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2.2. Tonic block of WT and N406S channels

We first looked for the differences in lidocaine
interaction with inactivated WT and N406S channels.
because the N406S mutation shifts the voltage-dependence
of steady-state availability of the expressed channel [9].
Fig. 2 shows that lidocaine induced marked hyperpolanz-
ing shifts in the steady-state availability for both WT and
N406S channels. The effect of lidocaine on inactivation for
N406S channel was stightly smaller than that for WT. On
the other hand. lidocaine did not atfect the voltage-
dependence of activation curve for WT or mutant channel
(data not shown).

The lidocaine-induced shift in availability predicted a
greater tonic block of WT vs. N406S channels at
physiologically relevant holding potentials (Fig. 3).
However, at clinically relevant concentrations of lidocaine
(1-5 pg/mi=4-20 uM), lidocaine could not discriminate
between WT and N406S channels on the basis of tonic
block.

A
Lidocaine 300uM
WT
" 2nA
b
Sms
B

Normalized current

2.3. Use-dependent block of WT and N406S channels

We next compared the blocked tractions that accumulated
with repetitive activity when N406S mutant and WT
channels were exposed to lidocaine (Fig. 4A). There was a
statistically significant difference in use-dependent lidocaine
block between N406S and WT channels over a broad
frequency range (Fig. 4B).

2.4. Effects of N406S mutation on recovery from lidocaine
block

The blocked fraction that accumulated as a consequence
of repetitive channel activity is determined by a balance the
time course of the onset of block (during depolarization) and
the recovery from block (during repolarization) [13]. To
understand the reduced sensitivity of the N406S channel to
use-dependent block, we studied the effect of lidocaine on
the time courses of recovery from the inactivated states.
Lidocaine (100 uM) slowed the time course of recovery from

2nA

Sms

Lidocaine {umolil)

Fig. 3. Tonic block and use-dependent block of W and N406S mutant channeis. (A) tuhibiton of sodium corrent eficited in HEK cells expressing W or N306S
channels with lidocaine. Traces show currents in control solunion and after steadv-stare tonie hiock was attamed (arrows). 2 to 4 min afier cell supertusate wis
changed t one containing lidocaine (300 pM). (B) Concentration-dependence of tanic block of W and N406S chinnels by lidocaine. Ciraph shows peak cwrent
after drug application, normalized 10 peak current in absence of drug. plotted as a function of drug concentration. Smaooth lines wre according to (1=
flidocaine ) EC 0™, EC30 for lidocaine is 796 pM (W'Y and 481 pM (N3068); n=4 cells per condition.
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Fig. 4. (A) Frequeney dependence of lidocaine block at fixed drug concentrations (100 M) N406S mutation decreases sensitivity of channels to usc-dependent
block by Hidocaine. (3) Graphs show peak currents of WT (open circles) and N406S (tilled squares) during steady-state use-dependent block normalized to peak
current during first pulse of train plotted against stimulus frequency. 1= 13 cells per condition. The normalized residual peak /5, in the presence of lidocaine were
Odz: |, 8422, 58::2, and 37:2% for WT. and 100=2, 99:22, 9321, and 83£2% for N406S at 1, 2, S, and 10 Hz. respectively. *P<0.01,

the fast inactivation (induced by 20-ms depolarization
pulses) similarly for N406S and WT (Fig. 3). On the other
hand, lidocaine accelerated the time course of recovery from
the intermediate inactivation (induced by 1000-ms depolar-
ization pulses) for N406S (Table 1), whereas it delayed the
time course for WT (Fig. 6). We studied the development of
the intermediate inactivation by varying the duration of
depolarizing pulse. A 20-ms repolarization to — 120 mV was
interposed between depolarizing pulse and test pulse to allow
recovery from the fast inactivation. The time course was
fitted by an exponential function very well and demonstrated
faster development of the intermediate inactivation for
N406S in the experiment without lidocaine [9], while the
residual current for the N406S with lidocaine was larger than
WT only after the long depolarizing pulse above 2000 ms
(data not shown).

2.5, Activitv=dependent loss of sodium channel availability
by lidocaine

We tested for dilferences between WT and N406S
channels in the response to lidocaine. when physiological
long pulses were applied. WT channel inactivated more in

the presence of lidocaine than in its absence. Unexpectedly,
however, lidocaine reduced the activity-dependent loss for
N406S (Fig. 7).

2.6. Mechanism of lidocaine effects for N406S channel

To understand the electrophysiological and pharmacolog-
ical consequences of the N406S mutation, we constructed
Markov models of the WT and N406S mutant sodium
channels based on the experiment data of voltage-clamp
recordings of sodium channels heterologously expressed in
HEK 293 cells [9]. To evaluate the electropharmacological
consequences of the N406S mutation, based on the exper-
imental results of voltage-clamp recordings |9}, we looked
for parameters responsible for the gating defects (Fig. R).
First, we simulated the positive shift of the activation curves
and steady-state activation by altering the voltage depen-
dence of the activation transition rate o« 13. Changes of 11 or
w12 also showed the same result as w13 Second, the lettward
shift of the N406S recovery curve relative to WT indicated a
faster recovery from fast inactivation. This shift provided a
positive shift of steady-state inactivation. Both changes were
simulated by increasing «3. Third, the slower recovery of
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Fig. 3. Time course of recovery from the tast inactivation of W' (n=14)and

T N406S (n=11) was studied using the two-puise protocol shown in the inset.
in the absence {open circlesy and in the presence (tilled circles) of lidocaine
(100 uM). The recovery trom the fast inactivaton tor N400S 15 similar to
WTand 1795mnsD (dar not showny in the presence of lidocame.

N406S from intermediate inactivation could not be
simulated by changing the transition rates between IF and
IM1, because alterations of the transition rates between IF
and IM1 resulted in a slower recovery from fast inactivation.
But we could reproduce the siower recovery of N406S trom
intermediate inactivation. when the equilibrium point
between IM1 and IM2 was shifted toward IM2, by chang-
ing the transition rates o and (3. It was notable that
each defect seems relatively independent. because altering
a single gating parameter did not affect other simulation
protocols.

When the changes in parameters (al3, a3. ad, 33) were
combined. we could successfully reproduce the N406S
mutant channel characteristics. The experimentally mea-
sured values of 4 - for WT and N406S were —40.6 and
-24.7 mV, respectively (a shift of 139 mV for N406S
relative to WT). The sunulated activation curve ot N406S
was shifted by 12 mV (F,»=—20 mV) relative to the WT
curve (F,-=-32 mV). Both cxperiment and simulation
show faster recoverv from fast component of intermediate
inactivation and slower recovery lrom the stow component
of intermediate inactivation in N406S.

