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Abstract
Aims—To determine the characteristics of the late Na current (INaL) and its arrhythmogenic
potential in the progression of pressure-induced heart disease.

Methods and Results—Transverse aortic constriction (TAC) was used to induce pressure
overload in mice. After one week the hearts developed isolated hypertrophy with preserved
systolic contractility. In patch-clamp experiments both, INaL and the action potential duration
(APD90) were unchanged.

In contrast, after five weeks animals developed heart failure with prolonged APDs and the slowed
INaL decay time which could be normalized by addition of the INaL inhibitor ranolazine (Ran) or
by the Ca/calmodulin-dependent protein kinase II (CaMKII) inhibitor AIP. Accordingly the
APD90 could be significantly abbreviated by Ran, tetrodotoxin and the CaMKII inhibitor AIP.
Isoproterenol increased the number of delayed afterdepolarizations (DAD) in myocytes from
failing but not sham hearts. Application of either Ran or AIP prevented the occurrence of DADs.
Moreover, the incidence of triggered activity was significantly increased in TAC myocytes and
was largely prevented by Ran and AIP.
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Western blot analyses indicate that increased CaMKII activity and a hyperphosphorylation of the
Nav1.5 at the CaMKII phosphorylation site (Ser571) paralleled our functional observations five
weeks after TAC surgery.

Conclusion—In pressure overload-induced heart failure a CaMKII-dependent augmentation of
INaL plays a crucial role in the AP prolongation and generation of cellular arrhythmogenic
triggers, which cannot yet be found in early and still compensated hypertrophy. Inhibition of INaL
and CaMKII exert potent antiarrhythmic effects and might therefore be of potential therapeutic
interest.

Keywords
Heart failure; hypertrophy; arrhythmias; INaL; CaMKII; ranolazine

Introduction
Patients with heart failure either die from pump failure or life threatening arrhythmias.
Major and well accepted determinants of electrical remodelling in heart failure include
prolongation of the cardiac action potential (AP) and an increased sarcoplasmatic reticulum
(SR) Ca-leak occurring as spontaneous SR Ca-release events [1]. Both arrhythmic triggers
are known to decrease the threshold of cardiac arrhythmias. A persistent Na current, also
known as late Na current (INaL), has been discussed to be a potent contributor to the
progression and complications of heart failure [2-10]. Under physiologic conditions Na
channels open transiently and are quickly inactivated thereby generating the peak Na current
(peak INa) which is responsible for the upstroke of the cardiac AP. However, some Na
channels close and reopen or remain active, carrying INaL which persists throughout the
whole AP. Although the amplitude of this current is very small compared to peak INa, the
long persistence and its slow inactivation kinetics make this current substantial when
elevated as it has been shown in pathological conditions like heart failure, ischemic
metabolites, hypoxia, or pathological redox-signaling [6, 9, 11-13].

INaL is regarded as a relevant contributor to arrhythmias and its inhibition might be of
antiarrhythmic potential (for review see [8, 14]). As INaL generates Na influx and thereby an
inward current throughout the AP, it is expected to contribute to the prolongation of the
cardiac AP making early afterdepolarizations (EADs) more likely to occur [7, 15].
Moreover, cellular Na cycling is tightly integrated with Ca homeostasis, as Na modulates the
transport direction of the Na/Ca exchanger (NCX). Cellular Na overload as well as AP-
prolongation stimulate the reverse mode NCX facilitating the efflux of Na in exchange for
influx of Ca [1]. The net result is an elevated diastolic Ca concentration. Additionally, the
cardiac ryanodine receptor (RyR2) was shown to be “leaky” in heart failure. Spontaneous
SR Ca-release events, the so called Ca-sparks, occur [1, 16] and contribute to the elevation
of diastolic Calevels. Ca, once released by spontaneously opening RyR2s, can be eliminated
via the NCX, which possibly generates a depolarizing current (transient inward current, ITI)
that gives rise to delayed afterdepolarizations (DADs) [7, 9, 17]. Thus, an elevation of
diastolic [Ca]i and changes of the cardiac RyR2 open propensity are arrhythmogenic
mechanisms in failing ventricular cardiomyocytes.

There is strong evidence that INaL is increased in animal models of heart failure as well as in
human heart failure [5, 9, 11, 12, 15]. However, very little is known about the role and
impact of INaL in isolated cardiac hypertrophy with preserved contractility as it commonly
occurs in patients suffering from hypertensive heart disease as well as from aortic stenosis.
Therefore one objective of the present study was to investigate changes in INaL in the course
from pressure-induced hypertrophy with preserved contractility to heart failure.
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Moreover, there is controversy regarding the quantitative contribution of an increased INaL
to cause AP prolongation in heart failure, and even more so in hypertrophy. As INaL induces
Na-dependent Ca-overload, the impact of INaL on DADs remains to be elucidated in a
pathophysiologically relevant animal model in the absence of pharmacologic INaL inducers.
Therefore, the second objective of our study was to explore the role of INaL as a contributor
to AP prolongation and its consequences for generation of EADs or DADs in isolated
hypertrophy with preserved contractility and in heart failure.

