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iy

ATV
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X3. Kir6.2/ w77 r< !7 R EFHHIFEDopen cell-attached patch T D EF Lo
UDP#FLET & % WIEK*® F v 2 )VBIOE Deromakalim%7E T ¢ & B—ATPRSM:
K F¥ 2NEEIXEGESIShRDP ok,

WZ K Fv 2)VEOFKICK T 2 £MEEERB L CRBEMLOEL 2 HE
Ulo BERMOLZEEHMEIZHBNT 30 uM cromakalim 252 % 2 X 4 IZRT
O AR E BRI ER L., ZORIGE 1 uM glibenclamide DRI TITIZE -
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L=
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6T — Cromakalim 30 uM (b)

NP 4 / — Control (a)

Kir6.2 | ~ + Glibenclamide 1 mM (0
-10 -5'0 0 50 mV
21 +50 mV
4 -40 mV-/\r
Glibenclamide 1 uM -100 mV
nA 19 Cromakalim 30 pM

K4, BAER<Y ALEHHEOLSMBEERICN T 3 cromakalim D&
RICRUERRS 7))V A 70 ha—)VE0DICIE S 22D 5

BROUEFERZ TR Lo
nA
o

Kir6.2" __ Cromakalim 30 pM (b)
. < + Glibenclamide 1uM (c)
~ . Control (2
-100 50 0 50 mV
27 +50 mV
4 -100 mV
nA 1 - Glibenclamide 1 upM
Cromakalim 30 uM

R ) ©

IR ST

ik aaEamammaRaba e caasenna

‘*:::5!1"!.1-~'[@:§'-x10 15 min

X5 Kir62./ w7 7w by ALSHHEREOSMRBEERICNT S
cromakalim® €, Cromakalim (30 uM) THMEERD
EEIEERD Shidh ok,



it

6 IX= D DERICBWT ramp pulse 252 Tk LRLIERERD 0
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pA/pF
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* P<0.05
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X6. B4R (Kir6.2**) H23WE /w27y b (Kir6.2-/-) U ALBEHHETO
B EEFRIC X3 Scromakalim (30 pM) 3 % Widglibenclamide (1 pM)
WINOEE, BUEEEFRO OmVICBIT2BEFREBEZF O TH 5,



IV DD K Fv 2NVBEOHKTH % pinacidil THERKOREVRD SN
7o BAERIOOEHMMEIZHB T 200 uM pinacidil 252 32 2K 7IZRT LD
AR EEFRDSERL. FORBIE 1 uM glibenclamide DM TITIZE > =0

nA | /— Pinacidil 200 M (b)
Ot 3

Kir6.2 - +Glibenclamide 1 uM (c)

4'//“' Control (a)

: . 0 , mV
-10(/ -50 q 50 L xomV

..4...-

nA Glibenclamide 1pyM  "40mV

o Pinacidil 200 pM ©-100 mV

90 min

X7. BEE<YILEHHEEOSARBEERICH T Spinacidil D/ER
KicmUBLRS Y770V A 70 ba—)LE220IC1EIE 2 D5
BOEEEREZHE L. 200 pMODpinacidil TH A X EBFDTEMAL L.
ZDEFRIZ1 M glibenclamide DEHIMTRHEIET Wiz, TRICLV I —5—D
Eigek, LTRICRBHNEEEROERDZFEZRLTH 5,

L Laess, M8ItmTLdic, Kir6.2 /w7 7% M RONEGHIRT
IZ 200 puM pinacidil 725 2 T H /A S EFROEEIEIED SN R D o7,



4_—
Kir6.2”" ,| = +Glibenclamide 1M (0
/ N Pinacidil 200 uM (b)
| - ~ Control (a)
-100 50 O 50 mV
| ol +50ny\r
-40 mV
nﬁ‘, 4 N -100 mV
Glibenclamide 1 uM
8- Pinacidil 200 uM
2{ ® ® A A A e
bt
G 11 | ™ T LR 1‘ v ,] + 1 , |
0 5 10 15 . . | .|720 min

M8. Kir6.2/ v 7 7 b RLEHHEOSMEESR X 3 B pinacidilD
Y6, Pinacidil (200 pM) THHE ZEFROEECIZRDSNARDIP o7,

X IR EEEBERDOOMV COERBEZFZ LOEHDTH 5 H. Kir6.2" D
OEHGHBETREROEREEDEMMAD S NED. Kire.2” OILEfHMAE
TRHZDELRRLNGZDP D Z0



pA/pF Kir6.2++ Kir6.2"
] * P<0.05

207

107

(=)
{
1

9. FER (Kir6.2™) H2WE/ v 770 b (Kir6.2-/) YOI TONARE
EHRICH T Bpinacidil (200 uM) 3 3 \iZglibenclamide (1 pM) FHIND
FE, B EEBERDOOmVICBII2BREEEZZLDTH 5,

TN B OBEEFRELEHEMELOEL LTz, B 10 KRT &5 8
ERLEDHHFETIE 30 uM cromakalim 2 & - CIEEEBMIEOERREHELB
E=M Kir62 /w770 MU ROLEGHTIRIEHEMBOELIZED
Bz o7z, Pinacidil (200 uM) B WT HIEHEMBOZERREEIEE
BLOEGHETEE. ZOKINE 1 uM glibenclamide ORI TITIZE > 7255
Kir6.2 /v 7 7o bv w@c@%&mﬂm@ 200 uM pinacidil % 52 T H1EE)
BEMBOELIFEDSNED» -7 (K11),



mV

APD90

X10.