An important point is that we could reproduce the slower
recovery of N406S trom intermediate inactivation when the
equilibrium point between IM| and IM2 was shifted toward
IM2. Lidocaine could prevent the N406S channel from going
into IM2 state as this “deep” intermediate inactivation state.
The recovery of lidocaine block for the mutant would be
taster than that of “deep™ intermediate inactivation.

3. Discussion

In this study, we demonstrated that lidocaine prevents the
sodium channel with the N406 Brugada mutation from
accumulating in the state of intermediate inactivation. The
results imply that lidocaine might be effective for a group of
patients with Brugada syndrome whose mutations are
associated with the common receptor site for antiarrhythmic
drugs.

The genetic basis of Brugada syndrome has been shown
to be partly molecular defects in Nay1.5 {4]. Many ot the
SCN354 mutations result in failure of the sodium channel to
express [14.15]. Some of these mutations reduce sodium
currents by shitting voltage dependence of activation or
availabilitv. or by enhancing intermediate inactivation {].

We previously discovered an SCV34 missense mutation
N406S, which was associated with gating defects of the
depolarizing shift in the voltage-dependence of activation
and the enhanced intermediate inactivation. Furthermore,
N406S showed a unique property that it practically abolished
the blocking actions of a class lc sodium channel blocker. On
the other hand, we did not have adequate clinical or
experimental data how class [b antiarrhythmic drugs could
affect sodium channels with Brugada mutations. Class b
antiarthythmic drugs. lidocaine or mexiletine. are usetul
medical drugs ftor patients with long QT syndrome type 3
(LQT3) which is aiso caused by SCN5.4 mutations, because
class Ib agents stabilize the inactivation states of the sodium
channel and decrease persistent sodium currents which are
characteristic of LQT3 [16]. We tested the effect of lidocaine
on sodium channels with Brugada mutations. Unexpectedly,
lidocaine prevented the N406 mutant channel from accumu-
lating in the state of intermediate inactivation. Because the
1795insD mutant channel also has the accelerated interme-
diate inactivation. we analvzed how lidocaine could affect
the intermediate inactivation of 1793insD. The effect of
lidocaine on 1795insD was the same as for WT. and we
could not detect the faster recovery as seen for N406S (data
not shown). The simulation swdy for the N406S channel

Tabie |
Recovery from intermediate inactivation and lidocaine block

T (ms) T, sy Ay (M) RER N
WT 4.7=0.2 132=39 13=1
WT ~lidocaine 100 <31 362=130 S¥=4
N406S 2.9=0.3 361=47 27=2
N400S —lidocaine 13:=3 167 =34~ 49=2

* N4O6S vs. N400S —lidocaine, p<0.05.
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Fig. 6. Time course of recovery from the inteomediate inactivation of WT
(n=11) and NAO6S (n=9) was studied using the two-pulse protocol shown
in the inset. in the absence (open circles/squares) and in the presence (filled
circles/squares) of lidocaine. Fitting with a double-cxponential function,
y=Ax(1=exp|l—t/1)7 A3 % (1 —exp[—t/12]) yiclded the tme constants
and fractional amplimdes (in pereent) as follows: 1y =4.7=0.4 ms (§7= 1%).
Ta= 152539 ms (13219%) for WT; 7y =100£3) ms (12£4%), 7,=562+
150 ms (88£4%) for WT with lidocaine: 1772.920.3 s (7 ), T2=
361247 ms (27:£2%) tor N306S; 1,=1 3 ms (51::29%), r;=167:£34 ms
(49:1: 29%) tor N406S with lidocaine, N406S vs. N406S + lidocaine, p < (.05,
Arrow indicates that lidocaine aceelerated the time course of recovery from the
intermediate inactivation for N406S.

demonstrated that the mutant channel could accumulate in
the “deep” intermediate inactivation state. We speculate that
the recovery from lidocaine block for the N40Q6S channel
would be faster than that from the “deep” mtermediate
inactivation. The shape of the recovery from the fast
inactivation is altered in N406S channel, but the change is
not so much as that from the intermediate inactivation. A
previous report [ 1 7] showed that lidocaine could increase the
slope factor for the steady-state inactivation. Slope factors
for both WT and N406S channels were significantly larger
than those without lidocaine. The relative change in slope is
significantly less in the N40OGS channel. We speculate that
effects of lidocaine for N406S channel is reduced in the
inactivation state judging from Fig. 6.

Despite substantial progress in the identification and
characterization ot Brugada syndrome over the past decade,
relatively little progress has been made in the approach to
therapy. Implantation of a cardioverter-defibrillator is the
only established eflective treatment for the syndrome
[18.19]. This, hpwever, is not an 1deal solution for infants
and young children or for adults residing in regions of the
world where an implantable cardioverter—defibrillator is not
an option because of economic constraints. The pharmaco-
logical approach to therapy is tocused on a rebalancing of
currents active in the early phases ol the RV epicardial action

_ potential 50 as to reduce the magnitude of the action potential

notch and/or to restore the action potential dome. Experi-
mental studies suggest that agents that block the transient
outward currenty such as quinidine or tedisamil, or agents
that boost the calcium current (/). such as isoproterenol,
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Fig. 7. Activity-dependent loss of channel availability of WT and N406S in
the presence (filled ¢ircles) or absence (open circles) of lidocaine stimulated
with 500-ms depokirization steps at 1 Hz, The normalized residual current

levels recorded at the 50th pulse were 82::4% for control and 71::2% with

lidocaine (filled. n=9) for W (p<0.03), and 53525% for control (open,
n=9) and 81=4% "with ldocaine (filled, n=9) for N406S (-<0.001).
Surprisingly. activity-dependent loss of channel availability of N4O6S with
lidocaine equal to that of WT"at haselinc.