Furthermore, we were also interested in the underlying mechanism and possible
pharmacological treatment.

Methods
An expanded Methods section is available in the Online Data Supplement.

The investigation conforms to the Guide for the Care and Use of Laboratory Animals (NIH
publication No. 85–23, revised 1996) and was approved by a local ethics review board and
by the Veterinary Institute of the Lower Saxony State Office for Consumer Protection and
Food Safety (G10/220).

2.1. Transverse aortic constriction (TAC) and echocardiography
8 weeks old female C57/BL6J mice were anesthetized using intraperitoneal injections of
ketamine and xylazine (100 mg/kg + 5 mg/kg) and pressure overload was induced by
transversal aortic contstriction (27G needle). For analgesia (metamizole 1.33 mg/ml) was
added to the drinking water 2 days before surgery and continued for 7 days after operation.

Transthoracic echocardiography was performed blinded using a Vevo2100 (VisualSonics,
Toronto, Canada) system with a 30 MHz center frequency transducer. The animals were
anesthetized with 3% isoflurane, and temperature-, respiration-, and ECG-controlled
anesthesia was maintained with 1.5% isoflurane. Maximal left ventricular length (L),
thicknesses of the septum, the posterior myocardial wall, the inner diameter of the left
ventricle (LVEDD) and the area of the left ventricular cavity (Area) were measured
according to standard procedures. The ejection fraction (EF) was calculated using the area-
length method.

After completion of the experiments mice were killed in isofluran anaesthesia (5%) by
cervical dislocation.

2.2. Cell isolation
The excised hearts were mounted on a Langendorff perfusion apparatus and were
retrogradely perfused. Cardiomyocytes were isolated with liberase 1 (Roche diagnostics,
Mannheim, Germany) and trypsin 0.6% digestion and were plated onto superfusion
chambers. The glass inlays had been pretreated with laminin to allow cell adhesion and were
then used for immediate measurements.

2.3. Patch-clamp experiments
Ruptured-patch whole-cell voltage- and current-clamp was used to measure action potentials
and INaL as described previously [18, 19]. Measurements were performed at increasing
stimulation frequencies to elicit Na currents or action potentials (APs). For Na current
measurements myocytes were held at −120 mV and INaL was elicited using 250 ms
depolarizing pulses to −20 mV. Each pulse was preceded by a 5 ms pre-pulse to +50 mV in
order to optimize voltage control. The measured currents were normalized to the membrane
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capacitance. INa decay (first 200 ms) was fitted using a double exponential function y (t) =
A1 exp (–t/τ1) + A2 exp (–t/τ2) + y0 as it was done previously [5, 18, 19].

For action potential recordings, low-resistance pipettes were used. Resting cell membrane
potentials were similar in WT (−65±0.94 mV), TAC (compensated hypertrophy)
(−64.86±0.63 mV) and in TAC (heart failure) (−64.94±0.77 mV) ventricular myocytes All
patch-clamp experiments were conducted at room temperature.

2.4. Confocal microscopy
Cardiomyocytes were incubated with a Fluo-3 AM loading buffer. Experimental solution
contained (mmol/L): NaCl 136, KCl 4, NaH2PO4 0.33, NaHCO3 4, CaCl2 2, MgCl2 1.6,
HEPES 10, glucose 10 (pH 7.4, NaOH, room temperature) as well as 10−8 mol/L
isoproterenol and the respective drugs. Cardiomyocytes were continuously superfused
during experiments after washing out the loading buffer and any extracellular dye. Ca-spark
measurements were performed with a laser scanning confocal microscope (LSM 5 Pascal,
Zeiss, Jena, Germany) using a 40x oil-immersion objective. Fluo-3 was excited by an argon
ion laser (488 nm) and emitted fluorescence was collected through a 505 nm long-pass
emission filter. Fluorescence images were recorded in the line-scan mode with 512 pixels
per line (width of each scanline: 38.4 μm) and a pixel time of 0.64 μs. One image consists
of 10,000 unidirectional line scans, equating to a measurement period of 7.68 s. Experiments
were conducted at resting conditions after loading the SR with Ca by repetitive field
stimulation at 4 Hz. Ca-sparks were analyzed with the program SparkMaster for Image. The
mean spark frequency of the respective cell (CaSpF) resulted from the number of sparks
normalized to cell width and scan rate (100 μm−1*s−1). Spark size (CaSpS) was calculated
as product of spark amplitude (F/F0), duration and width. From this, we inferred the average
leak per cell by multiplication of CaSpS with CaSpF.

