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Abstract
Increased late sodium current (late INa) is an important arrhythmogenic trigger in cardiac disease. It prolongs cardiac action 
potential and leads to an increased SR Ca2+ leak. This study investigates the contribution of Ca2+/Calmodulin-dependent 
kinase II (CaMKII), protein kinase A (PKA) and conversely acting protein phosphatases 1 and 2A (PP1, PP2A) to this sub-
cellular crosstalk. Augmentation of late INa (ATX-II) in murine cardiomyocytes led to an increase of diastolic Ca2+ spark 
frequency and amplitudes of Ca2+ transients but did not affect SR Ca2+ load. Interestingly, inhibition of both, CaMKII and 
PKA, attenuated the late INa-dependent induction of the SR Ca2+ leak. PKA inhibition additionally reduced the amplitudes 
of systolic Ca2+ transients. FRET-measurements revealed increased levels of cAMP upon late INa augmentation, which could 
be prevented by simultaneous inhibition of Na+/Ca2+-exchanger (NCX) suggesting that PKA is activated by Ca2+-dependent 
cAMP-production. Whereas inhibition of PP2A showed no effect on late INa-dependent alterations of Ca2+ cycling, addi-
tional inhibition of PP1 further increased the SR Ca2+ leak. In line with this, selective activation of PP1 yielded a strong 
reduction of the late INa-induced SR Ca2+ leak and did not affect systolic Ca2+ release. This study indicates that phosphatase/
kinase-balance is perturbed upon increased Na+ influx leading to disruption of ventricular Ca2+ cycling via CaMKII- and 
PKA-dependent pathways. Importantly, an activation of PP1 at RyR2 may represent a promising new toehold to counteract 
pathologically increased kinase activity.
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Introduction

The late Na current (late INa) is a persisting, low-amplitude 
Na influx following the initial, fast-inactivating component 
(peak INa) in cardiomyocytes [2]. While its physiological role 
is rather minor, its persistence over hundreds of milliseconds Jörg Eiringhaus and Jonas Herting contributed equally to this 
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[24] can lead to a late INa dependent Na+ influx even exceed-
ing that of peak INa once its amplitude is increased under 
pathological conditions and hereby facilitate intracellular 
Na+ overload [5]. Furthermore, the sustained depolarizing 
inward Na+ current offsets repolarizing K+ currents lead-
ing to a prolongation of action potential duration (APD) 
and increased susceptibility to early afterdepolarizations 
(EADs)[2]. An elevated late INa was found in several cardiac 
pathologies such as hypoxia [22], ischemia [23, 31], oxida-
tive stress [39], inflammation [38], channelopathies [30], 
atrial fibrillation [34] and heart failure [26]. Importantly, late 
INa is closely linked to another important pathomechanism in 
cardiac disease, the disturbance of myocardial Ca2+ cycling. 
Of note, the extrusion of intracellular Na+ via reverse mode 
of the sarcolemmal Na+/Ca2+ exchanger (NCX) leads to an 
increase of intracellular Ca2+ concentrations. Our group 
demonstrated that an elevation of late INa in ventricular car-
diomyocytes increases the instability of diastolic RyR2 clo-
sure in the sarcoplasmic reticulum (diastolic SR Ca2+ leak) 
through an activation of Ca2+/Calmodulin dependent kinase 
II (CaMKII) and subsequently triggers proarrhythmogenic 
events [32, 37] as an extrusion of Ca2+ via NCX can induce 
delayed afterdepolarization (DADs) through a net influx of 
positive charge carriers (transient inward current, Iti) [33]. 
We recently confirmed this pathway in atrial myocardium 
and additionally found evidence for a late INa-induced, 
Ca2+-dependent activation of intracellular adenylylcyclases 
(ACs) leading to an increased activity of protein kinase A 
(PKA) [17]. This study, therefore, aims at more comprehen-
sively investigating the functional effects of an increased 
late INa on ventricular calcium-cycling and at elucidating the 
role of both, PKA and CaMKII, in this subcellular crosstalk. 
Furthermore, this is the first study to evaluate the functional 
role of conversely acting protein phosphatases (PP) 1 and 
2A in this context.

