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Endothelial cells (ECs) sense shear stress and transduce blood flow information into functional
responses that play important roles in vascular homeostasis and pathophysiology. A unique feature of
shear-stress-sensing is the involvement of many different types of membrane-bound molecules, but the
mechanisms remain unknown. Shear stress evokes a rapid, dose-dependent increase in intracellular Ca®*
concentration caused by an influx of extracellular Ca** via ATP-operated P2X4 ion channels activated
by endogenous ATP released by ECs. To analyze the dynamics of ATP release, we visualized ATP at the
cell surface. When exposed to shear stress, ECs simultaneously released ATP at caveolae. Immediately
after the ATP release, Ca’* wave occurred at the same site as the ATP release. Caveolar membrane
fluidity increased over the entire EC membranes in response to shear stress. These findings indicate that
EC membranes directly respond to shear stress and that these changes link to shear-stress-
mechanotransduction mechanisms.

AR TEAR
(BFEHAL 0 1)
[ERES S R 2 & it
201 04E 7, 500, 000 2, 250, 000 9, 750, 000
201 14 3, 300, 000 990, 000 4, 290, 000
201 24 3, 300, 000 990, 000 4, 290, 000
gk 14, 100, 000 4, 230, 000 18, 330, 000

WFEEo B WA REIE

BHfAZ O - B - ARIE LY « ERAKRLY: - AEREEE

Fog— R

AT AN =T A

shear stress.

i PN BRI

HIfaE, B ~_FZ . ATP

Tt 2

E N H I




1. WML IDOE &

& T & — 82 5 N BRI i DR
i, MR OEERE - BV, B HOBRIRIYEE 72
L MR O RO e e Bl 2 R L
TWo, T, 29 LzNEME OB & 237k
ey YA MIAY ma2a—Bv F T AR
v A= LW o T ALK 2T Tl < i
(22K~ 2% shear stress 72 & 12 HIlK 12 &
STHHEIZZ T ENRHAL MR- T
X7z, shear stress (2192 N R AR 2 13 TR
BRARDHEEDEF MEDOMEEFZ 1T T2 <, Mk
KIFHEOBIG L LT BTV A Il Hid:
MEDVET YV 7 SREBIREL 72 £I2
BELBEb-oTWD Z G, HRDEZL DR
FHEIER SN Tbh TE T,
ZIVE THE A TN AR DS shear stress % JEA
L CHEREMBNEICIRET D 2 & THEX
AR OB kAR L, 2, O
FEREIZRE L - Bin T ORB L ELT 5 2
L BN L TE 7, Shear stress T4k
T D IEMACER K IIZIEICIEY . ZHEEOR
HYX F—E2NHbL, O TR TIEZL D

WG RFPAEET 22 2R LI, LavL,

E DI HARIER K )N shear stress (& — KT,
E ORI IREG 72D D>, shear stress DIE R
IRIEDFFEIZ O W TRMR A2 N % < FR S
NTWD, ZORMBEZ RIS D72 DITITNL
HMAE 2N shear stress & It > v 79 5k
HMEENICEDLLI Y TEHLNCT DL L
DR HBEETH D,

2. WEOHBY

Z I E T & 1% shear stress DT> 7T
AN T DA T I LT B DM T
5D Ea IR TN L, BTE
N EZ Al AE 73 shear stress D5 S O 15 2 HE kgt
VN RV NOE ) I RN WN I e AP
TIRET D, ZOANT TN TF Y
N AR AFTE T D ATP {EShiE D T4
VT RV P2X4A BEAE & L TEAN T
52 &, F7z. shear stress (21D P2X4 F ¥
IV OIEMACIZ N BGE 2> & fth &4 % ATP
DA TH Y . Z D ATP J I A~
FIHFIET D ATP BRBER D> TV D
ZEERH L, BT, P2X4 ERBSH
T2~ ATELIZ, P2X4 ZRESHE~D

Z T shearstress DI /LT L7 F Y T
B 57 95 & M O PR RS Se I
TACICHESY ME DY T Y IR EE SN
e LB, mIEIC D e EIERRICER %
REENRBND Z EER LTz, ZOXK D Ak
HicHES% shearstress DA T /) FTF L AK
JvavERAT L0, £7 shear
stress A ff HZ ICHIIRIE CEE 2 2815, 372
Db, NI TIAEET D ATP &kl O
AL L ATP Ofifast~o kg, Ziiifi<
P2X4 F X XN LIZ VT T ADBEAK
JSEFEAT L, NT, £ O T il O HAs =%
BN OBIFRALICEL DA — R
BOoZT 22 E2HME LT,

