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Atrioventricular Block-Induced Torsades de Pointes
With Clinical and Molecular Backgrounds Similar
to Congenital Long QT Syndrome

Yuko Oka, MD; Hideki Itoh, MD, PhD; Wei-Guang Ding, MD, PhD;
Wataru Shimizu, MD, PhD; Takeru Makiyama, MD, PhD; Seiko Ohno, MD, PhD;
Yukiko Nishio, MD; Tomoko Sakaguchi, MD, PhD; Akashi Miyamoto, MD;
Mihoko Kawamura, MD; Hiroshi Matsuura, MD, PhD; Minoru Horie, MD, PhD

Background: Atrioventricular block (AVB) sometimes complicates QT prolongation and torsades de pointes
(TdP).

Methods and Results: The clinical and genetic background of 14 AVB patients (57121 years, 13 females) who
developed QT prolongation and TdP was analyzed. Electrophysiological characteristics of mutations were ana-
lyzed using heterologous expression in Chinese hamster ovary cells, together with computer simulation models.
Every patient received a pacemaker or implantable cardioverter defibrillator; 3 patients had recurrence of TdP
during follow-up because of pacing failure. Among the ECG parameters, QTc interval was prolonged to 561+76 ms
in the presence of AVB, but shortened to 495+42ms in the absence of AVB. Genetic screening for KCNQ1,
KCNH2, SCN5A, KCNE 1, and KCNEZ2 revealed four heterozygous missense mutations of KCNQ1 or KCNH2 in 4
patients (28.6%). Functional analyses showed that all mutations had loss of functions and various gating dysfunc-
tions of ks or k. Finally, action potential simulation based on the Luo-Rudy model demonstrated that most mutant
channels induced bradycardia-related early afterdepolarizations.

Conclusions: Incidental AVB, as a trigger of TdP, can manifest as clinical phenotypes of long QT syndrome
(LQTS), and that some patients with- AVB-induced TdP share a genetic background with those with congenital
LQTS. (Circ J 2010; 74: 2562-2571)

Key Words: Atrioventricular block; lon channels; Long QT syndrome; Torsades de pointes

major cause of torsades de pointes (TdP),'? which

results from various factors, including drugs, brady-
cardia or hypokalemia. Regarding bradycardia, Kurita et al
demonstrated that patients with bradycardia-induced TdP dis-
play abnormally prolonged QT intervals at slower heart rates
(<60beats/min) than those without TdP.* Some groups have
reported the genetic background of bradycardia-induced TdP,
as well as of congenital LQTS. In 2001, we reported a female
with 2:1 atrioventricular block (AVB) and TdP, in whom the
KCNH?2 A490T mutant was identified as heterozygous.* Sub-
sequently, Lupoglazoff et al demonstrated that, in neonates,
LQTS with 2:1 AVB is associated with KCNH2 mutations
whereas sinus bradycardia-related LQTS is associated with

T he acquired form of long QT syndrome (LQTS) is a

KCNQI mutations.5 Chevalier et al reported that among 29
patients with complete AVB and a QT interval >600ms, 5
(17%) had mutations on genes encoding K+ channels, and the
expression test of these mutations showed functional changes
compared with the wild-type (WT) K+ current.®

Editorial p 2546

In Japan, some papers on congenital LQTS have been
published, 2’ but the molecular pathogenesis of AVB-
related TdP has not been fully examined, particularly with
respect to the relationship between genotype and cellular
electrophysiology. The aim of this study was to investigate
gene mutations and clarify their functional outcome in con-
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secutive AVB patients complicated with TdP.

Methods

Study Population

The study cohort contained 14 consecutive probands, from
unrelated families, who showed a prolonged QT interval and
TdP associated with AVB. They were referred to 3 institutes
in Japan; Shiga University of Medical Science (Otsu),
National Cardiovascular Center (Suita), and Kyoto Univer-
sity Graduate School of Medicine (Kyoto) for LQTS genetic
testing between 1996 and 2008.

Clinical Characterization

In each case, we recorded 12-lead electrocardiograms (ECGs)
before and after AVB episodes, as well as gathering the
results from other cardiovascular examinations and detailed
clinical evaluations. Prolonged QT interval was diagnosed
by the presence of prolongation of ventricular repolarization
(corrected QT interval [QTc] >460ms in lead Vs, according
to Bazett’s formula).!® We excluded cases of TdP caused by
AVB with drugs associated with QT prolongation, as well as
those with active ischemia detected by noninvasive or inva-
sive tests, including coronary angiography. We also investi-
gated cardiac events in all 14 probands and their family
members. Cardiac events were syncope, TdP, ventricular
fibrillation (VF), aborted cardiac arrest (requiring defibrilla-
tion) or sudden cardiac death. We also followed the therapies
and clinical prognoses of these patients.

Genetic Analysis

Genomic DNA was isolated from venous blood by QIlAamp
DNA blood midikit (Qiagen, Hilden, Germany). Established
primer settings were used to amplify the entire coding
regions of the known LQTS genes (KCNQI, KCNH2,
SCN5A, KCNEI, and KCNE2). Denaturing high-perfor-
mance liquid chromatography (WAVE system Model 3500,
Transgenomic, Omaha, NE, USA) was performed as
described elsewhere, and abnormal conformers were ampli-
fied by polymerase chain reaction (PCR), and sequenced
with an ABI PRISM-3130 sequencer (Perkin-Elmer Applied
Biosystems, Wellesley, MA, USA). If we detected mutations
in these genes, family members associated with the probands
were also genetically analyzed. Formal informed consent
was obtained from each patient or their guardians according
to standards approved by local institutional review boards.

Expression Plasmids

The expression plasmids, pIRES2-EGFP/KCNQ1(wild-type;
WT/KCNQI) and pRc-CMV/KCNH2 (WT/KCNH2) were
kindly provided by Dr Barhanin (Université de Nice, Sophia
Antipolis, Valbonne, France) and Dr Sanguinetti (University
of Utah, Salt Lake City, UT, USA), respectively. The muta-
tions were introduced using overlap PCR. The mutant plas-
mids were constructed by substituting the 838-bp Xhol-BglIl
for the G272V mutant, 464-bp HindIll-BstXI for the D111V
mutant, 1458-bp BstXI-BglII for the A490T mutant, or 592-
bp Fsel-Sbfl fragments for the P846T mutant for the corre-
sponding fragments of WT/KCNQI or WT/KCNH2. The
nucleotide sequence of the construct was confirmed prior to
the expression studies.

Expression in Chinese Hamster Ovary (CHO) Cells
CHO cells were maintained in Dulbecco’s modified Eagle’s
medium and Ham’s F12 nutritional mixture (Gibco-BRL,

Rockville, MD, USA) supplemented with 10% fetal bovine
serum (Gibco-BRL) and antibiotics (100 U/ml penicillin and
100 #g/ml streptomycin) in a humidified incubator gassed
with 5% CO:2 and 95% air at 37°C. CHO cells were tran-
siently transfected using 1uxg of WI/KCNQI or mutant/
KCNQI, and 1ug of pIRES-CD8/KCNEI per 35-mm dish,
using the Lipofect AMINE method according to the manu-
facturer’s instructions (Invitrogen, Carlsbad, CA, USA). In
some experiments, 0.5ug of WT/KCNQI was transfected
with or without mutant/KCNQI, instead of 1ug of WT/
KCNQI. Cells successfully transfected with both KCNQI
and KCNEI cDNA were selected by green fluorescent pro-
tein (GFP) and decoration with anti-CD8 antibody-coated
beads (Dynabeads CD8; Dynal Biotech, Oslo, Norway). The
cells were transiently transfected with either WT/KCNH2 or
mutant/KCNH2, using the LipofectAMINE method accord-
ing to the manufacturer’s instructions. For a 35-mm dish the
amount of plasmid was 2ug and 0.175ug of GFP; only
GFP-positive cells were used for the patch-clamp study.

Electrophysiological Experiments

Whole-cell patch-clamp recordings were conducted at
37.0£1.0°C using an EPC-8 patch-clamp amplifier (HEKA,
Lambrecht, Germany) 48-72h after transfection. No leak
subtraction was used. The normal Tyrode solution contained
(in mmol/L): NaCl 140, KC1 5.4, CaCl> 1.8, MgClz 0.5,
NaH2PO4 0.33, glucose 5.5, and HEPES 5 (pH adjusted to
7.4 with NaOH). The pipette solution contained (in mmol/L):
potassium aspartate 70, KCl 40, KH2POs+ 10, EGTA 5,
MgS0Os 1, Naz-ATP (Sigma, St Louis, MO, USA) 3, Liz-
GTP 0.1, and HEPES 5 (pH adjusted to 7.4 with KOH). A
coverslip with adherent CHO cells was placed on the bottom
of a glass recording chamber (0.5 ml in volume) mounted on
the stage of an inverted microscope (TE2000-U, Nikon,
Tokyo, Japan). Pipette resistance was 3-5MQ when filled
with internal solution. Currents and voltages were digitized
and voltage commands were generated through an LIH-1600
AD/DA interface (HEKA) controlled by PatchMaster soft-
ware (HEKA). Current amplitude was divided by membrane
capacitance (Cm) to obtain current densities (pA/pF) in each
cell. The voltage-dependence of current activation was deter-
mined by fitting the normalized tail current (Jwi) vs test
potential (Viest) to a Boltzmann function:

Ieit=1/(1+exp[(Vos—Vi)/k]),

where Vos indicates the voltage at which the current is half-
maximally activated and k is the slope factor.