Methods

Myocyte isolation

Isolation of ventricular cardiomyocytes from wild-type 
(WT) mice (B6N) was performed as reported previously 
[37]. A Langendorff apparatus was used to retrogradely 
perfuse the explanted hearts with an initially Ca2+ free 
Tyrode’s solution containing (in mmol/L): NaCl 113, KCl 
4.7, KH2PO4 0.6, Na2HPO4 × 2H2O 0.6, MgSO4 × 7H2O 
1.2, NaHCO3 12, KHCO3 10, HEPES 10, Taurine 30, BDM 
10, glucose 5.5, phenol-red 0.03 (37 °C, pH 7.4). After-
wards, 7.5 mg/ml liberase 1 (Roche diagnostics, Mannheim, 
Germany) and trypsin 0.6% (Life Technologies, Carlsbad, 
CA, USA) as well as 0.125 mmol/L CaCl2 were added to 
the perfusion solution. Once the tissue had become flaccid, 

ventricular and atrial myocardium was separated by cutting 
off the ventricles beneath the atrioventricular valve level. 
The ventricular myocardium was cut into small pieces and 
dispersed in Tyrode’s solution. The concentration of Ca2+ 
was stepwise increased every 3 min until the target concen-
tration was reached. Cells were plated on laminin-coated 
recording chambers and left for 20 min to enable settling. 
To ensure the validity of functional measurements, the struc-
tural integrity of investigated cardiomyocytes was an impor-
tant requirement. Thus, only cell suspensions that contained 
an adequate fraction of elongated, not granulated cardiomyo-
cytes with cross-striations were selected for experiments.

Selective activation of PP1 in murine myocardium

To evaluate the effects of specific PP1 activation on Ca2+ 
cycling properties in cardiomyocytes, we used PP1-disrupt-
ing peptide 3 (PDP3) [9] as previously described [16]. In 
general, PP1 activity is regulated via the interaction between 
the catalytic subunit and various regulatory proteins (PP1-
interacting proteins, PIPs) and can be modulated by influenc-
ing the PP1–PIP interaction [10]. PDP3 was shown to be a 
proteolytically stable and cell-permeable peptide that spe-
cifically disrupts PP1–PIP interactions and thereby increases 
PP1 activity in living cells without affecting the closely 
related phosphatase PP2A [9]. We used the inactive variant 
PDP3m (RATA-mutated) as a control to investigate changes 
in Ca2+ cycling properties upon specific PP1 activation.

Intracellular Ca2+ imaging

Confocal microscopy

Titrated concentrations of Anemonia sulcata toxin II (ATX-
II, Alomone labs, Jerusalem, Israel, 0.5–5 nmol/L, depend-
ent on the activity of LOT) were used to increase late INa 
current in wild-type murine cardiomyocytes to levels found 
in cardiac disease [21, 25]. ATX-II potently modulates volt-
age-gated Na+ channel gating kinetics by delaying its inac-
tivation and subsequently prolongs action potential duration. 
Isolated cells were incubated at room temperature for 15 min 
with a Fluo-4-AM loading buffer (Fig. 1) or Fluo-3-AM 
loading buffer (Figs. 4 and 6, 10 μmol/L each, Molecular 
Probes, Eugene, OR, USA) which contained: no active agent 
(control group), ATX-II alone, ATX-II in combination with 
CaMKII inhibitor Autocamtide-2-related Inhibitory Peptide 
(AIP, 1 μmol/L, Alexis Corp., Switzerland), ATX-II in com-
bination with PKA inhibitor H89 (5 µmol/L, Sigma–Aldrich, 
St. Louis, MO, USA), ATX-II in combination with phos-
phatase inhibitor okadaic acid (OA, 10/100 nmol/L, Enzo 
Life Sciences, Farmingdale, NY, USA), ATX-II in combina-
tion with phosphatase 1 activator phosphatase-1-disrupting-
peptide 3 (PDP3, 1 μmol/L, SiChem, Bremen, Germany) 
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or ATX-II in combination with the inactive form PDP3 m 
(1 μmol/L, SiChem). AIP was applied in its myristoylated 
form to ensure cell permeability. OA was used in concentra-
tions of 10 nmol/L to inhibit PP2A and 100 nmol/L to inhibit 
PP1 and 2A [11].

