3 BHREBRAEEZCLHIAD

Brugada fE BB EFILIC a b
& Bcoved ST EH dome (+)
& phase 2 reentry I &L D .
i sHEOERE Y ‘\ 4 50 mV
(vT) Epil = 11 o
Icor 55 #1 3 O terfenadine & fast - :‘EDR phife 2 feentry
I, £ 17 # o pilsicainide % i} 7z b N
Brugada fEEHEFAL T, WTh Epi 2 | ‘\g 50 mV
v N - = . i et e |
LAHET B OMERE 2 277 (Epi P dome (—) \

1, Epi 2) X OULAEAIR (Endo) ',v
DEBEL L LE” (ECG) OF 50 mV
BREsE %9 (BCL=2,000 msec). Endo — hd

a:Epi l CRREWEHEMFE 1H

notch (%KH) & dome® & A !

IVIZOBILARD, Endo & 1.0mv
DEMRESEHEL TS, X ECG .1\/___

72 Epi 2 Tli dome Bk LT !

x 1, ECG _k Brugada fE (& & ? 500 ms

coved-type ST poly VT

AR coved BIST EH &
b: Epi 1-Epi 2 CTOEMAEIC

& »C, phase 2 reentry iI2 kY

FEEHR A (VD) B85

ENTWDS (FE).
CZEr12h 551 /)

®, T A OIEMEEE T dome BHKT S
fifE & dome BRI HMREERDHER, Th
HOMIAR TR E LT BRERIONS Y FBEL
5. O AP EHEH (APD) OQEN—TED
BfEA##B % 5 &, phase 2 reentry Z#FF & L T,
VFE 1#BOLELMNGE (PVC) HHETS
(I 36)12).

B, Aba b B BREREZELHV R O
Brugada 7 ViIC, EEBMRERZEHAEREH VA
BREX<y UV ZERICHL, KERFICRBY
&M OERET (VT) 2 VF OBF 23 HICH
AR L7129, 13 E D PVCIE, phase 2
reentry I X D AT ST EIEHBTHAHRB, =
NICFIERNTEBHE VT THRIEILY 5D,
HBHWEVE BT 5213, ol (EE)
BEOREREETHLZEBHELP LR 57
(4, R5)™.

B 4A L[ 4B 12, phase 2 reentry I2 & 5 PVC
POHME L, FFRBEEHE VT KOO

BIORFER IO AP &, OFMERI SFEEH L
7z phase map Z7~3. H4C L, VT EFIOLH
@ APD map #7~9. phase 2reentry i k5 VT
F1WMBEDOPVCIL, dome BRI &
loss of dome #AELA3THET 5 APD HEI A K& W
WAL (M4COKH, H4BDc) HHHE LT
WA, BETOIMENERERERL-OBIZE
RELLTWS. VIFIZYIZ VI —OHLT
# % phase singularity point (g 4BDO) 13 118
PEVEVZ2HET, LI —ELTHEDHD
»5.

—7, Ffid 5 VF Ricis (54, 58, 50C),
%W VT & R, phase 2reentry iZ X 58 1
FAEDPVCIAPD BEES K EWERHL (E5C
DEH, B5BDc) »6HBELTWSH, VFOD
2HBURBRRY VY —EEAL THh, BHOD
phase singularity point (5B Q) &5
OBV TV U —ERPEEFELTHHDPBD
5 (H5B). E4D LD, ThZnsEF

224 ArERSFLFIIEE ARBEMIES4ESE2S 20064698
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o

g —J

500 ms

450
(msec)

repolarization

depolarization

M4 BREXTYEYTEZBLEHIRERESOHYAICHITSD Brugada TFIIL THRESNCERHRS
B RERE (VD)

A DAMEMORFWZTBEOEHEN (AP) LOER (ECG)

B @ AMERID HECE L /- phase map

C : VT ERID.OHD APD map

D

D VT BRI ORERD 5 —3 v 7 L BRORE RN
(Crk13h 551 R)
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450
(msec)

/ (msec)

depolarization

5 BREREXTVEVITEERVCBIREREZECHYVIAICHITS Brugada EFIIL THESNEFHRT D
DEME (VF)

DDAHEMOREN T BMOEHERS (AP) LB (ECG)

L OAMB 2 B ELEE L7 phase map

: VF ERiO.LAD APD map

T VE BRGSO BR—3 v 7 LARBOBETIEN (CLERL3» BB

=

OO w e

VT, VEBRINCLHRBEMASR—3 v 7L EEEEARED, LKEEOEVNTA (5D
BOBELEENERTH, £HHE VT it D) E VF #1¢) phase singularity point ([ 5B
EERBERTVOIK LT (F4D), VEHIKIE 00) (HBHI<—HLTWA. TOI L,
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frequency
NTOsATALT T T - G C | 75.5%
nN7oy47B8 C C G ins C T ] 24%
nNyoy«A47C C T T == C C | 05%
©
8 gpeg @ -
=z S 38 3 )
- o ? & S
i R 7 ¥ ]—b ¥
| ]— promoter intron | l
exon |
(non—coding)
—2000 bp —1000 0 1000
| % | | ]

6 SCN5ASESEHOBAAREDEETZE (W\JO%17 B)
A AD24%Clt, Brugada EROFKEET Th D SCNSA OIS (Fne—2—) SHIC,
6 oBMT BRIEFSEM NFO XL TB) #RDE. NTEIATATL-» LBFEEDE
(755%) NTHELT, NTEIZLTCi, 625055 1 2RZFEESELT 017 (0.5%)

INTBRALTTHS.