— 26 —

mV
100 -
Kir6.2t .
50 ] .
07 )
1 N
= " s Cromakalim 30 uM
. -
50 Cl'()m ak 30 uM
+ Glibenclamide 1 upM 50
-100 — 1 _100' ]~ l
0 50 100 ms 0 50 0 o
ms
35 - Kir6.2++ e
30
25
.
154
10 -
5.
B m Rty
T Gt Control Cromakali

B4R (Kir62"") BXTE/ v 7Y b (Kir6.2-/-) ¥ Z2.LEEMEIC
X3 % cromakalim (30 uM) DEH. Bl > + 7 5 7E—FCEENZ
R L. 0.1 He CESRMET >/zo TRICI0 % BAERIR T OEH BN
B (APD,) DXt %% RLTH 5. Cromakalim{ZBERLEHMILDA T
ERRAEE ORI .



Kir6.2++
- Control
Pinacidil 200 pM
Pinacidil 200 pM
+ Glibenclamide 1 pM
‘Duned
Kir6.2"

= {}.~—Control
- Pinacidil 200 uM

J10mV

10 ms

Xi11.

mss(r

P<0.05

B

Control | Pinacidil
n.s.

Pinacidil

Control

BAR (Kire.2*) B/ v 77 b (Kir6.2-/-) ¥ X.LEHMAEC

9 % pinacidil (200 WM) OEH. hL > N5V 7 E— RTEEMZ
8L, 0.1 Hz CESHEZIT o= AEIZ90 % BAEK R TOEHEM
B (APD,) OFLDERLTH S, PinacidiliZHERLEFHMEDOAT

ERBAIE S GRS .

W MBELORRRIC B

OEHIfa % 7 )V 20— X, dinitrophenol (DNP, 50 uM)
B AR DO E NI T 3N E & R EME L LD

B BEHEME M®§§t?mfﬁﬁbt°$%bt

SHEWTERT S &,

Kir6.2 /v 77U k3D

2DLEGHBETIIERELIZRZD LN o= (K 12). ZNE KBTS0
X3z, Eﬁz@@m@%&fﬁﬂwﬂﬂi Z ONREEEC & 2EHEMBOBEREOEM

DEEI =D,
Eﬂf&ﬁ)ot ( 13)0

Kir6.2 /w277 b=y 2D LEHHETIEZ DO RINIED



Kir6.2 (+/+) Kir6.2 (-/-)
nA nA.
DNP 50 uM

/ Control DN1}50 uM
) / Control

/w0 0 50 /50 0 50

mV mV

+50 mV;
-40 mV‘/\r
-100 mV
M12. B4AER (Kir6.2™) BIU/ w7 b (Kir6.2-/-) ¥ ALEEHEZD
BOEBRERIINTIRBEEORE, DEHFMBEAEI NVI—2X

dinitrophenol (DNP) 50 yMEEH CTHER L CEHRREEROELZ

BEL-,
Kir6 2+/+ ms 50
. P <0.05

401
- Control Gg 304

[-™ T
DNP 50 uM < 204
DNP 50 uM + 104

Glibenclamide 10 uM :
0 s .
Control Metabolic Inhibition
ms
. " 50
Kir6.2 A .
407 ]

- 2 30

) T
2 50
- Control 0.

DNP 50 uM
10 mV 0
‘ —16‘ ms Control Metabolic Inhibition

13. B4R (Kir6.2+) X/ w27y b (Kir6.2-/-) < AL EFHE
BB T AABEEORE, £AIIC0.1Hz TRIBL T/ SN
EEEM ORI L BRI 90 % BEAMBROEEEAMRIC N T 51FM
EELOTH 2. BERLEGHRTIXRBEEC X > CEHEMED
5G#E L. glibenclamide 10 uM OFHINTEB 4RI EIE L 2o



4 I ZESHEMBORRNELEZE LOELOTH 5D, BEROLEHHE
TIAHEEE I & > TIRA IEBEABOEMED R 51, 10 uM glibenclamide
OFMTEHSHNICEE LD, Kir6.2 J v 7 7Y b3 20 0EHHTIEA
BHPHEIC L > THEBEMBOEMIZIFILALHDONERP 2z, ITNHEDH
B IEALREE - BT B IEBEAOEREICIX Kir6.2 28 74 & 3 208z
ATP Bt Kt F ¥ RIVOBEEDPBETH S LHBHELEPERD =,

APD,,

ms
40 -
y Glibenclamide 10 uM
. DNP 50 uM
30-' Jlly
P
\ ) 30
) E‘E»'ﬁi Ity
20'_ I
“"' il
i O
10 ] '.."i“fiTi.°b.cl',. wI
I | ..‘"'c
l ..L"(((((.
0 T T T T T T T T r T T T T
5 min

Xi14. BER (WT) BT/ w27 7Y b (KO) ¥ ALEHHAREESEMED

RFHERF OFERHEL. BERLEH AR TIXHEI VI —X, dinitrophenol
(DNP, 50 uM) TIEHEAIIEIZEHE L. glibenclamide (10 pM) DWRINICX b
BAKICEELE. L ULARD5Kire. 2" LDEHGHECIFEHEMBIZIZLALY