Computer Simulation of Action Potential Duration (APD)

Ventricular action potentials were simulated by using the
dynamic Luo-Rudy model with recent modifications.!"1?
The ratio of Ixr and Iks conductance was set at 23:1, 17:1,
and 19:1 in the epicardium, endocardium, and M cell layer,
respectively. Based on the experimental data of voltage-
clamp recordings of KCNH2 channels heterologously
expressed in CHO cells, we constructed Markov or Hodg-
kin-Huxley models for simulated mutant channels as com-
pared with mutants associated with congenital LQTS. In
order to construct mutant channel models, we decreased the
conductance of each channel as appropriate for the decreased
current density, and looked for adequate changes in mutant
channels by changing each coefficient value, in turn, for gat-
ing states associated with impaired gating defects. The simu-
lation for voltage-clamp experiments was calculated using
the 4th-order Runge-Kutta method with a fixed-time step of
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Figure 1. Molecular discovery and clinical data associated with KCNQ7 and KCNH2 mutations, and the initiation of atrioven-
tricular block -related torsades de pointes (TdP). (A) Denaturing high-performance liquid chromatography patterns and DNA
sequence data in normal controls and patients with G272V for KCNQ1 (Left), D111V for KCNH2 (Middle), and P846T for
KCNH2 (Right). (B) Schemes showing the topology of cardiac ion channel proteins for KCNQ7 and KCNHZ2 and the location of
mutations identified in this study. (C) Two pedigrees of G272V and D111V families. Circles and squares represent female and
male family members, respectively; probands are indicated by arrows. Heterozygous carriers are represented as half-filled
symbols, family members in whom no genetic data were available are shown by open symbols, and non-carriers by open sym-
bols with N. QTc intervals corrected by Bazzet's formula in lead V5 are given for each available family member. (D) Represen-
tative ECG recordings from case 7 (76-year-old female with G272V-KCNQ1 mutation). TdP during 2:1 AV block started with
so-called “short (!)-long (*)-short (#) pattern” which resulted in a long pause (x).'3
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Figure 2. G272V KCNQ1 mutant channel shows loss of function associated with decreased density on ks. Functional analyses
on wild-type (WT) and G272V mutant channels expressed in Chinese Hamster ovary cells. (A) Representative current record-
ings for each channel. Currents were elicited from a holding potential of -80mV, by depolarizing pulses (4-s duration) from -50
to +50mV (with a 10-mV step increment) and subsequent repolarization to -50mV for a 4-s duration (inset). Concentrations of
cDNAs used for transfection are indicated near each graph. (B) Tail current-voltage relationships for 1ug WT (closed circles;
n=18), 0.5xg WT (indicated by dotted line; n=14), 0.5ug WT plus 0.5ug G272V (green squares; n=19), 1ug G272V (red
squares; n=11). (C) Normalized activation curves by fitting to Boltzmann function.
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tion was identified in a 76-year-old female who did not have
a particularly relevant family history (Figure 1A Left
panel). For approximately 10 years, she had taken nilvadip-
ine and gliclazide because of hypertension and diabetes mel-
litus. Approximately 1 year before hospitalization, her QTc
interval was within normal range (424 ms). When she was
admitted to hospital because of syncope, her monitoring
ECGs displayed 2:1 AVB (50beats/min), prolonged QTc
interval (578 ms), and repetitive TdP (Figure 1D). Her serum
K* level was low (2.5mEqg/L). Because AVB persisted, she
underwent DDD PM implantation. After correction of the
serum K* level and PM therapy, her QTc interval shortened
and TdP disappeared. She was free from cardiac events for
the following 59 months. The genetic analysis revealed 3
children as non-mutation carriers (Figure 1C Left panel).
D111V in KCNHZ (Case 4 in Table 1) The D111V muta-
tion was identified in a 57-year-old female who did not have
a particularly relevant family history (Figure 1A Middle
panel). She experienced syncope after eating breakfast, and
the monitoring ECG in the ambulance documented complete
AVB (43 beats/min), prolonged QTc interval (525ms) and
TdP. After external PM therapy was initiated, TdP disap-
peared. She then underwent ICD implantation and started
oral mexiletine hydrochloride (300 mg/day) and propranolol
hydrochloride (30mg/day); she has had no cardiac events
over a follow-up period of 96 months. However, her QTc

interval has remained prolonged even in the absence of AVB
(545ms, 4 years later). The genetic tests in her 3 relatives
showed 2 mutation carriers (Figure 1C Right panel): a 51-
year-old sister and 29-year-old daughter. Both these rela-
tives were asymptomatic. Her daughter’s QTc interval was
within normal range (414 ms), but the sister’s was prolonged
(461 ms).

P846T in KCNH2 (Case 8 in Table 1) The P846T muta-
tion was found in a 71-year-old female who did not have a
particularly relevant family history (Figure 1A Right panel).
She experienced syncope after breakfast, and the monitoring
ECG in the ambulance displayed complete AVB (45 beats/min)
and repetitive TdP with prolonged QT interval. On admission,
her AV conduction resumed at 57beats/min, but her QTc -
interval remained prolonged (729 ms). After ICD implanta-
tion, she was free from cardiac events for 46 months, but her
QTc interval remained prolonged (489 ms). We did not con-
duct a genetic analysis in this family.

A490T in KCNH2 (Case 1in Table 1) We have previously
reported the clinical features of a A490T mutation identified
in a 27-year-old female.® Briefly, her 12-lead ECG showed
severe bradycardia because of 2:1 AVB (50beats/min) with
complete left bundle branch block and remarkable prolonga-
tion of QTc interval (600ms). She fainted and collapsed
while talking on the telephone, and the Holter ECG showed
TdP associated with 2:1 AVB.
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Figure 3. All KCNH2 mutant channels show loss of function associated with decreased density on k. Electrophysiological
characteristics of KCNH2 mutant channels in Chinese Hamster ovary cells. (A) Families of representative current traces. Ex-
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Table 2; Parameters of Inactivation in WT and Mutant KCNH2
WT WT/D111V D111V

(n=16) (n=16) (n=15) (n=17) (n=15) (n=15) (n=16)
Vos (V) -58.3%4.7 —40.1x4.1" —47.4+7.0  -32.5:3.9° —44.2:33 -38.7:24" -555135
Slope factor 292:14  33.9:1.3  353+1.7*  30.6+1.41  34.9+1.1* 33.0:06t  37.5x1.7"

WT/A490T A490T WT/P846T P846T

*P<0.001 vs WT, **P<0.01 vs WT, tP<0.05 vs WT.
WT, wild-type.

Expression Study
In order to clarify the functional consequences of the G272V
mutation of KCNQI and the D111V, A490T, and P846T
mutations of KCNH2, we assessed the electrophysiological
properties of the WT and mutant clones by using CHO cells.

Biophysical Assay of KCNQ1 Mutant Channel Figure 2A
shows representative examples of whole-cell currents
recorded from CHO cells transfected with WT/KCNQI,
G272V/KCNQ1 alone or WT co-expressed G272V/KCNQ1
(WT/G272V) plus KCNEI. CHO cells transfected with WT/
KCNQI (1 or 0.5 ug) displayed outward currents with slow
activation/deactivation kinetics on depolarization, which are
typical of Iks currents, as previously reported.'*!5 In contrast,
a cell transfected with G272V/KCNQI (1ug) displayed
smaller Jks currents compared with that of the WT (1 g).
WT/G272V at an equimolar ratio (0.5ug) also showed
smaller /ks currents.

In Figure 2B, the tail current densities at -50mV mea-

sured in multiple cells are plotted as a function of test pulse
voltages (between —50 and +50mV). The tail current densi-
ties at —=50mV after depolarizing test pulses to +40mV were
77.0+11 pA/pF for 1ug WT (n=18), 49.5+7.9 pA/pF for
0.5u4g WT (n=14), 25.4+4.5 pA/pF for 0.5 ug WT/G272V
(n=19) (vs WT 1xg, P<0.001), 26.7+4.9 pA/pF for 1ug
G272V (n=11) (vs WT 1 g, P<0.01). Thus, compared with
the WT Iks current, co-transfection of the mutant affected the
expressed current densities.

Figure 2C represents the voltage-dependence of current
activation. Tail current densities after each test potential
were fitted to a Boltzmann function (see Methods). The
parameters were Vos=—5.213.0mV, k=11.140.6 for 1ug
WT, Vos=-1.0+£3.7mV, k=11.7%1.1 for 0.5 ug WT/G272V,
Vos5=5.715.4mV, k=14.3+1.6 (vs WT 1 ug; P<0.05) for 1 g
G272V. Regarding half-activation voltages, WT plus G272V
and G272V tended to shift to the depolarization side com-
pared with WT but there was no statistical significance. In
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slope factors, G272V alone channel was larger than WT
(P<0.05). Overall, the most important finding was the domi-
nant-negative effect for the G272V channel.