2.5. Drugs
10 μmol/L Ran ([+]N-(2,6-dimethylphenyl)-4-[2-hydroxy-3-(2-methoxyphenoxy)-
propyl)-1-piperazine acetamide dihydrochloride]) was used because it is within the range of
therapeutic plasma levels and inhibitory concentrations of 50% for inhibition of INaL (6 to
15 μmol/l), which does not significantly inhibit ICa, INa/Ca, or IKs [10]. Tetrodotoxin (TTX)
selectively blocks INa and at low concentrations relatively selective for INaL [15]. Thus, we
used TTX concentrations of 2 μmol/L. Autocamide-2-related Inhibitory Peptide (AIP, 1
μmol/L) was used to selectively inhibit Ca/calmodulin-dependent protein kinase II
(CaMKII). Isoproterenol was used at a concentration of 10−8 mol/L.

2.6. Western blots
Myocardium was homogenized and protein concentration was determined by BCA assay
(Pierce Biotechnology, Rockford, USA). Denatured tissue homogenates (on ice in 2% beta-
mercaptoethanol) were subjected to Western blotting (5%, 8% or 12.5% SDS-
polyacrylamide gels). The antibodies used are shown in the online supplement.
Chemiluminescent detection was done with Immobilion Western Chemiluminescent HRP
Substrate (Millipore, Billerica, USA).

2.7. Data analysis and statistics
All data are presented as mean ± S.E.M. Student’s t-test, 2-way or 1-way repeated measures
ANOVA (RM-ANOVA) with post-hoc tests were used to test for significance. A two-sided
P value of <0.05 was considered significant. Blinded procedures were performed in case of
echocardiographic measurements due to the variability of this technique. All other
experiments were performed in an unblinded manner.
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Results
3.1 Mouse cardiac phenotype

One week after TAC concentric hypertrophy was detectable, indicated by increases of
septum width by 14% (sham, n=6, 0.76±0.04 mm vs. TAC, n=10, 0.87±0.05 mm; p<0.001,
Figure 1B) and heart weight by 18% (HW/BW: sham 8.0±0.3 vs. TAC 9.4±0.4; p<0.001;
Figure 1C). At this time point contractile function was still preserved (ejection fraction, EF:
sham 49±3% vs. TAC 53±7%; p<0.16; Figure 1E).

Five weeks after TAC surgery cardiac mass was further increased by 87% (HW/BW ratio:
sham 7.8±0.9 vs. TAC 14.6±3.1; p<0.001; Figure 1C) and the animals showed signs of heart
failure. Left ventricular EF was reduced to 33±7% in TAC compared to 53±6% in sham
animals (p<0.001; Figure 1E). Dilatation as measured by an increased LVEDD by 12% was
observed in TAC compared to sham hearts (4.1±0.3 mm vs. 3.6±0.2 mm p<0.001; Figure
1D).

Kaplan-Meier analysis of animal survival showed an increased mortality within the first
days after surgery. This is followed by a stable phase with no further deaths until heart
failure develops between weeks three-five after TAC intervention (Figure 1G). In this range
animals were at higher risk to die and thus we investigated the role of the INaL at two time
points, which are one and five weeks after surgery.

3.2 INaL in compensated hypertrophy and heart failure
One week after TAC intervention cardiomyocytes did not show significant changes of INaL
compared to sham myocytes (Figure 2A). At 2 Hz INaL decay in TAC myocytes was
41.6±6.5 vs. 26.7±1.8 ms (at 3 Hz: 26.7±4.5 vs. 26.8±4.2 ms) in cells from hearts of animals
that underwent sham surgery (n=17 vs. 11, p=n.s., Figure 2B). Moreover, Ran had no
significant effect on the small INaL of either groups (n=5 and 6, p=0.2). In contrast, at five
weeks after TAC surgery, INaL was significantly increased as indicated by a slower decay
time (Figure 3A). At 2 Hz INaL decay time was slowed to 96.4±12.6 ms compared to
35.4±4.1 ms in sham myocytes (p<0.05, n=26 vs.7, Figure 3B). Superfusion with Ran, TTX
as well as AIP significantly reversed the TAC-induced effect on INaL decay time (51.8±5.3
ms (n=17), 47.1±6.3 ms (n=15) and 29.3±2.7 ms (n=18), p<0.05 vs. TAC). Again, Ran had
no significant influence on the small INaL recorded at five weeks in sham myocytes
compared to controls (sham+Ran 35.4±5.0 ms vs. control 35.4±4.1 ms, n=8 vs.7).