Bl o7,



2. BH4LEREB X Z)“.Kir6.2 J w7 Ty RICBITF A ischemic
preconditioning

Kir6.2 2 v 7 7% b < 22 BT ischemic preconditioning HSEE % ZiF
BOBEDPIEDONTHRETZITo e RIBIIRT LD KERIZED S area at risk
DEIGIIZ4AHBTEPRD SN R oz, BERT I RIZENWT., 45 7D
BAREAZEIC I B, 3 A OEEAREAZEZ 5 £SHERT 3 B DEL. ischemic
preconditioning 175 &, HERIARICHE D L. Kir62 Vv /7D bY D
RIZPHVTEBIRE 45 5%k LT 2 0% 120 SEMER L 2 BOBERIIHER
TROLNEZHDLERDRDONGRDP o2, ULPLRMSL, EKOZD b
—)U'T ischemic preconditioning %17 > /=&, EEROWDIIRD ST
BULAEMLTVWE, TOL3K, Kir6.2 /v 77U YU RCBVTE
ischemic preconditioning ML T B Z L BES P L 2> T,

% wt. AAR/Total %wt. Is./AAR

0% * " * p<0.05

0%t E }. 3

- 60%

40%
. 0 L]
° (]
S
20% .0 B L
:
i [
00/ Y =13 n=14 =5 . n=7
0 ’ 0
i wild wWild KO KO Wild Wild KO KO
Cont Precon Cont Precon - Cont Precon Cont  Precon

15. EpAER (Wild) BEUKire.2 / v 7 7w b A CEHAREIE - BE
T GEEE, £ A0 EIC BT 2 RS (area at risk, AAR)
DElE (EEH) 27U, AAICIXAAR CRTEERDEIGZ TR LT
H 5, BERTY 2 T3 ischemic preconditioning THEZER DD 1
THLNED. S v I 7Y R A TREEEOBDERDLNT
if L 6%1’,[1 LT L'\ﬁ’_o



3. BERBIOKX6.2 /v7 7Y Mo RARHLNCHIT 2 EM - BERKO
I e RER b

EENE 2 RREICEH LD S BmERE 15 HMFIE LR 30 SHEEER
LTZOEEHER Lz, X 16 WHERB LU Kir62 /v 77w b U 2H
H BT 20 - BERROIMEMEZLZTRT . BARBHLOICSN TR
FE I8 DI B2 1 U IR IS - THERHIE O LR B EIE i
B, BEFREZ OB ERNECEELEZ, ShIIHLT, Kire2 /v
Z 7y bR w L TRELRH TR OHOIHEIELICELEY T, £Z
BRHEDGRLZCERLIZUD. 15 FORMSERRRTEFERICRERDD LR
2. Eiz. FERE S ZDOERIGETEERDDTH o/,

Kir6.2+/+*

Control

16. HAER (Kir6.2) BLU/ v 77y b (Kir6.2-/) ¥ Z2HHLLIC
BT B EN - BEREOLENHEEOE L, £EREZEHL RS
15 AROEFRELE. Z D% 30 YOEERETV. EEIEREORER
MELZBELZ.



X 17 I EZENEHES X CHEHEORKRN (L Z LD THB.Kir6.2 /) v
77U YO RBHLTRROROIEHED FRIBEL POBETHL. B
B OBFEHEREITRERIDTH o2, X/, BERKICHET S CK
BLULDH d BERBEHLLD B Kir6.2 Vv 7 7Y M YABHLTEET
H-ol= (X18).

mmHg —o— Kire.2++
| —=— Kir6.2"-
90 +
80 -
70 71

Bl
5 b

”Jao-

] 10 20 : 30 40 50 60 70 min

X 17. BER (Kir6.2*) BLU /v 77T b (Kix6.2-/) 7 AWHLIC
Bl 2EM - FERKOBHEE P & CIEERE ORI ZE L.

IU/L CK WU/L LDH

120+ 120
100+ 100~
80 80—
60 60

40~

20+

TKir6.2+* Kir6.2"- Kir6.2+" Kir6.2'
18. EAER (Kir6.2*) BLU/ v 77U b (Kir6.2-/-) ¥ AFHLO

| creatine kinase (CK) 3 X 7\ lactate dehydrogenase (LDH) @ 15 43
MR, HERLZBORKRER.



ER

AEFFEIC & o T Kir6.2 B0 EHMREE ATP BRZME K F ¥ RIVDR TS TH
DSBS WEETOZIDKI620D /) v 70 b XEHN
- HEEERRERIC K b, MBS OMEIR ATP B3t K F v RIVOR 75
& Kir6.2 BANOY 712w b 5kR2EFEIN (23). IhEITHBHRTH
DEBEEEN, Kir6.2 J w7 7Y b Y ZOLEGME T K Fv 2IVBEOXE
W B RiG TRbBARE K EROEELD 2 WETEBEAIEOEREIZR
ook, T, BRIMELURREIC BT 2EEEMEBOSEMREICIE Kir6.2 %
RPES L T2 0EMEE ATP B2 K F v RIVOBFEEPLETH D LB
o eRok,