-219-



246

o

Hormnalized conductance

F2/P1

H. lioh et ul. 7 ternational Jownal of Cardiclogy 121 (2007) 239-248

WT

IC3 =IC2=IF=IM1==1IM2

” It

C3 ==C2 = C1=0
N406S

3=IC2=IF=IMI—=IM2

IC
{2 N AN

Ci=C2=Cl=20

Experiment Simulation
(Itoh et al. JCE 2005)
-80 .60 T;:Pv.l;:hll(omv) 0 4 Trstpotental (mV)
A MR ST S H 30 60 48 -20 8 20 49
& — . RS S S
& <
2 £
5 H
] H
3
\l : \‘M
10e—a—geg groaame—e (R a e = ; e
Y . “ =} 3
03~ \é I5 ,’i 3 03 ‘\‘v.\ Il ’.
) 3 1y /
4 [ 3 g\ [/
064 i 4 5 06 \'m /
3 E \" [e
/ A \\ { ]
a4 \ i 3 04 \ /
\ \ /l /i g ) ! /
\ i/ R \R$
02+ Y K Duy = 02+ g
i ond g | W/
. N |
0010wy '”"’.—3»*54-._. i n-""-v 08— B8]
g ; " i T T " B! ; T
120 -20 40 9 130 30 40 9
Membrane potential (mV) mv
10 oA OO OO 109 e
e i
¥ $o
b= §/ Vi 238+ .
d 4 P
}/ , 5 /A
04~ 1 94 Sy
.7 10mV 57‘ u
-4 [N -
N2 v .mmvm:u 1y
3 2
0 304
o T \'-I T T T T 30 " T T 3 T
1 ic 100 0: H 10 100
Interpuise interval{ms) Interpuise tnterval (ms)
10—~ 00050 16—
b d S hd
Py w
B
Do v N 03
o y
/.(Tk //
) 0 . 0o~ /
v/ 3 /f
S TN 7 OO control
4 Pt P2 s 1%
P o B 2 OM N4068S
024 A 120mY v - ¢
)
-
i
90 T Ty Ty T oe T T T T
1 o 100 1000 1 10 100 1000

Interpulse intervalims)

—220—

interpulse tnterval ims)



H. ioh et al. ¢ huernational Jownal of Cardivlogy 121 (2007) 239-248 247

may be useful {20,21}. Both have been shown to be etfective
in normalizing ST-segment elevation in patients with
Brugada syndrome, particularly in children [22 24], but
cxcept ftor the study by Belhassen and colleagues [25,26}
using quinidine, none have demonstrated long-term efficacy
in the prevention of sudden death. A recent addition to the
pharmacological armamentarium is the phosphodiesterase [11
inhibitor cilostazol [27], which normalizes the ST segment
most likely by reducing [, secondary to an increase in heart
rate as well as by augmenting /,. We found that N406
Brugada mutation changes the pharmacological response of
the encoded channel in a manner that differs not only from
WT but also from other Brugada mutant channels [9].
Judging from this experiment study, it might be possible that
class b antiarrthymic drug suppresses ventricular tachycar-
dia associated with increased ST-segment elevation in
Brugada syndrome with the N406S mutant although the
clinical effect of lidocaine in a patient with the N406S
mutation remains unknown. The pharmacological profile of
N406S channel shows distinct changes that occur over a
therapeutically relevant concentration range. Our data
provide further support for the usefulness of a mutation-
specific pharmacological approach for the management of
distinct inherited ion channel defects.

Acknowledgements

We thank Dr. Alfred L. George, Jr (Vanderbilt University
School of Medicine, Nashville, TN) for supplying the
plasmids pRc/CMV-hH1 and pGFP-IRES-R 1, and Rudy Y,
Clancy CE and their colleagues for the simulation programs
which are open to public. We also thank Lippincott Williams
and Wilkins for allowing us to use their figures.

References
[1] Brugada P, Brugada J. Right bundlec branch block, persistent ST

segment elevation and sudden cardiac death: a distinet clinical and
clectrocardiographic syndrome. I Am Coll Cardiol 1992:20:1391-6.

[2] Priori SG. Napolitano C. Gasparini M, etal. Natural history of Brugada
syndrome: insights for risk stratification and management. Circulation
2002;105:1342-7. )

13] Belhassen B, Glick A, Viskin 8. Efficacy of quinidine in high-risk
paticnts with Brugada syndrome. Circulation 2004:110:1731-7.

[4] Chen Q. Kirsch G, Zhang D, et al. Genetic basis and molecular
mechanism for idiopathic ventricular fibrillation. Nature 1998;392:
293-5.

[5] Rook MB. Bezzina Alshinawi C, Groenewegen WA, et al. Human

SCNSA gene mutations alter cardiac sodium channel kinctics and are

[y

[mac

—

associated with the Brugada syndrome. Cardiovasc Res 1999:44:
507-17.

Miyazaki I, Mitamura H. Miyoshi 8. ct al. Autonomic and
antiarrhythmic drug modulation of ST segment elevation in patients
with Brugada syndrome. J Am Coll Cardiol 1996:27:1061 -70.
Takagi M, Doi A, Takeuchi K. Yoshikawa J. Pilsicainide-induced
marked T wave alternans and veatricular fibrillation in a patient with
Brugada syndrome. J Cardiovasc Electrophysiol 2002;13:837.

Morita H, Morita ST. Nagase S. ¢t al. Ventricular arrchythimia induced
by sodiwm channel blocker in patients with Brugada syndrome. J Am
Coll Cardiol 2003:42:1624-31. '

ltoh H. Shimizu M. Takata S. Mabuchi H. Imoto K. A novel missense
mutation in the SCN3SA gene associated with Brugada syndrome
bidirectionally affecting blocking actions of antiarrhythmic drugs.
J Cardiovasc Electrophysiol 2005:16:486~93.

Itoh H. Horic M. Ito M, Imoto K. Arrhythmogenesis in the short-QT
syndrome associated with combined HERG channel gating defects: a
simulation study. Cire J 2006:70:502 8.

Clancy CE, Rudy Y. Na™ channel mutation that causes both Brugada
and long-QT syndrome phenotypes: a simulation study of mechanism.
Circulation 2002;105:1208--13.

Wilde AA, Antzeleviteh C, Borggrete M. et al. Proposed diagnostic
criteria for the Brugada syndrome: consensus report. Circulation 2002;
106:2514-9, '

Abriel H, Welrens XH'I, Benhorin J, Kerem B. Kass RS. Molecular
pharmacology of the sodium channel mutation D1790G linked to the
long-Q'I syndrome. Circulation 2000:102:921-5.

Baroudi G. Pouliot V, Denjoy 1, Guichency I, Shrier A, Chahine M.
Novel mechanism for Brugada syndrome: defective surface localiza-
tion of an SCN3IA mutant (R1432G). Circ Res 2001:88:¢78--83.

ltoh H, Shimizu M, Mabuchi H, lmoto K. Clinical and
clectrophysiological  characteristics of Brugada syndrome  caused
by a missense mutation in the SS-pore site of SCNSA. J Cardiovasc
Electrophysiol 2005:16:378-83.

An RH, Bangalore R, Rosero 8Z, Kass RS. Lidocaine block of LQT-3
mutant human Na' channels. Cire Res 1996;79:103-8.