3.3 Role of INaL on action potential duration
To determine the arrhythmogenic role of an increased INaL we measured APs in the groups
stated above. In accordance to the INaL results we did not find significant prolongations of
APs in myocytes isolated from animals one week after TAC surgery (Figure 4 A and B).
However, five weeks post TAC surgery the AP prolongation became noticeable. This is
illustrated in figure 5A where a representative original recording shows a markedly
prolonged AP in a cell isolated from a TAC animal. APD90 at 2 Hz was increased to
140.0±24.9 ms compared to 63.1±9.1 ms in myocytes isolated from sham animals (n=15 vs.
8, RM-ANOVA p<0.05, Figure 5B). In these TAC myocytes with prolonged APD, Ran
caused a significant abbreviation of APD90 to 80.0±12.5 ms (n=19) while it did not shorten
APD of sham myocytes (n=8). Moreover, to confirm that these effects were really due to
INaL inhibition we also performed experiments in the presence of TTX. As shown in figure
5B the APD90 could also be reduced to 49.0±9.8 ms in the presence of 2 μmol/L TTX
compared to TAC control (RM-ANOVA p<0.05, n=10) and was not statistical different
compared to that of Ran-treated cells (Figure 5B). Moreover, using AIP as a CaMKII-
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inhibitor APDs could be abbreviated to 63.4±9.3 ms in cardiomyocytes that were isolated
from animals five weeks after TAC surgery (n=18, p<0.05).

3.4 Potential Arrhythmogenic triggers in pressure overload-induced heart failure
To further investigate the contribution of INaL on cellular arrhythmias we exposed
cardiomyocytes isolated from animals five weeks after TAC surgery to 10−8 mol/L
isoproterenol for 5 minutes. Interestingly, we did not observe clear EADs in the presence of
isoproterenol. However, there was a large number of DADs (Figure 6A) with an incidence
of 2.0±0.1/min in TAC compared to 0.3±0.1 DADs/min in sham cells (n=20 vs. 15, p<0.05,
Figure 6B). This is important in so far that in our model DADs seem to be the major cellular
arrhythmic triggers. In the presence of either Ran or AIP the incidence of DADs largely
decreased to values of 0.2±0.1/min and 0.12±0.1(n=15 and 8, p<0.05, Figure 6A and B).
Moreover, triggered activity never occurred in sham myocytes but was present in TAC cells
with an incidence of 0.064±0.025/min (n=15 vs. 20, p<0.05 vs. sham, Figure 6C and D).
When adding Ran to the bath solution triggered activity was suppressed to 0.003±0.003/min
(p<0.05, n=16). Triggered activity did not occur in the presence of AIP in TAC myocytes
(n=5, p<0.05 vs. TAC).

To further elucidate the underlying mechanism of DADs and triggered activity we
performed measurements of spontaneous SR Ca-release events, the so called SR Ca-sparks.
Figure 6F shows that the high SR Ca-spark frequency of cardiomyocytes isolated from
animals five weeks after TAC surgery could be significantly suppressed from 2.1±0.4 to
1.1±0.3 s−1*100μm−1 upon Ran- and to 0.7±0.2 s−1*100μm−1 upon AIP-treatment (n=31
vs. 38 vs. 30, p<0.05). Accordingly, the calculated SR Ca-leak was largely decreased by
either inhibition of INaL or CaMKII, which was mainly driven by a reduced SR Ca-spark
frequency in the presence of the respective inhibitor (Figure 6H).

3.5 Changes in Na channel expression and regulation
It has been reported that INaL is modulated by the expression of different α- and β-Na
channel subunits and by phosphorylation of the α1.5-isoform by CaMKIIδ [2, 8, 20], [21,
22].

At the stage of compensated hypertrophy (one week after TAC surgery) the expression of
the neuronal Na channel Nav1.1 was slightly downregulated by 23% (p<0.05) while Nav1.6-
was not significantly changed. The expression of the cardiac Na channel Nav1.5 was
increased dramatically by 192% (p<0.05) and the beta1-subunit was upregulated by 60%
(p<0.05). CaMKIIδ activity which was measured by phosphorylation at Thr-286 was
increased by 45% one week after TAC surgery (p<0.05) while Nav1.5 phosphorylation at
Ser571 was not significantly altered (Figure 7A-G).