LIRTO#HE (25, 26) L —BLT. BERETOIIIBNWTHMOBMELH
B ischemic preconditioning & WS RRDROD SN 7ze LD LD 5. Kir6.2
DI VI PYRIYRIZBNTIE. 45 FORBEARBAZEICLIL B, 3 SRIDEE
IREAZE% 5 2RI T 3 [E#2 b & L /= HS ischemic preconditioning 528 5 N7\
FEREIT LA 45 2OBHRFAEEMICH LPPREVEZEETH >, I+
v R PO ATP B2 K F v RIVOBEEIZR=N TR WS Z & HTER
ENTBH (Marban 5. KERT—%). SEORSZOHMLED ATP B2
M KA v ROV ORIBIEET 3 6 0 LBRE N3, ZOEBRAMRY T XD
#HdH B VI L EDHHKIC B T ischemic preconditioning % diazoxide D LMEHER
EZEADSMBE ATP B2 K F¥ 2NV ORERNEWRRETH 5 HMR1098
(HMR1883) THIIE iz o2 L WO RERT28)EFETHHDTH . NE
HEOBRERECRBYREC Lo TELEFHIO0PD LR, DR L
HAFEDRERD 5. MIEE ATP B2 K+ F v RIVOEMELIX ischemic
preconditioning DFILICERICEETHHLEZ 5N 5,



BHERLTEEAEZEE LD SENFEREZTI &, Kir62 O/ v 7
7 h Y RICBV TR EZSINFESEDORMEIXBFEREDLDRICEENTHSL 2RI
Ehol, BROBOEZSIHEREO LENEETH b, Mg Car BEH 2T
BT 3ERBERIBERIN. COEBE UTHENESEHEMNOREIB I
53, BWHEMN TS M—HTOD Ca™ MADPBEZ LRI NG &b HEM
R DRI ATP RS2 i4 K+ F % 3V ORRBS T % B Kir6.2 & SUR2A % %
X ¥ L ARBEEROMEA Car BAFZIMEILE L OREDH 529, Z
ORILEHBAZRELTVWRNEEZ SNEDT, EO &S 2l cille
K Ca+ BEHZMEILEPEFHATHZHI Iy R 7220 /MERN
Car #ifEEER LRATNIERSRNTH A S50, 3D,

Kir6.2 ®/ v 7 7Y b YR ZHANWEZRFEIC XD OFMEE ATP B2
Kt FYy2VOBEBERIIRENWI Db P ok, &L, ischemic
preconditioning % K+ F ¥ R)VBHORIC X 2 D FREERICBISI IR
)7 ATP Bt K+ Fy R)VOEBEMPERICEBFASINL TS, I AV R
7 ATP B K+ F ¥ RV ENT 2 0HFRERELZTET 2D TRRND,
ZOMMEDSER T 5010k, MIEED ATP BZIE K FYy RV PHLIHMTH
BEELTnRiIThiERSsRVWDD S LR\, . I I v R 7 ATP K2
MK+ F v 2O OEHHREREA~OBEEDN EORED. & 5 WK ATP &
S K F v 2V L OBEERBIR R CER I DPLELBbNh %,
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Satoru Kobayashi, Yoshie Reien, Takehiko Ogura, Toshihiro Saito,
Yoshiaki Masuda, and Haruaki Nakaya - Inhibitory effects of bepridil
on the ultra-rapid delayed rectifier K+ current and hKv1.5 channel

current: Comparison with amiodarone and E-4031.

ABSTRACT

Objective: This study was undertaken to examine the effects of
bepridil on the ultra-rapid delayed rectifier K+ current (Ixu:) in rat atrial
myocytes and the human cardiac K* (hKvl.5) channel current stably
expressed in HEK293 cells in comparison with the effects of amiodarone
and E-4031. Methods: Membrane currents were recorded using the
whole-cell conﬁguratjon of the patch-clamp technique in enzymatically
isolated rat atrial myocytes and HEK293 cells expressing hKv1.5 channels.
Results: Bepridil inhibited Ixu: elicited by a depolarization pulse to +40 mV
in rat atrial cells with the ICso value of 0.48 uM. Bepridil also inhibited
the hKv1.5 channel current with the ICs value of 6.6 M. The inhibitory
effects of bepridil on Ik in rat atrial cells and hKv1.5 current in HEK293
cells were voltage-dependent. Amiodarone weakly inhibited rat atrial Ixu
and hKv1.5 current. In contrast, E-4031 at a concentration of 10 uM had
little influence on these currents. Conclusion: Bepridil inhibits Ixe and
hKv1.5 channel current in a voltage-dependent manmner. The inhibitory
effects of bepridil may be useful for the antiarrhythmic effects against atrial

fibrillation.
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1. Introduction

Atrial fibrillation (AF) is the most common persistent cardiac
arrhythmia and prevalence of AF is estimated to be 6 % in those older than
65 years [1]. Since AF is associated with considerable morbidity and
mortality [2-4], the insight is growing that it may be necessary to restore
and maintain sinus rhythm rather than to control the ventricular rate
during AF. Although the precise mechanism of AF is not fully understood,
random reentry of coexisting multiple wavelets in the atria is the most
likely mechanism [5]. As action potential duration is a major determinant
of the refractory period, it would be of importance to evaluate the effects of
antiarrhythmic drugs on repolarizing K* currents in atrial cells. Many K*
currents including the delayed rectiﬁer K+ current (Ix), the transient
outward current (I), the inward rectifier K* current (Ix) and the
muscarinic acetylcholine receptor-operated K+ current (Ix.acw) are involved
in the repolarization of the atrial action potential [6]. One of the primary
K+ currents involved in atrial repolarization is the ultra-rapid delayed
rectifier K* current (Ixu:) because the K+ current activates very rapidly and
inactivates little during the whole plateau phase of the atrial action
potential. The Ixu has been recorded from rat [7], dog [8] and human
atrial myocytes [9]. It has been proposed that human Kv1.5 (hKv1.5)
underlies the Iku found in human atrial myocytes [9-11]. In addition,

electrophysiological studies [12, 13] have shown that the hKvl.5-like



current could not be recoded from human ventricular myocytes. Therefore,
antiarrhythmic drugs having inhibitory action on Ix.. would be expected to
suppress reentrant atrial arrhythmias more effectively.

