














DOI: 10.1161/CIRCEP.113.000322

22. Gojkovic O, Aliot EM, Capucci A, Connolly SJ, Crijns H, Hohnloser SH, Kulakowski P,
Roy D, Radzik D, Singh BN, Kowey PR. Celivarone in patients with an implantable
cardioverter-defibrillator: Adjunctive therapy for the reduction of ventricular arrhythmia-
triggered implantable cardioverter-defibrillator interventions. Heart Rhythm. 2012;9:217-224.

23. Verdonck F, Volders PG, Vos MA, Sipido KR. Increased Na' concentration and altered
Na/K pump activity in hypertrophied canine ventricular cells. Cardiovasc Res. 2003;57:1035-
1043.

24. Sipido KR, Volders PG, de Groot SH, Verdonck F, Van de Werf F, Wellens HJ, Vos MA.
Enhanced Ca’" release and Na/Ca exchange activity in hypertrophied canine ventricular

myocytes: potential link between contractile adaptation and arrhythmogenesis. Circulation.
2000;102:2137-2144.

25. Vos MA, Gorgels AP, Leunissen JD, van der Nagel T, Halbertsma FJ, Wellens HJ. Further
observations to confirm the arrhythmia mechanism-specific effects of flunarizine. J Cardiovasc
Pharmacol. 1992;19:682-690.

26. Volders PG, Vos MA, Szabo B, Sipido KR, de Groot SH, Gorgels AP, Wellens HJ, Lazzara
R. Progress in the understanding of cardiac early afterdepolarizations and torsades de pointes:
time to revise current concepts. Cardiovasc Res. 2000;46:376-392.

27. Tanaka H, Nishimaru K, Aikawa T, Hirayama W, Tanaka Y, Shigenobu K. Effect of
SEA0400, a novel inhibitor of sodium-calcium exchanger, on myocardial ionic currents. Br J
Pharmacol. 2002;135:1096-1100.

28. Fujiwara K, Tanaka H, Mani H, Nakagami T, Takamatsu T. Burst emergence of intracellular
Ca”" waves evokes arrhythmogenic oscillatory depolarization via the Na"™-Ca”" exchanger:
simultaneous confocal recording of membrane potential and intracellular Ca2+ in the heart. Circ
Res. 2008;103:509-518.

29. Schmidt U, Hajjar RJ, Helm PA, Kim CS, Doye AA, Gwathmey JK. Contribution of
abnormal sarcoplasmic reticulum ATPase activity to systolic and diastolic dysfunction in human
heart failure. J Mol Cell Cardiol. 1998;30:1929-1937.

30. Eberli FR, Stromer H, Ferrell MA, Varma N, Morgan JP, Neubauer S, Apstein CS. Lack of
direct role for calcium in ischemic diastolic dysfunction in isolated hearts. Circulation.
2000;102:2643-2649.

31. Nagasawa Y, Zhu BM, Chen J, Kamiya K, Miyamoto S, Hashimoto K. Effects of SEA0400,
a Na'/Ca®" exchange inhibitor, on ventricular arrhythmias in the in vivo dogs. Eur J Pharmacol.
2005;506:249-255.

32. Takahashi K, Takahashi T, Suzuk, T, Onishi M, Tanaka Y, Hamano-Takahashi A, Ota T,
Kameo K, Matsuda T, Baba A. Protective effects of SEA0400, a novel and selective inhibitor of
the Na"/Ca”" exchanger, on myocardial ischemia-reperfusion injuries. Eur J Pharmacol.

16
Downloaded from circep.ahajournals.org by guest on April 12, 2013


http://circep.ahajournals.org/

DOI: 10.1161/CIRCEP.113.000322

2003;458:155-162.

Table 1: Electrophysiological and LVP changes after SEA-0400 and verapamil infusion
Parameters were determined after 5 min infusion of A) SEA-0400 to a final dose of 0.4 mg/kg
(sinus rhythm and CAVB dogs) and 0.8 mg/kg (CAVB dogs only), and B) Verapamil (0.3
mg/kg). HR, heart rate in beats/min; QT and short-term variability of QT-interval, QT-STV, in
ms; LVPgias and LVPgy,, diastolic and systolic left ventricular pressure, in mm/Hg; N, number of

animals. P<0.05 vs baseline (0 mg/kg).

