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Abstract

The cardiac Na*/Ca?* exchanger (NCX) generates an inward electrical current during SR-Ca2*
release, thus possibly promoting afterdepolarizations of the action potential (AP). We used
transgenic mice 12.5 weeks or younger with cardiomyocyte-directed overexpression of NCX
(NCX-Tg) to study the proarrhythmic potential and mechanisms of enhanced NCX activity. NCX-
Tg exhibited normal echocardiographic left ventricular function and heart/body weight ratio, while
the QT interval was prolonged in surface ECG recordings. Langendorff-perfused NCX-Tg, but not
wild-type (WT) hearts, developed ventricular tachycardia. APs and ionic currents were measured
in isolated cardiomyocytes. Cell capacitance was unaltered between groups. APs were prolonged
in NCX-Tg versus WT myocytes along with voltage-activated K* currents (K,) not being reduced
but even increased in amplitude. During abrupt changes in pacing cycle length, early
afterdepolarizations (EADs) were frequently recorded in NCX-Tg but not in WT myocytes. Next
to EADs, delayed afterdepolarizations (DAD) triggering spontaneous APs (SAPs) occurred in
NCX-Tg but not in WT myocytes. To test whether sAPs were associated with spontaneous Ca*
release (sCR), CaZ* transients were recorded. Despite the absence of sAPs in WT, sCR was
observed in myocytes of both genotypes suggesting a facilitated translation of sCR into DADs in
NCX-Tg. Moreover, sCR was more frequent in NCX-Tg as compared to WT. Myocardial protein
levels of Ca?*-handling proteins were not different between groups except the ryanodine receptor
(RyR), which was increased in NCX-Tg versus WT. We conclude that NCX overexpression is
proarrhythmic in a non-failing environment even in the absence of reduced Ky. The underlying
mechanisms are: (1) occurrence of EADs due to delayed repolarization; (2) facilitated translation
from sCR into DADs; (3) proneness to sCR possibly caused by altered Ca?* handling and/or
increased RyR expression.
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Introduction

The Na*/Ca2* exchanger (NCX) is the main Ca%* removal mechanism of the cardiac
myocyte. By extruding 1 Ca2* ion in exchange for 3 Na* ions, NCX is electrogenic and
generates an inward current during Ca2* release from the sarcoplasmic reticulum (SR) (for
review see [42]). Via this mechanism, NCX may prolong the action potential (AP) and
mediate afterdepolarizations which could trigger cardiac arrhythmia.

Basic Res Cardiol. Author manuscript; available in PMC 2013 March 01.



1X91-}[.IBIII.IQJBAA$ 1X91-)[.IB‘III.191‘8AA$

1X91-)[.IBIII.IS],BAA$

Pott et al.

Page 3

There is evidence that NCX activity and expression are upregulated in heart failure [5, 16,
29, 36, 43, 46]. A major cause of death in patients suffering from heart failure is malignant
ventricular arrhythmia [20]. However, the mechanisms of sudden cardiac death in heart
failure are incompletely understood and it is unknown whether the upregulation of NCX or
any other of the many structural or molecular changes associated with heart failure are
responsible.

Afterdepolarizations are regarded as the cellular trigger of cardiac arrhythmia. They are
defined as oscillations of the electric membrane potential during or just after the cardiac
action potential. Early afterdepolarizations (EADs) occur during the plateau or the
repolarization phase, while delayed afterdepolarizations (DADs) are observed after full
repolarization of the membrane potential (for review see [28]).

The occurrence of EADs is associated with delayed repolarization of the cardiac AP. Thus,
the prolonged period of time in depolarized mode will increase the “time window” for the
voltage-dependent I, and/or Iy, to become reactivated and thus trigger an EAD. This has
been observed in models of hypertrophy and heart failure where the prolongation of the
cardiac AP has been attributed to downregulation of K*-carried outward currents (for review
see [40]). Similarly, loss-of-function mutations of K* channel subunits or Na* channel gain-
of-function mutations [27] can both prolong the AP and cause EADs resulting in clinically
relevant ventricular arrhythmia and sudden cardiac death.

We [31, 32] and others [1, 26, 45] have demonstrated that increased NCX activity can also
slow repolarization. Thus, potentially, increased NCX activity is a further candidate for
mediating EADs via this mechanism.

A similar hypothesis has been suggested to explain the generation of DADs. Thus, the
initiating event of a DAD may consist of a spontaneous diastolic release of Ca* from the
SR. This increase in cytosolic CaZ* would then lead to a sudden activation of NCX inward
current (Incx), which would depolarize the sarcolemmal membrane to a potential from
which a new and premature AP is triggered [7, 9, 52]. Initial studies using isolated cardiac
myocytes from different species have demonstrated that afterdepolarizations can indeed be
triggered by spontaneous Ca2* release from the SR [11, 18, 41, 48].

Further studies using animal models of heart failure and hypertrophy have demonstrated that
the upregulation of NCX expression may also play a role in the generation of DADs [5, 12,
22,29, 30, 43, 49]. Although in the failing heart, SR Ca?* load is reduced, other factors, for
example increased ryanodine receptor (RyR) activity due to increased phosphorylation, lead
to an increased rate of spontaneous SR Ca?* release in heart failure [2, 28].

Yet, in human and animal heart failure, a multitude of structural, expressional and functional
changes other than the upregulation of NCX have been observed ([23, 44], for review see
[51]). Most importantly, a reduction of the repolarizing K*-carried outward current has been
held responsible for the delay in repolarization and proarrhythmia in heart failure [6, 28].

It thus remains unclear whether increased NCX activity is an independent promoter of
cardiac arrhythmia, i.e., whether proarrhythmia occurs as a consequence of specific NCX
overexpression or secondary to one or a combination of the several other changes occurring
in heart failure. This question carries important implications for the development of novel
pharmacological or genetic therapies. Here, we used whole heart preparations and isolated
cardiac myocytes from transgenic mice with cardiomyocyte-specific 3.1-fold homozygous
overexpression of NCX, which at that age did not show signs of LV dysfunction. The aim of
this study was to investigate whether an isolated over-expression of NCX in a non-failing
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environment has the potential to cause proarrhythmia and, if so, which cellular and
molecular mechanisms were involved.

Methods

Generation of transgenic mice

Homozygous transgenic NCX overexpressor mice were generated as reported previously
[37]. Genotyping was performed using PCR. All experiments were performed in accordance
with the University of Miinster’s regulation on animal research.

Echocardiography and surface ECG

Echocardiographic and surface ECG data were recorded and analyzed as previously reported
[13].

Western blots

Thirty-five milligrams of frozen murine ventricles were homogenized at 4°C for 3 min in 0.9
mL of a medium containing (in mM/L) 10 NaHCO3, 50 NaF, 5 NayP,O7 and 20% SDS (pH
7.4), or a medium containing 20% SDS, 10 mM/L NaHCO3 using a Polytron (PT-3000)
homogenizer (Kinematica AG, Lucerne, Switzerland) and a Vir-Sonic (VirTis Gardiner,
NY) as described previously [19]. For immunoblot analysis, 200 g of the homogenate was
used for blotting NCX, 25 pg for troponin I (Tni), junctin (Jcn) and triadin (Trd), 50 pg for
phospholamban (P1b), calsequestrin (CsQ) and SERCA, and 250 pg for RyR and
phosphorylated RyR (RyRp). The homogenates were electrophoretically separated on SDS-
polyacrylamide gels. After transferring the proteins to nitrocellulose, the blots were
incubated with specific antibodies aimed against the following proteins: NCX (R3F1
SWANT; Bellinzona (Switzerland)), Plb (Upstate, New York, NY, USA), CsQ (Affinity
BioReagents; Dianova GmbH Hamburg, Germany), Ser2808 phosphorylated RyR (Badrilla;
Leeds; UK), Tni (Cell Signaling Technology, Inc. Danvers, USA), and antibodies against
the RyR, SERCA2a, Trd and Jcn were generously provided by Dr. L.R. Jones (Indianapolis,
USA). NCX and Tni were detected by alkaline phosphatase-conjugated and horseradish
peroxidase-conjugated antibodies. CsQ, RyR, phosphorylated RyR, SERCA, Trd and Jen
were marked by 125I-labeled protein A (Amersham Biosciences). Plb was assayed using the
NBT/BCIP substrate kit. The blots were quantified with the help of ImageQuant using a
Storm 860 (Molecular Dynamics, Sunnyvale, CA, USA). NCX, SERCA, Jcn, Trd, Plb, Tni
and RyR values were normalized by taking a ratio with the housekeeping protein CsQ.