Bepridil is assumed to be an antiarrhythmic drug possessing class I
and IV properties. Several reports from our and other laboratories have
demonstrated that bepridil inhibits the L-type Ca** current as well as the
Na+ current in isolated cardiomyocytes [14,15]. In addition, bepridil
inhibits several K* currents such as the delayed rectifier K+ current (Ix),
Ixach, Lo, the Na*-activated K* current (Ixn.) and the ATP-sensitive K*
current (Ixarp) [15-19]. Such a multichannel blocker has been shown to be
effective against not only ventricular arrhythmias but also atrial
arrhythmias [20]. However, effects of bepridil on Ixu have not been
evaluated. Accordingly, this study was undertaken to detexrmine the
effects of bepridil on the Iz in rat atrial myocytes and the hKv1.5 channel
current expressed in HEK293 cells using the whole-cell patch clamp
technique. In addition, the effects of bepridil were compared with those of
amiodarone, a prototype multichannel blocker, and E-4031, a class III

antiarrhythmic drug.



2. Methods
2.1 Isolation of single atrial cells

The experiments were performed under the regulations of the Animal
Research Committee of Chiba University School of Medicine. This
investigation conforms to the Guide for the Care and Use of Laboratory
Am'ma]s published by the US National Institutes of Health(NIH Publication
No.85-23, revised 1996). Single atrial myocytes were obtained from rats by
enzymatic dissociation, as described previously [2 1]. The hearts were
rapidly removed from the rats (200-300 g) anesthetized with pentobarbital
sodium, and mounted on a modified Langendorff perfusion system for
retrograde perfusion with a normal HEPES-Tyrode solution (37 °C). The
perfusate was then changed to a nominally Ca*-free Tyrode solution, and
changed to a solution containing 0.04 % w/v collagenase (Wako, Osaka,
Japan). After digestion, the heart was perfused with high K+, low Cl
solution (modified Kraftbrithe (KB) solution) [21]. Atrial tissue was cut
into small pieces in the modified KB solution, and the pieces were gently
agitated to dissociate cells. The cell suspension was stored in a refrigerator

(4 °C) and used on the same day. The composition of the normal

HEPES-Tyrode solution was (mM) : NaCl 143, KCl 5.4, CaCl: 1.8, MgCl: 0.5,
NaH:PO. 0.33, glucose 5.5 and HEPES-NaOH buffer (PH 7.4) 5.0. The

nominally Ca*+-free Tyrode solution was prepared by simply omitting CaCl.



from the normal HEPES-Tyrode solution. The composition of the modified
KB solution was (mM) : KOH 70, L-glutamic acid 50, KCl 40, taurine 20,
KH2PO4 20, MgCl2 3, glucose 10, ethylene
glycol-bis-2-aminoetylether)- N, N,N’, N*tetraacetic acid (EGTA) 1.0 and

HEPES-KOH (PH 7.4) 10.

2.2 Transfection and Cell culture

Full-length ¢cDNA of human Kv1.5 was ligated to the mammalian
expression vector pcDNA-3.1 (Invitrogen). HEK293 cells were transfected
with this plasmid using Lipofect AMINE PLUS (Gibco) followed by selection
and propagation in Dulbecco’s modified Eagle’s medium (DMEM, Gibco)
supplemented with 10 % fetal bovine serum (Gibco), 100 u/ml penicillin, 100
ug/ml streptomycin and 1 mg/ml Geneticin (G 418, Gibco). The cultures
were passed every 3-5 day by use of a brief trypsin treatment. The cells

were maintained at 37 °C in 5 % CO: and plated on glass cover slips 2-3

days before electrophysiological experiments.

2.3 Electrophysiological study

Whole-cell membrane current recordings were performed by the patch

clamp method. Single atrial myocytes or HEK293 cells were placed in a

recording chamber (1 ml volume) attached to an inverted microscope



(Olympus IMT-2, Tokyo, Japan), and superfused with the HEPES-Tyrode
solution at a rate of 3 ml/min. The temperature of the external solution

was kept constant at 36£1 °C. Glass patch pipettes with a tip diameter of

2-3 uM were heat-polished and filled with an internal solution composed of
(mM): KOH 110, L-aspartate 110, KCl 20, MgCl: 1, ATP-K: 5,
phosphocreatine-Kz: 5, EGTA 10 and HEPES-KOH (PH 7.4) 5. The free
.Ca"* concentration in the pipette solution was adjusted to pCa 8. The
resistance of the pipette filled with the internal solution was 1-3 MQ. After
the gigaohm seal between the tip and the cell membrane was formed, the
membrane patch was disrupted by applying more negative pressure to make
the whole cell voltage-clamp mode. The electrode was connected to a
patch/whole cell clamp amplifier (Nihon Kohden CEZ-2300, Japan).
Recording signals were filtered at 1 kHz band width, and series resistance
was compensated by 40-70 %. Voltage command pulses were generated,
and data were acquired by an IBM compatible computer (Compagq Prolinea
4/50 with a 200 Mbyte hard disc, U.S.A) using pCLAMP software (Axon
Instruments, Foster City, CA, U.S.A). Current signals were digitized with
a sampling interval of 2 kHz and stored on the hard disc of the computer.
A liquid junction potential between the internal solution and the bath
solution of -8 mV was corrected.
In the experiments using rat atrial myocytes, membrane currents were
recorded by delivering 100 ms depolarizing pulses from a holding potential

of -60 mV to voltages between -40 mV and +40 mV in increments of 10 mV



at a rate of 0.1 Hz. After the stabilization of the membrane currents in the
control condition, the bath solution was switched from normal
HEPES-Tyrode solution to Na*-free and Co**-containing Tyrode solution to
block Ca* current and Na* current. The composition of the solution was