A: SEA-0400

Sinus Rhythm Chronic AVB Chronic AVB
Dose 0 mg 0.4 mg 0 mg 0.4 mg 0 mg 0.8 mg
HR 95+25 92427 43+6 42+6 28+15 3611
QT 264+28 267+31 424+105 411+£85 406+48 434+£35
QT-STV 141 1+1 11£5 11£5 8+7 6+6
LVPgys 96+21 9620 90+13 90+14 82428 85+18
LVPgiast 3+1 3+1 748 5+8 13+12 13+12
N 3 3 3 3 4 4
B: Verapamil

Sinus Rhythm Chronic AVB
Dose 0 mg 0.3 mg 0 mg 0.3 mg
HR 1019 100+£15 42+7 43+5
QT 302+15 304+18 551+59 558+41
QT-STV 0.5+0.2 0.5+0.2 11+6 9+5
LVPgy 70+7 54+4* 97+4 89+2%*
LVPgiast 4+3 4+2 9+1 7+2
N 3 3 3 3
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Figure Legends:

Figure 1. Block of NCX and I¢,;. by SEA-0400. A, NCX currents sensitive to SmM Ni%* (total
Incx, black) and 1uM SEA-0400 (red) during repolarizing ramps (step from -40mV to +80mV,
descending ramp to -120mV in 2s; averaged current traces of 5 cells). B. Fraction of total Incx
blocked by 1uM SEA-0400. Outward and inward Incx were calculated at 60mV on either side of
the reversal potential. C. Example of ¢, and Ca®" transients recorded during a depolarizing step
to +10mV before and after 1uM SEA-0400. Iy, was inactivated by a prepulse to -40mV, and
currents were recorded in K" and EGTA free solutions. D. ¢,y amplitude under baseline and
with SEA-0400 (n=6). E. Pooled data of NCX tail current density (a) and [Ca>']; (b) on
repolarization to -70mV; ¢, Incx normalized to [Ca2+]; d, Percentage of NCX tail current block at

-70mV (n=4, *, P<0.05, paired t test).

Figure 2. Effects of SEA-0400 on AP and Ca®" transients. A. Example of APs (top) and Ca”"-
transients (bottom), under baseline (black), 1uM SEA-0400 (red) and during wash-out (blue), in
a CAVB cell at 1Hz. B. Pooled data of APDy, and C. diastolic and peak [Ca2+]i, and Ca transient
amplitude (peak-baseline). D. Kinetics of Ca*" transient; ttp, time-to-peak; RTs, time to half
maximal relaxation. *, P<0.05 vs baseline, # vs SEA-0400, ANOVA for repeated measurements,

n= 5 cells.

Figure 3. Anti-arrthythmic effects of SEA0400 against EADs. A. Recordings of APs at 0.5Hz in
a CAVB cell showing dofetilide-induced EADs and suppression by SEA-0400 (1uM). B. Time-

dependent changes in APDyg (symbols), STV (red line) and EADs during wash-in of dofetilide
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and SEA-0400. C. Pooled data of APDy, (left panel) and STV (right panel) of 11 cells. For
dofetilide, APD and STV values are an average of 30 successive beats prior to the first EAD (*
indicates P<0.05). D. Individual data of STV in function of APDy. E. Parameters of Ca*
transients during the different treatments; averaged data of 5 cells (* P<0.05 vs baseline,

ANOVA for repeated measurements).

Figure 4. Relative pressure changes during verapamil or SEA-0400 infusion. A. Examples of left
ventricular pressure curves during verapamil of SEA-0400 treatment. Lead II was inserted for
reference. P-waves are denoted with grey arrows. Note that, as these are CAVB dogs, P-waves
and QRS complexes do not correlate. The blue dashed lines indicate the maximum pressure of
the curves at baseline. B. Relative changes of systolic LVP during cumulative infusion of (V)
verapamil, 0.3 mg/kg/5min (N=6); (O) SEA-0400, 0.4 mg/kg/5min (N=6); (®) SEA-0400 0.8
mg/kg/5Smin (@, N=4). Arrow depicts the highest cumulative dose of verapamil without effect on

pressure (‘hemodynamic neutral’ dose, 0.06 mg/kg).

Figure 5. SEA-0400 and verapamil are anti-arrhythmic, but verapamil is only effective at a
negative inotropic dose. A. Left, Lead II in a CAVB dog, under baseline, after dofetilide (0.02
mg/kg) showing TdP episodes, and suppression by infusion of 0.3 mg/kg verapamil, but not 0.06
mg/kg. Right, TdP suppression by SEA-0400 (0.4 and 0.8 mg/kg). Note the presence of ectopic
beats at the lower dose. B. Quantification of TdP occurrence, QT-interval (middle) and short-
term variability of the QT interval (STV-QT), after treatment with verapamil (N=4) and C. SEA-
0400 (N=8 total, half of the dogs received 0.4 mg/kg, the other half 0.8 mg/kg). * = P<0.05 vs.