VF ot iciz, BEOKS R (BH) BEPL
ETHHILERETHLIDEEZONS.
Brugada SE BB B EICE D 5 SCNoAZE £
(Na+F + RIVEE) IC L ABEORSBRERE,
s & & HITHET L, 40~50 TR BER 5
BAOBEET L-ObIIEHRT S VEFRREETS
7-®12, Brugada SEERETIIFIE VF BIEFERH
BWHOLHWEINLW.

EECHITBIBHFRILEY (FAS
AF0OV) OEE

Brugada FEIRBEORAEHE L, BOK TR 8:2
Db, 7o7HTIZO 1L, EEMICE
Bz, Thid, AROSHERROARED
Lo BE & CNiC X5 AP % 1 M notch 28, HED
A RICHNTHDA ATRKENWT ETHAEINT
WAHB . —J, BERILEVTHAETAMATH
Vi, K& (ko Ik k) ZEIMSYE, Icer

7T 551D

PR X R A%, Brugada FEEHICKT A ST
RSP VE R ¥ OEBM AT AR MDD
%. ZF 51, BrugadafEBEBEEM L FERET
BRIHBEMET, mPFFARFATO VANV E
H#i#st L, Brugada EBEHAMTT A AT
oy UNIUBEEICE <, BRI body mass in-
dex (BMI) Rl pEREIChIWT Lok
HLRE, Thnb0ER, FRRLEOBIVEY
VAUV EEIHICEE R RIETEADERTFEER
LTAERETH-A. EHIL, MFPFAFATH
v INL e BMI RERIFRIE, MR L IS
BA% 7% L, Brugada BRI BT H2HEELD
MEICEBERVEYTH BT A AT VIR
HEF A EBMRBEINTWS. ‘

NEZELBEFZE

Brugada FEBEEZI HAZ GO/ T V7 HK TH
ENLL, ThiCiEABBRENREETLSEPE
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Brugada syndrome
swx  Daseline

QRS (msec)

PR (msec)

@ 6 @0 @) ®)

£P<0.05 vs HapB/HapB

«p5 DrUgada syndrome . Non—Brugada syndrome
T+ drug challenge

@ (13 (29

*P<0.05, #*P=0.001, **pP=0.0001 vs HapA/HapA
TP<0,05, 1TP=0.001, T11P=0.0001vs HapA/HapB

controls

ke

B2 SCN5A mutation carrier
No SCN5A mutation:
HapB/HapB
HapA/HapB
U3 HapA/HapA

@ (33 60

H7 Brugade EERBELEEXMBENGUERE (OQRS B, PREM) (CRIFTNTOSR

17 BM%

Brugada SERFFEE (Rf) LBENREE (MAH) OviFhosv—

EWTh, NFuzg/

B #% 9 5 Al homozygous (HapB/HapB), heterozygous (HapA/HapB) DJEIL, N7 ¥4 7 A
@ homozygous (HapA/HapA) OAICEANT, LEREORSEBIEE CH S QRS R & PR M
PHEELEE LTV, Brugada fEBERAEE T, Nat F 4+ 2 NVERESFBICIOERIZE B
HELZ-Tvd (Hds). B0/ \—{3 Brugada fEEH CHRERICEBET LAY B T 5 8%

ZRY .

E3AHREEDPEZONTWAY., RREEED
%, Brugada IEEFFDOREERLRT TH % SCNSA
EOBREBE TR ZEBE (Fuoe—¥—) #HE
i, BRA (TY7TAN) KEBD6OESETA
BETFEM /a7 B) #HFETEILDT
EELAE (F6)17. Wy 75—Y¥EZRAWT
BEL-ZONT x4 7 BOEEFERIL, %
BaELzwNTOZ 4T AITHESRT, LEH
BT 35\ TR B0 E T L Tuse.

Zon7az 4 7Bk, Brugada fEBEHEE
CEENBEONTNO I IL—TIZB\WTh,
21~24% L FREDOHE CROH, NTax
£ 7 B&FT5AlE, homozygous (BB), heter-

(LER17H 551 )

ozygous (AB) DIEIC, HBEHFIxWHNTX
A 7 A @ homozygous (AA) IKHNT, LER
LD BRIEETH 5 QRS Fif] & PR B H
BIIERLTWA (DY, Zoltid, o
NT T E AT BED LD Brugada FEEFHFOH
FEICERT 5 Tldn v, Brugada fEERE
DHEAZRLDETAT VT AICHERL N
LIS T AHERERETHIDOTHY, 5%
EHIENORMBEBHLDEEZLNS.
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2)

3)

4)

6)

8)

9

67: 347-356

Brugada P, Brugada J: Right bundle branch block, per-
sistent ST segment elevation and sudden cardiac
death: a distinct clinical and electrocardiographic syn-
drome: a multicenter report. ] Am Coll Cardiol 1992;
20: 1391-1396

Wilde AA, Antzelevitch C, Borggrefe M et al: Study
Group on the Molecular Basis of Arrhythmias of the
European Society of Cardiology: proposed diagnostic
criteria for the Brugada syndrome: consensus report.
Circulation 2002; 106: 2514-2519