Experimental solution contained (mmol/L): KCl 4, NaCl 
140, MgCl2 1, HEPES 5, glucose 10, CaCl2 2 (pH 7.4, 
NaOH, room temperature) and the respective active agents. 
To wash out the loading buffer and to remove any extracel-
lular dye, as well as to allow enough time for complete de-
esterification of the fluorescent dye, cells were incubated 
with an experimental solution for 15 min before experiments 
were started. Cells were continuously superfused during 
experiments. Ca2+ spark measurements were performed 
with a laser scanning confocal microscope (LSM 5 Pascal, 
Zeiss, Jena, Germany) using a 40× oil-immersion objective. 
Fluo-3/4-AM 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, equat-
ing to a measurement period of 7.68 s. Experiments were 
conducted at resting conditions after loading the SR with 

Ca2+ by repetitive field stimulation (30 beats at 3 Hz, 20 V). 
Ca2+ spark frequency and dimensions were analyzed with 
the program SparkMaster for ImageJ [29]. The mean spark 
frequency of the respective cell (CaSpF) was calculated from 
the number of sparks normalized to cell width and scan rate 
(100 μm−1 s−1).

Epifluorescence microscopy

Cardiomyocytes were isolated and plated as described 
above and incubated with a Fura-2–AM loading buffer 
(10 μmol/L, Molecular Probes) for 15 min. In the inter-
vention groups, the loading buffer also contained the 
respective active agents as described above for confocal 
microscopy measurements. After staining, cardiomyocytes 
were incubated with the respective experimental solution 
(as described in confocal microscopy) for 15 min before 
measurements were started to enable complete deesterifi-
cation of intracellular Fura-2-AM and allow cellular rebal-
ance of Ca2+ cycling properties. During measurements, 
cardiomyocytes were continuously superfused with an 
experimental solution. Measurements were performed 
with a Motic AE32 microscope (Speed Fair Co. Ltd, Hong 
Kong) provided with a fluorescence detection system (ION 
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Fig. 1   Effects of late INa augmentation and modulation of protein 
kinase activity on diastolic SR Ca2+ leak. a Representative confo-
cal line scans of murine ventricular cardiomyocytes and respective 
quantification of b CaSpF, as well as c amplitude, d width and e dura-

tion of detected Ca2+-sparks. N = 10, n (cells/sparks) = 133/185 vs. 
118/459 vs. 95/254 vs. 114/224. *significant vs. control; #significant 
vs. ATX (P < 0.05). Drug concentrations: ATX-II 0.5  nmol/L; AIP 
1 µmol/L; H89 5 µmol/L
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OPTIX Corp., Milton MA). Cells were excited at 340 and 
380 nm and the emitted fluorescence was collected at 
510 nm. Intracellular Ca2+ levels were measured as the 
ratio of fluorescence at 340 and 380 nm (F340/F380 nm in 
ratio units, r.u.). Systolic Ca2+ transients were recorded 
at steady state conditions under constant field stimulation 
(1 Hz). To assess the SR Ca2+ content, we measured the 
amplitude of caffeine-induced Ca2+ transients. After stop-
ping the stimulation during steady-state conditions at 1 Hz, 
caffeine (10 mmol/L, Sigma–Aldrich) was applied directly 
onto the cell of interest leading to immediate and complete 
SR Ca2+ release. The recorded Ca2+ transients were ana-
lyzed with the software IONWizardR (ION OPTIX Corp.).

FRET‑measurements and data analysis

Freshly isolated adult mouse ventricular cardiomyocytes 
from Epac1-camps mice [8] were plated onto laminin-
coated cover slides and allowed to settle for 30 min. After-
wards, cover slides carrying isolated cardiomyocytes were 
mounted in an imaging chamber (Attofluor cell chamber, 
Invitrogen, Carlsbad, CA, USA) equipped with an electrode. 
After washing the cells with Tyrode’s solution (in mmol/L: 
KCl 1, NaCl 149, MgCl2 1, HEPES 5, Glucose 10, CaCl2 
1, pH = 7.54), 400 µl Tyrode’s solution were added to the 
chamber and cardiomyocytes were field stimulated at 1 Hz. 
FRET-measurements (Förster resonance energy transfer) 
were performed using an inverted fluorescent microscope 
(Nikon Ti, Nikon Instruments, Tokyo, Japan) and Micro-
Manager software [12]. The FRET donor CFP was excited 
at 440 nm using a CoolLED light source (CoolLED Ltd., 
Andover, England). Images were acquired every 10 s in 
CFP and YFP emission channels with an exposure time 
of usually 10 ms as described [36]. Cardiomyocytes were 
incubated in Tyrode’s solution with or without the reverse-
mode NCX inhibitor KB-R7943 (0.1 mmol/L) [1] for 7 min 
before start of measurements. After establishing a stable 
baseline signal, ATX-II (0.5 nmol/L) was added to the imag-
ing chamber. When the ATX-II reaction reached a stable 
plateau (on average after 5 min) 100 nmol/L isoprenaline 
(Iso) were added. Cardiomyocytes in the control group were 
incubated in pure Tyrode’s solution for 5 min before Iso 
was added, to exclude possible time-dependent changes in 
FRET ratio. Data analysis was performed using Origin 8.5 
software (OriginLab Corp., Northhampton, MA, USA) as 
previously described [7, 36]. To calculate the actual FRET 
ratio, we corrected for the bleedthrough of the donor fluores-
cence (CFP) into the acceptor (YFP) channel using the equa-
tion: FRET Ratio = (YFP − 0.63 × CFP)/CFP. For statistical 
comparison and graphical representation, the FRET ratio of 
each experiment was normalized to the baseline signal of 
the respective cell.