Nuss HB. Kambouris NG, Marban E, Tomaselli GF, Balser JR.
Isoform-specitic lidocaine block of sodium channels explained by
differences in gating. Biophys J 2000,78:200-10.

Brugada J, Brugada R. Brugada P. Pharmacological and device
approach to therapy of inherited cardiac diseases associated with
cardiac arrhythmias and sudden death. J Electrocardiol 2000;33:41. .7,
Brugada P. Brugada R, Brugada J, Gecelen P. Use of the prophylacric
implantable cardioverter defibrillator for patients with normal hearts.
Am J Cardiol 1999:83:98D-100D.

Antzeleviteh C. The Brugada syndrome: ionic and arrhythmia
mechanisms. I Cardiovase Electrophysiol 2001:12:268-72.

Yan GX, Antzelevateh C. Cellular basis tor the Brugada syndrome and
other mechanisms of arrhythinogenesis associated with ST-segment
elevation. Circulation 1999:100:1660-6.

Alings M. Dekker L. Sadec A. Wilde A. Quinidine induced
electrocardiographic normalization in two patients with Brugada
syndrome. Pacing Clin Electrophysiol 2001;24:1420--2.

] Shimizu W, Matsuo K. Takagi M. et al. Body surface distribution and

response to drug of ST scgment elevation in Brugada syndrome:
clinical implication of cighty-scven-lead body surface potential

Fig. 8. Simulation study for N406S channel. (A) Markov models for WT and N406S cardiac sodium channels. Bold lines show increased rates. A short bold line
shows a decreased rate. A dotted line shows a change in voltage dependency. Simulation results for voltage-clamp protocols. The parameters used for simulation
were the same as in Claney etal. | 1] except for @13, a3 und a5; a13=3.802/(0.1027 x exp((~ v+ 8)/9)+0.25 x exp(—v/150)), a3 =2.5% 3.7933 x 10™ "= exp(—1/
7.7), «S=2x02/(9.5% 10%), p5=a3/3000. Some patameters including (32 and 34 were indirectly modified. (B-a) The peak current—-voltage relationship. The
potential of the maximum peak current amplitude of N406S was more positive to that of W'IL (B-b) The voltage dependence of steady-state activation of N406S was
positively shifted, and the stope factor was larger. The voltage dependence of steady-state inactivation of N4068 was shifted towards more positive potentials. (B-¢
and -d) The time course of recovery from fastand intermediate inactivation. The N406S channel had faster recovery from the fast inactivation than WT, On the other
hand. double-cxponential fitting revealed that N406S had a larger time constant for the slow recovery component than W We could reproduce the slower recovery
of N406S from intermediate inactivation when the equilibrium point between IM1 and IM2 was shifted toward IM2. The parameters used for simulation werce the
same as in Clancy eral. | 11}, except for ae13. o3, 3 and B5. The parameters (32 and (34 were indirectly modified {1}.

-221-



(24]

(23]

H. lroh et al. ./ International Journal of Cardiology 121 (2007 239-248

mapping and its application to twelve-lead electrocardiograms. J
Cardiovasc Electrophysiol 2000:11:396-404.

l'anaka H, Kinoshita O. Uchikawa S, et al. Successtul prevention of
recunvent ventricular fibrillation by inwavenous isoproterenol in a
paticnt with Brugada syndrome. Pacing Clin Electrophysiol 2001:24:
1293-4.

Belhassen B, Viskin S. Fish R. Glick A. Setbon 1, Eldar M. Effects of
clectrophysiologic-guided therapy with class LA antiarrhythmic drugs
on the long-term outcome of patients with idiopathic venwicular

fibrillation with or without the Brugada syndrome. ) Cardiovasc
Electrophysiol 1999:10:1301-12.

[26] Belhassen B. Glick A. Viskin S. Efficacy of quinidine n high-risk
patients with Brugada syndrome. Circulation 2004:110:1731-~7.

[27] Tsuchiya T, Ashikaga K. Honda T. Arita M. Prevention of ventricular
fibrillation by cilostazol. an oral phosphodicsterase inhibitor. in a
patient with Brugada syndrome. J Cardiovase Electophysiol 2002:13:
698-701.

-222-



INVITED REVIEW  Genetics of Arrthythmias

Circ J 2007, Suppl A: A-50-A-53

Disorders of Cardiac Repolarization
—— Long QT and Short QT Syndromes —

Minoru Horie, MD, PhD; Hideki Itoh, MD, PhD

The long and short QT syndromes are heterogeneous diseases characterized by abnormat ventricular repolariza-
tion and episodes of syncope and/or life-threatening cardiac arrhythmias. Several disease-causing genes have
been identified, including those encoding cardiac ion channel-composing proteins. The clinical determination of
genotype offers a striking benefit: diagnosis, prediction of clinical phenotype, risk stratification, clinical and
genetic counseling, and introduction of therapy. Genetic testing is of special importance for the genotyped
patient’s family members to prevent unexpected cardiac death. By means of recently advanced methodology in
molecular genetics and electrophysiology it is expected that novel genes responsible for these disease entities

will be identified. (Circ J 2007; Suppl A: A-50-A-53)
Key Words: Long QT syndrome; Short QT syndrome

disease characterized by an abnormality in myo-

cardial repolarization that leads to the prolongation
of QT interval, morphological changes in T waves and
torsades de pointes type of ventricular tachycardia on the
surface ECG (Fig 1)} The association between prolonga-
tion of the QT interval and cardiac sudden death was impli-
cated soon after the introduction of ECG recording in the
clinical setting? In contrast, the short QT syndrome (SQTS)
has been ignored for a long time and the first report relating
short QT interval with an increased risk for ventricular
fibrillation and cardiac sudden death appeared in 20004

In the late 1990s, the advent of the molecular genetic era
provided new insights into’ the mechanisms underlying
LQTS, showing that mutations in genes encoding ion chan-
nels or their accessory proteins and other membrane proteins
cause the disease. These genetic variants alter the function
of ion channels governing the repolarization process of the
ventricle. To date, 10 distinct genes responsible for LQTS
have been identified, including those for Andersen (LQT?7)
and Timothy (LQT8) syndromes on chromosomes 11q15.5
(KCNQI; LQT1), 7935-36 (KCNH2; LQT2), 3p21 (SCN5A;
LQT3), 4925-27 (ANKB; LQT4), 21q22 (KCNEI; LQT5),
21922 (KCNE2; LQT6), 17q23 (KCNJ2; LQT7), 12p13.3
(CACNIc; LQTS), 3p25 (CAV3; LQT9) and 11q23.3
(SCN4B; LQT10)>-13 (Table 1).