Antzelevitch C, Brugada P, Borggrefe M et al: Brugada
Syndrome: Report of the Second Consensus Confer-
ence: Endorsed by the Heart Rhythm Society and the
FEuropean Heart Rhythm Association. Circulation
2005; 111: 659-670

Miyamoto K, Yokokawa M, Tanaka K et al: Diagnostic
and prognostic value of type 1 Brugada electrocardio-
gram at higher (3rd or 2nd) V1-V2 recording in
patients with Brugada syndrome. Am J Cardiol 2006
(in press)

S A B Brugada IERBEDOTE - bHHOEHENER
k. Medical Topics Series IREk2005, fZA&EH,
HE BE, AFcAn Y a—#, KB, 2005,
p166-176

Chen Q, Kirsch GE, Zhang D et al: Genetic basis and
molecular mechanisms for idiopathic ventricular fibril-
lation. Nature 1998; 392: 293-296

Brugada ], Brugada R, Brugada P: Determinants of
sudden cardiac death in individuals with the elec-
trocardiographic pattern of Brugada syndrome and no
previous cardiac arrest. Circulation 2003; 108: 3092-
3096

Priori SG, Napolitano C, Gasparini M et al: Natural
history of Brugada syndrome: insights for risk stratifi-

B ATERBFREMEE

10

1D

12)

13)

14)

15)

16)

17)

ERESMESIVERELS

cation and management. Circulation 2002; 105: 1342~
1347

Eckardt L, Probst V, Smits JP et al: Long-Term Prog-
nosis of Individuals With Right Precordial ST-Seg-
ment-Elevation Brugada Syndrome. Circulation 2005;
111: 257-263

Yan GX, Antzelevitch C: Cellular basis for the Brugada
syndrome and other mechanisms of arrhythmogenesis
associated with ST segment elevation. Circulation
1999; 160: 1660~-1666

Shimizu W, Aiba T, Kamakura S: Mechanisms of dis-
ease: current understanding and future challenges in
Brugada syndrome. Nat Clin Pract Cardiovasc Med
20053; 2: 408-414

Aiba T, Shimizu W, Hidaka 1 et al: Cellular basis for
trigger and maintenance of ventricular fibrillation in
the Brugada syndrome model: high resolution optical
mapping study. ] Am Coll Cardiol 2006; 47: 2074~-2085
Shimizu W: Editorial comment: does an overlap syn-
drome really exist between Brugada syndrome and
progressive cardiac conduction defect (Lenegre syn-
drome)? ] Cardiovasc Electrophysiol 2006; 17: 276-
278

Di Diego JM, Cordeiro JM, Goodrow RJ et al: Ionic and
cellular basis for the predominance of the Brugada
syndrome phenotype in males. Circulation 2002; 106:
2004-2011

Shimizu W, Matsuo K, Satomi K et al: Role of
testosterone on male predominance in Brugada syn-
drome. Circulation 2004; 110: 1-500 (Abstract)
Bezzina CR, Shimizu W, Yang P et al: A common sodi-
um channel promoter haplotype in Asian subjects un-
derlies variability in cardiac conduction. Circulation
2006; 113: 338-344

200649 A 229



QT ERIEEE

w7k

2

E R SR L v — DB AR

= G DU I

QT i By &L (long QT syndrome : LQTS)
i3, LERR EO QT D IE £ & Torsades de
Pointes (TdP) & Fr 2 i1 4 QRS o #elk & IR Ig

F—7—F QT &k, I, 4 F > F D,
RFAR, PURRIREE

| Review

| The Long QT Syndrome

- Wataru Shimizu (Division of Cardiology, Depart-
Cment of Internal Medicine, National Cardiovas-
| cular Center)

T565-8560 WKHLLREHE 5-7-1
[V ISR £ > 7 — DRI IR | R

{(A) QT=0600msec, QTc=>548 msec

PO I X122 L BT B 2RO R T AL
B, RIREMRIEDIRIA L L HIREBETH S (H
@Y. QT EHE D EFH(T, Bazett iz & D L4n
el LIt QT i (QTe=QT/V/RR) #*
440 msec VL ETH Y, 440~460 msec (35 7 5
LEnAZ LA, RRIELQTS T (i, £<
DA, Bl GEf®) 2o, KHE

5 QT
WM AR L, EEPPREMI A b v AR :‘E‘-
:QT R e E L CTdP 29 25 2§
F, BORYE (TokM) LQTS 12, HHEED QT

%@@m&ﬁ@#%%wfﬁé#,M4¥Mx;

il

(B) TdP

F@ LQT2EEXEILQTS o 128E.0ER e TdP.
(A) M2 QT L (QT =600 msec, QTc=548 msec) ##®», (B) ©LH

MG E R IZY B TE-E-5;

ili

LG <5 — T TdP L Tw 3,
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#eEt QT ERIEMREF

®O 1993 FEXRME LATS Dl E

LERFR
A. QTc
= 480 msec
460~470 msec
450 msec (S1%)
. Torsades de Pointes

. Notched T (3%
. AR

mooOow

BRPRIEIR
AL RIBEE
2L RZEES
Z b L RITED L
B. Xz

FRIRRE

M T (T wave alternans)
S D) )

A. BEOEELEREILQOTS OREH Y |
B. 30 MKRBTORRIFENEIES ) 0.5

O - =N — N W

(F) QTec, 2 QT WeR K1 XV TIAD

Yoy, KK gL X0 EMERE, %H}E&
YHEMb - AT QT B F IS £
L, TdP 2 HiET 5.