Statistics

All data are presented as mean ± SEM. ANOVA with Holm-
Šídák post hoc test was used for statistical analysis. Values 
of P < 0.05 were considered as statistically significant.

Results

Effects of late INa augmentation and modulation 
of protein kinase activity on SR Ca2+ leak

The impact of selective late INa augmentation on SR Ca2+ 
leak was investigated by confocal microscopy (Fluo-4-AM). 
ATX-II was used for augmentation of late INa as described 
before [17, 32]. CaMKII (AIP, 1 μmol/L) or PKA (H89, 
5 μmol/L) were additionally inhibited in the respective 
groups to elucidate interconnecting pathways.

An augmentation of late INa led to a significant increase 
of Ca2+-spark frequency (CaSpF) of murine ventricular 
cardiomyocytes by 183 ± 34% in comparison to control 
conditions (CaSpF ATX-II vs. control = 1.52 ± 0.18 vs. 
0.54 ± 0.08 × 100 μm−1 s−1, P < 0.01, Fig. 1b). Further-
more, ATX-II significantly raised the amplitude (F/F0: 
1.85 ± 0.02 vs. 1.76 ± 0.02, P < 0.01, Fig. 1c), and dura-
tion (45.35 ± 1.87 vs. 36.83 ± 1.86 ms, P < 0.01, Fig. 1e) of 
detected Ca2+-sparks, with no major effect on Ca2+-spark 
width (3.40 ± 0.07 vs. 3.24 ± 0.09 µm, P = 0.50, Fig. 1d). 
Simultaneous CaMKII-inhibition led to a pronounced atten-
uation of the ATX-II dependent induction of CaSpF (ATX-
II + AIP vs. ATX-II = 1.05 ± 0.13 vs. 1.52 ± 0.18 × 100 μm−1 
s−1, P < 0.05, Fig.  1b). Ca2+-spark amplitude (F/F0: 
1.80 ± 0.02 vs. 1.85 ± 0.02, P = 0.15, Fig. 1c), Ca2+-spark 
width (3.30 ± 0.10 vs. 3.40 ± 0.07 µm, P = 0.60, Fig. 1d) 
and Ca2+-spark duration were not significantly affected 
by CaMKII-inhibition (39.35 ± 1.79 vs. 45.35 ± 1.87 ms, 
P = 0.06, Fig. 1e). Slightly different effects were detected 
when PKA was inhibited: Here, we also found a significant 
reduction of CaSpF (ATX-II + H89 vs. ATX-II = 0.74 ± 0.13 
vs. 1.52 ± 0.18 × 100 μm−1 s−1, P < 0.01, Fig. 1b). In con-
trast to CaMKII-inhibition, however, Ca2+-spark amplitude 
(F/F0: 1.75 ± 0.02 vs. 1.85 ± 0.02, P < 0.01, Fig. 1c), width 
(2.96 ± 0.08 vs. 3.40 ± 0.07, P < 0.001, Fig. 1d) and duration 
(35.94 ± 1.59 vs. 45.35 ± 1.87 ms, P < 0.01, Fig. 1e) were 
additionally reduced upon PKA inhibition vs. sole ATX-II 
treatment.