3. WD IE

1M N BRI 31T 2 i gl oo A
N UARE T v a AT D %I B
RIS FOHEBEIZOWTRHRFT Z1T - 72,
1) BoF0HFEIRE  Miak (& <ich
XA T) \HFET D ATP ARk#E#EDS shear
stress (Z L 0 iEMAL L CATP it # 2 = 3 A
= AL ONWTHIlEEZ T L= a ko
AEORPELHIRNE ATP Iz >V Tk
G THMCERLEA LT T EY
Vv —tEREtaEAE L mAM
CCD # A 7 % W7z fliia L~ L T D JF T
ATP BB DA A —2 v T w771,

2) MBEEACEI /e RAL 0%

&) : Shear stress (2 & o CTHEE I 2 MRlED
WERRPEE (B « BUKME R ONRENE) D28
LA EHFREEN T 0 —7 & TR A
TEAERWES A A=V T THEL, £
AU L shear stress 3L T 5 T ISR I
L OBBRERE LTz, £2, MlaEo 7 Z 2
DRFGMHEER TH 0 | Bk &4 28k DG H %A
AN RE T A XN & shvd A
ZF M shearstress DA B ) T AE 7 g
NI ENZ ST caveolin-1 % knock
out L7=HifE TR L7z,

4. WFFERRE:

1) BRaTohERE

K& IR A SRR T2 Z AR5 0 ATP
FH OGS IE . 2 ORI E T DT O
B oM EE 2 &E AL RT-T, LaL,
MR TS 2 5 ATP IR Db A FEHF



T DOERERLS A A=V 7 TE D HIHk
Mo T=To 8, ATP B RS D FEA 70
AR AN S N o Tz, SEF A ITEE T L
FRICER L VY T 2 TR ERET Y
Dy BAF UV AT LR L TEEN M
Ja BT & &5 % 515 T shear stress 23 &2
925 ATP WIHKIGEZ Y T VH A LTA A—
735 LI LTz, Shear stress 23
TEHT 2 L BIEBIC /AT misE B0 n
BEuM) O ATP M2 A Ule, DA
TRXFTPEET DL E —FLTEBY
caveolin-1 siRNA <> methyl-p cyclodextrin T
N4 T EEEd 5 L shear stress (2 & D ATP
BHBIERHEE L, 2o Z L5 shear
stress (2 & 5 ATP IS AT A3 - T
WDHZENHBA LT, 2O ATP A A —V
VBTV F P E L TEHE R ATP 73,
MR CAFAET D ATP ZRKZIEMLT S
fEMAEER T L& LTl skx RAEMGBL %
fENTS % 5 2 CHEMZRY — e b | RE
FOWRIZEZ DA N7 MIREWEE
bbb,

Shear

Control

Shear stress L

— Localized =

Diffuse

o
D

(o

0 50 100 150 200
Time (sec)

Shear stress (2 ;% ATP fitiH#i4:

Luminescence intensity (x10?/pixel)

ATP Jig i 25 shear stress 0 #llJE P 1 HRin 2
(R FTREN 2 ME 3 2 72 [Al— il la T ATP
WA A= T E RN T h e f A—=D
T aiTolz, DR, shear stress IZ XV
AN JRETHI 72 ATP U238 2 0 | DUV T
BT DAIN A LS 7 NEED LR K
IEMRBIE S AL, ERN LT AL LT

A BRITEIRT 2 2 ERBA LR -T2, 1L
BENEMEIZBWTH AT TETD ATP
X Z O ORI BT 5 ATP Z &K
(P2X4 channel) %4} L T shear stress D
WEI VT NREEE L THRNA~ME
ETAHVITFV T DY) v =L LT
WTWD EEZ DL, ZAUTHRRIC LY
ATAIC i S iz ATP 23, £ D Fiii Th Ly
vAW AR EE T L B R TRIIOR
LTieA A= 7 ThBH,

ATP Ca?* wave

— ATP release
— Ca®' response

o
T

—

; .
~ Y y F) R ¢
Y S & 3 e d \/i
& 4 s
3
2
(=%
S Ty
= w
<
g0} =
c 41 4
g %
§5- o
£ 40
3
0

, ©
o
o
=)
o

Time (sec)

ATP fititi & Ca' A A—V 7

2) MREEROEI 72 RA AL v DEH
D U NEE o FEIEHRIE L < B
FI L CThEaRIRABIZH 0 | Z ONERITIRIRITIE
WO TGS (liquid crystal) & Wil 5 3,
ZOME (lipid order) FAf4 Z2EIZ LY
BT 5, flr, MlED lipid order %
3% Laurdan & 2 Yt EBAMEE 4 - T
living cell THENT T2 Z E R HIKD K HITh
STz, EORBITMIEELA liquid-ordered
state 6, XV OFOEEBNAEHICRD
liquid-disordered state (2720 | IEE " &EfE
~IKGYDIRFB) ML Z % & Laurdan OH G
50 nm R~V T FTH T LIS TY
5, EHIEEESME T O e MTEIIRN AL o
FfafsE o lipid order (X3 — Tid7e < | fifa
%12 R Pr Mz lipid order @ &\ fF 5k
(liquid-ordered area) /7FfEL7-, Shear
stress Z{EMA w3 & RIEIZBHE2EKO lipid
order 238/ L7223, & <IZ lipid order ® &
W C O PBEETH -T2, T d lipid
order DK T JisiL shear stress O X {KFF
PECRHETH o 72, Z D lipid order DEW
HE XL 2T e — VI E e EED /&
727 7 A KM M EY) T D A T )



