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Integrative study on arrhythmogenicity associated with adaptive and pathological
remodeling of stressed hearts.
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The present study aimed at exploring novel pathogenic mechanisms underlying
abnormal excitability and arrhythmic changes in stressed hearts. For this purpose, we focused on
stress-responsive Ca2+/Nat+ channel molecules transient receptor potential gTRP) proteins, and
investigated their pathological significance by combining both experimental and theoretical approaches.
The results clearlﬁ indicate that post-remodeling upregulation as well as small differences in PIP2
sensitivity among highly homologous isoforms and arrhythmic mutations could account for part of their
notably different functionalities, leading to enhanced risk of arrhythmias and abnormal excitability.
This integrative approaches of experiments and numerical model-based simulations may provide a useful
framework to design/develop new anti-arrhythmic drugs targeting TRP channels and simultaneously
facilitate our understanding about an otherwise elusive complexity of cardiac excitation/propagation and
its disorders.

TRP

TRP Ca PIP2



AP

AP
early-afterdepolarization; EAD
(delayed afterdepolarization; DAD)

Transient receptor potential (TRP)

TRP

TRP

TRP

2014; InoueR et al.,
InTech review 2012

TRP @
(b)
(©
PIP,
VSP  FRET
PIP, TRPM4
E7K

PIP,

TRPC3/C6/C7
PIP,

TRP

TRPM4 TRPC3/C6/C7

HEK?293
HL-1 Claycomb

EPC10/Patchmaster HEKA

PIP, TRP
VSP
PLCS PH
FRET CFP/YFP
TRP
FRET CCD

(Lambda DG-4 Sutter )
splitter DualView2

Metamorph

Corl.1(Oxford)

HL-1
Visual Studio2013
I TRPM4
TRPM4
TRPM4
Ca
Ca
ionomycin
open cell-attached
Ca
[Ca™];
Ca fura-2
Ca [Ca®];
[Ca%]i
TRPM4



Ca** TRPM4
K4 -60mV
500nM

12, TRPM4 [Caz*]i-Npi
frsbovis wm e m e se o o coowes @ e S 8 B E
= jonomycin (2.5uM e
= 145ml\)/,I K+(<://5\lLl ) /%/
g os /.
£ o /% Kd=507nM
© (0.51uM)
T 02 @// n,=1.92
0 I TR [Ca] (nM)
0 03 1 3 [Ca] (mM)
Kd Ca
~600nM Ca
Ca
nM
TRPM4
[Ca™];
TRPM4
HL-1 (AG)II
1luM TRPM4
3 4 AGII
BNP TRPM4
mRNA
TRPM4
AGII
5
AP
AGII
3
9-PA 10uM
AGII HL-1 AP 3
early afterdepolarization; EAD
AP
9-PA
60 — HL-1 cell
40 A
20 —
N AGII 1uM
E °7  E e +9-PA 10uM
g

I ! T 7
600 800 1000 1200 1400
Time (ms)

Ionomycin Open C/A
TRPM4 AP
Ionomycin open C/A
TRPM4
TRPM4
Ca
2
a(V)
c 2 0O
B(V)
Ca
mV, uM

B(V.[Ca]) = 0.15243- exp[(48258 — 0.11585 - [Ca]) + (~0.00296 — 6.15-10~2 - [Ca) - V + (2.}
+10-5 - 4.15-10-3 - [Ca])- V2]

a(V, [Ca]) = 4.4047 - [Ca]®355%. exp[(0.0106 — 1.26 - 10~* - [Cal]) - V]

a(V, [Ca])  B(V,

[Ca]) Po /[Ca]

TRPM4

Ca-and V-dependency of TRPM4 channel

0.8-1
£00.6-0.¢
00.4-0.¢
00.2-0.¢
0o0-0.2

membrane potential (mV)
TRPM4
AP
HL-1 AP
Takeuchi et al., Science Reports 2013
TRPM4
AP 3
EAD
AGII HL-1
simulation

recorded

""" M4 6x 100ms.
M4 1x

evoked — m==-a Angll-treated
+-PA (10uM)




TRPM4
9-PA EAD

TRPM4

Marthar et al., J Clin Invest 2010

TRPM4
QT
Guinamard et al. Hypertension 2006
9-PA EAD
AP EAD
phase 3 EAD initiation
Antzelvich Pace 2006
EAD TRPM4
trpméd
TRPM4 Spontaneously hypertensive rat
Guinamard et al. Hypertension
2006 TRPM4
(
)
TAC
TRPM4
mRNA
Sham (N=6) TAC (N=7)
Body Weight
Heart weight
RNA
B-MHC
B-MHC TAC
TRPM4
TAC
TAC
TRPM4
1 PIP, TRPM4
E7K
PIP,
VSP

PIP, FRET

PIP,
PIP, TRP
Imai et al., J Physiol Lond
2012 TRPM4 E7K
PIP,
VSP PIP,
TRPM4
PIP,
E7K
E7K
PIP, FRET
PHD-CFP/PHD-YFP
PIP,
TRPM4 PIP,
PIP, TRPM4
Boltzmann
E7K PIP,
M4_wt E7K

127 oy mendmgranp 127 —o— ascending ramp

@ descending ramp @ descending ramp

08 =
] ]
&5 o6 5 oe]
@ I}

04 04

02 02

*50 100 20 b 20 b0 150 Zho 20 150100 2o b 30 1bo 1o 2bo 26
mp (mV) mp (mV)

AP PIP,

TRPM4
PIP,
TRPM4
AP
PIP,
EAD
E7K

Effects of PIPz depletion on E7K mutant

F’IP2 depleted

PIP, E7K

E7K Kruse et al.,
J Clin Invest 2009 Ca



i PIP, TRPC3/C6/C7

TRPC3/C6/C7
DAG Ca

Inoue R €t al., Pharmacol Ther, 2009
II
Imai et al., J Physiol Lond 2012; Itsuki et al.,
J Gen Physiol 2014