In 2004, Brugada et al'4 reported the first mutation asso-
ciated with SQTS. It was a KCNH2 mutation, N588K, in-
volving a substitution of lysine for asparagine in position
588 of KCNH2. Since then 3 disease-causing genes for
SQTS have been identified, including genes encoding car-
diac ion channel-composing proteins on chromosomes
7q35-36 (KCNH2; SQT1)}4 11q15.5 (KCNQ1; SQT2)!5.16
and 17q23 (KCNJ2; SQT3)!7 (Table 2).

T he long QT syndrome (LQTS) is a primary electrical
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LQTS

The estimated prevalence of LQTS in the general popu-
lation is 1 in 5,000!8 During an ECG checkup of Japanese
school pupils, its prevalence was 1 in 1,200!° The disease
is usually inherited as an autosomal dominant trait with in-
complete penetrance and variable expression20 LQTS has
played a key role as a “Rosetta Stone” in the understanding
of the general mechanism of ion channel disease. Fig2 is
a schematic explanation of how a functional alteration in
ion channels causes prolongation or abbreviation of the QT
intervals on ECG. Electrophysiological assays using a
heterologous expression system have shown that some
mutations in the aforementioned genes induce a gain or
loss-of-function in a respective ion channel and thereby
modulate the repolarization process. For example, a reduc-
tion in outward K channel currents or an increase in the
inward Na* or CaZ* channel currents would delay repolari-
zation of the action potential, and therefore prolong the QT
interval on the surface ECG.

Now that we know most of the genes responsible for re-
polarization disorder and the resultant clinical phenotypes,
molecular testing for mutation screening of disease genes
has become feasible. The availability of genetic testing
offers the possibility of identifying genetically affected
individuals who are, in other words, potential victims of
cardiac sudden death. The clinical determination of geno-
type offers a striking benefit, including diagnosis (family
screening and preclinical diagnosis), prediction of clinical
phenotype (penetrance, gene-specific clinical manifesta-
tions2!), risk stratification (assessment of malignant vs be-
nign mutations??), clinical and genetic counseling (restric-
tion of physical activity, family planning etc), and therapy
(prevention of sudden death by implantable defibrillator
(ICD)).

One of the most important aims of genetic testing is to
achieve a preclinical diagnosis of LQTS, particularly in
family members with incomplete disease expression20 or in
patients with a forme fruste phenotype?32¢ Molecular genet-
ic examination does strengthen the clinically overt or suspi-
cious diagnosis. However, the genetic variant identified in
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Figl. Distinctive ECG features and family tree associated
with long QT syndrome (LQTS). (A) Torsades de pointes
type of ventricular tachycardia in a patient with genotyped
LQT2. Torsade de pointes frequently appeared during
sleep. (B) Family analysis associated with the patient. The
proband (arrow) was diagnosed as LQT2 with the G572S
mutation, which is located in the S5-pore site for the

B mﬂ_? S et 46y.0. KCNH2 channel. Heterozygous mutation carriers are indi-
) 670 46 y.0. LQts cated by filled symbols, and the numbers below the symbols
Syncope () breast cancer are the QTc interval at rest. Although the index patient and
ﬁ N ‘ her father, both carrying the G572S mutation, had syncope
at rest, the other 2 mutation carriers remained asymptomatic.
‘ The proband had 2 uncles, 1 of whom (open symbol) was
483 447 390 genetically negative, and the other (halftone filled) was clini-
Syncope ()  Symcope (+) Syncope () cally LQTS, although the genetic data were not available.
Table 1 Gentic Classfication of LQTS
Subtypes Genetic locus Genes lon channel
Congenital LQTS (Romano-Ward syndrome)
LQTI! 11(11p 15.5) KCNQI Iks
LQT2 7 (7q 35-36) KCNH?2 Ikr
LQT3 3(3p2i-24) SCN5A INa
LQT4 4 (49 25-27) Ankyrin-B [Ca**ji
LOTS 21(21922.1-q22.2) KCNEI Ixs
LQT6 21(21q22.1-9q22.2) KCNE2 Ikr
LQT7 17(17q 23) KCNJ2 Ixi
LQTS 12p 13.3 CACNAIC IcaL
LQT9 3(3p25) CAV3 INa
LQTI10 119233 SCN4B INa
Congenital LQTS (Jervell and Lange-Nielsen syndrome)
JLNI 11(11p 15.5) KCNQI (homozygous) IKs
JLN2 21(21922.1-q22.2) KCNE! (homozygous) Ixs
LQTS, long QT syndrome.
Table 2 Gentic Classfication of SQTS
Subtype Gene Mutations QTc Functions Reference
SQTI KCNH2 N588K 286 Impaired inactivation of Ixr 14
SQ12 KCNQI Vi4IM AF Accelerated activation of Ixs 15
Hyperpolarized shift of the activation curve
V307L 302 Faster activation 16
SQT3 KCNJ2 DI72N 315 Larger Ix1 currents 17
SQT4 CACNB2b S481L 330-370 loss-of-function in L-type Ca channel 39
Brugada phenotype
SQTS CACNAIC A39V 346-360 loss-of-function in L-type Ca channel 39
G490R Brugada phenotype

SQTS, short QT syndrome; AF, atrial fibrillation.

an individual does not directly explain the clinical pheno-
types. Mutation carriers may have either no disease pheno-
type (incomplete penetrance) or present with various
degree of clinical manifestations, ranging from asympto-
matic with relatively prolonged QT interval and no arrhyth-
mias to those experiencing cardiac arrest even under (-
blocker therapy or after ICD implantation. Thus, inheriting
a mutation does not always mean that the individual will
present a clinical manifestation of LQTS, but apparently
“healthy” mutation carriers have inherited the risk for de-
veloping the clinical phenotype. Because congenital LQTS
affects the young, all efforts should be made to genotype
them for appropriate management of both the patient and
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the family members who may be at highest risk of sudden
death. These efforts are justified by timely therapy with 3-
blockers and/or ICD in association with careful clinical
follow-up to avoid hypokalemia, bradycardia and drugs
that prolong the QT interval?5-27 and family education, in-
cluding the use of an automated electrical defibrillator at
home.

Through the elucidation of pathophysiological mecha-
nisms underlying the congenital LQTS during the past
decade, we have witnessed the most rapid and fruitful
progress in powerful scientific tools: molecular genetics
and cellular physiology. We are expecting to identify novel
additional genes responsible for the disease.
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Fig2. Schematic presentation of ion currents governing the action
potential duration in the ventricle. Action potential duration (APD)
varies depending on the subtle balance between inward and outward
currents. An increase in the inward Na* and Ca?* currents (blue and
yellow arrows) or a decrease in the outward K* current (red arrow)
prolongs the APD and causing long QT syndrome (Left panel).