1990 4 LI 45 F @ R PO 9E  TREBAY 2 o
FBI2E), ERELQTS #3LH &5 5EENE
T%M%%O~%ﬁ LA # v F % 2 IVEERE
IR R HOMEICER T 2 EMETHOREIZ L -

TRIETS (M rF 200 THBEZ L2
AL 722, SAE CTIEBERINIC R R LQTS ¥ 2k
ENBEHD 0~T0% THRFEEEZETHREES I,
WA FR KB X o (Genotype-pheno-
type correlation) 295FHICHRGT S LTV 5, 72,
BRELQTS —#T L, £RELQTS nIEHKA
BETFLEOBERPREINT WS,

1. X% LQTS

BIETRPRIEINEHLITTIE
vﬁﬁﬁ‘ﬂntﬁ jﬁ._.li)( TR 5 5

7‘»<9 ijid JLLI\A

728, BRIRFRACEE W ZERIRZBN KR LT
BETH L, LRME LQTS oERK2ET L, Schwartz
DUFEEICHE L TIT ALY, BE@ITTRT L9 12
BEIRPT R %2 SEAb L, AFSE 4 U ETREr
TEFE, 2 7003 3 I3 EE v, 1 BBV TREE DS
BWEHET S (72750, R MLV RITHED Jophsrfi
L TAP 2l O 55362 K 5 5)0,
72, MIEREO A1 QTc=470 msec, F 7213
1L QTc=440 msec, &1 QTc=460 msec
T, 2O@QA VRIS Kb, @TdP, 335
LT DORBFEDRIEED ) B 1 2L EZ2ioH 5
BAIZERELQTS L2222 355,

1995 414 ”7&‘:}\11 LQTS #&# THRYIDIEFRIET
g 2AUTLLR, & iEiEf£o Romano-
Ward SEIERE T 7 >0k EI12 10 HoE iz
TRIPHREZIN TS (R, wWinoiElxs
FETY, LEBEIEMT T b “*H@%Ifﬂ 5%
A (loss of function) 274, 723N

BEERRRE:  Vol. 31/ No. 1 (2007-1)



#BE/ QT ERIEMRE

RO LAQTS REREBEBFC A 4 »F v R IVEREE

v BIEFEE BERERBEF A FF v il
XM LQTS
Romano-Ward fE{RRE
LOT | (1 (11 pl15.5) KCNQ | ks (a)
LOT 2 7 (7q35~36) KCNH 2 e (@)
LOT 3 3 (3p21~23) SCN 5 A Ina (a)
LOT 4 4 (4 q25~27) ANK 2 Na-K ATPase, lyaca
LOTS 21 (21 q22.1~22.2) KCNE 1 ks ()
LQTE 21 (21g22.1~22.2) KCNE 2 ke (B)
LOT 7 17 (17 q23) KCNJ 2 It
LOT 8 (2 (12p13.3) CACNA | C leat
LOT 9 3 (3p25) CAV 3 Ina
LOT 10 It (11 qe3, 3) SCN 4 B , Ina
Jervell & Lange-Nielsen fE{&3F
JLN | it (11 p15.5) KCNOQ | (homozygous) ks (a)
JLN2 21 (21 q22.1~22.2) KCNE | (homozygous) ks (B)
HRMLQTS

1t (11 pt5.5) KCNQ | Is

7 (7q35~36) KCNH 2 lir

3 (3p21~23) SCN 5 A Ina

& B AEIN (gain of function) ¥4 2 &iC
& D IEWEAFSEERN (APD) LR L, dtil
DERBFUTHHLER Lo QT EE % 59 52,

IQT1: LQTS O BRERMEET TH 5 KCNQ 1
(@ ¥72=v }) L KCNE1 (BH7 2= }),

BIXULQT2 & LQT 6 EE =T TH 5 KCNH
(a7 2= ) EKCNE2 (B 7 2=y })
i3, ZNENEAMREER L CRIEER K T
(Ix) DHEEACDIFE NS (k) B L WS
(Lr) DHEEAEERIRL, SN HDMETLEIITLY
Iks T2l e DEAE 3729, LQT 3 D JFE KT
{EFTH5HSCNSAIFODHF 47 Nat F v &b
BIEFTHY, TORWKICEVEITENLT S b —
M T 5 late Na*t iR (o) ARG B,

LQT 4 DR EEE T3 Na/K ATPase < Nat-

a®* R ENR (Ina-ca)» 1P 3 ZZ %L t\f@fi':ﬂm@
??’Eﬁyéfﬁkﬁ’]f-ﬁ?éﬁkﬂ IEERTH Z D
ZHEIT L D HIEN Ca?t BfE & 727, Jﬁiﬂk@ 1