Biophysical Assay of 3 KCNH2 Mutant Channels Figure 3A
shows representative examples of whole-cell currents re-
corded from CHO cells transfected with WT/KCNH2 (2 and
14g), mutan/KCNH2 (2ug), or WT co-expressed mutant/
KCNH2 (WT/mutant) (1 g each). CHO cells transfected with
WT/KCNH2 (2 or 1 ug, Figure 3A Upper 2 panels) displayed
outward currents with inward rectifying properties, which
are typical of /- currents.'s In contrast, the magnitude of
currents from cells expressing all of the WT/mutants and
mutant only were remarkably reduced (Figure 3A Lower
6 panels).

In Figure 3B, the tail current densities at -60mV are plot-
ted as a function of test pulse voltages (between —60 and
+50mV). The mean current densities after depolarizing test
pulse to +20mV in WT channels were 66.2+11 pA/pF for
2 ug (n=20) and 45.09.3 pA/pF for 1 ug (n=14). In contrast,
those in the WT/mutant and mutant channels were 25.1+2.9
pA/pF in WT/D111V (n=13), 15.846.0 pA/pF in WT/A490T
(n=10), 20.5+3.9 pA/pF in WT/P846T (n=12), 18.8+3.6 pA/
pF for D111V (n=9), 15.2+3.4 pA/pF for A490T (n=12),
6.1+2.3 pA/pF for P846T (n=8), respectively. They were all
significantly smaller than those of the 2-xg WT channels (vs
WT 2 1g; P<0.01). Figure 3C shows that all WT/mutant and
mutant channels tended to shift to the depolarization side

compared with the WT. Overall, all mutant channels showed
loss of function associated with a dominant-negative effect
and shift of the activation curve to depolarization.

We then examined whether the mutations affected the
inactivation kinetics of mutant channels using a double-pulse
protocol. Vos and the slope factor of steady-state inactiva-
tion differed between WT and WT plus mutant or mutant.
All mutant KCNH2 channels showed the shift of inactivation
curves to depolarizing direction, and the differences were
statistically significant (Table 2). Therefore, we also changed
the parameters associated with inactivation states in the fol-
lowing simulation study.

Figure 4A depicts original current traces showing deacti-
vation at 4 different repolarization potentials (from —70 to
—40mV) of WT and/or mutant/KCNH2. Deactivating currents
were best fit with a double-exponential function, and are sum-
marized in Figure 4B. At 4 different potentials, both time
constants (Tau-fast and Tau-slow) for D111V and WT/D111V
were smaller than those of the WT. Tau-slow of WT/P846T
was also smaller than those of the WT. We could not assess
that of P846T (2 g), because it was too small to measure. In
contrast, there were no significant changes between the WT
and WT/A490T or A490T in the deactivation process.

Computer Simulation of APD
In order to compare how functional changes caused by muta-
tions affect ventricular action potentials, a simulation study
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Figure 5. Computer simulations with Luo-Rudy myocardial model show bradycardia-induced early afterdepolarization (EAD).
Each figure presents (A) action potential duration (APD) at basic cycle length (BCL) of 600ms, (B) APD at BCL of 1,000ms, and
(C) APD at BCL of 2,000ms. The longer the BCL in each model was, the more the APD was prolonged. EADs appeared in the
models of D111V/WT, A490T/WT, and P846T/WT only at BCL of 2,000ms, but appeared at all BCLs in the case of G272V/WT.

Table 3. Parameters of Simulation Data in Bradycardia-induced Long QT Syndrome
Mutant changed parameters

Gene Mutation

WT basal parameters

KCNQ1 G272V gsk=0.202*(1+0.6/(1+pow(0.000038/cai),1.4))) gsk=0.067*(1+0.6/(1+pow(0.000038/cai),1.4)))
xs1ss=1/(1+exp(-(v-1.5)/16.7)) xs1ss=1/(1+exp(-(v-6.5)/16.7))

KCNH2 D111V gherg=0.0135"pow(Kout,0.59) gherg=0.331"0.0135pow(Kout,0.59)
aa=65.5e-3"exp(0.05547153*(v-36)) aa=65.56-3"exp(0.05547153*(v-69))
«i=0.439"exp(-0.02352*(v+25))*4.5/Kout i=0.439"exp(—0.02352*(v+3))*4.5/Kout
B3=2.9375e-3*exp(—0.02158*v) BB=2"2.9375e-3"exp(-0.02158"v)

KCNH2 A490T gherg=0.0135*pow(Kout,0.59) gherg=0.1887"0.0135pow(Kout,0.59)
i=0.439"exp(—0.02352*(v+25))*4.5/Kout i=0.439"exp(—0.02352*(v-6))*4.5/Kout

KCNH2 P846T gherg=0.0135"pow(Kout,0.59) gherg=0.265"0.0135pow(Kout,0.59)

«a=65.5e-3%exp(0.05547153*(v-36))
«i=0.439"exp(—0.02352*(v+25))*4.5/Kout

aa=65.56-3"exp(0.05547153*(v-80))
ai=0.439*exp(~0.02352*(v+3))*4.5/Kout

(8=2.9375e-3"exp(—0.02158"v)

AB8=1.3"2.9375e-3"exp(—0.02158"v)

was conducted using the Luo-Rudy model, which incorpo-
rated the Markov'* or Hodgkin-Huxley!” process gating for
the mutant channels (Figure 5). Table 3 shows the parame-
ters of simulation that were changed to fit to experimental
results. We simulated action potentials in all myocardial
layers at 3 different basic cycle lengths (BCL 600, 1,000,
2,000ms) (Figures SA—C). In the endocardium and epicar-
dium, APD of all mutant models was prolonged, but did not
produce early afterdepolarizations (EAD) (data not shown in
Figure 5). In contrast, in the simulated M cell layer, APD
was lengthened significantly at a slower heart rate. In the
lower half of Figure 5, below each simulated action poten-
tial, the corresponding bar graphs show APDs at 90% repo-
larization. Three APD models with D111V, A490T, and
P846T displayed EADs at BCL of 2,000 ms, whereas G272V
displayed it at all BCLs.

Circulation Journal

Discussion

There are 3 major findings in the present study. (1) In 4 of 14
consecutive AVB-associated TdP patients, 3 KCNH2 and 1
KCNQI heterozygous missense mutations were identified.
(2) Electrophysiological analyses revealed loss of function
associated with decreased current densities and various dys-
functions on ks or Ix: in 4 mutants. (3) Functional changes
reconstituted by the computer simulation resulted in a pro-
longed APD and EAD under condition of bradycardia.
During AVB, our 14 patients showed a prolonged QT
interval and TdP. Based on a comparison of ECGs available
before and after AVB, we found the QT intervals were
lengthened even in the absence of AVB. These clinical char-
acteristics indicate that AVB-related TdP might share a simi-
lar genetic background with congenital LQTS: mutations on
cardiac ion channel genes could be partially causative. Lupo-
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glazoff et al’ demonstrated that in neonates that, while LQTS
with 2:1 AVB is associated with KCNH2 mutations, sinus
bradycardia-related LQTS is associated with KCNQ1 muta-
tions. In 9 of 10 cases, 2:1 AVB-induced LQTS could be
caused by LQTS-related gene mutations. In contrast, Cheva-
lier et al found 4 K* channel gene mutations in 5 of 29 adult
patients with AVB-induced LQTS (17.3%).% Our cohort also
consisted of adult LQTS patients, with a mutation rate of
28.6%. This prevalence rate was similar to Chevalier’s
report, but lower than that in the 2:1 AVB-related LQTS in
neonates. These studies have shown that AVB-induced
LQTS in neonates has a stronger genetic association than
AVB-induced LQTS in adults. Regarding the diagnostic rate
of genetic testing in general, no candidate mutations could be
detected in 30-40% of congenital LQTS cases. In contrast, it
has been shown recently that genetic polymorphisms modify
the QT interval.'®-2¢ Although we did not check polymor-
phisms in the present study, it is possible that our subjects
might have some modifier-gene mutations. Thus, it remains
possible that the remaining 10 patients in our study without
apparent genetic variants may have as yet unknown variants.

In our cohort, it was difficult to prove the efficacy of /3-
blockers because very few patients were taking these drugs.
In order to investigate the efficacy of f3-blockers it will be
necessary to study more cases with AVB-induced TdP. The
first step in the treatment of all patients with AVB-induced
TdP is the implantation of a device. Although PM implanta-
tion as first-line therapy for AVB-induced TdP is not dis-
puted, 3 of our patients had a recurrence of TdP after the
device was implanted, because of inadequate ventricular
pacing, suggesting that AVB patients with TdP require strict
PM management. In cases of persistent QT prolongation,
even after PM therapy, it might become necessary to con-
sider ICD implantation.