Conversely, an increase in the outward K* currents shortens the APD,
causing short QT syndrome (Right panel).

SQTS

SQTS constitutes a new primary electrical abnormality
associated with sudden cardiac death?28 The family first re-
ported by Gussak et al* consisted of patients with a constant-
ly-shortened QT interval and paroxysmal atrial fibrillation,
and one member had died of sudden cardiac death?8 Sub-
sequently, the short QT interval was shown to be associated
with sudden cardiac death without structural heart dis-
ease!4!7 The syndrome is now considered as a new cardiac
ion channel disease!!.28-32

The diagnostic criteria for SQTS currently include (1)
QTc interval <330ms, (2) ventricular tachycardia without
structural heart disease, and (3) a family history of sudden
cardiac death?3 Atrial fibrillation is a characteristic compli-
cation$-!3-33 and Giustetto et al>* demonstrated that 31% of
patients with this syndrome had documented atrial fibrilla-
tion, even in young subjects. His group also reported that
SQTS could be related to death in early infancy34 Alhough
arrhythmogenic triggers in SQTS are incompletely under-
stood, bradycardia may predispose to ventricular tachycar-
dia because the shortened QT interval would become obvi-
ous at a lower heart rate33 The induction rate of ventricular
tachycardia during electrophysiological examination is ap-
parently very high in SQTS patients33 but the issue remains
unclear because information is still limited.

Three responsible genes have been reported to date
(Table2), indicating that SQTS has a genetically heteroge-
neous background. Brugada et al'* identified the first
missense mutation in KCNH2, N588K, which causes a
substitution of lysine for asparagines in position 588
located in the S5-pore loop (SQTS type 1, SQT1). KCNH2
is known as the gene responsible for LQT?2, but in contrast
to the case in LQTS, N588K in SQTS was found to cause a
remarkable gain-of-function in /xr.

The second mutation in SQTS was found in KCNQI/,
which encodes the slow component of the delayed rectifier
potassium channel (/ks) (SQTS type 2. SQT2)!¢ KCNQ! is
also a gene responsible for LQTS (LQT1). A missense
mutation (V307L) was identified in  an index patient with
short QT interval and ventricular fibrillation, and it causes
a substitution of leucine for valine in position 307 of the

HORIE M et al.

KCNQI pore site. Another missense KCNQ! mutation
(V141M) was found in a baby with both shortened QT
interval and atrial fibrillation!s

The latest mutation in SQTS was identified in KCNJ2
(type 3, SQT3)17 Again, KCNJ2 is responsible for Andersen
syndrome (LQT7), encoding the inward rectifier K channel
(Ix1). The missense KCNJ2 mutation (D172N), causing a
substitution of aspartic acid for asparagine in position 172,
was shown to induce a gain-of-function of /ki. Surface ECG
features differ among the 3 subtypes of SQTS. In fact, the
T wave in SQT3 associated with the KCNJ2 mutation is
asymmetrical, with a remarkably rapid terminal phase!”

All genetic mutations in SQTS cause a gain of the out-
ward K currents governing the ventricular repolarization,
and therefore shortening the QT interval (Table 2). Howev-
er, the mechanism of inducing the “gain-of-function” dif-
fers: (1) impaired inactivation in SQT1}435 (2) accelerated
activation and hyperpolazized shift of the activation curve!$
or faster activation!6 in SQT2, and (3) larger outward cur-
rents and depolarized shift of the peak current in SQT3!7

Regarding the arrhythmogeneity in SQTS, Antzelevitch
et al have presented the first experimental evidence for the
role of transmural dispersion of repolarization (TDR)36
They used a pharmacological method with pinacidil, a
strong activator of the cardiac ATP-sensitive K channel (/k-
ATP), t0 mimic a “gain-of-function” in outward K currents
in a canine arterially-perfused wedge preparation. Pinacidil
caused a heterogeneous abbreviation of the action potential
duration in 3 principal cell types spanning the ventricular
wall, indicating that TDR could lead to an increased vul-
nerability to polymorphic ventricular tachycardia.

ICD implantation is the first-line therapy for SQTS pa-
tients3” Quinidine can prolong the QT interval and protect
against ventricular fibrillation in SQT1 by suppressing Ik,
whereas class Ic and I antiarrhythmic drugs (eg, flecainide,
sotalol, and ibutilide) are ineffective against ventricular
fibrillation38

Clinical information on SQTS remains scarce because
the patients are very rare compared with those with LQTS.
However, there is no doubt that SQTS is strongly associ-
ated with an abnormality of the genes encoding cardiac ion
channels. Strategies used in the study of LQTS would
therefore be useful for further clarification of SQTS.

Note:

After submitting the manuscript, a report on novel muta-
tions causative of SQTS appeared regarding cardiac L-type
Ca channel genes: CACNB2b and CACNAIC encoding a1
and 32v subunits of Ca channel®® (SQT 4 and 5 in Table2).
Functional analyses revealed that 2 mutations of CACNAIC
{A39V and G490R) and one CACNB2b (S481L) caused a
loss-of-function in Ca channel currents. The probands’
phenotypes carrying these mutations of Ca channel genes
were characterized by cardiac sudden death, atrial fibrilla-
tion and Brugada type ECG patterns.
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Association of Atrial Arrhythmia and Sinus Node
Dysfunction in Patients With Catecholaminergic
Polymorphic Ventricular Tachycardia
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Background This study was performed to investigate the frequency and importance of supraventricular ar-
rhythmia and sinus node (SN) dysfunction in patients with catecholaminergic polymorphic ventricular tachycardia

(CPVT).

Methods and Results  Eight patients with CPVT (mean age: 16.8+8.1 years) underwent an electrophysiological
study. SN recovery time (1,389+394 ms) was slightly prolonged, and 4 of 8 patients had abnormal values. Atrial
flutter (AF) was induced by low-rate atrial pacing in 2 patients and by isoproterenol infusion in 1 patient. Atrial
fibrillation (Af) was induced by isoproterenol infusion in 2 patients. One patient presented with Af during the
follow-up period, and 2 of 4 patients with AF/Af presented with increased SN recovery time.

