2 H~ TDAGS KB~ 7 A2 1T A%
HREWMER TH -T2, T DX HIZ, TDAGS
IR DORIFEMEY A b b A v EEAE
BBV THHIAIZEE 5 LTV 5 e
ZEZ BT,

(2) 277 V7 ORESEYA N1 VP
AITE T D pH JEEnE: GPCR DB 5-

~UADIZa s YT L CHl SR
M pH ISEDIER 2 ~T= L 2 A B pH I
LPS \Z X D RIEMESA N A (IL-18) FE
EEHI LT, ZOMSZ X TDAGS RIE~ T A
Hko~vA27u 7Y 7 TCIIAERICHEESN
oo F7o. MRS pH AR TIZIX, FAEA cAMP
DERBMPIME-> TRV, TDACS EinF+DKRIE L
::7D7)7@ﬁu\ﬁﬁ%pHKiéﬁ
JEPN cAMP O ZFREIXIZIFVHIR L TU 7z, PKA <
MMKK%#%%%%@%%%WVK%%#
5. HIRaSMEENE pH 12 X 2 EHEIEH O —EBIC
TDAGS/ 7 T =)Vl 7 7 —8 /cAMP/ 7 v 7



A FF—8 A REIT D MAPK 16 il AEA%
oG REBENE (K 1), 2L,
FIAME pH LA R R THURIENE DO RE(E
JAL L THEREL TV B CHERI S BTz,

LPS pH~ 6.8

v
—X TiRe ) ToAGE =
\J

/ ¥ cAMP/PKA
§¥? \(
IkB
NE-xB | INK, ERK
NF-kB AP-1 —

Inflammatory genes (IL-1)

E1. YA /AO7V7IK&EFH 70~ VB
TDAG8%&1k/cAMPRZ T L I ilifa A B2 pH
lc&d1vy—041F -1 BELENFIER

(3) MM IE TR b L ADEEE

B 72 BB L 2 DORNAN S 7 T VKRS O iRk
~ U AREAT O KRG > B B L 7 AR
ot 7 v b o st GPCR (OGR1., GPR4) 23
FEL T\, BESa 77 A LB TWES
MR EA R (NIEL1S) Z W= BT 7 B |
FMAEsh pH K T IZ X 2 AR AE O RE R B &
L CHIEPN Ca2+@h B MR — b = FR A
S OIEH LR E I N, ZRES O
SiRNA ZHWfER., chbin&ic 7 e b
JEHnME GPCR OB E VR STz, 2D XD
2. 7 b UJEEME GPCR Z A3 A R A3 4
A OMREFEIICE b > TV D Wl X
niz (K2, —JF. 7a b gdntt GPCR K
H~ 7 205 L7 R i 2 v Cig
ez Z A, 1K pH IZ X DM A —
VOB Ca2+Eh BV L OEENIC T 1
b R GPCR 23R 5-9 2 & 2 T,

pH~6

~ |2
v
YM-254890—| Gq PI3K/Akt |— Wortmannin

N

PLC/IP3 nNOS ==p ,.nNOS
*
*
*
2-APB —] Ca? 1 }’”
(NO)
Ca?* pool GC/cGMP

2. NT1E-115##EICE VT, BpHIZOGR1 /KRR
YIR—EC/ANYY L/nNOSERZETCCMPEELT %

(4) B THELNTRELESHBOREE
ZFa b RIEIME GPCR 2SN ML <o4F 38 & BH

L7 7a 7 )7 oiEHAIcEE L Tns
DD, HREOHMALSELH IR EEIC E D X 9 7
WRBE G 2500 ERET L5720, AR TIE
Fio7 e b UM RERE~Y T AHK
OffaE AN THRHNLTEE, 370707
TR ML B3 5 % JiE 12 TDAGS 41 L 7=
MHIERADBHER S, 7o, WA EHEEIR
DResE~ 7 A % - FEBR A5 . TDAGS X
AR RICB T DPREERICE S LT
LAREMENR B 2 bivTe, Ak, RTIMEEZEE
TV (P RANEIAIROPAZE) %2 HWTHRETL T
ITEW, —J, MR TIX e ~ o E&a
Pk GPCR 23R OFBEFTAE I B > T
HEHER SN, Atk MRGHIIE O REHIE
B3 7w b A GPCR O&ENZ W
T, MR, MR L~ LTI BN LT
1ITE 7=,

5. FE/pFEEFmCE
(WFFERFE . BFEEo P B ONEEERF ST
1T TR

Cdessamse) (BRH1 51F)