Several AVB-related gene mutations have been function-
ally assayed:®* 3 KCNH2 mutations, R328C, R696C and
R1047L, were shown to have no strong dominant-negative
effects on Jkr. Another KCNE2 mutation (R77 W), which was
identified in an AVB patient while taking flecainide, exerted
no effects on Ixr. Overall, previous analyses of mutations
have shown them to cause only mild functional change. Our
study showed similar results; all 4 mutants displayed loss of
function associated with decreased densities on Ixs or Ik,
which were basically similar to those in congenital LQTS.
On average, our patients experienced TdP at 57 years of age,
which is older than the mean age of onset reported for those
with congenital LQTS. Mutation carriers, who remain asymp-
tomatic well into adulthood, may incidentally have fatal
events in the presence of additional triggers, such as AVB.25

Several mutations of SCN5A, coding the a-subunit of Na*
channels, have been found in newborn and infant cases of
long QT.?+-28 They showed functional 2:1 AVB caused by
profound QT prolongation. Therefore, the pathological basis
differs between those cases and ours. Irrespective of genetic
testing results, our patients who developed TdP in the pres-
ence of AVB showed QT prolongation, even in sinus rhythm.
Thus, AVB may not be directly associated with QT prolon-
gation, but the bradycardia caused by AVB enhances it and
eventually leads to TdP. Our computer simulation study
showed that, at a slower heart rate, APD lengthened signifi-
cantly, suggesting that AVB-related bradycardia could exac-
erbate QT prolongation.

Study Limitation
Female sex is a predisposing factor for the development of

cardiac arrhythmic events in patients with congenital and
acquired LQTS, as previous reports have demonstrated.?-3!
In our study, almost all patients (93%) were also female, and
therefore it would be possible that not only AVB but female
sex affected cardiac repolarization and ventricular irritability

in our cohort.

Conclusion

This study showed that incidental AVB as a trigger of TdP
could manifest as clinical phenotypes of LQTS, and that
some patients with AVB-induced TdP could have genetic
backgrounds associated with congenital LQTS-related genes.
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Many antipsychotic drugs cause QT prolongation, although the effect differs based on the particular drug. We
sought to determine the potential for antipsychotic drugs to prolong the QTc interval (>470 ms in men and
>480 ms in women) using the Bazett formula in a “real-world” setting by analyzing the electrocardiograms
of 1017 patients suffering from schizophrenia. Using logistic regression analysis to calculate the adjusted
relative risk (RR), we found that chlorpromazine (RR for 100 mg = 1.37, 95% confidence interval (CI) =1.14
to 1.64; p<.005), intravenous haloperidol (RR for 2 mg=1.29, 95% CI=1.18 to 1.43; p<.001), and
sultopride (RR for 200 mg = 1.45, 95% Cl=1.28 to 1.63; p<.001) were associated with an increased risk of
QTc prolongation. Levomepromazine also significantly lengthened the QTc interval. The second-generation
antipsychotic drugs (i.e, olanzapine, quetiapine, risperidone, and zotepine), mood stabilizers, benzodiaze-
pines, and antiparkinsonian drugs did not prolong the QTc interval. Our results suggest that second-
generation antipsychotic drugs are generally less likely than first-generation antipsychotic drugs to produce
QTc interval prolongation, which may be of use in clinical decision making concerning the choice of

antipsychotic medication.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

QTc interval prolongation is associated with presyncope, syncope,
polymorphic ventricular tachycardia, the subtype torsade de pointes,
and sudden cardiac death (Faber et al., 1994). Previous studies have
indicated an increased risk of sudden cardiac death in patients treated
with antipsychotics (Hennessy et al., 2002; Ray et al., 2001; Straus et al.,
2004). A retrospective cohort study of 481,744 Tennessee Medicaid
enrollees, of whom 1487 died from sudden cardiac death, found that
current moderate-dose antipsychotic use (>100 mg of thioridazine
equivalents) increased the rate of sudden cardiac death (multivariate
risk ratio of 2.39), when compared with the nonuse of antipsychotics

Abbreviations: QTc, rate-corrected QT; 95% Cl, 95% confidence interval: HPD,
haloperidol; HPDiv, intravenous injection of haloperidol; RR, relative risk; ECG,
electrocardiogram; SGAs, second-generation antipsychotics; FGAs, first-generation
antipsychotics; DSM-1V, Diagnostic and Statistical Manual of Mental Disorders, 4th ed.;
CP, chlorpromazine; LP, levomepromazine; OR, odds ratio.
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(Ray et al., 2001). A cohort study of three U.S. medical programs found
that patients with treated schizophrenia had higher rates of cardiac
arrest and ventricular arrhythmia than did controls (patients with
glaucoma and those with psoriasis), with risk ratios ranging from 1.7 to
3.2 (Hennessy et al., 2002). A study of 554 sudden cardiac death subjects
reported that the current use of antipsychotics was associated with a
three-fold increased risk of cardiac death (Straus et al., 2004).
Although torsade de pointes and sudden death are rare, rate-
corrected QT (QTc) prolongation serves as a risk factor for these
conditions. In a study of 495 psychiatric patients receiving various
psychotropic drugs and 101 healthy reference individuals, 8% of
patients showed QTc prolongation (>456 ms) (Reilly et al., 2000).
Advanced age (> 65 years), as well as the use of tricyclic antidepres-
sants, thioridazine, and droperidol were indicated as robust predictors
of QTc lengthening (Reilly et al., 2000). High antipsychotic doses were
also associated with QTc prolongation (Reilly et al., 2000). In a sample
of 111 psychiatric inpatients receiving a median daily dose of more
than 600 mg [chlorpromazine (CP) equivalent] of antipsychotics, 90%
had schizophrenia or related psychoses, and 23% showed QTc interval
of >420 ms, whereas only 2% of unmedicated controls did (Warner
etal., 1996). However, there is little clinical data to aid in assessing the
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risk of QTc prolongation for an individual antipsychotic in a dose-
dependent manner, particularly for second-generation antipsychotics
(SGAs). Some case reports have indicated that SGAs can induce QTc
prolongation (Dineen et al., 2003; Vieweg, 2003). However, such
anecdotal reports do not provide clear evidence of whether SGAs
increase the risk of QTc prolongation, as in first-generation anti-
psychotics (FGAs), in a real-world setting. This study examined the
risk of QTc prolongation of antipsychotic drugs in a large clinical
sample from Japan. Japan is known to use higher doses of
antipsychotics (Bitter et al., 2003), providing a unique opportunity
to investigate the risk of QTc prolongation in a wide range of
antipsychotic doses.

2. Methods
2.1. Patients

Clinical information, including data on QTc intervals, was collected
from inpatients with schizophrenia who were diagnosed according to
the Diagnostic and Statistical Manual of Mental Disorders, 4th ed.
(DSM-IV) in four independent hospitals. Approval from the ethics
committee of each hospital was obtained. Data collection on all
inpatients with schizophrenia was begun on the following dates in
three psychiatric hospitals Biwako Hospital, Toyosato Hospital, and
Minakuchi Hospital: February 2, 2007; February 3, 2007; and July 29,
2007, respectively. In the fourth hospital, the National Center of
Neurology and Psychiatry Hospital, clinical records were collected for
all patients who were admitted to its psychiatric wards between 1998
and 2007. A total of 1065 inpatients were included from the four
hospitals, and all of them underwent ECG screening. Among them, 37
patients were excluded due to hypokalemia (serum potassium
<3.5 mEq/L), which can induce QTc interval prolongation (Elming
et al, 2003; Taylor, 2003). Two were excluded because of hypothy-
roidism, and nine because of cardiac disease (four patients with right
bundle branch block, two with post-acute myocardial infarction, one
with WPW syndrome, one with atrial-ventricular block, and one who
underwent surgery for atrial septal defect). The remaining 1017
patients had a mean age of 42.6 years (S.D., 18.2) and were included in
the analysis.

2.2. Procedure

A standard 12-lead ECG was recorded at 25 mm/s. Because the QTc
interval is influenced by heart rate, it was corrected by Bazett's
formula (QTc: QTc=QT/RR'?) (Bazett, 1920). An ECG recording
showing the longest QTc interval was selected for each patient whose
ECG was recorded two or more times. The QTc was measured
automatically by a program on the ECG apparatus (MAC 5500 with
12SL algorithm by GE health care [Amersham Place, Little Chalfont,
Buckinghamshire, UK]). For patients with a QTc>430 ms, QTc and RR
intervals were measured manually for the chest lead with the
maximal T-wave amplitude, according to Charbit et al. (2006). The
end of the T-wave was determined as the intersection between the
tangent to the steepest downslope of the T-wave and the isoelectric
line. QTc prolongation was defined as a QTc length of more than
470 ms in males and more than 480 ms in females, as 99% of “healthy”
people can be excluded by this cut-off value (Taggartet al,, 2007).0ne
of the coauthors (M.H.), a cardiologist who specializes in arrhythmias,
trained the authors on how to evaluate an ECG recording. Information
on drugs administered within 24 h of the ECG recording was obtained.
Table 1 shows the distribution of drugs that were administered in
more than 3% of the patients and the prevalence of QTc prolongation
for each medication. One hundred forty-two patients were drug free
when the ECG was recorded, because they were given the test at
admission before they had taken any drugs. Two hundred sixty-five
patients were on monotherapy. Doses of antipsychotics, antiparkin-

Table 1
Medication and rate of QTc prolongation in 1017 patients. Drugs which were administrated to

more than 3% of patients are shown.