(mM) : choline Cl 143, KCl 5.4, KH2PO4 0.33, MaCly"6H:0 0.5, glucose 5.5,

HEPES 5, atropine sulphate 0.005, CaCl: 1.8, CoCl: 2. After the
stabilization of the membrane current, rat atrial cells were exposed to
antiarrhythmic drugs. After exposure to one of the antiarrhythmic drugs,
4-aminopyridine (4-AP, 3 mM) was applied to the cells since 4-AP was
reported to inhibit Ixu in rat atrial cells at a relatively high concentration
[7]. The 4-AP-sensitive current was designated as Ixw, and the percent
inhibition of the current by an antiarrhythmic drug was calculated.

In a part of experiments effects of bepridil on the action potential were
examined in rat atrial cells. The action potential was recorded in the
current-clamp mode using the same pipette solution and the normal
HEPES-Tyrode solution. The cells were stimulated by passing 2 ms
currents through the pipette at a rate of 0.2 Hz.

In patch clamp experiments using HEK293 cells, membrane currents
were elicited by 200-ms depolarizing pulses from -80 mV to voltages
between -60 mV and 60 mV , and then clamp back to —40 mV for 200 ms in
normal Tyrode solution. After the attainment of stable membrane currents

the cells were exposed to one of various antiarrhythmic drugs.



2.4 Drugs

The following drugs were used: bepridil (Sankyo Pharmaceutical Co.,
Tokyo, Japan), amiodarone (Taisho Pharmaceutical Co., Tokyo, Japan),
E-4031(N-[4-[[1-[2-(6-methyl-2-pyridinyl)ethyl]-4-piperidinylicarbonyl-
phenyl] methanesulphonamide dihydrochloride dihydrate) (Eisai Co., Ltd.
Tsukuba, Japan), atropine sulfate monohydrate (Wako, Osaka, Japan).
Bépridil and amiodarone were prepared as a stock solution of 10 mM in
| dimethyl sulphoxide. It was confirmed that the solvents had no influence

on the membrane currents. Other drugs were dissolved in distilled water.
2.5 Statistics

All values are presented in terms of mean + SEM. Student’s ¢ -test
for paired or unpaired observations was used for statistical analysis. P
values of less than 0.05 were considered significant. The
concentration-effect data were fitted and ICso values were obtained using

Delta Graph Professional (Delta Point, Polaroid computing, Tokyo, Japan).



3. Results

3.1 Effects of bepridil, amiodarone and E-4031 on Ixu in rat atrial cells

Effects of bepridil on the Ixu.: that was recorded from rat atrial myocytes
in the Nat*free and Co*™*-containing Tyrode solution were examined.
Figure 1 shows representative tracings of Ixu- before and after 1 and 3 yM
bepridil. The outward current rose rapidly to a maximal level and then
slowly and partially inactivated. The outward current was largely
inhibited by 3 mM 4-aminopyridine (4-AP), as previously reported by Boyle
and Nerbonne [7]. Here we designated the rapidly activating, sustained
component (Isus or Is) of the outward current, which Kv1.5 probably
underlies [22], as Ixw. Bepridil at a concentration of 1 uM significantly
depressed the steady state outward current, which was measured at the end

of the depolarization pulse to 40 mV, from 1.1+0.2 nA to 0.7£0.1 nA,

(P<0.05, n=6). Bepridil at a concentration of 1 pM reduced the steady state
currents (66.3+4.6 %) more effectively than the peak current (29.5+7.2 %)
at +40 mV, suggesting that bepridil might act as an open channel blocker.
The current-voltage (I-V) relationships for the steady state outward
currents in the absence and presence of 1 or 3 uM bepridil are summarized
in Figure 1. Bepridil reduced Ix.r over whole voltage range over which this
current was activated. Bepridil inhibited Ikur of rat atrial myocytes in a

concentration-dependent manner (Figure 2). The calculated ICso value of



bepridil for inhibiting Ixu, which was measured at the end of depolarization
pulse to +40 mV, was 0.48 uM.

Amiodarone also inhibited Ixur in rat atrial cells although the potency
was less potent than bepridil on molar basis. Figure 3A shows
representative tracings of Ik in the absence and presence of 10 uM
amiodarone. The outward current was markedly suppressed by 3 mM
4-AP. The outward current measured at the end of the 100 ms
dépolarizing pulses to +40 mV before and after 10 uM amiodarone was 1.2+
0.3 nA and 0.6+0.1 nA (P<0.05, n=5), respectively. The calculated ICso
value of amiodarone for inhibiting Ixu, which was measured at the end of
depolarization pulse to +40 mV, was 7.0 uM. In contrast, E-4031 hardly
affected Ikw in rat atrial cells, as shown in Figure 3C. The Ixw was

insignificantly changed from 1.0+0.2 nA to 1.1+0.1 nA after 10 uM E-4031

(n.s., n=7).
3.2 Effects of bepridil on the action potential

Effects of bepridil on the action potential of rat atrial cells were
examined in the current clamp mode. The baseline characteristics of
aétion potentials recorded from single atrial myocytes stimulated at 0.2 Hz
were as follows: resting membrane potential, -78.6+1.1 mV; action potential

amplitude, 139.5+ 4.8 mV; action potential duration at -50 mV (APD-s0mv),



59.8+5.3 ms (n=5). Bepridil at a concentration of 1 uM prolonged APD-somv
by 53.5+7.8 % (P<0.05, n=5), and the prolongation was reverted toward the

control after washout (Figure 4).