Conclusions Patients with CPVT frequently have associated with SN dysfunction, and inducible atrial tachy-
arrhythmias, which indicate that the pathogenesis of CPVT is limited not only to the ventricular myocardium, but
also to broad regions of the heart, including the SN and atrial muscle. (Circ J 2007; 71: 1606— 1609)

Key Words: Atrial fibrillation; Delayed afterdepolarization; Sinus node dysfunction; Ventricular tachycardia

dia (CPVT) is characterized by the development
of bidirectional ventricular tachycardia (VT) or
polymorphic VT induced by exercise or emotional stress in
children and young adults!-!! Mutations in the ryanodine
2 receptor (RyR2) gene!>-15 and calsequestrin 2 (CASQ2)
gene!416-18 have been identified in patients with CPVT,
and triggered activity because of delayed afterdepolariza-
tion is thought to be the underlying cellular mechanism of
the arrhythmias!®
Although the clinical characteristics of patients with
CPVT are well defined, atrial arrhythmias and sinus node
(SN) function have not been evaluated in previously pub-
lished studies. This study was performed to investigate
frequency and importance of supraventricular arrhythmia
and SN dysfunction in patients with CPVT,

C atecholaminergic polymorphic ventricular tachycar-

Methods

The diagnosis of CPVT was made according to our crit-
eria described in a previous report!! Eight patients (7

(Received May 8, 2007; revised manuscript received June 14, 2007;
accepted June 22, 2007)

Department of Pediatrics, Nihon University School of Medicine, *De-
partment of Cardiology, Metropolitan Hiroo Hospital, Tokyo, **De-
partment of Cardiology, Shiga University of Medical Science, Otsu
and tDepartment of Cardiovascular Diseases, Medical Research
Institute, Tokyo Medical and Dental University, Tokyo, Japan
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Nihon University School of Medicine, 30-1 Oyaguchi Kamimachi,
ltabashi-ku, Tokyo 173-8610, Japan. E-mail: naokata@med.nihon-u.
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females, 1 male) who were referred for evaluation of ar-
rhythmias were studied (mean age 16.8+8.1 years; range:
9-37 years). One patient (patient no. 1) underwent an elec-
trophysiologic study (EPS) twice for reevaluation of medi-
cal treatment (Table 1). This patient had mild pulmonary
stenosis with a pressure gradient of 10mmHg between the
main pulmonary artery and right ventricle. Patient nos.5
and 6 are sisters discovered by familial screening.

These patients underwent EPS in the fasted state after
written informed consent was given by either the patient or
their parents. Quadripolar electrode catheters were posi-
tioned in the right ventricle, high right atrium, and septal
leaflet of the tricuspid valve to record electrocardiograms
(ECGs) and to pace the right atrium and right ventricle.

Programmed right atrial and ventricular stimulation was
performed to induce atrial arrhythmia, VT or ventricular
fibrillation (VF). SN function and atrioventricular conduc-
tion properties were also studied.

Genetic analysis of the ryanodine receptor was performed
in 6 patients (patient nos.2,4,5-8). In September 2001 the
ethical committee of Nihon University School of Medicine
approved analysis of the entire genome and of the gene for
the life-threatening arrhythmia. Two of the patients did not
undergo genetic analysis because 1 died (no.1) and th
other patient’s parents (patient no. 3) refused. ’

Statistical Analysis

All numeric data are presented as the means+SD. Be-
cause of differences in the variables and limited sample
numbers, statistic analysis was performed using Wilcoxon
nonparametric analysis or chi-square analysis when neces-
sary. A p-value less than 0.05 was considered significant.
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Table 1 Patients’ Demographics and Basic Electrophysiologic Data

Age

Patient no. (years) Sex Onset AH HV RA-ERP AVN-ERP W rate SNRT  c¢SNRT

1 13 F Syncope 70 40 230 310 190 1,430 695

24 76 26 230 250 160 1,617 785
2 11 F Syncope 96 55 270 315 180 1,316 407
3 15 F Syncope 70 40 210 410 180 1,930 930
4 37 F Syncope 95 35 290 320 140 1,305 440
5 9 F Familial 60 35 285 300 170 890 190
6 H F Familial 60 35 275 285 200 760 155
7 13 M Syncope 62 44 210 264 200 1,248 552
8 15 F Syncope 85 38 210 530 100 2,002 889

AH, AH interval; HV, HV interval; RA-ERP, high-right-atrium effective refractory period; AVN-ERP, atrioventricular nodal effective
refractory period; W rate, Wenckebach rate; SNRT, sinus node recovery time; ¢SNRT, corrected sinus node recovery time.

Results

Patient Characteristics

Table 1 presents the demographic and basic electrophysi-
ologic data for the 8 patients. The presenting symptom of
CPVT was syncope in 6 patients (75%), and 2 patients
(25%) had a family history (patient nos.5 and 6). One of
the familial patients experienced syncope during the fol-
low-up period (patient no.5). Clinically, polymorphic VT
(patient nos.3,5,6,8), polymorphic VT and bidirectional
VT (patient nos. 2 and 4), polymorphic VT and VF (patient
no. 1), and bidirectional VT (patient no.7) were docu-
mented. VT and VF were not induced by programmed
ventricular stimulation in any patient.

Only 1 patient (patient no.2) had a missense mutation of
RyR2 (A7420G).

Resting Electrophysiological Data

The sinus cycle length (834+111ms), AH interval (75%
13ms) and HV interval (398 ms) were within normal
limits. The right atrial effective refractory period was 246+
32ms, and the atrioventricular nodal effective refractory
period was 332+82ms. The Wenckebach rate of atrioven-
tricular conduction was 169+30beats/min, while 1 patient
had a prolonged atrioventricular nodal effective refractory
period (530ms), with a decreased Wenckebach rate of
100 beats/min. The right ventricular effective refractory
period was normal in all of the patients with a mean value of
254+49ms. The SN recovery time (SNRT) and corrected
SNRT (cSNRT) were slightly prolonged (1,389+394 ms and
560+286ms, respectively). The SNRT exceeded 1,400 ms
in 3 patients, and the cSNRT exceeded 525 ms in 4 patients,
and 3 of 4 patients have prolongation of both SNRT and
cSNRT.

Atrial Arrhythmias

Atrial arrhythmias were noted clinically in 3 patients
(patient nos. 1,2,4), and were induced during electrophysi-
ologic testing in 3 patients (patient nos.1-3) (Table2).
Atrial flutter (Af) was induced by programmed atrial stimu-
lation in 2 patients (patient nos. 1 and 3).

Patient no. I had documented sustained Af immediately
after she was resuscitated from VF and sustained Af was
also induced by relatively low-rate atrial burst pacing at
160 beats/min. Her SNRT and ¢cSNRT were prolonged to
1,617 ms and 785 ms, respectively.