No. of patients (%) with QTc
prolongation (male: >470 ms,
female >480 ms)

Administrated  No. of Patients ~ Mean dose
drugs n=1017 (100%) (SD), mg

Equivalent dose

CPeq. 875 (86) 963.0 (879.0) 23 (26)
Diazepameq. 672 (66) 146 (146) 18(2.7)
Biperiden eq. 645 (63) 38(22) 19(29)
Mood stabilizer
CBZ 74 (7) 4789 (201.8) 3 (41)
VPA 54 (5) 6500 (334.1) 1(1.9)
Lithium 47 (5) 587.2 (199.6) 4 (8.5)
Antipsychotics
HPD 375 (37) 159 (126) 16 (4.3)
cp 299 (29) 1905 (198.7) 9 (3.0)
LP 258 (25) 91.9 (945) 14 (5.4)
Risperidone 248 (24) 56 (3.7) 4(1.6)
Zotepine 116 (11) 1799 (1249) 3 (2.6)
Olanzapine 104 (10) 15.6 (6.4) 0(0.0)
Quetiapine 60 (6) 3755 (258.5) 0(0.0)
Bromperidol 49 (5) 10.7 (8.6) 0(0.0)
Sultopride 49 (5) 1032.9 (810.2) 10(204)
HPD iv 47 (5) 16.0 (10.5) 8(17.0)

Abbreviations: eq = equivalent; HPD = haloperidol, CP = chlorpromazine; LP =
levomepromazine, CBZ = carbamazepine, VPA = sodium valproate; No. = Number, SD =
standard deviation.

sonian drugs, and benzodiazepines were converted into those of CP,
biperiden, and diazepam equivalents, respectively (Inagaki and Inada,
2006). Subjects who were coadministered medical drugs (i.e., non
psychotropic drugs) with an increased risk of producing torsade de
pointes were excluded (Chan et al., 2007).

2.3. Statistical analyses

First, logistic regression analysis was applied to examine risk
factors for QTc prolongation. Age, sex, antipsychotic dose (cp
equivalent), benzodiazepine dose (diazepam equivalent), and anti-
parkinsonian drug dose (biperiden equivalent) were included in the
backward stepwise regression model. In the second analysis, age, sex,
and individual antipsychotic doses were entered as independent
variables in the logistic regression analysis. Then, the adjusted relative
risks of important explanatory variables were calculated via the
backward stepwise regression analysis. Drugs that were administrat-
ed in more than 3% of the patients were analyzed.

Linear regression analysis was used to determine which anti-
psychotics lengthened the QTc interval in a dose-dependent manner,
as the antipsychotic dose was entered as a continuous variable. Then,
the adjusted coefficients were calculated using the stepwise selection
model. Age, sex, and individual antipsychotic doses were entered as
independent variables.

The y* test was used to examine the risk-increasing effect of
excessive use of antipsychotics (cut-off points of 1000 or 1500 mg/day
of CP equivalent). All statistical analyses were performed using the
Spss, version 13.0 (SPSS Japan, Inc., Tokyo, Japan). All p-values
reported are two tailed. Statistical significance was considered when
p-value was less than 0.05.

3. Results

The prevalence of QTc prolongation (>470ms in male and
>480 ms in female) was 2.5% (male: 3.7%; female: 1.0%). Logistic
regression analysis showed that the antipsychotic dose was a
significant risk factor for QTc prolongation (Table 2), whereas
antiparkinsonian drugs, benzodiazepines, and mood stabilizers were
not risk factors for QTc prolongation. Administration of antipsychotic
doses greater than 1000 and 1500 mg/day of CP equivalent was found
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Table 2
Result of logistic regression analysis on the risk of QTc prolongation for standardized

doses.

Unadjusted relative risk {95% CI)  Adjusted relative risk (95% CI)

Age 0.97 (0.94-0.99)
Sex (riskof 033 (0.12-095)
female)
CPeq. 1.08 (1.05-1.12)" 1.07 (1.04-1.10)*
(100 mg)
Diazepameq. 1.01 (0.98-1.04)
(1mg)
Biperiden eq.  0.87 (0.72-1.06)
(1 mg)
c8z 1.00 (1.00-1.00)
(100 mg)
VPA 1.00 (0.99-1.00)
(100 mg)
Lithium 1.00 (1.00-1.01)
(100 mg)
The Hosmer-Lemeshow The Hosmer-Lemeshow
Goodness-of-Fit Test X2=4.77  Goodness-of-Fit Test x*=5.15
df=8 p=085 df=8 p=0.74
*p<0.001.

Abbreviations; eq = equivalent, CP = chlorpromazine, CBZ = carbamazepine; VPA =
sodium valproate, €l = confidence interval.

to increase the risk of QTc prolongation 1.97 fold (95% CI, 1.48-2.59,
p<0.001) and 2.76 fold {95% Cl, 1.80-4.18, p<0.001), respectively,
when compared to their counterparts. On examination of individual
antipsychotics, haloperidol intravenous injection {HPDiv), CP, and
sultopride were found to increase the risk of QTc prolongation
(Table 3).

In the stepwise selection model of the multiple linear regression
analysis, CP, HPDiv, levomepromazine (LP}, and sultopride were
found to lengthen the QTc interval. Age was also indicated as a risk
factor for QTc lengthening. Adjusted coefficients for CP, HPDiv, LP,
sultopride, and sex are shown in Table 4. Adding 100 mg of LP, for
example, extended the QTc interval by 4.65 ms. Bromperidol,
olanzapine, quetiapine, risperidone, and zotepine had no significant
lengthening effect on the QTc interval.

Table 3
Result of logistic regression analysis on the risk of QT¢ prolongation for each

antipsychotic drug,

Unadjusted relative risk (95%C1) Adjusted relative risk (95%Cl)

403

4, Discussion

In a large clinical sample, we confirmed that a daily dose of
antipsychotics (CP equivalents) was associated with a dose-dependent
increased risk of QTc¢ prolongation; however, the use of antiparkinso-
nian drugs, benzodiazepines, and mood stabilizers did not significantly
increase this risk. With regard to individual antipsychotics, CP, HPDiv,
and sultopride were shown to significantly increase the risk of QTc
prolongation. CP, HPDiv, LP, and sultopride were found to significantly
lengthen the QTc¢ interval, whereas HPD, bromperidol, olanzapine,
quetiapine, risperidone, and zotepine were not.

Our ohservation that a daily dose of antipsychotics was associated
with a risk of QTc prolongation is consistent with previous studies
(Reilly et al., 2000; Warner et al,, 1996}. In our sample, antipsychotic
doses of more than 1000 and 1500 mg/day of CP equivalents were
found to increase the risk of QTc prolongation by approximately 2.0
and 3.0 fold, respectively, when compared to their counterparts. Reilly
et al. also reported that a high dose (1000 to 2000 mg/day) and a very
high dose (>2000 mg/day) predicted QTc prolongation [odds ratio
{OR), 5.3 and 8.2, respectively] (Reilly et al, 2000). Warner et al.
reported an OR of 4.3 for doses higher than 2000 mg/day (Warner
et al., 1996). In contrast to antipsychotics, mood stabilizers showed no
significant risk-increasing effect. This is consistent with a previous
finding, which showed that lithium or carbamazepine did not
significantly increase the risk of QTc prolongation (Reilly et al.,
2000). However, a recent study suggested that lithium increases the
QTc interval significantly (18.6 ms; 95% Cl, 4.8-32.4 ms) (van Noord
et al., 2009). Furthermore, lithium is known to cause T-wave changes
(Mitchell and Mackenzie, 1982; Reilly et al., 2000) that may lead to
torsade de pointes when combined with a QTc-lengthening antipsy-
chotic (Liberatore and Robinson, 1984). Thus, the use of lithium
requires careful ECG monitoring, With respect to valproate, our study
may be the first to investigate the risk of QTc prolongation for this
drug in a clinical setting. With regard to coadministered benzodiaz-
epine and antiparkinsonian drugs, our resuits suggest no significant
effect on QTc prolongation. Although some patients taking diazepam
and biperiden equivalent showed QTc interval prolongation (Table 1),
the results of logistic regression analysis showed no significant risk-
increasing effect of these drugs (Table 2). Therefore, these patients
were also taking chlorpromazine equivalent and it was the chlor-
promazine equivalent that explained the QTc interval prolongation.
Indeed, to our knowledge, there has been no study reporting that
these drugs cause QTc prolongation or torsade de pointes.

With respect to individual antipsychotics, previous studies have
reported that thioridazine, intravenous droperidol, sertindole, and
ziprasidone are associated with a strong risk-increasing effect on QTc
prolongation (Czekalla et al, 2001a; Harrigan et al, 2004; Taylor,

Table 4
QTc prolongation effect of each antipsychotic by linear regression model.