DELTQTEEZAD 2 Lo, JRUIHIUR
AP & BASEH 2 A9 5 LQT 7 (Andersen-

Tawil fEW=TE), L RE LT, SIRE HE
A4, HHMSEZ 2209 5 LQT8HH 5,
LQT 7 &£ LQT 8 DHEFEM{AT 137 hFH KCNJ
2, CACNALICT, ITNHLDEIEFEEIZLY
Wi & B K B (L) s, L3 Ca*t &
0 (Tgae) OMWMGh 2 2729, EBIEI N
LQT9 L LQT 10 R A it X -F 12 CAV3 &
SCN4B T, TNHDBETFERICEYIVWTR
U LaDHGZ 72T EHEL H6NT WA,

=77, WOAEHUGEER R & ), F{lERE
RS 2 £1: 5 Jervell & Lange-Nielsen fE{5ETE

D—MHNFEFARIE, KCNQL £/ KCNE1 DK,
EMARTHLIEOBMESNTWBJLNL &
JLN2)? (®@). KCNQ1 & KCNE1 3NE D
WY oNREEIC SIS T 5728, TRHDKRE
PeRic SV TIED QT ER 2 4167 5.
K xbiz, Romano-Ward i (5 HE 3 FE R S #H R
BRERTLEHEZLNTWIH, A4 rF RN
it Uikl 75‘%3“».!.1'1: FEROLGAITIE, ~FT o
AT QTR IEW I T, seEdh Lo
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ek QT EEAERE

T#HTQT H‘ B Ede U, R LQTS & i (L T uZiess

IRZBr3itsd, whwdy
Romano-Ward $izfilE 3 %

BB S 39z

5 M {5 12 ,L\ IR LQT 184 TIZIRIE v (broad-based) T i,

T SILT W BY, LQT 2 L4 T3/ v F 2485 P& (ow-ampli-

tude, notched) T i, LQT 3 &% Tl ST ¥4

B EEFHe=EROME Nk (late-appearing) T AT H 2 5

BU LG B L 209(H@). LQT4% LQT 7% T2

ML, LQT 14740%, LQT 2 4°30~40%, TU DR 2, E<ICLQT7TIETik:
LQT 37 10% TH» ), LQT1, LQT2, LQT3 STEE L 72)R SHRIED & v U ik 8 © & 5.
DIDNBMBTETINR U LZ DD, ok TWZIEDE A, OB & 0 F g ic
&, EICHED £ W1LQTI, LQT 2, LQT3 15§ 5 APD @ £ v» Mid-myocardial (M) &8
BETIE, HIZTHE Z‘*f}u”" (FRIRNHR D ol I, 2 5I0LNBEHNEC» T ToBEBLEoEEE

—‘ﬂl 7-7{-!:!—},:5" %}i n jlf W 2

W72 b —HDBBE» NG b EH 2L 65NT

LOT ! LQT 2 LQT 3
ECG
(Vs)
) pﬂ
A KCNQ 1 B KCNH 2 CSCNS5A mV
500 msec 500 msec 500 msec
BPREREECHY A
D Control  E Chromanol 2938 (30 M) F Control G d-Sotalol (180 £M) H Control FATX-11 (20 nM)
+ Isoproterenol (100 nM) + fow [K*],

Endo

ot

M%HW\&“
] :

e 842
200 msec

80 53 156
200 msec

H@ %EXELQTS O&FBEEFE (LQT 1, LQT2, LQT3) (S45Eeyn T RuE & BiRE A

ELCHUAD QT EREFIVICL 2 TRMEEOMRBZMEER.
A-Cld, LQT 1, 2, 3:8# o Vi iFLEy (ECG) @ik, D-113, LQT 1, 2,

2B L0 (Endo) M, LML (Epi) #lLoiG#IGElr & ECG ol sk (BCL 2,000
msec) ZIRY. Ixs MWFEE (Chromanol 293B) & 8 & Ze kil (Isoproterenol) # Hivs72
LQT 1 €70 Tid, LQT 1 AHICH- Y % broad-based T 2T E AT w2 (A, E),
L\r W d-sotalol &A% K+ ik 2 Ml 72 LQT 2 %TJ!/TGi 3 >OMNETEDETEAL
5 3 AL L TR AR AN E { Ze B 729, LQT 2 B2 I 7 notch % £ 5 low-
amplitude TIZ 2L T3 (B, G). late Iy, 8508 ATX-11 272 LQT 3 71
T3, 3 ODMBERFETIHHWIENLE 2 HIASEWNCIEE L, QRS 70 6 T iBILGS 3 T ol A

MLEY 5 late-appearing T ik# 22LCwa (C, D) (Xilik6, 7 % &%),
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W,/ QT ERAEIREF

"% (), LA CIHIRREE), RN OHE (H L LI
(@) LHFROTA R X)) 1Tk BSEEIN Y, RS SR
LQT1, LQT2 LQT3&LHE T, FFUis g 2 RETrEs w>it,,£rvmbpu

D (RMhize(R, #RAEC

I Lol 2% FLQT2 I TH A I L LG SN T 5,

&L) DHBESE ST BY, U@ —, LQTQ,*&’{:? , :usi-kﬁuxm//< (3 MR

G T B 2 5T O T4 ROB RO SO T RUEFEHEIZ 2 2 ENT v B, LQT 4 TIEHE)
a),;ﬁwrlﬁwé“ 5. LQFl G S 11 &) Ry A b v ANz, LQT 7 TIZK K 1L
62% (WHpIs Y, ZEERNREIZ A L T JEMFIC LI 2 D O SN T Vv 5,

fix b R fiﬁ‘&iww.ﬁ\ ST H BY, F 72, /Iw}' LQT 1, LQT2, LQT3 » &R R AEHE
i LQT 1 ICHRMAHETH B ik 3N T AN EE T H b ER 7Y s AR
LQT 2 & Tl 43% (3, 'In"I!}Z . (0.1 ug/kg F—F A fFiE+0.1 pg/kg/min Fif
LOT | LQT 2 LQT 3
B
-
QTc=7I!1 msec QTc=0681 msec QTc =582 msec
E B IREE
QTc=67! msec QTC%GI | msec QTc=533 msec
H® TE+7YrAEFHRICHTSLQTL LQT2, LAQT3 ZENOEE QT (QTc) BEORICL

hiZE BEEFEOHE.