Beating whole heart Langendorff model

Mice were anesthetized by an intraperitoneal injection of urethane (2 g/kg bodyweight).
Prior to excision of the heart, a 12-lead ECG was recorded [21]. Thereafter, mice were
heparinized and their hearts excised. The hearts were perfused on a modified Langendorff
apparatus [21]. A 2.0-French octapolar catheter (interelectrode distance 500 pm) was
inserted through the tricuspid orifice into the right ventricle, and two to three custom-made
monophasic action potential catheters were placed on the epicardium of the right and left
ventricular free wall and the interventicular septum [14]. AV block was induced to facilitate
ventricular bradycardia. This intervention was sufficient to provoke repolarization-
dependent arrhythmias in susceptible hearts [14]. After observing spontaneous rhythm to
identify ventricular arrhythmias, the heart was stimulated from the center of the
multielectrode or from the tip of the octapolar catheter at twice diastolic threshold for
recording of steady-state monophasic action potentials and to determine effective refractory
periods using published techniques [14]. All recordings were preamplified, digitized at 1-2
kHz and analyzed off-line for action potential duration, heart rate, PQ and QT intervals, and
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arrhythmias (EMKA, Paris, France). All functional experiments and analyses were
performed blinded to genotype.

Isolation of ventricular myocytes from adult mice hearts

Adult mice aged 10-12.5 weeks were pretreated with heparin (5 units/g body weight) 30
min before killing them with carbon dioxide. Hearts were quickly removed via thoracotomy
and the cannulated aorta was fixed to a Langendorff perfusion apparatus. Single ventricular
myocytes were isolated enzymatically using a collagenase/protease mix according to Mitra
and Morad [24] and as applied by us previously [32] with minor modifications.

Cellular electrophysiology

Isolated cardiac myocytes were placed in an experimental chamber (2 mL) mounted on the
stage of a Leica DMIL or Nikon Diaphot inverted microscope. A bath solution at room
temperature continuously perfused the chamber. Patch electrodes were pulled from
borosilicate glass (World Precision Instruments, Sarasota, FL, TW150F-3) on a Narishige
Model PC-10 or Sutter P97 horizontal puller to an electrode tip diameter of 2-3 pm. I¢,, Ix
and Incx were recorded in the voltage clamp mode. For current clamp measurements, we
used the perforated patch technique. Amphotericin B was added to the patch electrode
solution to a final concentration of 260 pg/L [34]. Unless otherwise noted, the patch
electrode solution contained (mM/L): 90 KCl, 5 NaCl, 35 KOH, 2.5 MgATP, 1 EGTA, 5
HEPES, pH 7.4 with KOH. The bath solution contained (in mM/L): 136 NaCl, 5.4 KCl, 10
HEPES, 1 MgCl,, 0.33 NaH,POy, 1 CaCl,, 10 Glucose, pH 7.4 with NaOH. An Axopatch
200B patch clamp amplifier (Axon Instruments, Union City, CA, USA) and a Digidata 1200
or 1322A (Axon Instruments) data acquisition system controlled by pCLAMP 9 software
(Axon Instruments) were used. We applied series resistance compensation to all current
recordings.

Cellular Ca2* imaging

Cells were incubated with 23.3 uM Indo-1 AM for 15 min and then placed in an
experimental chamber perfused with bath solution [unless otherwise noted, in mM/L: 2
CaCly, 140 NaCl, 5.8 KCI, 0.5 KHyPOy4, 0.4 NayHPOy4, 0.9 MgSOy, 11.1 CcH1704, 10
HEPES (pH 7.3)]. Myocytes were field stimulated and the emitted fluorescence was
recorded at wavelengths of 405 and 495 nm. The ratio of 405/495 nm was taken as a direct
measure of Ca2* concentration. We used an Olympus IX50 microscope connected to a dual-
emission microfluorescence system (Photon Technologies Inc., South Brunswick, NJ, USA).
Data processing was realized by Felix 1.42 software (Photon Technologies Inc., South
Brunswick, NJ, USA).

Rapid solution exchange

Statistics

When caffeine was applied during patch clamp recordings, this was done via rapid solution
exchange. Therefore, a multibarrel Perfusion Pencil® (AutoMate Scientific, Inc) was used.

Data are expressed as mean = SEM. Student’s unpaired ¢ test was used for direct
comparisons of WT versus NCX-Tg. The X2 test was used for comparison of incidence of
cellular or whole heart arrhythmic events in NCX-Tg versus WT. A p value <0.05 was
considered to be statistically significant.
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Results
Unaltered LV function in NCX-Tg mice

NCX-Tg mice (7= 9) exhibited normal cardiac function when compared with WT (2= 6) as
assessed by echocardiography. NCX-Tg had a non-significant tendency toward increased
diastolic posterior and septal wall widths when compared with WT; however, heart weight
to body weight ratio was not different between genotypes (Table 1). All animals used for
this study were 12.5 weeks or younger. During this period, no differences in mortality were
observed in WT versus NCX-Tg.

Expression of calcium-handling and structural proteins in NCX-TG versus WT

Western blot analyses using specific antibodies were conducted to investigate protein
expression of key CaZ*-handling and structural proteins (Fig. 1). All proteins except for
phosphorylated RyR were normalized to CsQ. Phosphorylated RyR was normalized to total
RyR. NCX was overexpressed in NCX-Tg (NCX-Tg: n="7; WT: n=15). The expression of
calsequestrin (CsQ), sarcoen-doplasmic reticular CaZ* ATPase (SERCA), junctin, tria-din,
phospholamban and troponin I was unaltered in NCX-Tg (NCX-Tg: n=6; WT: n=6).
Levels of total and Ser2808 phosphorylated RyR receptors were increased in NCX-Tg when
compared with WT (NCX-Tg: n=6; WT: n=6).

Signals of calsequestrin and triadin (not normalized and normalized to each other) were not
different between groups; however, there was a non-significant tendency toward lower CsQ
signals in NCX-Tg versus WT homogenates. Therefore, to avoid misinterpretations due to
normalization, signals of Ca2*-handling proteins were analyzed without normalization,
normalized to CsQ and normalized to Trd.

Signals of SERCA, Tni and PIb were not different between groups—not normalized,
normalized to CsQ (Fig. 1) and normalized to Trd. Signals of Jcn not normalized as well as
JCN signals normalized to CSQ (Fig. 1) were not altered in NCX-Tg versus WT hearts;
however, Jcn normalized to Trd was downregulated in NCX-Tg versus WT homogenates.