Stepwise selection model
Coefficient (95% Q1)

Forced entry model
Coefficient (95% Cl)

Age 0.99 (0.96-1.03)
Sex (riskof 038 (1.26-1.16)
fernale)
HPD (2mg)  0.99 (0.92-1.06)
CP(100mg) 1.37 (1.13-167)" 137 (1.14-1.64)*
LP (100 mg) 1.55 (0.92-2.61)
Risperidone  1.01 (0.84-1.12)
(1 mg)
Zotepine 091 (0.62-1.34)
(66 mg)
Olanzapine  0.00 (0.00 to >100)
(2.5 mg)
Quetiapine  0.00 (0.00 to > 100)
(66 mg)
Bromperidol 0.00 (0.00 to >100)
(2mg)
Sultopride 1.40 (1.23-1.60)* 1.45 (1.28-1.63)*
(200 mg)
HPD iv 1.26 (1.13-1.40)** 1.29 (1.18-1.43)*
(2mg)
The Hosmer-Lemeshow The Hosmer-Lemeshow
Goodness-of-Fit Test X*=504  Goodness-of-Fit Test x*=17.81
df=8p=075 df =8 p=0.013
*p <0.005.
*p <0001,

Age 0.19 (0.10-0.28)* 0.20 ( 0.11-0.29)*
Sex (risk of fenale) 3.22 (—0.01-6.44)

HPD (2 mg) 0.42 (0.09-0.76)

CP (100 mg) 391 (2.69-5.13)" 3.82 (2.62-5.02)"
LP (100 mg) 4.87 (2.14-7.60)" 4.65 ( 1.94-737)*
Risperidone (1 mg) 007 (—0.47-0.61)

Zotepine (66 mg) —-0.36 (—1.91-1.20)

Olanzapine (2.5 mg) 0.30 (—0.47-1.08)

Quetiapine (66 mg) 0.11 {(—0.87-1.09)

Bromperidof (2 mg) 0.08 (—1.00-1.16)

Sultopride {200 mg) 3.65 (2.48-4.82)* 3.56 ( 241-472)"
HPD iv (2 mg) 3.16 (2.36-3.96)" 3.13( 234-3.93)"

*p<0.001.

Abbreviations: HPD = haloperidol, CP = chlorpromazine, LP = levomepromazine, iv =
intravenous injection, C1 = confidence interval,

Abbreviations: HPD = haloperidol, CP = chlorpromazine, LP = levomepromazine; iv =
intravenous injection, Cl = confidence interval,
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2003). In Japan, commercial use of thioridazine ended in 2005;
intravenous droperidol has not been used in psychiatric treatment;
and sertindole and ziprasidone have not been introduced. Thus, we
could not confirm the effect of these drugs. However, our results
provide robust evidence that HPDiv increases the risk of QTc
prolongation. This concurs with Hatta et al. who compared the
differences in QTc length among psychiatric emergency patients who
received intravenous flunitrazepam alone and those who received
intravenous flunitrazepam and haloperidol and found that the latter
group showed significantly longer QTc intervals than the former
(Hatta et al., 2001). Vieweg et al. (2009) reviewed the literature and
identified cases of patients aged >60 years who developed QTc
interval prolongation, polymorphic ventricular tachycardia/torsade
de pointes and/or sudden cardiac death while taking antipsychotic or
antidepressant drugs or a combination of these medications. Among
such cases, most frequently reported medication was HPDiv (14 out of
37 cases). These findings and ours support the recent alert of the U.S.
Food and Drug Administration warning that HPDiv increases the risk
of QTc prolongation and torsade de pointes based on at least 28 cases
reported in the literature (U.S. Food and Drug Administration Cfdear,
2007). Oral HPD, in contrast, was found to have no statistically
significant risk-increasing effect on QTc prolongation, although it had
a significant QTc-lengthening effect. Previous findings have suggested
that oral HPD at low or moderate doses had no clear effect on QT¢, but
that it is associated with QTc prolongation and torsade de pointes at
higher clinical doses (>20 mg/day) (Czekalla et al, 2001a; Taylor,
2003). Taken together, excessively high blood levels of the drug after
an intravenous injection or oral intake of high doses may be critical for
the effect of HPD. Regarding bromperidol (oral use only), a chemically
similar butyrophenone to HPD, we obtained no evidence for its effect
on QTc prolongation or lengthening. To our knowledge, this is the first
study to examine bromperidol for such effects. Further studies are
warranted to confirm our results. With respect to CP, we detected
significant effects on both QTc prolongation and QTc lengthening,
which is consistent with previous findings, suggesting an intermedi-
ate effect of CP on QTc (i.e., a weaker effect than that of thioridazine,
but stronger than oral HPD) {Czekalla et al., 2001a; Mehtonen et al,,
1991; Witchel et al., 2003), although there have been some reports of
no significant risk-increasing effect of CP (Reilly et al., 2000; Strachan
et al., 2004). LP, another phenothiazine, was also found to lengthen
the QTc interval in the multiple regression analysis. In the logistic
regression, statistical significance was nearly achieved {p=0.06,
Table 3). These results suggest that LP is likely to increase the risk of
QTc prolongation. Although there have been little data on LP in
relation to QTc in the literature, an association between sudden death
and the use of phenothiazines is prominent, and LP might have been
involved in such deaths (Mehtonen et al., 1991). Finally, sultopride, a
benzamide derivative, was found to significantly increase the risk of
QTc prolongation and QTc¢ lengthening. To our knowledge, this is the
first time that such evidence has been obtained for sultopride. Further
studies are warranted to confirm our results.

Our results provide no evidence for the possible risk-increasing
effect of the examined SGAs (olanzapine, quetiapine, risperidone, and
zotepine) on QTc prolongation. Recently, Ray et al. (2009) reported
that atypical antipsychotics double the risk of sudden cardiac death
when compared with nonusers of antipsychotic drugs, a finding that
contradicts our data. However, SGAs can induce weight gain, insulin
resistance, and dyslipidemia (Tschoner et al., 2009), all of which are
risk factors for ischemic heart diseases. Therefore, the increased
sudden death observed by Ray et al. (2009) could be attributable to
the increased risk of ischemic heart diseases rather than torsade de
pointes due to QTc prolongation. The Pfizer 054 study (2000) reported
that SGAs, such as risperidone, quetiapine, ziprasidone, and olanza-
pine, induced QTc interval prolongation. In the review of Czekalla
et al. (2001a), it was suggested that risperidone and quetiapine could
lengthen the QT¢ interval, although the effect observed was smaller

than that of thioridazine and chlorpromazine. Olanzapine, in
particular, was reported to have little effect on the QTc-interval
length (Czekalla et al, 2001b), Dineen et al. (2003) reported the case
of a patient who was treated with olanzapine and showed an
abnormal QTc interval. Vieweg (2003) reviewed the literature and
found nine cases in which QTc prolongation was associated with SGA
administration (four cases of risperidone [one case was his original
case), three cases of quetiapine, and two cases of ziprasidone). Taken
together, although our results suggest that the SGAs (olanzapine,
quetiapine, risperidone, and zotepine) are less likely to produce QTc
interval prolongation than the FGAs examined herein, the SGAs can
also cause QTc prolongation. Thus, further investigations with a more
refined methodology are warranted. In particular, the current group-
derived formula for correcting QT interval measurements to a heart
rate of 60 beats per/min (QTc) are unsatisfactory (Malik, 2001), and,
as pointed out by Vieweg (2003), determining the effect of drug-
induced change amid the noise of random variation (regression to the
mean) will require a new technology.

Female gender is known to be a risk factor for QTc prolongation
(Taylor, 2003; Vieweg et al, 2009). However, we failed to detect
female gender as a significant risk factor in our sample. Moreover, QTc
prolongation was found more commonly in male patients than in
fernale patients. One reason for these results was that the antipsy-
chotic dose was substantially lower in female patients than in male
patients (mean CP equivalent dose: 841 vs. 1066 mg/day; frequency
of >1500 mg/day: 13.9% vs. 20.8%). In addition, because some
previous studies in psychotic patients did not detect the gender
difference (Chong et al., 2003; Hatta et al., 2000), such populations
may have other factors that attenuate the gender difference.

There are several limitations to the study. First, we did not include
medications other than psychotropic drugs in the analysis; however,
the subjects included in the analysis were not coadministered other
medical drugs that increased the risk for torsade de pointes (Chan
et al, 2007). We also excluded patients suffering from cardiac
diseases. Furthermore, psychotropic drugs that were administrated
to 3% or fewer of the patients in the sample were not included in the
analysis. The fact that nearly all patients received multiple drugs and a
substantial proportion of participants (69%) were treated with
antipsychotic polypharmacy may have made it difficult to obtain a
clear result for each drug. However, there is great value in assessing
the increased risk of QTc prolongation in such a practical setting. Our
participants were all inpatients, and therefore individuals with severe
symptomatology and those patients on high doses of antipsychotics
were likely to be overrepresented. A recent study reported the
possibility that an acute psychotic state itself may be a risk factor for
QTc prolongation (Bar et al., 2007). Severe symptomatology might
have biased the results toward an increased prevalence of the QTc
interval in our subjects.