The Nav1.1 was upregulated by 71% (p<0.05), whereas Nav1.6 was reduced by 29%
(p<0.05) five weeks after TAC intervention. The Nav1.5, again, was upregulated by 57%
(p<0.05) and the beta1-subunit showed an increase of 65% (p<0.05). Most importantly, the
CaMKIIδ activity was elevated by 108% (p<0.05) and the phosphorylation of Nav1.5 at
Ser571 was increased by 85% (p<0.05, Figure 7A-G) Comparing compensated hypertrophy
(one week) and heart failure (five weeks after TAC surgery) the following differences were
noted. 1) The Nav1.5 is even more upregulated one week after TAC compared to five weeks
after TAC intervention (−70%, p<0.01); 2) The Nav1.1 expression changes from
downregulated to upregulated (TAC 1 vs. 5 weeks: +185%, p<0.05); 3) CaMKIIδ activity
shows a further increase (TAC 1 vs. 5 weeks, +40%, p<0.05) and 4) The Nav1.5 becomes
hyperphosphorylated at the CaMKII-phosphorylation site Ser571 in hearts after five weeks
but not after one week of TAC.
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Discussion
The results of the present study show that 1) pressure overload-induced hypertrophy with
preserved ejection fraction is neither associated with an increased INaL nor a significant
prolongation of the APD. 2) In pressure overload-induced heart failure INaL is increased as
indicated by a slowed decay time; 3) This increase in INaL contributes significantly to the
prolonged APD as demonstrated by the effects of INaL inhibitors. 4) Failing cells developed
DADs and triggered activity, which were likely caused by an increased SR Ca-leak under
beta adrenergic stress. Cellular arrhythmogenic triggers could be largely prevented by either
inhibition of INaL or CaMKII. 5) Slowed INaL decay time, APD prolongation and cellular
arrhythmogenic triggers occurred in a CaMKII-dependent manner. 6) Western blot analyses
showed an increased activity of CaMKII with a consecutive hyperphosphorylation of the
Nav1.5 at Ser571 and an upregulation of the neuronal Na channel Nav1.1 in hearts after 5
weeks of TAC.

4.1 Animal model of hypertrophy and heart failure
Most of the work on INaL in combination with Ran as an inhibitor of this current has been
done in models of myocardial ischemia or with pharmacological enhancers of INaL (e.g.
ATX-II). We now provide data in a non-ischemic pressure overload-induced mouse model.
One week after TAC surgery mice showed compensated hypertrophy with preserved systolic
function and no increase in mortality, which indirectly indicates the absence of lethal
arrhythmias.

Mortality increases with time during pressure overload condtions. This observation might be
explained by the development of heart failure because EF markedly decreases five weeks
after TAC intervention. The reason for the deaths might, however, also be lethal
arrhythmias. To the best of our knowledge, telemetric recordings during the development of
pressure overload-induced heart failure in mouse models have not been published so far.
However, in-vivo electrophysiological measurements showed an increased rate of
ventricular arrhythmias [23].

4.2 INaL and action potential duration in hypertrophy
Little is known about the INaL in pressure-induced hypertrophy, particularly in animals with
preserved contractility. In hypertrophy and in the absence of heart failure (1 week of TAC)
we did not find a significant increase of INaL. Likewise, these cells did not show prolonged
APD, which is consistent with an unchanged INaL. Moreover, these animals had no
increased risk to die suggesting that unchanged INaL and normal APD are associated with a
smaller risk of sudden death. However, there are also reports of prolonged APs in pressure
overload-induced heart disease [24]. Many studies did not differentiate between hypertrophy
and heart failure which makes it difficult to interpret and to compare the results of these
studies to the present report. Moreover, the severity of hypertrophy depends on the
technique and the used protocol (e.g. needle size and time after TAC surgery). Thus, a direct
comparison of results of different TAC studies is not straightforward. For example we also
found a prolongation of the APD seven days after TAC operation in our previous work [24].
This difference might be explained by use of a different mouse line (FVBN previously vs.
C57/BL6 here) and different age of investigated mice (12 vs. 8 weeks). The difference is
also visible in the degree of hypertrophy (septum width: +18% previously vs. 14% here).
This suggests that in this model the prolongation of the APD and the increased INaL are not
present in compensated hypertrophy but might be one of the early changes during the
development of higher degrees of hypertrophy and heart failure. In our previous work we
did not investigate cardiomyocytes isolated from TAC-mice with heart failure. Moreover,
INaL and its implication for APD prolongation and for cellular arrhythmogenic triggers were
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evaluated in the course of the current study. Finally, the findings of a crosstalk between INaL
and CaMKII in our model of afterload-induced cardiac disease have not been described
before.

4.3 Role of INaL in AP prolongation in heart failure
One abnormality most consistently reported in heart failure is the prolongation of the cardiac
AP. This prolongation of AP may be caused by increases in depolarizing currents such as L-
type Ca or NCX current as well as due to changes in Na transport proteins (e.g. Na channels,
Na/K-ATPase and Na/H-exchanger). In addition, AP prolongation in heart failure is
associated with a decrease in repolarizing K currents. However, the nature of the underlying
ionic currents that are responsible for APD prolongation in heart failure remains a matter of
debate. In fact, an increase in INaL of ventricular myocytes of failing hearts (including
humans) has been reported [2, 4, 5, 9, 12, 15].

We now provide further evidence that INaL may prominently contribute to AP prolongation
in pressure-induced heart failure. Our results clearly show that INaL decay slows in parallel
to AP prolongation five weeks after TAC surgery. We further demonstrate the INaL-
dependence of AP prolongation by performing experiments using inhibitors of INaL. Ran is
known to preferentially inhibit the late component of INa vs. peak INa but is also known to
inhibit IKr with an IC50 of ~11.5 μmol/L [25]. Thus to ascertain the role of INaL we
performed experiments using TTX, as TTX specifically blocks Na channels with negligible
effects on other ion current and transport systems. Both agents significantly reversed the
slowed INaL decay time in parallel with a prominent abbreviation of the cardiac AP in
myocytes isolated from animals five weeks after TAC surgery. Thus, it can be suggested
that INaL is a major contributor to AP prolongation in pressure overload-induced heart
failure.