@D VYuta Ichijo, Yuta Mochimaru, Morio
Azuma, Kazuhiro Satou, Jun Negishi,
Takashi Nakakura, Natsuki Oshima, Chihiro
Mogi, Koichi Sato, Kouhei Matsuda,
Fumikazu Okajima, Hideaki Tomura, Two
zebrafish G2A homologs activate multiple
intracellular signaling pathways 1in
acidic environment, Biochem. Biophys. Res.
Commun. , #aeA, Vol. 469, 2016, pp. 81-86,
DOI: 10.1016/j.bbrc.2015.11. 075

@ Hiroaki Tsurumaki, Chihiro Mogi, Haruka
Aoki—Saito, Masayuki Tobo, Yosuke Kamide,

Masakiyo Yatomi, Koichi Sato, Kunio
Dobashi, Tamotsu Ishizuka, Takeshi Hisada,
Masanobu  Yamada, Fumikazu  Okajima,

Protective role of proton—sensing TDAGS8 in
lipopolysaccharide—induced acute lung
injury, Int. J. Mol. Sci., #&#if, Vol. 16,
2015, pp. 28931-28942, DOI:

10. 3390/1 jms161226145

® Tsuyoshi Uchiyama, Shoichi Tomono,
Koichi Sato, Tetsuya Nakamura, Masahiko
Kurabayashi, Fumikazu Okajima,
Angiotensin II Reduces Lipoprotein Lipase
Expression in Visceral Adipose Tissue via
Phospholipase C 4 Depending on Feeding
but Increases Lipoprotein Lipase
Expression in Subcutaneous Adipose Tissue
via c¢-Src, PLoS One, ##¢A, Vol. 10, 2015,
0139638, DOI:
10. 1371/ journal. pone. 0139638

@ Yosuke Kamide, Tamotsu Ishizuka,
Masayuki Tobo, Hiroaki Tsurumaki, Haruka
Aoki, Chihiro Mogi, Takashi Nakakura,



Masakiyo Yatomi, Akihiro Ono, Yasuhiko
Koga, Koichi Sato, Takeshi Hisada, Kunio
Dobashi, Masanobu  Yamada, Fumikazu
Okajima, Acidic environment augments
Fc ¢ RI-mediated production of IL-6 and
IL-13 in mast cells, Biochem. Biophys. Res.
Commun., #& &t A, Vol. 464, 2015, pp.
949-955, DOI: 10.1016/j.bbrc.2015.07.077

® Jung-Min Kim, Kyoung-Pil Lee

Soo—Jin Park, Saeromi Kang, Jin Huang,
Jung-Min Lee, Koichi Sato,
Hae—Young Chung, Fumikazu Okajima,
Dong—Soon Im, Omega—3 fatty acids induce
Ca? mobilization responses in human colon
epithelial cell lines  endogenously
expressing FFA4, Acta Pharmacol. Sin., %
A, Vol. 36, 2015, pp. 813-820, DOI:
10. 1038/aps. 2015. 29

6 Ayaka Tobo, Masayuki Tobo, Takashi
Nakakura, Masashi Ebara, Hideaki Tomura,
Chihiro Mogi, Dong—Soon Im, Naoya Murata,
Atsushi Kuwabara, Saki Ito, Hayato Fukuda,
Mitsuhiro Arisawa, Satoshi Shuto, Michio
Nakaya, Hitoshi Kurose, Koichi Sato,
Fumikazu Okajima, Characterization of
Imidazopyridine Compounds as Negative
Allosteric Modulators of Proton—Sensing
GPR4 in Extracellular
Acidification—Induced Responses, PLoS One,
# A, Vol. 10, 2015, 0129334, DOI:
10. 1371/ journal. pone. 0129334

(@ Caiyan An, Koichi Sato, Taoya Wu, Mugiri
Bao, Liang Bao, Masayuki Tobo, Alatangaole
Damirin, Extracellular acidification
synergizes with PDGF to
migration of mouse embryo fibroblasts
through activation of p38MAPK with a
PTX-sensitive manner, Biochem. Biophys.
Res. Commun., ##HiA, Vol. 460, 2015, pp.
191-197, DOI: 10.1016/j.bbre. 2015. 03. 006

stimulate

Yuta Mochimaru, Morio Azuma, Natsuki
Oshima, Yuta Ichijo, Kazuhiro Satou,
Kouhei Matsuda, Yoichi Asaoka, Hiroshi
Nishina, Takashi Nakakura, Chihiro Mogi,
Koichi Sato, Fumikazu Okajima, Hideaki
Tomura, Extracellular acidification
activates ovarian
G—protein—coupled receptor 1 and GPR4
homologs of zebra fish, Biochem. Biophys