Signals of total RyR not normalized as well as total RyR signals normalized to CSQ signals
were upregulated in TG versus WT hearts; however, there was no difference between groups
if RyR signals were normalized to Trd. Taken together, CsQ, Trd, SERCA, Tni and Plb
were not significantly different between groups, while Jcn was not regulated or
downregulated and total RyR was upregulated or not regulated, subject to the protein used
for normalization. Phosphorylated RyR was increased in NCX-Tg when normalized to total
RyR.

Prolonged QT interval in NCX-Tg mice

Surface ECGs under resting conditions revealed a prolonged QT interval in NCX-Tg (Fig.
2a), while all other intervals as well as heart rate were not different between genotypes
(Table 1).

Proarrhythmia in intact, beating NCX-Tg hearts

To assess the proarrhythmic potential of NCX overexpression, we recorded monophasic
action potentials (MAP) in intact beating Langendorff-perfused hearts. MAPs were
prolonged at 70 and 90% repolarization in NCX-Tg during pacing at 100 and 150 ms cycle
lengths (pacing cycle length 100 ms; APD 70%: WT, 21.0 £ 3.0 ms; n= 6; NCX-Tg: 30.9 +
3.6 ms; n=13; p<0.05). After inducing AV block, 11/16 NCX-Tg hearts spontaneously
developed ventricular tachycardias (VT, n= 8) and/or premature beats (1= 3). None of the
five WT hearts developed VT with one exhibiting premature beats (Fig. 2c). The findings in
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WT are consistent with previous experiments using this protocol to assess the occurrence of
arrhythmia in murine WT hearts [14, 50]. There was a non-significant trend toward APD
prolongation at lower frequencies in both genotypes, which was more pronounced in NCX-
Tg.

Prolonged action potential duration in NCX-Tg myocytes

Using the patch clamp method, cellular action potentials (AP) were recorded in
enzymatically isolated adult myocytes (WT n=22; NCX-Tg n = 26; Fig. 3). AP duration at
90% repolarization (APDy() was prolonged in NCX-Tg (perforated patch, room
temperature; 1 Hz; NCX-Tg: 295 £ 38 ms; WT: 196 + 15 ms; p <0.05 vs. WT), while
APDs, resting membrane potential and AP amplitude were unaltered between genotypes
(resting membrane potential NCX-Tg: —68 + 0.6 mV; WT: —69 £ 0.7 mV, p[0.05;
amplitude NCX-Tg: 108 £ 1.5 mV; WT: 112 + 1.8 mV, p [0.05).

Increased NCX inward current (Iycx) in NCX-Tg

We recorded Incx in isolated cardiac myocytes using the patch clamp method in voltage
clamp mode (in mM/L, pipette solution: KCI 90; NaCl 5; KOH 35; MgATP 2.5; EGTA 1;
HEPES 5; bath solution: NaCl 136; KCI 5.4; HEPES 10; MgCl, 1; NaH,PO4 0.33; CaCl, 1;
glucose 10). Membrane current was recorded during application of 10 mM/L caffeine using
a rapid solution exchanger while cells were held at a constant holding potential of —40 mV
during exposure to caffeine. To avoid contamination of Incx with CaZ*-activated I¢y, DIDS
(0.1 mM/L) was present. Prior to caffeine application, 15 prepulses were given to ensure
steady-state SR Ca2* load. Incx amplitude was significantly larger in NCX-Tg (normalized
to cell capacitance, WT: —1.68 + 0.14 pA/pF, n=10; NCX-Tg: —4.39 + 0.57 pA/pF, n=15;
p<0.05).

Unaltered sarcoplasmic reticular Ca2* load

Since cytosolic CaZ* is the substrate for NCX inward current and rapid exposure to caffeine
induces complete release of Ca2* from the SR, the mathematical integral of ,* content [35,
47]. The integral Incx is @ measure of SR Ca of Incx was not different in NCX-Tg versus
WT (given in arbitrary units normalized to cell capacitance, WT: —=0.97 + 0.1, n= 10; NCX-
Tg: —-1.05 £ 0.11, n=15; p> 0.05), thus indicating no difference in SR Ca?* load.

Prolonged L-type Ca2* current activity in NCX-Tg

L-type Ca2* currents (Ic,) were recorded using the patch clamp method. The pipette solution
contained (in mM/L): 120 CsCl, 10 TEA-CI, 10 NaCl, 20 Hepes, 5 MgATP, 0.05 cAMP, pH
7.2 with CsOH. The bath solution contained (in mM/L): 136 NaCl, 5.4 KCl, 10 Hepes, 1.0
MgCl,, 0.33 NaH,POy, 1.0 CaCl,, 10 glucose, pH 7.4 with NaOH. To record L-type Ca2*
currents, cells were held at =75 mV and then briefly depolarized to —40 mV to inactivate
Nat currents. I, was then measured during a 200 ms depolarization to 0 mV. Prepulses
were given to ensure steady-state Ca2* load of the SR.

We observed no differences in I, amplitude in NCX-Tg versus WT (WT: 9.7 + 0.7 pA/pF;
n=14; NCX-Tg: 10.8 £ 0.8 pA/pF; n=18; p> 0.1; 0 mV). However, a difference was
observed regarding I, inactivation kinetics. Thus, in NCX-Tg, I, inactivated significantly
slower (inactivation constant ()—WT: 33.5 = 1.7 ms; n= 14; NCX-Tg: 44.5 + 2.3 ms, n=
18; p<0.01). Parts of these results have previously been published in a congressional
proceedings report [31].
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Preserved voltage-activated K* currents (K,) and unaltered cell capacitance

Prolongation of cellular AP duration and susceptibility toward arrhythmia have been
described to be associated with a reduction of the K*-carried outward currents [15, 30]. To
exclude this possibility, the transient outward current was measured in NCX-Tg versus WT.
Cells were held at a resting potential of —80 mV and depolarized to test potentials ranging
from —60 to +60 mV (Fig. 4). To avoid contamination of Ky with Iy, or Ic,, pipette Nat was
removed and bath Na* was replaced by NMG and nifedipine was added. The patch electrode
solution contained (in mM): 140 KCl, 4 Mg-ATP, 1 MgCl,, 10 EGTA, 10 HEPES, pH 7.4
with KOH. The bath solution contained (mM): 130 N-methyl-glucamine (NMG), 5 KCl, 1
CaCl,, 1 MgCl,, 2 puM nifedipine, 10 glucose, 10 HEPES, pH 7.4 with HCI. Peak K, was
measured by subtracting the steady state from the peak current. K, was increased in NCX-
Tg as compared to WT between test potentials ranging from —30 to +60 mV (ruptured patch,
room temperature, +60 mV, normalized to cell capacitance—NCX-Tg: 40.5 + 6.0 pA/pF; n
=19 cells; WT: 25.4 £ 3.8 pA/pF; n =20 cells; p <0.05; Fig. 4b).

Before recording Ky, cellular membrane capacitance, which is a measure of cell size and
thus an indicator for cellular hypertrophy, was measured. Capacitance was unaltered
between NCX-Tg and WT (NCX-Tg: 160 + 14 pF; n=19; WT: 177 + 8 pF; n=20; p[0.05;
Fig. 4b).

Unaltered diastolic Ca%* and systolic Ca2* transient

CaZ* transients and diastolic Ca* were measured in field-stimulated isolated cardiac
myocytes using the CaZ*-sensitive dye indo-1. We did not observe differences in either
diastolic (1 Hz; WT: n= 12; NCX-Tg: n=16; p> 0.05) or systolic Ca2*(1 Hz; Ca*-
transient amplitude given in indo-1 ratio (405/495 nm): WT: 0.090 £ 0,004; n= 12; NCX-
Tg: 0.093 £ 0.007, n=16; p> 0.05).