To screen QTc interval, we used an automated program, which
may be fraught with errors. However, Charbit et al. (2006), for
example, reported that patients with automatic QTc of <430 ms were
at very low risk of having a prolonged QT interval where their
definition of prolonged QTc interval was >450 ms in women and
>440 ms in men. We measured QTc interval manually for patients
with an automated QTc of >430 ms, although our definition of QTc
prolongation was >480 ms in women and >470 ms in men. Thus, it
was unlikely that we missed patients with QTc prolongation in our
study. Furthermore, the reliability of the measurement algorithm of
the ECG equipment (MAC 5500 with 12SL algorithm by GE health care
[Amersham Place, Little Chalfont, Buckinghamshire, UK]) that we
used was reported to be high. The data obtained by this algorithm was
within 10 ms of the manual measurement in 95.9% of ECGs and within
15 ms in 99.3% of ECGs (Hnatkova et al., 2006). Thus, the possible
effect of the use of the automated program is likely minimal. Another
limitation might be that we used the chest lead with the maximal T-
wave amplitude because clear T-wave leads are needed for precise
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manual measurement. However, Bazett generally used limb lead Il to
determine his formula.

Despite these limitations, we obtained robust evidence among a
large clinical sample in a real-world setting that suggested that a daily
dose of antipsychotics is associated with a dose-dependent increased
risk of QTc prolongation, whereas that of antiparkinsonian drugs,
benzodiazepines, and mood stabilizers is not. With regard to
individual antipsychotics, our results suggest that FGAs, such as
HPDiv, CP, LP, and sultopride, have a risk-increasing effect on QT¢
prolongation and that SGAs, such as olanzapine, quetiapine, risper-
idone, and zotepine, are less likely to produce QTc prolongation than
the FGAs. Such information may aid in clinical decision making
concerning the choice of antipsychotic medication, particularly in
patients who have an increased risk for arrhythmias,

5. Conclusions

We confirmed the statistical effect of chlorpromazine, levomepro-
mazine, and HPDiv on QTc prolongation in a sample of 1017 patients
with schizophrenia. Furthermore, statistical evidence for sultopride
was obtained for the first time. Furthermore, in the range of the
antipsychotic drugs that we examined, the data suggest that SGAs are
less likely to produce QTc prolongation than FGAs, which may be
useful in guiding the choice of antipsychotic drugs.
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BACKGROUND The transient outward current I, is of critical im-
portance in requlating myocardial electrical properties during the
very early phase of the action potential. The auxiliary 8 subunit
KCNE2 recently was shown to modulate I,,.

OBJECTIVE The purpose of this study was to examine the contribu-
tions of KCNE2 and its two published vanants (M54T, I57T) to I.,..

METHODS The functional interaction between Kv4.3 (a subunit of
human 1,,) and wild-type (WT), M54T, and I57T KCNE2, expressed in
a heterologous cell line, was studied using patch-clamp techniques.

RESULTS Compared to expression of Kv4.3 alone, co-expression of
WT KCNE?Z significantly reduced peak current density, slowed the rate
of inactivation, and caused a positive shift of voltage dependence of
steady-state inactivation curve. These modifications rendered Kv4.3
channels more similar to native cardiac I,. Both M54T and IS7T

variants significantly increased I, current density and slowed the
inactivation rate compared with WT KCNE2. Moreover, both variants
accelerated the recovery from inactivation.

CONCLUSION The study results suggest that KCNE2 plays a critical
role in the normal function of the native I, channel complex in
human heart and that M54T and 1577 variants lead to a gain of
function of I,,, which may contribute to generating potential arrhyth-
mogeneity and pathogenesis for inherited fatal rhythm disorders.

KEYWORDS Cardiac arrhythmia; M54T variation; I57T variation;
KCNE2; Kv4.3; Sudden cardiac death

ABBREVIATIONS CHO = Chinese hamster ovary; HERG = human
ether-a-go-go related gene; WT = wild type
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Introduction

Classic voltage-gated K* channels consist of four pore-
forming («x) subunits that contain the voltage sensor and
ion selectivity filter!? and accessory regulating () sub-
units.” KCNE family genes encode several kinds of B
subunits consisting of single transmembrane-domain
peptides that co-assemble with a subunits to modulate
ion selectivity, gating kinetics, second messenger regu-
lation, and the pharmacology of K* channels. Associa-
tion of the KCNEI product minK with the o subunit
Kv7.1 encoding KCNQ! forms the slowly activating de-
layed rectifier K™ current Iy, in the heart.*> In contrast,
association of the KCNE2 product MiRP1 with the hu-
man ether-a-go-go related gene (HERG) forms the car-
diac rapid delayed rectifier K* current I..°

doi:10.1016/j.hrthm.2009.10.012
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Figure 1  KCNE2 co-expression with Kv4.3 produces smaller I, -like currents with slower activation/inactivation kinetics. A: Representative current traces

recorded from Chinese hamster ovary (CHO) cells expressing Kv4.3 (left) and Kv4.3 + KCNE2 (right). As shown in the inset in panel A, depolarizing step
pulses of |-second duration were introduced from a holding potential of —80 mV to potentials ranging from —40 to +50 mV in 10-mV increments. B:
Current-voltage relationship curve showing peak current densities in the absence and presence of co-transfected KCNE2 (*P <.05 vs Kv4.3). C: Bar graphs
showing the kinetic properties of reconstituted channel currents: time to peak of activation course (left) and inactivation time constants (right) measured using
test potential to +20 mV (*P <.05 vs Kv4.3). Numbers in parentheses indicate numbers of experiments. D: Normalized conductance—voltage relationship

for peak outward current of Kv4.3 and Kvd.3 + KCNE2 channels.

Abbott et al reported that three KCNE2 variants (Q9E,
M54T, I57T) caused a loss of function in I, and thereby
were associated with the congenital or drug-induced long
QT syndrome.*’ However, the reported QTc values in two
index patients with M54T and I57T variants, both located in
the transmembrane segment of MiRP1, were only mildly
prolonged (390500 ms and 470 ms).® We recently identi-
fied the same missense KCNE2 variant, IS7T, in which
isoleucine was replaced by threonine at codon 57, in three
unrelated probands showing a Brugada type 1 ECG. These
findings are difficult to explain on the basis of a loss of
function in Iy, thus leading us to explore other mechanisms.

Recent studies have demonstrated that interaction be-
tween a and B subunits (KCNEs) of voltage-gated K*
channel is more promiscuous; for example, MiRP1 has been
shown to interact with Kv7.1,57'® HCN1,'" Kv2.1,'2 and
Kv4.2.'* These studies suggest that MiRP1 may also co-
associate with Kv4.3 and contribute to the function of tran-
sient outward current (I,,) channels.'* Indeed, a recent study
reported that I, is diminished in kcne2 (—/-) mice.'”

In the human heart, I, currents are of critical importance
in regulating myocardial electrical properties during the
very early phase of the action potential and are thought to be
central to the pathogenesis of Brugada-type ECG manifes-
tations.'® Antzelevitch et al demonstrated that a gain of
function in I, secondary to a mutation in KCNE3 contrib-
utes to a Brugada phenotype by interacting with Kv4.3 and
thereby promoting arrhythmogenicity.'*

We hypothesized that mutations in KCNE2 may have
similar actions and characterize the functional consequences
of interaction of wild-type (WT) and two mutant (I57T,
MS54T) MiRP1 with Kv4.3'"'® using heterologous co-ex-
pression of these a and 8 subunits in Chinese hamster ovary
(CHO) cells.

Methods

Heterologous expression of hKv4.3 and 8
subunits in CHO cells

Full-length cDNA fragment of KCNE2 in pCR3.1 vector'®
was subcloned into pIRES-CDS8 vector. This expression
vector is useful in cell selection for later electrophysiologic
study (see below). Two KCNE2 mutants (M54T, I57T) were
constructed using a Quick Change II XL site-directed mu-
tagenesis kit according to the manufacturer’s instructions
(Stratagene, La Jolla, CA, USA) and subcloned to the same
vector. Two KCNE2 mutants were fully sequenced
(ABI3100x, Applied Biosystems, Foster City, CA, USA) to
ensure fidelity. Full-length cDNA encoding the short iso-
form of human Kv4.3 subcloned into the pIRES-GFP
(Clontech, Palo Alto, CA, USA) expression vector was
kindly provided by Dr. G.F. Tomaseli (Johns Hopkins
University). Full-length cDNA encoding Kv channel-inter-
acting protein (KCNIP2) subcloned into the PCMV-IRS
expression vector was a kind gift from Dr. G.-N. Tseng
(Virginia Commonwealth University). KCND3 was tran-
siently transfected into CHO cells together with KCNE2 (or
M54T or IS7T) cDNA at equimolar ratio (KCND3 1.5 pg,
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Table 1  Effects of KCNE2 on Kv4.3 and Kv4.3 + KChIP2b

Kv4.3
Kv4.3 Kv4.3 KChIP2b
Parameter Kv4.3 KCNE2 KChIP2b KCNE2
Current density at +20 mV (pA/pF) 142.0 = 16.0 66.0 * 6.6* 191.5 = 33.8 77.8 * 5.9
(n=12) (n = 12) (n = 15) (n = 20)
Steady-state activation (V, 5 in mV) —6.5 * 2.1 —5.5 * 1.7 -75* 17 ~-7.4 = 1.4
(n=29) (n =11) (n=28) (n =8)
Steady-state inactivation (Vg5 in mV) —46.0 + 1.3 —40.8 * 1.7* —49.8 * 1.4 —44.5 + 1,9%
(n = 10) (n = 8) (n=17) (n=17)
7 of inactivation at +20 mV (7, in ms) 41.3 * 2.0 87.2 + 6.2* 475 * 2.2 66.6 + 3.5t
(n = 15) {n = 15} {n = 15) (n = 15)
Time to peak at +50 mV (TtP in ms) 45 * 0.2 14.4 * 1.4* 4.1 £ 0.2 6.1 * 0.5t
(n = 20) {n = 16) (n = 15) (n=21)
7 of recovery from inactivation (ms) 419.6 * 18.8 485.6 * 74.8 89.2 £ 53 60.2 £ 6.91
(n=6) (n = 6) (n=16) (n =6)

*Significantly different from Kv4.3.
tSignificantly different from Kv4.3 + KChIP2b.