Res. Commun., ##HiA, Vol. 457, 2015, pp.
493-499, DOI: 10.1016/j.bbrc.2014.12. 105

cancer

® Mie Kotake, Koichi Sato, Chihiro Mogi,
Masayuki Tobo, Haruka Aoki, Tamotsu
Ishizuka, Noriaki Sunaga, Hisao Imai,
Kyoichi Kaira, Takeshi Hisada, Masanobu

Yamada, Fumikazu Okajima, Acidic pH
increases cGMP accumulation through the
OGR1/phospholipase C/Ca®‘/neuronal NOS
pathway in N1E-115 neuronal cells, Cell.
Signal., # %t A, Vol. 26, 2014, pp.
2326-2332, DOI:
10. 1016/ j. cellsig. 2014. 07. 010

Soo—Jin Park, Kyoung-Pil Lee, Saeromi
Kang, Jaewon Lee, Koichi Sato, Hae—Young
Chung, Fumikazu Okajima, Dong—Soon Im,
Sphingosine 1-phosphate induced
anti—-atherogenic and atheroprotective M2
macrophage polarization through IL-4,
Cell. Signal., #&#&ifi, Vol. 26, 2014, pp.
2249-2258, DOI:
10. 1016/ j. cellsig. 2014. 07. 009

@ Ye Jin, Koichi Sato, Ayaka Tobo, Chihiro
Mogi, Masayuki Tobo, Naoya Murata, Satoshi
Ishii, Dong-Soon Im, Fumikazu Okajima,
Inhibition of interleukin—-1J3 production
by extracellular acidification through
the TDAG8/cAMP pathway in mouse microglia,
AFHiA, Vol. 129, 2014, pp. 683-695, DOI:
10. 1111/ jnc. 12661

@ Koichi Sato, Masayuki Tobo, Chihiro
Mogi, Naoya Murata, Mie Kotake, Atsushi
Kuwabara, Dong—Soon Im, Fumikazu Okajima,
Lipoprotein—associated lysolipids are
differentially involved in high—density
lipoprotein— and its oxidized
form—induced neurite remodeling in PC12
cells, Neurochem. Int., #&#Hf, Vol. 68,
2014, pp. 38—-47, DOI:
10. 1016/ j. neuint. 2014. 02. 005

@ Haruka Aoki, Chihiro Mogi, Takeshi
Hisada, Takashi Nakakura, Yosuke Kamide

Isao Ichimonji, Hideaki Tomura, Masayuki
Tobo, Koichi Sato, Hiroaki Tsurumaki,
Kunio Dobashi, Tetsuya Mori, Akihiro
Harada, Masanobu Yamada, Masatomo Mori,
Tamotsu  Ishizuka, Fumikazu Okajima,
Proton—sensing ovarian cancer G
protein—coupled receptor 1 on dendritic
cells is required for airway responses in
a murine asthma model, PLoS One, #FifF,
Vol. 8, 2013, e79985, DOI:
10. 1371/ journal. pone. 0079985

@ Takashi Nakakura, Chihiro Mogi,
Masayuki Tobo, Hideaki Tomura, Koichi Sato,
Masaki Kobayashi, Hiroshi Ohnishi,
Shigeyasu Tanaka, Mitsutoshi Wayama,
Tetsuya Sugiyama, Tadahiro Kitamura
Akihiro Harada, and Fumikazu Okajima,
Deficiency of Proton—Sensing Ovarian
Cancer G Protein—Coupled Receptor 1



Attenuates Glucose—Stimulated Insulin
Secretion, Endocrinology, & 3 A, Vol.
153, 2012, pp. 4171-4180, DOI:
10.1210/en. 2012-1164

@ Mayumi Komachi, Koichi Sato, Masayuki
Tobo, Chihiro Mogi, Takayuki Yamada, Hideo
Ohta, Hideaki Tomura, Takao Kimura,
Dong—Soon Im, Keisuke Yanagida, Satoshi
Ishii, Izumi Takeyoshi, Fumikazu Okajima,
An orally active lysophosphatidic acid
receptor antagonist attenuates pancreatic
cancer invasion and metastasis in vivo,
Cancer Sci., @A, Vol. 103, 2012, pp.
1099-1104, DOI:
10.1111/3. 1349-7006. 2012. 02246. x