Similar results were found by Maltsev and coworkers in myocytes isolated from human
failing hearts [9]. In their experiments APD could be abbreviated up to ~75% by applying
TTX to failing myocytes. Also two specific Na channel blockers (saxitonin and lidocaine)
reduce APD in isolated cardiomyocytes from an ischemic dog heart failure model [26].
Similar results were reported by Undrovinas et al. using Ran in cells isolated from an
ischemic heart failure model [27]. Moreover, a recent study also indicates that AP
prolongation of myocytes from pressure overload-induced failing rat hearts could be
attenuated by TTX [28]. Finally, several studies have consistently shown that
pharmacological augmentation of INaL e.g. using ATX-II or ROS results in marked
prolongation of the cardiac AP [6, 7, 29, 30], which could be blunted by application of Ran
or TTX. Therefore, there is strong and growing evidence that elevation of INaL plays a major
role in the prolongation of cardiac AP in the progression of pressure-induced heart failure.

The underlying mechanisms of INaL induction in the failing cardiomyocyte are still unclear.
We now provide evidence that the prominent INaL in our mouse model of afterload-induced
heart failure is CaMKII-dependent. The CaMKII inhibitor AIP significantly reversed the
slowed INaL decay time und abbreviated APDs in cardiomyocytes isolated from animals five
weeks after TAC surgery. Previous studies showed an elevated INaL in transgenic
CaMKIIdelta mice, adenoviral CaMKII transfected rabbit cardiomyocytes, and guinea-pig
ventricular myocytes in either the absence or presence of CaMKII that could be reversed by
application of CaMKII inhibitors [2, 31]. Moreover, a recent study suggest that an increased
INaL leads to activation of CaMKII, which in turn phosphorylates Nav1.5, further promoting
INaL in genetically or pharmacologically modified mice cardiomyocytes [32].
Pharmacological inhibition of either CaMKII or INaL could ameliorate cardiac dysfunction
caused by excessive Na influx. Thus, the present study confirms this finding and expands
the knowledge in a clinically relevant model of afterload-induced heart failure.
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4.4 INaL generates cellular arrhythmic triggers
Because afterdepolariations were rarely seen under basal conditions we increased cellular
SR Ca stores using isoproterenol to unmask cellular arrhythmias. Experiments under these
conditions may be of clinical relevance because the isoproterenol concentrations (eg, 10−8

mol/L) used in our study are equivalent to catecholamine levels found in human heart failure
[33]. Here we show that isoproterenol prominently induced DADs without evidence for
clear induced EADs although AP prolongation was present in these TAC cells.
Nevertheless, occurrence of DADs was potent enough to cause typical triggered activity as
indicated by repetitive unstimulated APs.

An enhanced INaL has been reported to increase [Na]i [18] as it occurs in heart failure [34].
The increased [Na]i leads to a subsequent Ca-overload due to the extrusion of Na via the
reverse mode NCX and to a decreased Ca extrusion through NCX during its operation in the
forward mode [3, 18]. This increase of diastolic Ca has been shown to produce spontaneous
SR Ca-release events also known as Ca-sparks [1, 3]. Ca-sparks and waves are facilitated by
leaky RyR22 in heart failure [16]. Ca-sparks are believed to participate as crucial events in
the initiation and propagation of Ca-waves and the elimination of cytosolic Ca via the NCX
generates a depolarizing current (transient inward current, ITI), which can give rise to DADs
and which presumably underlies our observations [7, 9, 17].

Ran had strong antiarrhythmic effects by reducing the incidence of DADs and triggered
activity in TAC myocytes most likely by attenuating the Na-induced Ca-overload resulting
in a lower incidence of spontaneous SR Ca-release events as it was shown previously in
failing cardiomyocytes [3, 7, 35]. Preliminary data from our group indicate that
augmentation of INaL activates CaMKII which phosphorylates the RyR2 leading to
increased SR Ca-sparks and DADs [35]. We therefore performed experiments using a
CaMKII inhibitor and could show that AIP potently suppresses cellular triggers for
arrhythmias as it was seen for Ran. Therefore, CaMKII seems to play an important role by
mediating an INaL-induced leakiness of the cardiac RyR2 as demonstrated by a reduced Ca
spark frequency in the presence of AIP. Ca-sparks and waves can give rise to DADs which
in turn induce ITI causing triggered activity. Our present study thus demonstrates that
inhibition of INaL either by applying Ran or AIP exerts potent antiarrhythmic effects on the
cellular level.