KCNE2 1.5 pg) using Lipofectamine (Invitrogen Life Tech-
nologies, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. In one set of experiments, we also
co-transfected equimolar levels of KChIP2b (KCND3 1.5
ng, KCNE2 1.5 pg, KCNIP2 1.5 ug). The transfected cells
were then cultured in Ham’s F-12 medium (Nakalai Tesque,
Inc., Kyoto, Japan) supplemented with 10% fetal bovine
serum (JRH Biosciences, Inc., Lenexa, KS, USA) and an-
tibiotics (100 international units per milliliter penicillin and
100 pg/mL streptomycin) in a humidified incubator gassed
with 5% CO, and 95% air at 37°C. The cultures were
passaged every 4 to 5 days using a brief trypsin-EDTA
treatment. The trypsin-EDTA treated cells were seeded onto
glass coverslips in a Petri dish for later patch-clamp exper-
iments.

Electrophysiologic recordings and data analysis

After 48 hours of transfection, a coverslip with cells was
transferred to a 0.5-mL bath chamber at 25°C on an inverted
microscope stage and perfused at 1 to 2 mL/min with
extracellular solution containing the following (in mM): 140
NaCl, 5.4 KCl, 1.8 CaCl,, 0.5 MgCl,, 0.33 NaH,PO,, 5.5
glucose, and 5.0 HEPES; pH 7.4 with NaOH. Cells that
emitted green fluorescence were chosen for patch-clamp
experiments. If co-expressed with KCNE2 (or its mutants),
the cells were incubated with polystyrene microbeads pre-
coated with anti-CD8 antibody (Dynabeads M450, Dynal,
Norway) for 15 minutes. In these cases, cells that emitted
green fluorescence and had attached beads were chosen for
clectrophysiologic recording. Whole-cell membrane cur-
rents were recorded with an EPC-8 patch-clamp amplifier
(HEKA, Lambrecht, Germany), and data were low-pass
filtered at 1 kHz, acquired at 5 kHz through an LIH-1600
analog-to-digital converter (HEKA), and stored on hard
disk using PulseFit software (HEKA). Patch pipettes were
fabricated from borosilicate glass capillaries (Narishige, To-
kyo, Japan) using a horizontal microelectrode pulier (P-97,
Sutter Instruments, Novato, CA, USA) and the pipette tips
firc-polished using a microforge. Patch pipettes had a resis-

tance of 2.5 to 5.0 M{} when filled with the following
pipette solution (in mM): 70 potassium aspartate, 50 KCI,
10 KH,PO,, 1 MgSO,, 3 Na,-ATP (Sigma, Japan, Tokyo),
0.1 Li,-GTP (Roche Diagnostics GmbH, Mannheim, Ger-
many), 5 EGTA, and 5 HEPES (pH 7.2).

Cell membrane capacitance (C,,) was calculated from
5 mV-hyperpolarizing and depolarizing steps (20 ms)
applied from a holding potential of —80 mV according to
Equation 1'%:

Cn = 7l/AV (1 — L/Ty), {1

where 7, = time constant of capacitance current relaxation,
I, = initial peak current amplitude, AV,, = amplitude of
voltage step, and I, = steady-state current value. Whole-
cell currents were elicited by a family of depolarizing volt-
age steps from a holding potential of —80 mV. The differ-
ence between the peak current amplitude and the current at
the end of a test pulse (1-second duration) was referred to as
the transient outward current. To control for cell size vari-
ability, currents were expressed as densities (pA/pF).

Steady-state activation curves were obtained by plotting
the normalized conductance as a function of peak outward
potentials. Steady-state inactivation curves were generated
by a standard two-pulse protocol with a conditioning pulse
of 500-ms duration and obtained by plotting the normalized
current as a function of the test potential. Steady-state in-
activation/activation kinetics were fitted to the following
Boltzmann equation (Eq. 2):

Y(V) = 1/(1 + exp[(V\, — V)K), 03

where Y = normalized conductance or current, V,,, =
potential for half-maximal inactivation or activation, re-
spectively, and k = slope factor.

Data relative to inactivation time constants, time to peak,
and mean current levels were obtained by using current data
recorded at +50 mV or +20 mV. Recovery from inactiva-
tion was assessed by a standard paired-pulse protocol: a
400-ms test pulse to +50 mV (P1) followed by a variable

— 112 —



202

Heart Rhythm, Vol 7, No 2, February 2010

A -80 to 50mv 40mV

-80mV
Kv4.3 Kv4.3+KCNE2
1A 1nA
200 ms 00 ms
B 1.0+
€
2 o8- Kv4 3+KCNE2
3
-8 0.6 -
N Kv4.3
® 0.4
E 02
4
D’O'J'l'l'l'lfl'l'l'
80 -60 40 -20 0 20 40
Test potential (mV)
Figure 2  KCNE2 co-expression with Kv4.3 causes a positive shift of

voltage dependence of steady-state inactivation. A: Representative Kv4.3
and Kv4.3 + KCNE2 current traces induced by 500-ms pulses (P1) from
=90 to +50 mV applied from the holding potential -80 mV in 10-mV steps
followed by a second pulse (P2) to +40 mV. B: Steady-state inactivation
curves for Kv4.3 (open circles) and Kv4.3 + KCNE2 (closed circles)
channels.

recovery interval at —80 mV and then a second test puise
to +50 mV (P2). Both the inactivation time constants and
the time constant for recovery from inactivation were de-
termined by fitting the data to a single exponential (Eq. 3):

I(t) (or P2/P1) = A + B, (—t/7), 3

where I(t) = current amplitude at time t, A and B =
constants, and T = inactivation time constant or time con-
stant for recovery from inactivation. For measurement of
recovery from inactivation, the plot of P2/P1 instead of I(t)
was used.

All data were given as mean + SEM. Statistical com-
parisons between two groups were analyzed using Student’s
unpaired t-test. Comparisons among multiple groups were
analyzed using analysis of variance followed by Dunnett
test. P <.05 was considered significant.

Results

Effects of KCNE2 on Kv4.3 currents and its gating
kinetics

WT KCNE?2 initially was co-expressed with KCND3, the
gene encoding Kv4.3, the « subunit of the I, channel,'”"'3
in CHO cells. Figure IA shows representative whole-cell
current traces recorded from cells transfected with KCND3
and co-transfected with (right) or without (left) XCNE2.

Cells expressing Kv4.3 channels alone showed rapidly ac-
tivating and inactivating currents. Co-expression of KCNE2
significantly reduced peak current densities as summarized
in the current-voltage relationship curve shown in Figure
IB and slowed both activation and inactivation kinetics
(Table 1). Figure 1C (left) shows mean time intervals from
the onset of the pulse to maximum current (time to peak),
whereas the right panel shows time constants of inactivation
(at +20 mV) obtained using Equation 3. Thus, co-transfec-
tion of KCNE?2 significantly increased both the time to peak
and the time constant.

In contrast, KCNE2 did not affect the voltage dependence
of steady-state activation as assessed by plotting the normal-
ized conductance as a function of test potential (Figure 1D).
Fitting to the Boltzmann equation (Eq. 2) yielded half-maximal
activation potentials of —6.5 * 2.1 mV for Kv4.3 alone (open
circles) and -5.5 * 1.7 mV for Kv4.3 + KCNE2 channels
(filled circles, P = NS; Table 1). These findings are consistent
with those previously reported for studies using Xenopus oo-
cytes, CHO cells, and HEK293 cells.?*?'
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Figure 3  Effects of KCNE2 co-expression on recovery from inactivation
of Kv4.3 (A) and Kv4.3 + KChIP2b (B) currents. Recovery from inacti-
vation was assessed by a two-pulse protocol (A, inset): a 400-ms test pulse
to +50 mV (P1) followed by a variable interval at —80 mV, then by a
second test pulse to +50 mV (P2). Data were fit to a single exponential.
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