PIP,
VSP PIP, PIP,
FRET PIP,
PIP, DAG

TRPC3/C6/C7

CellDesigner v.4.4

TRPC3/C6/C7

997 01Hz | agenisteone. . S oo 0:33Hze s conc

TRPC6_Po

réceptor occupancy 0.33Hz

e [ —
b 2 4 6 6 100 o D o o b o
time (s) time(s)
PIP, TRPC3
PIP,
TRP
PIP,
TRPC
TRPMA4
E7K
v

TRP

NADPH
NOX 2 ROS
ROS
TRPM4
TRPM4 9-phenanthrol
Ca Ca
TRPM4 ROS
NOX
ROS
slow force
response to stretch: SFR
TRPC
II Type 1
AT1 TRPC3
SFR
NOX
SFR TRP
ROS
stretch-induced extrasysytole:
SIE
slow force response: SFR
Iribe-Kohl-Noble
IKN Maxwell

SIE  SFR

IKN

Schneider

I Tnl

shortening deactivation



39
Mori MX, Inoue R. New experimental trends for
Phosphoinositides research on lon transporter /
Channel regulation. J Pharmacol Sci 126:186-97,
2014. doi.org/10.1254/jphs.14R14CP ( )
Itsuki K, 3 , Inoue R, Mori M. PLC-mediated
PI(4, 5)P2 hydrolysis regulates activation and
inactivation of TRPC6/7 channels. J Gen Physiol
143(2): 183-201, 2014. doi:
10.1085/jgp.201311033.  ( )
Iribe G et al. Load dependency in force-length
relations in isolated single cardiomyocytes.
Prog Biophys Mol Biol 115: 103-14, 2014. doi:
10.1016/j.pbiomolbio.2014.06.005. ( )
Shi J, 7 , Inoue R. Molecular determinants for
cardiovascular TRPC6 channel regulation by
Ca*'/calmodulin-dependent kinase II. J Physiol
(Lond.)  591.11, 2851-2866, 2013. doi:
10.1113/jphysiol.2013.251249. ( )
Nakaya M et al., GRK6 deficiency in mice
causes autoimmune disease due to impaired
apoptotic cell clearance. Nat. Commun. 4:1532,
2013. doi: 10.1038/ncomms2540. ( )
Imai Y, 2 , Inoue R, Mori MX. A Self-limiting
Regulation of vasoconstrictor-activated
TRPC3/C6/C7 Channels Coupled  with
PI(4,5)P,-Diacylglycerol Signaling. J Physiol
(Lond).  590.5, 1101-1119, 2012.  doi:
10.1113/jphysiol.2011.221358. ( )
Nakaya M et al, Induction of cardiac fibrosis by
p-blocker in G protein-independent  but
GRKS5/B-arrestin2-dependent signaling pathways.
J. Biol. Chem. 287, 35669-35677 , 2012. doi:
10.1074/jbe. ( )
Mori MX, 2 , Inoue R. Quantitative
measurement of intracellular Ca** and calmodulin
binding to target molecules using Fura-2 and
CFP/YFP based FRET imaging in living cells.
Biochemistry ~ 50(21):4685-96,  2011.  doi:
10.1021/bi200287x. ( )

101 .
Inoue R, Int. Symposium on Ion channels,
transporters, and small molecules as key
regulators of homeostatic systems. Nagoya, 18.
March.2015
Inoue R,

R 6. Mar.

2015
Nakaya M. Aegean Conference, 2™ International
Meeting of Clearance of Dying Cells and Debris
in Healthy and Diseased Immune System, 2014
Oct. ( )
Inoue R. 11™ International Symposium on
Resistance Arteries. Banff, Canada, 7-11
September, 2014 .
Iribe G, The 2™ International Symposium of
Mechanobiology. Okayama, 22. May, 2014

33
2013 9 22
Iribe G. The 6™ International Workshop, Cardiac
Mechano-Electric Coupling and Arrhythmias.
Oxford, UK, 13. July, 2013 ( )

)

@)

(€)

GRK5
133 2013
3

Inoue R. International Conference of
Physiological Sciences. Suzhou, China, 2012,
1-4 Nov. 2012.
Inoue R et al. International Symposium on
Mechanobiology. Shanghai, China, 5. Nov. 2011

Gentaro Iribe et al. International Symposium on
Mechanobiology. Shanghai, China, 5. Nov. 2011

28
2011 4 9

2010

15
vol.145 No.1
(2015), 14-20
32(4): 534-539, 2014.
vol.31 No. 9 (2013),
1415-1419
Inoue R, In: “Mechanosensitivity in Cells and
Tissues. Vol. 6. Springer Verlag, eds. A. Kamkin,
pp.281- 300, 2012.
Inoue R, In: "Cardiac Arrhythmias— New
Considerations-". ed.. Francisco R. InTech
Review, 2012.
Inoue R. In: “TRP channel in health and
disease”. ed., A. Szallasi., Nova Science
Publishers, 2011, pp.171-196.
Iribe G, In: “Cardiac mechano-€electric coupling
and arrhythmias”. eds. Kohl P, Oxford
University Press, 2011.

vol.233 No.9
(2010), 840-845

http: //mww.med.fukuoka-u.ac.jp/physiol/inde
X-j.htm

http: //mww.okayama-u.ac.j p/user/med/phy2/i
ndex.htm

http: //chudoku.phar .kyushu-u.ac.jp/

INOUE, Ryuji
30232573

IRIBE, Gentaro
80464387

NAKAYA, Michio

90284885

MATSUOKA, Satoshi
00263096