4.5 Molecular basis of altered INaL in heart failure
Na channels are multi-protein complexes and their activity is both determined by the pore-
forming alpha subunit and additional interacting partners [8]. In our model overexpression
of Nav1.5 could not explain the slowed INaL decay time five weeks after TAC (~57%),
because Nav1.5. was already increased after one week (~192%) which interestingly had no
significant effects on INaL.

In-vivo knockdown of the beta1-subunit accelerates the decay time of INa [20] and an
increased expression might therefore augment the INaL. Because the expression was
increased at both time points a sole upregulation of the beta1-subunit does not explain an
increased INaL. Normalization of the beta1-subunit to the alpha-subunit expression (Nav1.5)
shows a decrease after one week and normalization after 5 weeks of TAC and this might
contribute to the observed INaL-changes, especially the relative downregulation after one
week could have prevented an increase in INaL. Neuronal isoforms of Na channels have been
described to be upregulated in a rat TAC model before [28]. In our study Nav1.1 was
upregulated whereas Nav1.6 was downregulated after 5 weeks of TAC surgery. Thus, a
contribution of Nav1.1 to the augmented INaL could be an underlying mechanism, but this
correlation remains highly speculative.
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CaMKII can induce INaL by phosphorylation of Nav1.5 [2, 36]. CaMKII activity measured
by phosphorylation at Thr-286 was increased after TAC surgery. This increase was much
higher at five vs. one week post-TAC. Conclusively, INaL decay time was only significantly
slowed five weeks after TAC surgery. Recently, different phosphorylation sites of the
cardiac Na channels were described [21, 22].

In our study the CaMKII-dependent phosphorylation site of the Nav1.5 at Ser571 was
significantly more phosphorylated in the late compared to the early time point after TAC
intervention (Figure 6A and G), consistent with previous findings of increased
phosphorylation at Ser571 in non-ischemic human heart failure [36]. Taken together with
our functional findings, CaMKII seems to prominently mediate the augmentation of INaL in
the progression of pressure overload-induced heart disease.

Conversely, increased cellular Ca has been shown to activate CaMKII which in turn induces
INaL by phosphorylation of Na channels [2, 37], which might thus constitute a vicious circle.
This pathway has been demonstrated by Yao and coworkers who showed that a Nav1.5-
dependent increase in Na influx leads to activation of CaMKII, which phosphorylates
Nav1.5, further promoting Na influx [32]. However, it should be also mentioned that there is
one report showing that Ran directly influences RyR2 open probability, desensitizes Ca-
dependent RyR2 activation and inhibits Ca oscillations which needs to be further
investigated [38]. On the other hand ATX-II induces spontaneous diastolic Ca release from
the SR and DADs which would rather support the indirect effect of Ran on RyR2 open
probability via modulation of INaL [39,40]. Most importantly DADs can be also abolished
by application of TTX which probably supports an INaL-dependent effect on DAD induction
[7].

Taken together, activation of CaMKII and CaMKII-dependent augmentation of INaL via Na
channel phosphorylation seems to be a major mechanism underlying the increase in INaL,
APD prolongation, and induction of cellular arrhythmogenic triggers observed five weeks
post-TAC.

4.6 Limitations
The difference in phenotype between animals after one vs. five weeks of TAC is a decrease
in heart function, but also a further increase in hypertrophy (heart weight). Both changes
occur at the same time and therefore low degree compensated hypertrophy and high degree
decompensated hypertrophy but with heart failure might be the best definition of the
phenotypes. INaL seems to be the major contributor to the AP prolongation at low
frequencies where INaL is prominent e.g. 0.5-2 Hz at least in our model. However, higher
frequencies were not investigated in this work. Possibly, other channels and currents might
be involved in the AP prolongation at higher frequencies. Finally, all experiments were
performed on a single cell level, making a direct translation of our results and conclusions
regarding arrhythmias into an in-vivo situation difficult (e.g. no electrical cell to cell
conduction). Therefore, because of the absence of data to indicate that ranolazine impacts
global arrhythmia susceptibility in this model, the investigation is limited to describing the
potential mechanisms by which late INaL contributes to cellular arrhythmia susceptibility
during heart failure.

4.7 Conclusions
The progression of pressure overload-induced heart failure is paralleled by changes of INaL
and APD. In our model, hypertrophy with preserved systolic contractility was not associated
with either an effect on INaL decay time or a prolongation of the APD. However, when
hearts developed LV pump failure INaL increased along with AP prolongation. Inhibition of
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INaL as well as CaMKII could largely counteract the AP prolongation in heart failure
indicating a significant contribution of INaL and CaMKII (likely via INaL) on AP
prolongation in the failing heart. A CaMKII-enhanced INaL appears to play a crucial role in
the development of cellular arrhythmias associated with the progression of pressure
overload-induced heart failure. Inhibition of INaL and CaMKII in order to suppress
arrhythmias in heart failure merits further investigation.
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Highlights