Increased occurrence of early afterdepolarizations (EAD)

To investigate the cellular mechanisms of proarrhythmia in the face of increased NCX
activity, APs were recorded in isolated cardiac myocytes in the current clamp mode. Steady-
state pacing was interrupted by sudden changes in stimulation frequency to provoke
membrane instability. Therefore, a pacing protocol was chosen with cycle lengths ranging
from 1,000 to 8,000 ms (1,000 [1], 2,000 [0.5], 4,000 [0.25], 8,000 [0.125] ms [Hz], steady-
state pacing for 20 beats at each cycle length). This was followed by another period of 20
beats each at a cycle length of 8,000 and then 1,000 ms followed by a 3-min period of rest.
22 WT and 26 NCX-Tg myocytes were subjected to this protocol during which membrane
potential was continuously recorded.

Early afterdepolarizations (EADs, Fig. 5) were observed in 5 out of 26 NCX-Tg myocytes
with an average occurrence of 2.2 + 0.6 EADs per cell in those cells which exhibited EADs
(Fig. 5b). None of the 22 investigated WT cells showed any EAD. When the experiments
were repeated in the presence of isoprenaline, the fraction of cells exhibiting one or more
EADs (6 out of 22 cells) as well as the average number of EADs registered per cell (6.0 +
1.7) increased in NCX-Tg (Fig. 5b), while none out of 17 WT cells exhibited an EAD under
the same experimental conditions.

Spontaneous APs and spontaneous SR Ca2+ release

During the same protocol, spontaneously occurring APs (sAPs; Fig. 6a) were recorded.
These were defined as APs that were not triggered by an electrical current clamp command.
sAPs were recorded in 8 out of 26 NCX-Tg myocytes with an average occurrence of 2.0 +
0.6 sAPs per cell. No sAPs occurred in any of the 22 WT cells (Fig. 6¢) during the same
protocol. Characteristically, these spontaneous APs were initiated by a slow diastolic
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depolarization as opposed to a sharp upstroke of the AP when triggered by a current clamp
stimulus (see Fig. 6a inset).

The generation of spontaneous APs has been attributed to delayed afterdepolarizations
(DAD) and these are thought to be triggered by spontaneous SR Ca2* release events (sCR)
that would then drive NCX inward current resulting in membrane potential instability and
generation of a new, i.e., spontaneous AP [7, 9, 30, 52]. To investigate this hypothesis, Ca**
transients were measured in a separate set of cells loaded with the CaZ*-sensitive dye indo-1/
AM that were field stimulated and subjected to the same pacing protocol as used above for
voltage recordings. Per definition, CaZ* release events that were not triggered by a field
stimulus and showed at least one-third of the prior stimulated Ca2*-transient amplitude were
labeled as spontaneous CaZ* release (sCR). Characteristic for sSCR was a slow increase in
diastolic Ca2* concentration, which then developed into a full, spontaneous transient,
whereas field-triggered transients had a sharp upstroke of the CaZ* transient (Fig. 6b).

Interestingly, while sAPs exclusively occurred in NCX-Tg, sCR occurred in myocytes of
both genotypes in a similar number per myocyte (NCX-Tg: 8.4 £2.0/cell; n=11; WT: 7.4
2.1/cell; n=5; p> 0.05). The relative number of myocytes per genotype exhibiting SCR was
smaller in WT (WT: 5 out 33; NCX-Tg: 11 out of 28; p <0.05; Fig. 6¢).

Discussion

The present study investigated the proarrhythmic potential as well as underlying
proarrhythmic cellular and molecular mechanisms in a murine model with homozygous
overexpression of the cardiac Na*/Ca2+ exchanger. We here demonstrate that increased
activity of NCX in a non-failing environment without reduced and even increased K,
prolongs AP duration, increases the likelihood of early and late afterdepolarizations in
isolated cardiac myocytes and leads to an increased occurrence of ventricular
tachyarrhythmias in the whole heart. These proarrhythmic effects are found prior to the
development of morphological abnormalities or contractile dysfunction indicating heart
failure.

Maintenance of Ca2* homeostasis in NCX-Tg

Before discussing pathophysiological aspects of NCX overexpression, one has to define how
Ca?* homeostasis can be maintained in the face of increased Ca2* extrusion. In our model,
net CaZ* influx is increased due to prolonged I, activity. Thus, Ca,* efflux and Ca2* influx
can be in balance. We suggest the following underlying mechanism by which increased
Incx can influence I¢,: Possibly, ot concentration, increased Incx reduces dyadic cleft Ca
resulting in reduced Ca2*-dependent inactivation of Ic,, resulting in prolonged Ic, activity.
This hypothesis is supported by previous studies by our group [31, 33].

Cardiac-specific overexpression of NCX causes proarrhythmia in the absence of cellular
or whole heart failure

A previous study has characterized NCX-Tg mice at the age of 16 weeks and older. Using
immunohistochemistry and telemetry, age-dependent propensity to cardiac failure under
experimental conditions of physical stress was observed in postpartum females [38].
Another study has described alterations in contraction coupling at about the same age [37].
For the present study, all animals used were 12.5 weeks or younger and no postpartum
females were used. No clinical signs of heart failure were observed. Echocardiography
revealed unaltered cardiac function and heart weight/body weight ratio was also unaltered
(Table 1). There was a non-significant trend toward increased left ventricular wall width.
This may reflect a beginning development of cardiac hypertrophy as has been described for
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this mouse model at higher age. We did not see any alterations in the expression levels of
key CaZ*-handling proteins characteristic for hypertrophy or heart failure when normalized
to calsequestrin. Cell capacitance as a measure for cell size and thus a parameter for cellular
hypertrophy was unaltered in NCX-Tg. Additionally, in NCX-Tg there was no reduction of
the CaZ* transient or increased diastolic Ca2* as observed in most experimental models of
heart failure. Hence, our findings were obtained in a situation devoid of heart failure.

Prolongation of cellular AP duration and arrhythmogenicity have been described to be
associated with a reduction of K*-carried outward currents and this mechanism has been
suggested to be responsible for increased proarrhythmia in animal models of heart failure
[30], in human failing myocardium [6] and in models of mutated K* channels in non-failing
environments (for review see [17, 39]). In our model, the K, is preserved and even increased
(Fig. 4). Also, the deviation from normal repolarization occurs during the later phases of the
AP (Fig. 3) where the maximum of NCX activity would be expected [8, 25]). Thus, since
there is no decrease in K, the cellular AP prolongation and the cellular and whole heart
proarrhythmic effect we see in NCX-Tg must be distinct from proarrhythmia involving a
reduction of depolarizing K* currents as has been described for classical hypertrophy and
heart failure proarrhythmic pathways.

To our knowledge, this is the first study to use a transgenic approach to investigate the
proarrhythmic potential of NCX. We demonstrate for the first time that overexpression of
NCX is an independent proarrhythmic factor that can cause EADs, spontaneous APs and
ventricular tachyarrhythmia.

Molecular and cellular mechanisms underlying NCX-mediated proarrhythmia

The experiments presented in this study support the idea of more than one mechanism that
leads from overexpression of NCX to proarrhythmia. Also, two different basic

proarrhythmic cellular events, EADs and spontaneous APs, the latter triggered by (DADs),
are observed in NCX-Tg and these will be discussed separately regarding their mechanism.