ZEA7Y AR (0.1 mg/kg DE—F AfHE+0.1 mg/kg/min) 124D, LQT1H4TIZ

OHIECES I —8 LT QTe WIS L (¥ —7 1597 — 711 msec), AHARIETY Ql‘c 0)
IR LT 5.(671 msee). LQT 2 B3 TlE, LNECLH- 12—FcLC QTc 13z &
L7295 (592 — 681 msec), EMIKIETIZQTc (32 b o—A U~ULRNE F TR L T Wb
(611 msec). LQT 3 #&Tld, LHIE LS QT Wt 18134814 T (560 — 582 msec), # ik
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Arrhythmogenesis in the Short-QT Syndrome Associated
With Combined HERG Channel Gating Defects

—— A Simulation Study —

Hideki Itoh, MD***; Minoru Horie, MD**;
Makoto Ito, MD**; Keiji Imoto, MD*

Background This study aimed to show the mechanism how the HERG channel gating defects causes life-
threatening arrhythmia in the short-QT syndrome, using a simulation mode! of ventricular action potentials {APs).
Methods and Results To evaluate the electrophysiological consequences of the short-QT syndrome at the
level of the cardiac AP, the Markov model of wild-type (WT) KCNH2 channe] was modified to obtain a model
of the KCNH2 channel with the N583K mutation associated with the short-QT syndrome. Two pararneters ( A
and 33) were changed to reconstruct the N588K mutant Markov model, which successfully reproduced the
experimental results of voltage-clamp recordings. The WT and mutant models were then integrated into the Luo-
Rudy theoretical model of the cardiac ventricular AP. Unexpectedly. | parameter change alone, which caused
gain of function, could shorten the AP duration (APD) but failed to induce early after-depolarizations (EADs).
Only the condition with the combined gating defects could lead to EAD.

Conclusions  Although the gain of function for KCNH2 shortened APD in the short-QT syndrome, this simula-
tion study suggested that arrhythmogenesis was associated not only with gain of function, but aiso with acceler-
ated deactivation of KCNH2. (Cir¢ J 2006; 70: 502-508)

Key Words: HERG; Short QT syndrome; Simulation

{he short-QT syndrome counstitutes a new primary
electrical abnormality associated with sudden car-
diac death!> A part of the disorder has been linked
to gain of function mutations in the cardiac channel of
rapidly activating delayed rectifier currents (Ixr), HERG
(KCNH2)? Heterogeneous abbreviation of the action poten-
tial duration (APD) in different cell types spanning the ven-
tricular wall seems to create the substrate for the genesis of
ventricular arrhythmia in the short-QT syndrome, as is pro-
posed for the long-QT syndrome and Brugada syndrome#-$

Brugada et al identified the first mutation associated with
the short-QT syndrome? The missense mutation (N588K)
involving a substitution of lysine for asparagine in position
588 of KCNH2 was found to cause a remarkable gain of
function in the Ixr. We studied how the gain of function
mutation N588K in the KCNH2 could affect APD in differ-
ent cell types of the ventricular walls, and how it could be
associated with life-threatening arrhythmia in the Luo-
Rudy (LRd) theoretical model of the cardiac ventricular
action potential (AP)#3.79 Unexpectedly, although the gain
of function of KCNH2 resulted in shortening of the APD,
arthythmogenesis was associated not only with the gain of
function, but also with accelerated deactivation of the
N588K HERG channel.

(Received October 24, 2003; revised manuscript received January 5,
2006, accepted January 27, 2006)

*Deparunent of Information Physiology, National Institute for Physio-
logical Sciences, Okazaki, **Deparment of Cardiovasclar and Res-
piratory Medicine. Shiga University of Medical Science, Owsu, Japan
Mailing address: Keiji Imoto, MD, Department of Information Physi-
ology. National Tnstitute for Physiological Sciences. Myodaiji,
Okazaki 444-8787. Japan.  E-mail: keiji@nips.ac.jp

Methods

To evaluate the electrophysiological consequences of the
N388K mutation associated with the short-QT syndrome
at the level of the cardiac AP, we constructed a Markov
model of the N588K mutant channel, based on the experi-
mental data of voltage-clamp recordings of Ixr heterolog-
ously expressed in TSA 201 cells? The wild-type (WT) and
N3583K Markov models were then integrated into the LRd
theoretical model of the cardiac ventricular AP? The simu-
lation programs were encoded in C++ and implemented on
a personal computer running Windows XP or an HP
AlphaServer running Tru64 UNIX.

WT I
| 0‘% ﬁ{lLai
C3 \:éﬁ C2 @ C 1%0

B.