Effects of late INa augmentation and modulation 
of protein kinase activity on systolic Ca2+ release 
and SR Ca2+ load

The influence of late INa augmentation on ventricular 
Ca2+ cycling properties was analyzed by epifluorescence 



Basic Research in Cardiology (2019) 114:13	

1 3

Page 5 of 14  13

microscopy (Fura-2-AM). Cardiomyocytes were stimulated 
at 1 Hz to record systolic Ca2+ transients and caffeine was 
applied to quantify SR Ca2+ content (Fig. 2a). An augmenta-
tion of late INa did not significantly affect systolic Ca2+ tran-
sient amplitude (F340/F380: ATX-II vs. control = 0.34 ± 0.02 
vs. 0.29 ± 0.01, P = 0.10, Fig. 2b) and decay kinetics of 
systolic Ca2+ transients (RT80: 0.29 ± 0.01 vs. 0.32 ± 0.01 s, 
P = 0.08, Fig. 2c) compared to control. Surprisingly, late 

INa induction did also not influence the amplitude of caf-
feine-induced Ca2+ transients (F340/F380: 0.49 ± 0.04 vs. 
0.54 ± 0.03, P = 0.46, Fig.  2d) suggesting unaltered SR 
Ca2+ content despite an increased diastolic SR Ca2+ leak 
(see Fig. 1).

Of note, CaMKII-inhibition did not change late INa-
mediated effects on systolic Ca2+ release and diastolic Ca2+ 
elimination. The amplitude (F340/F380: ATX-II + AIP vs. 
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Fig. 2   Effects of late INa augmentation and modulation of protein 
kinase activity on Ca2+ cycling properties of murine ventricular car-
diomyocytes (epifluorescence, Fura-2-AM). a Representative origi-
nal recordings of systolic (1  Hz, left) and caffeine-induced Ca2+ 
transients (right, arrow indicates caffeine application) and respec-
tive quantification of b systolic Ca2+ transient amplitude and c decay 

kinetics (RT80) (N = 9, n (cells) = 66 vs. 51 vs. 64 vs. 49), as well as 
d amplitude (peak h) of caffeine-induced Ca2+-transients (N = 9; n 
(cells) = 22 vs. 16 vs. 22 vs. 17). *significant vs. control; #significant 
vs. ATX (P < 0.05). Drug concentrations: ATX-II 0.5  nmol/L; AIP 
1 µmol/L; H89 5 µmol/L
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ATX-II = 0.34 ± 0.02 vs. 0.33 ± 0.02, P = 0.51, Fig. 2b) and 
decay kinetics of systolic Ca2+-transients (RT80: 0.31 ± 0.01 
vs. 0.29 ± 0.01, P = 0.45, Fig. 2c), as well as SR Ca2+ con-
tent (F340/F380: 0.57 ± 0.04 vs. 0.49 ± 0.04, P = 0.44, Fig. 2d) 
did not significantly differ from sole ATX-II treatment. In 
contrast, inhibition of PKA lowered the amplitude of sys-
tolic Ca2+-transients in comparison to sole ATX-II treat-
ment and even below the control values (ATX-II + H89 vs. 
ATX-II vs. control = F340/F380: 0.21 ± 0.01 vs. 0.34 ± 0.02 vs. 
0.29 ± ,0.01, P < 0.01, respectively, Fig. 2b). Furthermore, 
inhibition of PKA significantly slowed Ca2+ elimination 
kinetics compared to sole ATX-II treatment as well as com-
pared to untreated control (RT80: ATX-II + H89 vs. ATX-
II vs. control = 0.42 ± 0.01 vs. 0.29 ± 0.01 vs. 0.32 ± 0.01 s; 
P < 0.001, respectively, Fig. 2c). The effect on the ampli-
tude of caffeine-induced transients was not significant (F340/
F380: ATX-II + H89 vs. ATX-II = 0.39 ± 0.04 vs. 0.49 ± 0.04, 
P = 0.31, Fig. 2d).

Effects of late INa augmentation on intracellular 
cAMP levels

The results described above indicate that an elevated late INa 
leads to increased PKA activation, which partly accounts for 
its effects on Ca2+ cycling. To further elucidate the mecha-
nism underlying PKA activation, we determined cytoplasmic 
cAMP levels in ventricular cardiomyocytes of EPAC-camps 
transgenic mice using FRET measurements. These mice 
express a genetically engineered protein (EPAC-camps) that 
harbours two fluorophores (GFP, YFP). Upon cAMP bind-
ing, the distance between both fluorophores increases and 
resonance energy transfer is reduced providing the possibil-
ity of real-time measurements of cytoplasmic cAMP levels 
in living cells (also see “Methods”).