EADs: prolongation of the cellular AP—During a prolonged AP, the increased period
of time in depolarized mode will broaden the “time window” for I, or Iy, to become
reactivated and thus trigger an EAD (for review see [17, 39]). In our model, EADs are
exclusively observed in NCX-Tg. Even the experimental combination of an aggressive
pacing protocol with catecholaminergic stimulation was not able to induce EADs in WT
(Fig. 5). Thus—at least in our model and under the experimental conditions chosen—
increased NCX activity seems to be an essential precondition for the development of EADs.
The development of EADs does not require spontaneous—i.e., diastolic—SR Ca®* release
and thus the prolongation of the cellular AP due to increased NCX activity can be
interpreted as an independent proarrhythmic mechanism that may have to be distinguished
from the role of NCX in the generation of DADs as discussed below.

The observation that increased NCX activity would prolong the action potential is plausible
since NCX generates an inward electrical current that would slow cellular repolarization.
This has been supported experimentally by others [1, 26, 45] and by our group using
transgenic murine models [31, 32]. NCX inward activity is directly dependent on its
substrate Ca2* and thus may be altered by altered systolic Ca%*; however, in our model
systolic Ca%* is unaltered. The prolonged I, activity as demonstrated in our model may add
to the prolongation of the APD in NCX-Tg. Under certain conditions, NCX may work in
reverse mode in which one Ca* ion enters the cell in exchange for three Na* ions (for
review see [42]). However, it has been a matter of debate whether this outward current
exerts a significant influence on the AP under near physiological conditions or only under
pathophysiological or highly artificial experimental conditions. In our model, NCX reverse
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mode does not seem to play a significant role since reverse mode NCX activity would
generate an outward electric current and thus tend to reduce AP duration instead of
prolonging it. The proarrhythmic mechanism suggested here—increased NCX activity
resulting in a slowed cellular repolarization with QT prolongation and promotion of EADs
—constitutes a novel experimental model of long QT syndrome. Our observations would
attribute a similar proarrhythmic significance to NCX gain of function, as has been
attributed to loss-of-function alterations of Ik in previously published long QT models.
Dependence of AP duration on stimulation cycle length has been observed in several species
[3]. In the isolated beating heart, there was a non-significant trend toward APD prolongation
at lower frequencies in both genotypes, which was more pronounced in NCX-Tg. Hence, at
lower heart rates, a rate-dependent prolongation of APD may contribute to the
proarrhythmic effect in NCX-Tg.

Delayed afterdepolarizations: NCX inward current triggered by spontaneous
SR Ca?* release—NCX has also been attributed to be involved in the generation of
DADs. Other than EADs which occur during the plateau or repolarization of the AP, DADs
are temporary depolarizations that occur after full repolarization of the sacrolemma. The
initial event leading to a DAD is believed to consist of a spontaneous release of Ca* from
the SR. This increase in cytosolic Ca2* would then lead to a sudden activation of NCX
inward current, which would depolarize the sarcolemmal membrane to a potential from
where a new and spontaneous AP is triggered. According to this hypothesis, the more NCX
there is, the more easily would a given spontaneous Ca2* release event translate into a DAD.
Indeed, under baseline conditions, we observe spontaneous Ca?* release events in both
genotypes, whereas spontaneous APs are exclusively observed in NCX-Tg (Fig. 6¢). This
supports the hypothesis that the likelihood of spontaneous SR Ca2* release to translate into
DADs depends on the level of NCX expression. Our data show for the first time that an
isolated upregulation of NCX—without reduced K* current or other changes observed in
heart failure—is sufficient to increase the likelihood of DADs.

We have preliminary data showing that in the presence of isoprenaline, the number of sCR
events increases in both genotypes and that DADs occur in both WT and NCX-Tg. Thus, as
a limitation of the study, the effect we describe may not apply to conditions of
catecholaminergic stimulation. Further studies will have to clarify this issue.

Increased occurrence of spontaneous SR Ca2* release events in NCX-Tg—As
discussed above, the translation of spontaneous SR Ca2* release into DADs appears to be
facilitated in NCX-Tg, which offers an explanation for the increased occurrence of DADs
and spontaneous APs. However, although spontaneous SR Ca2* release is observed in both
genotypes, in NCX-Tg the number of affected cells is higher than in WT (Fig. 6¢). A higher
number of spontaneous CaZ* release events will of course as well increase the likelihood of
DADs just for the simple reason that there is more substrate for the development of DADs.
This may be interpreted as a further independent mechanism of proarrhythmia. The
mechanisms that come into question may either be increased SR CaZ* load or increased RyR
open probability. As shown in this study, SR Ca%* load is unaltered in our model.

Thus, the possibility of increased RyR open probability as a consequence of increased NCX
activity has to be considered. The main triggers for RyR-mediated Ca2* release are CaZ*
ions. Although systolic and diastolic Ca2* are unaltered in our model, measurements of
global cellular Ca%* may not reflect subtle temporary alterations of Ca2* concentration in the
dyadic cleft, where the Ca* binding site of RyR is located. Thus, enhanced RyR release
activity resulting in increased sCR could be a direct consequence of altered dyadic cleft
Ca2* dynamics due to increased NCX and I, activity as observed in our model.
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Also, we detected an increased protein expression of RyR in our model (Fig. 1), which could
provide an alternative explanation for proneness to SCR. The mechanisms underlying the
regulation of RyR protein expression are largely unknown and there are contradicting
observations as to whether RyR is increased, decreased or unaltered in cardiac pathology
[10]. Increased RyR phosphorylation—as observed in our model—may as well contribute to
enhanced sCR; however, it is controversial whether phosphorylation of Ser2808 can indeed
increase RyR open probability [4].

The present work is the first to investigate the role of NCX in cardiac arrhythmia using a
transgenic approach. Our results show that increased NCX activity results in a
proarrhythmic phenotype before the onset of cellular or whole heart alterations characteristic
for hypertrophy or heart failure. Increased NCX activity appears to be an independent
proarrhythmic factor that slows cellular repolarization, increases the rate of EADs and
DADs and causes ventricular tachycardias in the whole heart. In causing EADs and whole
heart arrhythmia, gain of function of NCX in a murine model seems to have a similar
proarrhythmic potential as loss of function of K, as observed in models of heart failure,
hypertrophy or mutant models of LQT.

We suggest three distinct molecular mechanisms underlying NCX mediated proarrhythmia:
(1) occurrence of EADs due to delayed repolarization; (2) an increased rate of DADs and
sAPs caused by a facilitated translation of spontaneous SR Ca2* release into DADs due to
increased NCX activity; (3) a higher per se rate of spontaneous SR Ca2* release possibly as
a consequence of altered subsarcolemmal Ca?* handling in NCX-Tg as reported previously.

Acknowledgments

We thank Christiane Pott, PhD, for advice on statistical analysis of our results. This study was supported by Inter-
disziplindre Medizinische Forschung (IMF Po 12 06 07, to Christian Pott), a returnee fellowship of the Deutsche
Forschungsgemeinschaft (DFG Po 1004-1/2 to Christian Pott), and by IZKF Miinster (core unit CarTel to Paulus
Kirchhof) and the Deutsche Forschungsgesmeins-chaft DFG FA 413/3-1 (to Larissa Fabritz). Lars Eckardt holds
the Osypka Professorship for Clinical and Experimental Rhythmology. This work contains data from the MD theses
of Adam Muszynski and Matthias Ruhe.