N588K I

C3 TCZ?CI?O

Figl. Schemes of the Markov models for wild-type (WT) and
NSS8K Irr channels® The dotted line shows a decreased rate and the
bold line shows an increased rate.
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A Simulation Study for the Short-QT Syndrome

The Markovian Model of the Cardiac Ixr

As a prototype channel model, we used the previously
published Markov model of the cardiac Ix: channel (appen-
dix of reference 4). Hodgkin-Huxley type models do not
represent important properties associated with structure-
function relationships of individual channels, although the
Markov scheme represents distinct channel states and
coupling between these states. allowing us to relate state-
specific kinetic properties of ion channels to the electro-
physiological behavior of the whole cell?

The Markov models of the WT and N588K mutant chan-
nels are shown in Fig |. The model includes 3 closed states
(C3, C2. C1), an open state ( 0). and an inactivation state
(I). The wansition between C2 and CI is voltage-inde-
pendent! We modified the basic Markov model as little as
possible to simulate the experimental resulis (Table 1)? The
simulation for voltage-clamp experiments was calculated
using the fourth-order Runge-Kutta method with a fixed
time step of 0.020ms.

AP Simulations

We used the dynamic LRd model of a ventricular cell
with recent modifications? Simulations were conducted for
isolated epicardial, endocardial, and M cells, which were
simulated by varying the maximum conductance of the
slowly activating delayed-rectifier potassium current (Ixs)?

Experiment (Brugada R et al, 2004)

84
7 B HERG + KCNE2 I l
64 © N588K + KCNE2 &

X l
o] e
-] 1

:): anssslﬁﬁgsgﬂéaalﬁﬁaﬁgg

Relative Current

& 40 2 6 AW & &
Nembrane Potential (mV)

Simulation
A . BHERG-WT
O HERG-01 o
5 @ HERG-0O®I+0eC o @
% 4 e
s’ o
PR @
&
1~ g g § 8pg ”
0 ew 8°

T T I I T I i
60 -40 .20 0 6 48 60
Membrane Potential (mV)

Fig2. The experimental and simulation results for voitage-
The simulated current-voltage relationship showed that the c¢h

503

Table 1 Txr Formulation

Ixe= Gar PEOT (V- Ex)
P{0] = open probability of 1z
Grr=0.0135-[K7 ]85
Ex={R-T/Fi-m{[K* Jouwrd[K* ]in}
N3IESK-mutunt rates
0—1
o= Cl

A= 0.0150.656- ¢ @B L SOHIK J0F
= 4.5 2.9357 J0 et 0OUT VD

We labeled the simulated cell types with density ratios
GKs:GKr=23:1. 15:1, and 7:1 as epicardial cells, endocar-
dial cells. and M cells. respectively? The absolute value of
the maximal repolarization time difference was considered
as the maximal transmural dispersion of repolarization
(TDRmax}. All cells were paced over 1,000 times at any
basic cycle lengths (BCL). The APDO0 (APD50) was
defined as APD at 90% (50%) repolarization.

The AP simulation was calculated using the method by
Rudy et all” (http:fiwww.cwru.edu/med/CBRTC/LRdOnline/
development.htm) with a flexible time step ranging from
0.002 ms to 0.100 ms.

WT

Current

100ms

Current

7*

OLI+0=C

Current

clamp protocols. (A) The peak curreni-voltage relationship.
ange of i alone failed to rectify significantly within a phys-

jological range of potentials s the experimental study? because the current of N588K mutant should be smailer than that

of wild-type (WT) at range below OmV ( arrow). By changin

g 2.7 in addition to bi, however, the NS88K channel showed

smaller currents at voliage clamps below OmY. (B) The tail current after repolatization. Although the voltage-clamp
recordings of N588K showed significantly reduced tail currents after repolarization. we could not reproduce the mutant
cffect by only changing 4. The N588K channel showed reduced tail currents by additionally changing #;3. The parame-
rers used for simulation were the same as in Clancy and Rudy§ except for 3 and 83
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Fig3. (A) Comparison of action potentials (AP} of wild-type (WT) and N588K on epicardial (Epi), M, and endocardial
(Endo) model cells (basic cycle lengths (BCL)=1,000ms). When the Ikr channels were all NS8SK mutaats (thick lines).
AP duration (APD) of each wall layers were smaller than WT t(thin lines). (B) The trequency dependence of APD in M
cells. The APD of N388K (black bar) were shorter than those of WT (white bar) at any BCL tested. Early after-depolar-
izations (EADs) occurred in the NS88K M cell layer at BCL of 2,000ms.