Atrial fibrillation (AF) was induced by infusion of iso-
proterenol (ISP) in patient no.2. As shown in Figl, the
bidirectional VT induced by ISP was overdriven by a rapid
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Table 2 Atrial Arrhythmia Induction

) Atrial arrhythmia
Patient no.

Clinical PAS ISP
1 AFL AFL NI
2 AF NI AF
3 None AFL, AF NI
4 AF NI NI
5 None NI NI
6 None NI NI
7 None NI NI
8 None NI NI

PAS, programmed atrial stimulation; ISP, isoproterenol; AFL, atrial flutter;
NI, not induced; AF, atrial fibrillation.

ventricular response following induced AF. This patient’s
SNRT and cSNRT were normal. Frequent episodes of
paroxysmal AF were documented during walking or with
mental stress.

Sustained atrial tachyarrhythmias (Af/AF) were induced
by burst atrial pacing at 100beats/min or programmed atrial
pacing in patient 3. This patient’s SNRT and cSNRT were
prolonged to 1,930ms and 930ms, respectively. Af/AF
were induced by ISP infusion. Patient no.4 presented with
frequent attacks of paroxysmal AF during the follow-up
period. In the Af/AF group (patient nos.1-4), 2 patients
showed prolonged SNRT and cSNRT.

The SNRTs were compared between the Af/AF group
(patient nos.1-4) and the group without Af/AF (patient
nos.5-8). The Af/AF group had a longer SNRT (1,542+
296 ms) and cSNRT (641258 ms) than the group without
Af/AF (1,225+558 ms and 446x345ms, respectively), al-
though the difference was not statistically significant.

Discussion

Patients with CPVT have been reported to have a poor
prognosis because of ventricular tachyarrhythmias and
because sometimes the risk of sudden cardiac death cannot
be reduced despite maximal medication. Ventricular tachy-
arrthythmias seen in CPVT are characterized by the unique
ECG manifestations of bidirectional VT, polymorphic VT
and/or VF!-!1 The clinical characteristics of the ventricular
tachyarrhythmias and their possible role in syncope and
sudden cardiac death in patients with CPVT have been
described. Although, sinus bradycardia’!!20 and atrial
arrhythmia (junctional rhythm and AF)? have been noted,
the electrophysiologic characteristics of SN and atrioven-
tricular node function, and the risk of development of atrial
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Figl. Atrial fibrillation induction by isoproterenol. Electrocardiogram (ECG) from an 11-year-old girl (patient no.2)
with catecholaminergic polymorphic ventricular tachycardia. Infusion of 0.66.g/min of isoproterenol induced bidirec-
tional ventricular tachycardia, which was converted to atrial fibrillation. I, surface ECG lead I; II, lead I: III, lead II: V1.
lead Vi; Ve, lead Ve; HRA, high right atrium; HBE, His bundle ECG; RVOMAP, right ventricular outflow monophasic
action potential; RVO, right ventricular outflow; CS, coronary sinus.

arrhythmias, have not been well studied. Our study clearly
demonstrates that SN and atrioventricular node function
are both impaired in some of these patients and that there is
a common association with spontaneous or exercise/cate-
cholomine-induced Af/AF, suggesting that the background
arrhythmogenic substrate of this disease involves the
supraventricular tissues, as well as the ventricle.

Pathogenesis of CPVT

With respect to the pathogenesis of CPVT, mutations of
RyR2 in autosomal dominant inheritance!91213 and CASQ2
in autosomal recessive forms!'4 have been described. There-
fore, the incidences in the latter are thought to be very low
and most of the present patients are assumed to have the
former mutation. RyR2 encodes the Ca?+ release channel of
the sarcoplasmic reticulum membrane, which plays an es-
sential role in the CaZ*-induced Ca2* release (CICR) in car-
diac cells. Mutations of RyR2 are thought to increase CICR
at rest or increase the sensitivity to caffeine and adrenergic
stimulation. Increased CICR could induce Ca2*-overload
of myocardial cells, leading to the development of delayed
afterdepolarization, similar to digitalis intoxication. Trig-
gered activity caused by delayed afterdepolarization is
thought to be the cellular mechanism responsible for
arrhythmias in CPVT.

Atrial Arrhythmias and CPVT

In the present study, atrial arrhythmias were observed in
a number of CPVT patients (3—19%). Inappropriate ICD
discharges are sometimes delivered in patient with CPVT
with AF. There are, however, no reports concerning the de-
velopment of atrial tachyarrhythmias, especially AF, in

CPVT patients. Our study suggests that patients with CPVT
have frequent SN dysfunction, disturbances in atrioven-
tricular nodal conduction, and inducible atrial tachyarrhyth-
mias. Therefore, ICD implantation in CPVT patients
requires careful follow-up for inappropriate ICD discharge,
because of the development of AF. This suggests that the
pathogenesis of CPVT involves not only the ventricular
myocardium, but also broad regions of the heart including
the SN, atrial muscle, and atrioventricular node.

Recently, Masumiya et al?! have identified RyR2 and
RyR3 in the SN. Rhythmic intracellular ryanodine receptor
Ca?* release regulates the activity of pacemaker cells, which
do not require preceding membrane depolarization during
diastolic depolarization?2 However, Honjo et al23 claim that
sarcoplasmic reticulum Ca2* release is not a predominant
factor in the pacemaker activity of SN cells. High basal
cAMP content in SN cells can increase protein kinase A-de-
pendent phosphorylation, resulting in spontaneous beating?*
Although a dominant role for the RvR2 channel in normal
pacemaker activity is still a matter of debate, Ca?* release
through the ryanodine receptor and its modulation by pro-
tein kinase A-dependent phosphorylation may influence the
pacemaker function of the SN. Therefore, we speculate that
spontaneous sarcoplasmic reticulum Ca2* cycling is not
performed smoothly in the SN cells because of the RyR2
channel dysfunction, which results in SN dysfunction as
well as atrial tachyarrhythmias because of the decrease
and/or loss of dominant pacemaker function in the SN and
atrial Ca* overload similar to that seen in ventricular cells.
The impaired function of the atrioventricular node cells
may also be explained by Ca?* overload in a similar way as
occurs in ventricular cells in CPVT,
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Study Limitations

Because the number of patients with CPVT was extreme-

ly small, the electrophysiologic findings from them were
limited. Also, the SNRT and sino-atrial conduction time
could change with age and maturation of autonomic tone.
The entire RyR2 gene was not analyzed; only 33 of the 105
exons.
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