3.3 Effects of bepridil, amiodarone and E-4031 on hKvl.5 channel current in

HEKZ293 cells

Effects of bepridil, amiodarone and E-4041 on the potassium current
through hKv1.5 channels stably expressed in HEK293 cells were examined.
Representative current tracings in the absence and presence of bepridil are
shown in Figure 5. The cell was held at -80 mV and 200 ms depolarizing
pulses from -60 mV to +60 mV in increments of 10 mV steps were applied
every 10 s. The hKv1.5 current rose rapidly to a peak and then slowly and
partially inactivated. Bepridil at a concentration of 10 uM reduced the

steady state current at +40 mV by 62.31+3.0 % (from 5.6+0.3 nA to 2.1+0.2
nA, P<0.05, n=5), and the peak current by 17.3+2.7 % (from 6.310.3 nA to
5.2+0.4 nA, P<0.05). Bepridil inhibited the steady state current measured

at the end of the depolarizing pulses more effectively than the peak current,
suggesting that bepridil binds preferentially to the open state of the channel.
The current-voltage relationships of the steady state current before and
after 3 and 10 uM bepridil are shown in Figure 5. Bepridil reduced hKv1.5

channel current over the whole voltage range over which this current was



activated, but the inhibitory effect was more prominent at more positive
potentials. The fractional block of hKv1.5 channel current by 10 uM
bepridil at the end of depolarizing pulses to 0 mV and +60 mV was
0.31+0.04 and 0.65+0.03, respectively. Figure 6 shows the
concentration-dependent inhibition of the hKv1.5 channel current measured
at the end of 200 ms depolarizing pulses to +40 mV by bepridil, and the
calculated ICso value was 6.6 uM.

In contrast, amiodarone and E-4031 failed to inhibit the hKv1.5
channel current markedly. Figure 7 illustrates representative tracings of
hKv1.5 channel current in the absence and presence of 10 uM amiodarone
or 10 uM E-4031 in HEK293 cells. The current measured at the end of the

200 ms depolarizing pulses to +40 mV was 4.3+0.4 nA and 4.0+04 nA

before and after 10 uM amiodarone, respectively (P<0.05., n=12). The

steady state hKv1.5 channel was insignificantly changed from 4.4-+1.1

nA to 4.2+ 1.2 nA by 10 uM E-4031 (n=4).



4. Discussion

The ultra-rapid delayed rectifier K+ current (Ix.:) has been recorded in
cardiomyocytes of many animal species such as rat [7, 23], dog [8,24] and
mouse [25]. The K+ current is an outwardly rectifying and highly selective
K+ channel with a rapid time course of activation. The close biophysical
correspondence between Ik identified in human atrial cells and hKvl.5
current suggests that hKvl.5 underlies Ixw channel. Support for this
concept derives from the observation that antisense oligodeoxynucleotides
directed against the Kv1.5 coding sequence reduced Ixw in cultured human
atrial myocytes by 50 %, without affecting other currents [26]. Thus, the
Ixw has been postulated to be the predominant delayed rectifier K* current
responsible for human atrial but not ventricular repolarization. Therefore,
it can be expected that antiarrhythmic drugs inhibiting Ixw may effectively
prevent the occurrence of atrial fibrillation withoutvfear of excessive QT
pi‘olongation.

It has been reported that several antiarrhythmic drugs inhibit Ixu
and/or Kv1.5 current. Quinidine was shown to inhibit Ixwr at clinically
relevant concentrations (ICso: 5 uM) in human atrial myocytes although
flecainide produced little effect on the K* current [27]. Propafenone, a
class Ic antiarrhythmic drug, was also reported to inhibit Ixw in human
atrial cells and hKv1.5 current at the therapeutic concentrations [28, 29].

In terms of effects of class III antiarrhythmic drugs on Ixu, ambasilite and



clofilium were shown to inhibit Ixu: in human atrial myocytes although both
d-sotalol and E-4031 failed to alter the K* current [30, 31]. Consistent with
the report, E-4031 hardly affected the Ik in rat atrial myocytes and hKv1.5
current expressed in HEK293 cells. Amiodarone is classified as a class III
antiarrhythmic drug although the electropharmacological effects are really
complex and the drug inhibits many membrane currents including Nat,
Ca* and K* currents [32]. Recent studies [33-36] have suggested that
‘acute and chronic administration of amiodarone inhibit different kinds of K+
currents. Acute amiodarone inhibits Ik, Ix1, Ixacs and Ixna in addition to
the inhibition of the Na* and Ca* currents whereas chronic amiodarone
inhibits Iiz and Ik The present study demonstrated that acute
administration of amiodarone weakly suppressed hKvl.5 current in
HEK293 cells and Ixw in rat atrial cells. In this context, a recent report
[37] showed that a high concentration (100 uM) of amiodarone slightly (by
18 %) inhibited Kv1.5 current expressed in Xenopus oocytes. However, it
was reported that chronic treatment with amiodarone reduced Kv1.5 mRNA
level in rat ventricle [38]. Therefore, we cannot exclude the possibility that
long-term treatment with amiodarone decreases the density of Ixu: in atrial
cells and prolongs the action potential duration.