Results

The Markov Models for KCNH2

The N388K mutation, a point mutation in the S5-pore
segment of KCNH2, dramatically increases Ik Based on
the experimental results of voltage-clamp recordings, we
looked for parameters responsible for the gating defects
(Table 1)? First, simulation study revealed that the steady-
state current continued to increase lnecarly at membrane
potentials by decreasing the transition rate from O to 1 (3i).
The current-voltage relationships showed that the N388K
model failed to rectify significantly within a physiological
range of potentals, similarly as in the experimental study
(Fig2A). A change of di also showed the sume result as ji.
The changing rates of other gating parameters could not
increase Ix- currents (data not shown). These results also
agree with other experimental data, which show that
N588K channels do not inactivate!!12 Second. although the
N388K channel showed small and fast inactivating tail
currents after repolarization, and smaller currents at lower
membrane potential (Fig2A, arrow), we could not reconsti-
tute such tail currents by only changing 3. However, by
increasing the transition rate from O to C1 (373). the tail
currents of the mutant channel became smaller and deacti-
vated faster (Fig2B). The changes of gating parameters
other than 27 could not accelerate the deactivation of Ixkr
currents {data not shown). The simulated N388K showed
the acceleration of the rates of activation as compared with
the experimental data. Zhou et al reported that high temper-
ature accelerated the rates of activation!3 Therefore. we
could reasonably well simulate the experimental results of
the N388K mutant channel by changing the 2 parameters
/1 and 373, because the simulation data were performed at

physiological temperature, whereas experimental data were
performed at room temperature.

McPate et al recently showed no significant difference in
deactivation time-course between WT and N588K channels
at physiological temperature!? These results differ from the
reports of Brugada et al® or Cordeiro et all! First, these
results might be associated with experimental conditions,
in which McPate et al!! studied not only at physiological
temperature, but without MiRP1. Second, the balance of
transient rates, which are associated with deactivation and
inactivation, could determine the scale and time-course of
the tail currents of Ix: currents. Therefore, the changing of
2 parameters 3i and 23 are reasonable, because decelerated
transient rate to inactivation could increase the tail currents
of Ixr currents, whereas accelerated transient rate to deacti-
vation could affect oppositely. The NS8SK channels with
decelerated transient rate to inactivation, but not significant
changes of the tail currents of I&r currents. necessarily need
to have accelerated deactivation at & physiological temper-
ature.

AP Simulations for LRd Model

To study the cellular consequences of the mutation. the
Markov models of WT and N588K channels were inserted
into the LRd model of cardiac ventricular cells#3 The
effects of the N588K mutation on AP of epicardial, endo-
cardial, and M cells were studied for the BCL of 1,000ms.
When the Ikr channel was all N588K muiant, the APD of
every wall layers were shorter than WT (Fig3A). The APD
of N588K was shorter than WT at any BCL (Fig3B).

The Txr currents of WT recorded during AP stimulusy dis-
played a hump-like waveform (Fig4A). In contrast, N588K
currents displayed a dome-like waveform and have a more
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Fig4. Ixr of M cell models of wild-type (WT) and N388K. (A) The
1xs curreats of WT during action potential (AP) displayed a hump-like
waveform. In contrast, N588K currents displayed a dome-like wave-
form. The change of i alone caused larger Ik- cwrents than the
changes of i plus 33. (B) The probabilitics of residence in the indi-
cated states over the cowrse of AP, Ixr for N388K opens greater
because of the decreased open state to inactivation state (O-to-I) tran-
sition. Although the WT channel slowly deactivates (from O to Cl
transition), the mutant channe! deactivates faster than WT. Predicu-
bly, the probability on the closed states (is larger) with the changes of
33 plus 21 showed is larger than with the change of 3i alone. WT, thin
hines: only changing JSi. dotted lines; changing 27 in addition to
i, thick lines.

important contribution during the early phases of repolar-
ization of the AP. These simulated I&s currents showed the
same results as experimental studies? In the WT condition,
the channel moves from the leftmost closed state {C3) and
passes through C2 and C1 during the AP upstuoke. From
the C1 state. the channel can pass dircetly to the O state or
to the I state. Once the channel opens, it rapidly inactivates.
The equilibrium is reached between the O state and the [

Cliraation Jonrnal 1ol 70), Aprii 2006

e
o]
L%

APD-M cell
A . \
1000 ms
;i ICaL /
B ~
[Ca™]
C i
1.0
0.8 F
0.6
D 0.4 f\*fCa
0.2
0.0~ ¥
\\

Fig3. lonic mechanism of early after-depolarizations in the short-
QT syndrome. {A) Action potentials. (B} Ica. (C) Calcium transient.
(D) A parameter of calcium channel availability, txfca. The larger
calcium transient (C) results in a greater initial inactivation of TcuL)
(B,D). Wild-type, thin lines: N388K. thick lines. Arrow. the faster
recovery from inactivation in the short-QT syndrome allows for the
reactivation of iCaf.

state, and it begins to favor recovery as the AP plateaun
repolarizes. As recovery from inactivation becomes more
prominent, Ixr increases and accelerate late repolarization
of the AP Tn case of the N388K mutant channel, however,
Ix: appears earlier and is larger because of a decreased
probability of the O-to-I transition. Although the WT chan-
nel slowly deactivates (from O to Cl transition). the mutant
channe! deactivates faster than WT (Fig4B). Predictably,
changing 21 alone caused larger Ikr currents than changing
37 plus 3i (Fig4A), and the probability of populating the
closed states is larger with the changes of 27 plus i than
with the change of 3i alone (Fig4B).

Early After-Depolarizations (EADs) of the Shor1-QT
Syndrome

Although the N588K mutant channel has decreased
APD, EADs occur with the BCL of 2,000ms in M cells,
but not in epicardial or endocardial cells (Fig5A). The
inward currents mediated by the L-type Ca channel (Icawy)
are a critical determinant of AP and also of EADs. In asso-
ciation with the N588K mutant channel, they show a more
prominent dome and greater recovery from inactivation
at a membrane potential in the range of Icwiy activation