(Faxk) Ghi1th)

O EEsET, YEHF. Y2, AT
. SR, MELEERET L~ A0
MEEICBIT S 70 b A2 A TDAGS
OFE, BUB2015 (H AL T EMFRFES,
HAAALF4S), 2015.12.1-4, AR — T
AT R (EEE - 51

© UEA, e, YFEH2 ., EAT
S, MEBSRF, 7 b BMEZ AR GPR4
R E W E O MM
imidazopyridine {bLEMIZ L HDADT v AT
U v Z7VEM., BMB2015 (H A +AMFEF
& AARMA LS, 2015, 12. 1-4, AR —
N7 AT R (el - )

® Koichi Sato, Ye Jin, Ayaka Tobo,
Masayuki Tobo, Cihiro Migi, and Fumikazu
Okajima, Acidic pH inhibits
interleukin-1 production by
down-regulation of mitogen—activated
protein kinase activity through the
TDAG8/protein kinase A pathway in mouse
microglia, #§ 58 [A] H &AM Ras,
2015.9.11-13, KEY=v 7 v 7 4 (FFE
| YAV =21

@ HUESEAT, EEEsET. MSSF, B T
e SRR AIE L B, AT
ZB), WTHEE, AR A EEE, M
VYREAV/S—FLLAFU - UREHAD
MAEBMRIZOWT, % 57 B HAREA (LS
2. 2015.5.28-29, —HERF—Ei#ERE CGER
#B - FAHEX)

© EpEsET, ME, YFEEF. BATS=,
WSS, ~7AI 7 w7 ) 7B TERME
pH 1% TDAGS/PKA % 4 L C MAPK 3 Z #1945
ZEIZE o T IL-1BEAZIHT S, &F 87
|l HARAA LS 23, 2014, 10. 15-18, [E 7 5L4R
[EpR st CRUERAT - Rl )

©® —fethiR, AL, InETET AT,

Vepgsehi, M, FRFHH, €777«
v a2 G2A OFEREMENT. 25 87 Bl H A&
2. 2014.10. 15-18, [E 2 # E RS (K
HBATF + AR )

@ KIBFA | FRHIMER, HARL, I BIET
R, AT, sl MBS, F
MFEWH, €777 4 v 2 GPR4, OGRL D%y
TR M. 8T Bl B AR A Mk E A
2014. 10. 16-18, E B EBR2EE GBI -
SR

® /WrrEke, e, WSS, NIEL1S
FERGMAR IS 31T D Amfa SR pH 12 X D cGMP
FEARE . B 86 B A ARKEFEES.
2013.9. 11-13. /827 4 afiiie (FRZS)I A -
i)

O fefgsemi. IMrERE. WS F, NIELLS
R d 1 B MRS IR pH 1C X DA
PN Ca2+B B, Akt U v fb e 7a b ot
SZREOMEE ., % 85 [l HAKALFE,
2012.12. 14-16, &M ERESES (@R -
e o i)

Ye Jin, Koichi Sato, Fumikazu Okajima,
Involvement of TDAG8 in extracellular
acidification—induced inhibition of
interleukin—1b production in microglia,
55 85 [Al H AR b ax, 2012, 12. 14-16, f& (i
EERaES (R R - fRRE )

@ fepg=eii, NHTRRRSE, HEMHZ, AR
T, WL, & MERE AL -
I T HORAARERY YRR T 7 F ¥
VRS RIRT v # T = A b Ki16198 O /E
FH. % 54 [l AR E A2, 2012. 6. 7-8,
JUPN R 750 1 A G . (R s [ U, - A e i)

(XF) Gt off)

(PE RIS PEME]
OiEiRd Gt o)

L
LR
MR
fiAA
xR
HFEFH H
ENA DRI

Okt (Gt 0fF)

L
LR
MR
fiAA
i
BASHEH A



ENA DRI

(Z D)
R B

TERS KPR EI DT JEAT R — DN —

http://www. imcr. gunma—u. ac. jp/

HEARTREIETT Y 7T NARTE T NV— T R —
LR—

http://signal-transduction. imcr. gunma—u
.ac. jp

6. WFTCRHRE

(D) Bk

Ve SETH (SATO, Koichi)

BEIS K7 - EARFREIRZET - HEHEZ
WFgeE 5 © 00302498

(2) WFge oy
( )

WoeE &

(3) HL A I
( )

WoeE &