Bepridil is an antiarrhythmic drug possessing multichannel blocking
action like amiodarone although the drug does not have antiadrenergic
effects on the heart. Bepridil was shown to inhibit many K+ currents such

as Igr, Ixs, Ixi, Ito, Ik ach, Ik Na and Ixare in addition to its inhibitory action on



the Na* and Ca** currents [14-19]. In this study bepridil also inhibited Ixur
of rat atrial cells and hKv1.5 current at the therapeutic concentrations.

Bepridil inhibited the steady-state currents than the peak currents
more effectively, suggesting that the drug inhibits Izkw and hKv1.5 current
as an open channel blocker. The inhibition of these currents by bepridil
was greater at more depolarized potentials. Most of the voltage dependent
block might be attributable to voltage dependence of Ixw- and hKv1.5 current
activation. Thus, bepridil inhibited these currents in a time- and
voltage-dependent fashion. Similar mode of blocking action was observed
with quinidine [27] and propafenone [28, 29].

It is well known that electrical remodeling, i.e., alteration of
electrophysiological properties, can be induced in the atrial myocardium
during repetitive electrical activity [39].  Although initially atrial
fibrillation terminates spontaneously within a few seconds, the repetitive
induction of atrial fibrillation leads to progressive prolongation of the
duration of the induced paroxysms of atrial fibrillation. This phenomenon
is called as “atrial fibrillation begets atrial fibrillation” and probably due to
the electrical remodeling such as shortenings of atrial action potential and
atrial refractoriness [39]. Although the precise mechanism(s) underlying
the electrical remodeling have not been well established, the decreased
density of the L-type Ca** current may play an important role in the
electrical remodeling in the chronic phase [40]. More recently it has been

demonstrated that high-rate atrial pacing increased the mRNA level of the



Kv1.5 channel within a few hours in rat hearts [41]. Therefore, the
antiarrhythmic drugs possessing Kvi.5 channel blocking action may be
useful to prevent or terminate the recurrence of paroxysmal atrial
fibrillation within a short period.

Bepridil has been shown to inhibit Ix., Iks, [19] and Ixacs [15] in
addition to Na* and Ca* channel blockade. This study has demonstrated
that bepridil can also inhibit Ixw. These electrophysiological effects of
bepridil may be useful for the antiarrhythmic effects, especially for the

prevention or termination of atrial fibrillation.
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Figure Legends

Fig. 1. Effects of bepridil on Iku: in rat atrial myocytés. Membrane currents
were elicited by 100 ms depolarizing pulses from -60 mV to voltages
between -40 mV and +40 mV in steps of 10 mV in control condition
and in the presence of 1 uM (upper) or 3 uM bepridil (lower). The
steady-state current-voltage (I-V) relationships before (Control) and
after bepridil (Bep) are shown on the right side. FEach point

represents the mean + SEM of 5 - 6 rat atrial myocytes.

Fig. 2. Concentration-response curve for the inhibitory effect of bepridil on
Ixe: in rat atrial cells. Percent inhibition of the 4-AP-sensitive
current at the end of 100 ms depolarizing pulses to +40 mV is
indicated on the ordinate and the concentrations of bepridil are on

the abscissa. The calculated ICso value was 0.48 uM. Each point

represents the mean+SEM of 5 - 6 experiments.

Fig. 3. Effects of amiodarone and E-4031 on Ixuw in rat atrial cells. Effects of
amiodarone and 4-aminopyridine (4-AP) on Ikur are shown in panel
A. The steady-state current voltage relationships before and after
10 puM amiodarone are shown on the right side.
Concentration-response curve for the inhibitory effect of amiodarone

on Ixuw is shown in panel B. Representative changes of after 10 uM



Fig. 4.

E-4031 are shown in panel C. Pulse protocol was the same as shown

in panel A.

Effects of bepridil on the action potential recorded from rat atrial
cells. Representative changes of the action potential configuration
after 1 uM bepridil are depicted in upper panels. Summarized
changes of action potential duration at —50 mV (APD-somv) are shown
in lower panel. Values are expressed as mean + SEM of 5 cells.

*P<0.05 vs control.

Fig. 5. Effects of bepridil on hKv1.5 channels stably expressed in HEK 293

cells. Representative current traces after 3 yM and 10 uM bepridil
are shown in upper and lower panels, respectively. The
steady-state current-voltage (I-V) relationships before and after
bepridil (Bep) are shown on the right side of each panel. Each

point represents the mean =SEM of 5 experiments.

Fig. 6. Concentration-response curve for the inhibitory effect of bepridil on

hKv1.5 channel current in HEK293 cells. Percent inhibition of the
current after 200 ms depolarizing pulse to +40 mV was used as an

index of block and the calculated ICso value was 6.6 uM. Each

point represents the mean+SEM of 5 experiments.



Fig. 7. Representative current traces of hKv1.5 channels expressed in
HEK293 cells after amiodarone (upper panel) and E-4031 (lower
panel). Pulse protocol is shown in the upper inset. Note that
neither amiodarone nor E-4031 produces a marked inhibition of

hKv1.5 current in HEK cells at a concentration of 10 uM.
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