References

1. Adachi-Akahane S, Lu L, Li Z, Frank JS, Philipson KD, Morad M. Calcium signaling in transgenic
mice overexpressing cardiac Na®)-Ca2+ exchanger. J Gen Physiol. 1997; 109:717-729.10.1085/
j2p.109.6.717 [PubMed: 9222898]

2. Ai X, Curran JW, Shannon TR, Bers DM, Pogwizd SM. Ca2+/calmodulin-dependent protein kinase
modulates cardiac ryanodine receptor phosphorylation and sarcoplasmic reticulum Ca* leak in
heart failure. Circ Res. 2005; 97:1314-1322.10.1161/01.RES.0000194329.41863.89 [PubMed:
16269653]

3. Barandi L, Virag L, Jost N, Horvath Z, Koncz I, Papp R, Harmati G, Horvath B, Szentandrassy N,
Banyasz T, Magyar J, Zaza A, Varro A, Nanasi PP. Reverse rate-dependent changes are determined
by baseline action potential duration in mammalian and human ventricular preparations. Basic Res
Cardiol. 2010; 105:315-323.10.1007/s00395-009-0082-7 [PubMed: 20127488]

4. Benkusky NA, Weber CS, Scherman JA, Farrell EF, Hacker TA, John MC, Powers PA, Valdivia
HH. Intact beta-adrenergic response and unmodified progression toward heart failure in mice with
genetic ablation of a major protein kinase A phosphorylation site in the cardiac ryanodine receptor.
Circ Res. 2007; 101:819-829.10.1161/CIRCRESAHA.107.153007 [PubMed: 17717301]

5. Bers DM, Pogwizd SM, Schlotthauer K. Upregulated Na/Ca exchange is involved in both
contractile dysfunction and arrhythmogenesis in heart failure. Basic Res Cardiol. 2002; 97(Suppl
1):136-142. [PubMed: 12479232]

Basic Res Cardiol. Author manuscript; available in PMC 2013 March 01.



1X91-}[.IBIII.IQJBAA$ 1X91-)[.IB‘III.IQIBAA$

1X91-)[.IBIII.IS],BAA$

Pott et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Page 13

. Beuckelmann DJ, Nabauer M, Erdmann E. Alterations of K + currents in isolated human ventricular

myocytes from patients with terminal heart failure. Circ Res. 1993; 73:379-385.10.1161/01.CIR.
85.3.1046 [PubMed: 8330380]

. Blaustein MP, Lederer WJ. Sodium/calcium exchange: its physiological implications. Physiol Rev.

1999; 79:763-854. [PubMed: 10390518]

. Bondarenko VE, Szigeti GP, Bett GC, Kim SJ, Rasmusson RL. Computer model of action potential

of mouse ventricular myocytes. Am J Physiol Heart Circ Physiol. 2004; 287:H1378—
H1403.10.1152/ajpheart.00185.2003 [PubMed: 15142845]

. Colquhoun D, Neher E, Reuter H, Stevens CF. Inward current channels activated by intracellular Ca

in cultured cardiac cells. Nature. 1981; 294:752-754. [PubMed: 6275271]

Currie S, Quinn FR, Sayeed RA, Duncan AM, Kettlewell S, Smith GL. Selective down-regulation
of sub-endocardial ryanodine receptor expression in a rabbit model of left ventricular dysfunction.
J Mol Cell Cardiol. 2005; 39:309-317.10.1016/j. yjmcc.2005.04.005 [PubMed: 15921690]

De Ferrari GM, Viola MC, D’ Amato E, Antolini R, Forti S. Distinct patterns of calcium transients
during early and delayed afterdepolarizations induced by isoproterenol in ventricular myocytes.
Circulation. 1995; 91:2510-2515.10.1161/01. CIR.91.10.2510 [PubMed: 7743611]

de Groot SH, Schoenmakers M, Molenschot MM, Leunissen JD, Wellens HJ, Vos MA. Contractile
adaptations preserving cardiac output predispose the hypertrophied canine heart to delayed
afterdepolarization-dependent ventricular arrhythmias. Circulation. 2000; 102:2145-
2151.10.1161/01.CIR.102.17.2145 [PubMed: 11044434]

Fabritz L, Kirchhof P, Fortmuller L, Auchampach JA, Baba HA, Breithardt G, Neumann J, Boknik
P, Schmitz W. Gene dose-dependent atrial arrhythmias, heart block, and brady-cardiomyopathy in
mice overexpressing A(3) adenosine receptors. Cardiovasc Res. 2004; 62:500-508.10.1016/
j-cardiores.2004.02.004 [PubMed: 15158142]

Fabritz L, Kirchhof P, Franz MR, Eckardt L, Monnig G, Milberg P, Breithardt G, Haverkamp W.
Prolonged action potential durations, increased dispersion of repolarization, and polymorphic
ventricular tachycardia in a mouse model of proarrhythmia. Basic Res Cardiol. 2003; 98:25—
32.10.1007/s00395-003-0386-y [PubMed: 12494266]

Guo W, Li H, London B, Nerbonne JM. Functional consequences of elimination of i(to, f) and i(to,
s): early afterdepolarizations, atrioventricular block, and ventricular arrhythmias in mice lacking
Kv1.4 and expressing a dominant-negative Kv4 alpha subunit. Circ Res. 2000; 87:73—
79.10.1161/01.RES.87.1.73 [PubMed: 10884375]

Hasenfuss G, Schillinger W, Lehnart SE, Preuss M, Pieske B, Maier LS, Prestle J, Minami K, Just
H. Relationship between Na* - Ca2t - exchanger protein levels and diastolic function of failing
human myocardium. Circulation. 1999; 99:641-648.10.1161/01.CIR.99.5.641 [PubMed: 9950661]

Keating MT, Sanguinetti MC. Molecular and cellular mechanisms of cardiac arrhythmias. Cell.
2001; 104:569-580.10.1016/S0092-8674(01)00243-4 [PubMed: 11239413]

Kimura S, Cameron JS, Kozlovskis PL, Bassett AL, Myerburg RJ. Delayed afterdepolarizations
and triggered activity induced in feline Purkinje fibers by alpha-adrenergic stimulation in the
presence of elevated calcium levels. Circulation. 1984; 70:1074-1082.10.1161/01.CIR.70.6.1074
[PubMed: 6149823]

Kirchhefer U, Klimas J, Baba HA, Buchwalow IB, Fabritz L, Huls M, Matus M, Muller FU,
Schmitz W, Neumann J. Triadin is a critical determinant of cellular Ca cycling and contractility in
the heart. Am J Physiol Heart Circ Physiol. 2007; 293:H3165-H3174.10.1152/ajpheart.
00799.2007 [PubMed: 17890426]

Kjekshus J. Arrhythmias and mortality in congestive heart failure. Am J Cardiol. 1990; 65:421-48I.
10.1084/jem.20051151

Kuhlmann MT, Kirchhof P, Klocke R, Hasib L, Stypmann J, Fabritz L, Stelljes M, Tian W,
Zwiener M, Mueller M, Kienast J, Breithardt G, Nikol S. G-CSF/SCF reduces inducible
arrhythmias in the infarcted heart potentially via increased connexin43 expression and
arteriogenesis. J Exp Med. 2006; 203:87-97.10.1084/jem.20051151 [PubMed: 16401694]
Meszaros J, Khananshvili D, Hart G. Mechanisms underlying delayed afterdepolarizations in

hypertrophied left ventricular myocytes of rats. Am J Physiol Heart Circ Physiol. 2001;
281:H903-H914. [PubMed: 11454597]

Basic Res Cardiol. Author manuscript; available in PMC 2013 March 01.



1X91-}[.IBIII.IQJBAA$ 1X91-)[.IB‘III.IQIBAA$

1X91-)[.IBIII.IS],BAA$

Pott et al.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36

37.

38.

39.

40.