• INaL is enhanced in heart failure but not in compensated hypertrophy

• Increased INaL causes action potential prolongation in heart failure

• These changes trigger cellular arrhythmias which are prevented by INaL and
CaMKII inhibition

• CaMKII regulates INaL and thereby cellular arrhythmias via phosphorylation of
the Nav1.5
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Figure 1. Echocardiographic data
Cardiac phenotype characteristics. A Representative echocardiographic recordings of sham
and TAC mice 1 and 5 weeks after intervention (1 week: sham n=6, TAC n=10, 5 weeks:
sham n=10, TAC n=15). B Mean values of septum width. C Mean values of heart weight /
body weight ratio (HW/BW). D Mean values of ejection fraction (EF). E Mean values of left
ventricular end-diastolic diameter (LVEDD). F Mean values of membrane capacitances. G
Kaplan-Meier survival curve of sham and TAC animals which does not include mortalility
within the first 24 hrs post-TAC surgery.
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Figure 2. Effects of TAC on late INa after one week
Measurements of INaL after one week of pressure overload. A Original recordings showing
INaL in sham and TAC cells paced at 0.5 Hz in the presence of vehicle or ranolazine. B
Mean values of INaL decay time in the corresponding groups (TAC 20, sham 14, TAC+Ran
7, sham+Ran 6 cells, no statistical differences between the groups using 2-way RM
ANOVA).
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Figure 3. Effects of TAC on late INa after 5 weeks
Measurements of INaL after five weeks of TAC surgery. A Original tracings showing
recorded INaL in sham and TAC cells in the presence of either vehicle, Ran, TTX, and AIP
(in TAC) paced at 0.5 Hz. B Mean values of INaL decay time in the corresponding groups.
There was a statistical difference between INaL decay time of TAC vs. sham (n=26 vs.7),
TAC vs. TAC+Ran (n=17), TAC vs. TAC+TTX (n=16), TAC vs. TAC+AIP (n=18) vs.
TAC. *=p<0.05 vs. sham #=p<0.05 vs. TAC
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Figure 4. Effects of TAC on action potentials after 1 week
Measurements of APs after one week of TAC intervention. A Original tracings showing
recorded APs in sham and TAC cells in the presence of vehicle or Ran paced at 0.5 Hz. B
Mean values of APD (90%) in the corresponding groups (TAC 7, sham 12, TAC+Ran 19,
sham+Ran 15 cells, no statistical differences between the groups using 2-way RM
ANOVA).
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Figure 5. Effects of TAC on action potentials after 5 week
Measurements of APs in cells isolated from animals five weeks after TAC surgery. A
Original tracings showing recorded action potentials in sham and TAC cells in the presence
of vehicle, Ran, and AIP paced at 0.5 Hz. B Mean values of (APD90) in the corresponding
groups. (TAC 15, sham 8, TAC+Ran 19, TAC+AIP 18, TAC+TTX 10 cells. *=p<0.05 vs.
sham #=p<0.05 vs. TAC
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Figure 6. Arrhythmic triggers and SR Ca-leak
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Measurements of APs five weeks after TAC surgery in the presence of 10−8 mol/L
isoproterenol. A Original tracing of APs in the presence of isoproterenol. Red arrows
indicate DADs. B Mean values of DAD-incidence in sham (n=15), TAC (n=20), Ran-treated
(n=15) and AIP-treated TAC cells (n=5). C Original tracing of spontaneous APs in the
presence of isoproterenol. Red arrows indicate triggered activity (unstimulated APs). D
Mean values of triggered activity (meaning unstimulated APs). E Representative confocal
line scans of cardiomyocytes under control conditions (above) as well as upon ranolazine
(middle) and AIP-treatment (below) showing Ca-sparks and a diastolic Ca-wave (in control
group). F Inhibition of INaL by ranolazine as well as CaMKII inhibition by AIP significantly
decrease the frequency of diastolic Ca-sparks (n=30-38). G The amplitude of diastolic Ca-
sparks is significantly reduced in the presence of ranolazine (n=80 vs. 128, control) as well
as after CaMKII-inhibition with AIP (n=41). H The inhibitors yield a significant decrease of
the resulting calculated SR Ca-leak (CaSpF − amplitude − duration − width, normalized to
control group).
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Figure 7.
Protein analysis of CaMKIIδ and Na channel isoforms (n=6 per group and time point). A
Exemplary western blots. B Mean values of Na channel isoform α1.1 normalised to
GAPDH. C Mean values of Na channel isoform α1.5 normalised to GAPDH. D Mean
values of Na channel isoform α1.6 normalised to GAPDH. E Mean values of beta1 subunit
normalised to GAPDH. F Mean values of phosphorylated CaMKIIδ (at Thr-287) normalised
to GAPDH. G Mean values of phosphorylated Nav1.5at Ser571 (CaMKII phosphorylation
site) normalized to total Nav1.5.
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