BT AWM ThHoTo, ZTHHEDOFANG
shear stress [ZHHfEMEED lipid order # 1K T &
5, TRbbEL THEROH L Z &
AVHIBH L7=, Z 403 shear stress 2RI 4y
FICEBEE TS Z & 2RI BT OR
LIEERTH Y, FINIRERSIKE W,
FURE I DO W BB R IE D FRIE & L T2
BENZILHT 2 LS S Th HIEHEMEN &
%, Laurdan 4 A — 0 7 %47 > 7= [F— DOl
iz W CHE st tE DIl 2 vz FRAP
(fluorescence recovery after
photobleaching) % shear stress %= {Ff &
B b & OEREME DL E T L=, T D

il R R ENE T AN A R T — Tid e <

AT DERT D HALITAR R B ITARN Z
& & shear stress MEMT 5 & MifafEE AT
B EINEDS ERH3 5 2 LRSIz, R E
PEITHIfR 2 R DL TV a— )L CHLEET %
CHIML, 2L AT — L ERNT 5 LET
L7273, shear stress Tl Z 2 NE LD 6
D ATP RSN R DL« T a—)L T
RS, T, 2 L AT — LRI
Shic, ZT0Z IO REINEDZE{L A
shear stress {259 2% NI D F1 70802
B eKEIZ R TAREEEZ R LT D,

Laurdan image

— High GP
0.25 f¥ Medium to low GP

Generalized Polarization
o
)

005 TP A Y

0 100 200 300 400 500
Time (sec)

Shear stress (= L % [l lipid order ? i/

5. TR ILE
(WFZERFRAE . WFIE T S ONEEERSEF ([
=)

UMesEamse) (BR1 81F)

@ K. Yamamoto, K. Furuya, M. Nakamura, E.
Kobatake, M. Sokabe, J. Ando. Visualization
of flow-induced ATP release and triggering
of Ca?* waves at caveolae in vascular
endothelial cells. J. Cell Sci. &FiA 124,
2011, 3477-3483.

@ K. Yamamoto, J. Ando. New molecular
mechanisms for cardiovascular disease:
Blood flow sensing mechanism in vascular

endothelial cells. J. Pharmacol. Sci. & &%
A 116, 2011, 323-331.

@ J. Ando, K. Yamamoto. Effects of shear
stress and stretch on endothelial cells.
Antioxid. Redox Signal. ##miA 15, 2011,
1389-1403.

(ExE) (G4 21F)

O K. Yamamoto, J. Ando, “Shear-stress-
mediated control of vascular functions
through endothelial ATP release and P2X4
ion channels” 14" International Congress of
Biorheology and 7" International Conference
on clinical Hemorheology, Istanbul, July 4,
2012. (Invited)

@ K.Yamamoto, J. Ando, “ATP-gated P2X4 ion
channel serve as transducers for shear stress
mechanotransduction in vascular endothelial
cells” Purine 2012 in Fukuoka: International
Symposium on Purinergic Signaling in New
Strategy of Drag Discovery, Fukuoka, June 1,
2012. (Invited)

@ WA LA LEERE | Tl E DAL /34
Fa Y — i R k2 PN B B s

ZH 51 [l A ARARE Ly s ke 2012
5 H 10 B &k (FRFF)

(Ba#E) G344

@O K. _ Yamamoto, J. Ando, “Molecular

Mechanisms Underlying Mechanosensing in
Vascular Biology” in Masaki Noda (ed.),
Mechanosensing Biology, Springer, Tokyo,
2011, pp 21-37.

@ K. _Yamamoto, J. Ando, “Endothelial
mechanotransduction and its role in the
control of vascular functions” in Shu Chien
and Shi Yongde (eds.), Recent Advances in
Mechanobiology, Shanghai Science and
Technological Literature Publishing House,
Shanghai, 2012, pp 175-179.

(& Dfth)
R b_— U
@ http://ome-sysphysiol.m.u-tokyo.ac.jp/
@ http:/flwww.jst.go.jp/kisoken/presto/complete/
sysbio/j/sakigake/saki_15.html

6. HFFERERR
(D) A RFTE
(A AEF (YAMAMOTO KIMIKO)
WK - RPFEE S RAFEFR - SEAD
oEEEFZ: 00323618

(2) B 5E 5y 3
ZjE @ (DO JOJI)
Bt K« EE - RTS8
EEHZS 20159528