Page 14

Milberg P, Klocke R, Frommeyer G, Quang TH, Dieks K, Stypmann J, Osada N, Kuhlmann M,
Fehr M, Milting H, Nikol S, Waltenberger J, Breithardt G, Eckardt L. G-CSF therapy reduces
myocardial repolarization reserve in the presence of increased arteriogenesis, angiogenesis and
connexin 43 expression in an experimental model of pacing-induced heart failure. Basic Res
Cardiol. 2011; 106:995-1008.10.1007/s00395-011-0230-8 [PubMed: 22072114]

Mitra R, Morad M. A uniform enzymatic method for dissociation of myocytes from hearts and
stomachs of vertebrates. Am J Physiol. 1985; 249:H1056-H1060. [PubMed: 2998207]

Nerbonne JM, Kass RS. Molecular physiology of cardiac repolarization. Physiol Rev. 2005;
85:1205-1253.10.1152/physrev. 00002.2005 [PubMed: 16183911]

Noble D. Influence of Na/Ca exchange stoichiometry on model cardiac action potentials. Ann N 'Y
Acad Sci. 2002; 976:133-136.10.1111/j.1749-6632.2002.tb04731.x [PubMed: 12502551]

Nuyens D, Stengl M, Dugarmaa S, Rossenbacker T, Compernolle V, Rudy Y, Smits JF, Flameng
W, Clancy CE, Moons L, Vos MA, Dewerchin M, Benndorf K, Collen D, Carmeliet E, Carmeliet
P. Abrupt rate accelerations or premature beats cause life-threatening arrhythmias in mice with
long-QT3 syndrome. Nat Med. 2001; 7:1021-1027.10.1038/nm0901-1021 [PubMed: 11533705]

Pogwizd SM, Bers DM. Cellular basis of triggered arrhythmias in heart failure. Trends Cardiovasc
Med. 2004; 14:61-66.10.1016/j.tcm.2003.12.002 [PubMed: 15030791]

Pogwizd SM, Qi M, Yuan W, Samarel AM, Bers DM. Upregulation of Na(+)/Ca(2+) exchanger
expression and function in an arrhythmogenic rabbit model of heart failure. Circ Res. 1999;
85:1009-1019.10.1161/01.RES.85.11.1009 [PubMed: 10571531]

Pogwizd SM, Schlotthauer K, Li L, Yuan W, Bers DM. Arrhythmogenesis and contractile
dysfunction in heart failure: roles of sodium-calcium exchange, inward rectifier potassium current,
and residual beta-adrenergic responsiveness. Circ Res. 2001; 88:1159-1167.10.1161/
hh1101.091193 [PubMed: 11397782]

Pott C, Goldhaber JI, Philipson KD. Homozygous over-expression of the Na*-Ca2+ exchanger in
mice: evidence for increased transsarcolemmal CaZ* fluxes. Ann N'Y Acad Sci. 2007; 1099:310-
314.10.1196/annals.1387.019 [PubMed: 17446472]

Pott C, Philipson KD, Goldhaber JI. Excitation-contraction coupling in Na*-Ca2+ exchanger
knockout mice: reduced transsarcolemmal Ca2* flux. Circ Res. 2005; 97:1288—
1295.10.1161/01.RES.0000196563.84231.21 [PubMed: 16293789]

Pott C, Yip M, Goldhaber JI, Philipson KD. Regulation of cardiac L-type Ca2* current in Na*-
Ca?* exchanger knockout mice: functional coupling of the Ca* channel and the Na*-Ca2*
exchanger. Biophys J. 2007; 92:1431-1437.10.1529/biophys;j.106.091538 [PubMed: 17114214]
Rae J, Cooper K, Gates P, Watsky M. Low access resistance perforated patch recordings using
amphotericin B. J Neurosci Methods. 1991; 37:15-26.10.1016/0165-0270(91)90017-T [PubMed:
2072734]

Ramirez RJ, Sah R, Liu J, Rose RA, Backx PH. Intracellular [Na(+)] modulates synergy between
Na(+)/Ca (2+) exchanger and L-type Ca (2+) current in cardiac excitation—contraction coupling
during action potentials. Basic Res Cardiol. 2011; 106:967-977.10.1007/s00395-011-0202-z
[PubMed: 21779914]

. Reinecke H, Studer R, Vetter R, Holtz J, Drexler H. Cardiac Na*/CaZ* exchange activity in

patients with end-stage heart failure. Cardiovasc Res. 1996; 31:48-54.10.1016/
S0008-6363(95)00176-X [PubMed: 8849588]

Reuter H, Han T, Motter C, Philipson KD, Goldhaber JI. Mice overexpressing the cardiac sodium—
calcium exchanger: defects in excitation—contraction coupling. J Physiol. 2004; 554:779—
789.10.1113/jphysiol.2003.055046 [PubMed: 14645454]

Roos KP, Jordan MC, Fishbein MC, Ritter MR, Friedlander M, Chang HC, Rahgozar P, Han T,
Garcia AJ, Maclellan WR, Ross RS, Philipson KD. Hypertrophy and heart failure in mice
overexpressing the cardiac sodium-calcium exchanger. J Card Fail. 2007; 13:318-329. [PubMed:
17517353]

Salama G, London B. Mouse models of long QT syndrome. J Physiol. 2007; 578:43-53.10.1113/
jphysiol.2006.118745 [PubMed: 17038432]

Shah M, Akar FG, Tomaselli GF. Molecular basis of arrhythmias. Circulation. 2005; 112:2517—
2529. [PubMed: 16230503]

Basic Res Cardiol. Author manuscript; available in PMC 2013 March 01.



1X91-}[.IBIII.IQJBAA$ 1X91-)[.IE‘III.191'BAA$

1X91-)[.IBIII.IS],BAA$

Pott et al.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Page 15

Sicouri S, Antzelevitch C. Afterdepolarizations and triggered activity develop in a select
population of cells (M cells) in canine ventricular myocardium: the effects of acetylstrophanthidin
and Bay K 8644. Pacing Clin Electrophysiol. 1991; 14:1714-1720. [PubMed: 1721163]

Sipido KR, Varro A, Eisner D. Sodium calcium exchange as a target for antiarrhythmic therapy.
Handb Exp Pharmacol. 2006; 171:159-199. [PubMed: 16610344]

Sipido KR, Volders PG, de Groot SH, Verdonck F, Van de Werf F, Wellens HJ, Vos MA.
Enhanced Ca(2+) release and Na/Ca exchange activity in hypertrophied canine ventricular
myocytes: potential link between contractile adaptation and arrhythmogenesis. Circulation. 2000;
102:2137-2144.10.1161/01.CIR.102.17.2137 [PubMed: 11044433]

Sossalla S, Maurer U, Schotola H, Hartmann N, Didie M, Zimmermann WH, Jacobshagen C,
Wagner S, Maier LS. Diastolic dysfunction and arrhythmias caused by overexpression of
CaMKIIdelta(C) can be reversed by inhibition of late Na(+) current. Basic Res Cardiol. 2011;
106:263-272.10.1007/300395-010-0136-x [PubMed: 21174213]

Spencer CI, Sham JS. Effects of Nat/Ca?* exchange induced by SR Ca2 + release on action
potentials and afterdepolarizations in guinea pig ventricular myocytes. Am J Physiol Heart Circ
Physiol. 2003; 285:H2552-H2562.10.1152/ajpheart.00274.2003 [PubMed: 12933341]

Studer R, Reinecke H, Bilger J, Eschenhagen T, Bohm M, Hasenfuss G, Just H, Holtz J, Drexler H.
Gene expression of the cardiac Na(H)-Ca2+ exchanger in end-stage human heart failure. Circ Res.
1994; 75:443-453. [PubMed: 8062418]