baseline. # = P<0.05 vs. dofetilide. ND = not possible to determine due to arrhythmias.
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SUPPLEMENTAL MATERIAL

In vivo experiments

Dogs underwent multiple experiments, with at least a two week resting period interspersed.
All were conducted under complete anaesthesia (25mg/kg Nembutal + 1.5% Isoflurane +
N,O/0O; 2:1), and were approved by the University Utrecht committee for experiments on
animals. A 12-lead ECG was recorded. Atrioventricular block was induced via catheter-based
radiofrequency ablation (Medtronic Cardiorhythm, San Jose, CA, USA). Arrhythmia
Experiments were conducted after at least 2 weeks of AVB, a time point at which remodeling
and proarrhythmia are well documented .

Verapamil (0.3mg/kg, N=6) or SEA-0400 (0.4 or 0.8mg/kg, N=6 and N=4) was infused in 5
minutes, either in sinus rthythm or CAVB dogs. During this infusion LVP was constantly
measured, so as to determine the effect of cumulative dosages on ventricular function. SEA-
0400 was kindly provided to us by Endotherm GmbH (Saarbrucken, Germany), and
verapamil was purchased from Abott Laboratories, Europe.

Arrhythmias were induced using dofetilide (0.025mg/kg in 5 minutes). Ten minutes after the
start of dofetilide infusion, either SEA-0400 (N=8, half of the dogs received 0.4, the rest
0.8mg/kg) or verapamil (0.06mg/kg, 5 minutes later increased to 0.3mg/kg, N=4) was
administered.

Analysis was done off-line. QT-intervals were manually determined on 30 consecutive beats.
In AV-block dogs, sometimes a P-wave interfered with reliable measurements, and the
interval was removed from analysis. Short term variability of repolarization of the QT-APD
(STV-QT/APD) was calculated using the following formula: STV=X|D,;—Dy}/[30x72],
where D is the QT-interval in milliseconds. LVP was automatically determined per 5 seconds

intervals using ECG-AUTO 1.5.7 software from Emka Technologies.
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Cellular experiments

The experimental setup was built around an inverted microscope for simultaneous recording
of ionic currents and intracellular Ca**, using Fluo-3 as fluorescent Ca®" indicator. The
fluorescence signals were corrected for the background fluorescence and further calibrated to
[Ca2+]i values according to F= Fmax[Ca2+]i/([Ca2+]i+Kd). Fax Was obtained at the end of each
experiment by strong hyperpolarization of'the cell.

Membrane currents were recorded using whole-cell voltage-clamp technique; patch pipettes
had a resistance of 1.5-3 MQ when filled with internal solution. Membrane currents were
recorded with an Axopatch 200B amplifier, filtered at 2 kHz, and sampled and digitized at 4
kHz using a Digidata 1200A analog-to-digital converter and pCLAMP 8.0 software (Axon
Instruments).

The holding potential between voltage-clamp protocols was -70 mV. The NCX current, Incx,
was measured during descending ramps from +80 to -120 mV at 0.1 mV/ms from a holding of
-40 mV. Interval between ramps was 20 s. The SEA-0400 sensitive current was calculated as
the difference current between baseline current and the current recorded after application of 1
uM SEA-0400. Total Incx was measured as the current sensitive to 2.5 mmol/L Ni**. The
amplitude of outward and inward Incx was measured at 60 mV on either side of the reversal
potential. Ca>* currents were measured during a depolarizing step at +10 mV, from a prepulse
to —40 mV to inactivate Na' currents. Membrane currents were normalized to cell capacity
(pA/pF).

The extracellular solution was a normal Tyrode solution (in mmol/L): NaCl 137, KCIl 5.4,
MgCl, 0.5, CaCl, 1.8, Na-Hepes 11.8, glucose 10; pH 7.40. The pipette solution for whole-

cell patch clamp contained (in mmol/L): K-aspartate 120, NaCl 10, KCI1 20, K-Hepes 10,
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MgATP 5, Ksfluo-3 0.05; pH 7.2. To measure Ca*’ currents, K" was replaced with Cs' in
pipette and extracellular solutions.

For characterizing block of Incx by SEA-0400 during ramp protocols, the solution consisted
of (in mmol/L): NaCl 130, TEA-CI 10, Na-Hepes 11.8, MgCl, 0.5, CaCl, 1.8, ryanodine
0.005, nifedipine 0.02, glucose 10; pH 7.4 and the pipette solution CsCl 65, CaCl, 10.92,
EGTA 20, Hepes 10, MgATP 5, MgCl, 0.5, TEA-CI 20; pH 7.2 and calculated free [Ca2+]
150 nM.

All experiments were performed at 37°C
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