Terracciano CM, Souza Al Philipson KD, MacLeod KT. Na*™ -Ca?t exchange and sarcoplasmic
reticular Ca%* regulation in ventricular myocytes from transgenic mice overexpressing the Na* -
CaZ* exchanger. J Physiol. 1998; 512(Pt 3):651-667.10.1111/j.1469-7793.1998.651bd.x
[PubMed: 9769411]

Tseng GN, Wit AL. Effects of reducing [Nat*]o on cate-cholamine-induced delayed
afterdepolarizations in atrial cells. Am J Physiol. 1987; 253:H115-H125. [PubMed: 3605357]
Volders PG, Kulcsar A, Vos MA, Sipido KR, Wellens HJ, Lazzara R, Szabo B. Similarities
between early and delayed afterdepolarizations induced by isoproterenol in canine ventricular
myocytes. Cardiovasc Res. 1997; 34:348-359.10.1016/S0008-6363(96)00270-2 [PubMed:
9205549]

Waldeyer C, Fabritz L, Fortmueller L, Gerss J, Damke D, Blana A, Laakmann S, Kreienkamp N,
Volkery D, Breithardt G, Kirchhof P. Regional, age-dependent, and genotype-dependent
differences in ventricular action potential duration and activation time in 410 Langendorff-
perfused mouse hearts. Basic Res Cardiol. 2009; 104:523-533.10.1007/s00395-009-0019-1
[PubMed: 19288151]

Wang Y, Hill JA. Electrophysiological remodeling in heart failure. J Mol Cell Cardiol. 2010;
48:619-632. [PubMed: 20096285]

Zygmunt AC, Goodrow RJ, Weigel CM. INaCa and ICI(Ca) contribute to isoproterenol-induced
delayed after depolarizations in midmyocardial cells. Am J Physiol. 1998; 275:H1979-H1992.
[PubMed: 9843796]

Basic Res Cardiol. Author manuscript; available in PMC 2013 March 01.



1X91-}[.IBIII.IQJBAA$ 1X91-)[.IE’III.191'8AA$

1X91-)[.IBIII.191‘BAA$

Pott et al.

Page 16

2500 4 L
= C— WT
go 2000 4
2 BN NCX-Tg
£
/
2 15007
g 30 ]
o 0
£
— 200 4
[1v]
S
e ] flfij
0 .

NCX CsQ SERCA Jen Trd Plb

Tni

RyR RyRp

REs LS

—

Fig. 1.

Protein expression in NCX-Tg versus WT (from /eft to right). Canine NCX (WT: n=35;
NCX-Tg: n=17), calsequestrin (CsQ; here and for all following proteins WT: n = 6; NCX-
Tg: n=6), SERCA, Jen junctin, 7rd triadine, P/b phospholamban, 777 troponin I, RyR
ryanodine receptor and RyRp phosphorylated RyR as assessed by Western immunoblot
analysis and quantified by densitometry (upper panel). Botfom representative original

immunoblot tracings. *p <0.05 for WT versus NCX-Tg
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Fig. 2.

a Surface ECG from WT (top) and NCX-Tg (bottom) mice. Tracings demonstrated were
generated by signal averaging from 20 ECG tracings per animal. b and ¢ Proarrhythmic
events in NCX-Tg compared with WT in isolated intact beating heart Langendorff
preparations; b exemplary monophasic action potential tracings from WT and NCX-Tg with
no arrhythmic events observed (upper panel), with premature beats and nonsustained VT
(middle panel) and monomorphic sustained VT (lower panel). c Number of spontaneous
arrhythmic events in NCX-Tg and WT mice. *p <0.05 for WT versus NCX-Tg
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Prolonged cellular action potential duration recorded with the patch clamp method in current
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clamp mode in isolated NCX-Tg myocytes. a Representative cellular action potential

recordings from NCX-Tg and WT myocytes. b Summary data on WT (2= 22 cells (15
animals)) and NCX-Tg (2= 26 cells (16 animals)) myocytes. *p <0.05 for WT versus NCX-

Tg
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Fig. 4.

Increased activity of voltage activated transient K* current (Ix) in NCX-Tg versus WT. a
Representative tracings normalized to cell capacitance from WT and NCX-Tg cardiac
myocytes. Recordings were obtained with the patch clamp method in voltage clamp mode
during test potentials ranging from —60 to +60 mV and a holding potential of —80 mV. b
Quantification—/ef current—voltage relation of NCX-Tg (2= 20 cells (7 animals)) versus
WT (121= 19 cells (10 animals)); right cell capacitance (*p <0.05)
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Page 20

NCX-Tg

. basal
 + S0

Early afterdepolarizations (EAD) are observed in NCX-Tg but not WT myocytes. Cells were
paced in the current clamp mode with sudden changes in cycle length to provoke membrane
instability [NCX-Tg: n= 26 cells (16 animals); WT n= 22 cells (15 animals)]. The
experiments were repeated in the presence of isoprenaline (iso; NCX-Tg: n= 22 cells (14
animals); WT n= 17 cells (13 animals)). a Two examples of EADs recorded in isolated
NCX-Tg myocytes. b Summary data on the occurrence of EADs in NCX-Tg in the absence
and presence of isoprenaline. Lef? percentage of NCX-Tg myocytes exhibiting one or more
EADs. Right average number of EADs occurring per cell in those NCX-Tg myocytes that

exhibited one or more EADs
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Fig. 6.

Occurrence of spontaneous APs (sAP) and spontaneous Ca2* release (sCR). Membrane
potential (NCX-Tg: n =26 cells (16 animals); WT n =22 cells (15 animals)) and CaZ*
transients (NCX-Tg: n=28 cells (11 animals); WT 7= 33 cells (17 animals)) were recorded
during rapid changes of pacing cycle lengths. a An exemplary sAP recorded in a patch
clamped NCX-Tg myocyte. Note the slow initiating diastolic repolarization as opposed to a
sharp AP upstroke in APs triggered by a current clamp command (inse?). b Example of sCR
recorded in a field-stimulated NCX-Tg myocyte loaded with the Ca*-sensitive dye indo-1
AM. As opposed to CaZ* release triggered by a field stimulus, sCR is initiated by a slow
diastolic rise in cytosolic Ca*. ¢ Summary data on the occurrence of sAPs and sCR. Left
fraction of myocytes exhibiting one or more sAP or sCR, respectively. Right. Average
number of SAP or sCR in those cells exhibiting SAP or sCR. While sAPs were observed
exclusively in NCX-Tg, sCR was observed in myocytes of both genotypes. *p <0.05 for WT
versus NCX-Tg by X2 test

Basic Res Cardiol. Author manuscript; available in PMC 2013 March 01.




Page 22

Pott et al.

$watermark-text

8 =1 :BL-XON ‘9 =0 ;LM "SL-XON sns1oa LM 103 §0°0> d
Fa

€0 8¢ 0 (SS9 wy/w oner BIqrI /AT

[4Y (4% 0 (474 $/8w oner Mg/AT

C 9¢ € €€ (9) Surue)Ioys [euonIBI]
Aydei3orpresoyoq

# I TS I Ly (sw) 1O

1 91 1 SI (sw) mpg

C or I 6€ (sw) Od

8 8¢ 8 709 (wdq) SUAWAINSLIW [BAIIUI JOJ PIsn SYH
DOd 90eyIng

800>d  N35B -xON  UeswBI-XON INIS LM Uesw [

PIO SYoam 7] ueyl ss9f 9orwr 2dA)-prim pue 31 -XON Wolj eiep o1ydeiSoipIedoyds pue HF 0ejIng
I dqel

$watermark-text $watermark-text

Basic Res Cardiol. Author manuscript; available in PMC 2013 March 01.