Indeed, cAMP levels rose upon late INa augmentation 
by ATX-II compared to time-matched control (YFP/CFP 
ratio: 0.95 ± 0.01 vs. 0.99 ± 0.00, P < 0.001, Fig. 3a, b and 
d. This response made up for 33% of the maximal isopro-
terenol (Iso; 100 nmol/L) response. As a Ca2+-dependent 
mechanism could be assumed, an inhibitor of NCX reverse 
mode (KB-R7943) was applied to prevent Na+-induced Ca2+ 
overload [1]. Interestingly, pre-treatment with KB-R7943 
significantly diminished the ATX-II effect on cytoplasmic 
cAMP levels (YFP/CFP ratio: 0.98 ± 0.00 vs. 0.95 ± 0.01, 
P < 0.001, Fig. 3c, d).

Effects of PP1 and PP2A inhibition on late INa 
dependent induction of the SR Ca2+ leak

The impact of phosphatase inhibition on diastolic SR Ca2+ 
leak in the setting of an elevated late INa was investigated by 
confocal microscopy scans (Fluo-3-AM). PP2A (10 nmol/L 
OA) or PP1 and PP2A (100 nmol/L OA) were inhibited Fi
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using okadaic acid, respectively. As shown before, the basal 
Ca2+ spark frequency (CaSpF) was significantly increased 
by ATX-II (CaSpF ATX-II vs. control = 1.67 ± 0.25 
vs. 0.44 ± 0.09  ×  100  μm−1 s−1, P < 0.05, increase by 
278 ± 57%, Fig. 4b). Interestingly, additional inhibition 
of PP2A did not significantly influence ATX-II depend-
ent increase in CaSpF (ATX-II + OA 10 nmol/L vs. ATX-
II = 1.69 ± 0.26 vs. 1.67 ± 0.25 × 100 μm−1 s−1, P = 0.97, 
Fig. 4b) nor Ca2+-spark amplitude (F/F0: 1.51 ± 0.012 vs. 
1.50 ± 0.01, P = 0.84, Fig. 4c), Ca2+-spark width (1.89 ± 0.07 
vs. 1.92 ± 0.07 µm, P = 0.80, Fig. 4d) and Ca2+-spark dura-
tion (22.14 ± 1.040 vs. 20.75 ± 0.88 ms, P = 0.38, Fig. 4e). 
However, an inhibition of both, PP1 and PP2A, resulted 
in a strong additional increase of CaSpF (ATX-II + OA 
100 nM vs. ATX-II = 3.24 ± 0.55 vs. 1.67 ± 0.25 × 100 μm−1 
s−1, P < 0.01, Fig. 4b), Ca2+-spark width (2.35 ± 0.08 vs. 
1.92 ± 0.07 ms, P < 0.001, Fig. 4d) and Ca2+ spark dura-
tion (27.53 ± 1.14 vs. 20.75 ± 0.88 ms, P < 0.001, Fig. 4e), 
whereas Ca2+ spark amplitude remained unchanged (F/F0: 
1.51 ± 0.01 vs. 1.50 ± 0.01, P = 0.84, Fig. 4c).

Effects of late INa augmentation and PP1 and PP2A 
inhibition on systolic Ca2+ release and SR Ca2+ load

Functional influences of additional phosphatase inhi-
bition on Ca2+ handling were addressed by epifluores-
cence microscopy measurements (Fura-2-AM). Car-
diomyocytes were stimulated at 1 Hz and systolic Ca2+ 
transients were recorded (Fig. 5a). Additionally, caffeine 
was applied to quantify SR Ca2+ content (Fig. 5a). As 
shown before, augmentation of late INa did not signifi-
cantly affect systolic Ca2+ transient amplitude (F340/F380: 
ATX-II vs. control = 0.31 ± 0.03 vs. 0.21 ± 0.02, P = 0.09, 
Fig. 5b), SR Ca2+ reuptake time (RT80: 0.37 ± 0.01 vs. 
0.33 ± 0.01, P = 0.40, Fig. 5c), as well as the amplitude 
of caffeine-induced Ca2+ transients (F340/F380: 0.46 ± 0.05 
vs. 0.48 ± 0.05, P = 0.87, Fig. 5d). In line with the confo-
cal data, additional PP2A inhibition did not alter ATX-II 
induced effects on systolic Ca2+ transients, SR Ca2+ reup-
take time (RT80) or SR Ca2+ content (Fig. 5b–d). In con-
trast, inhibition of both, PP1 and PP2A, yielded a strong 
additional increase of systolic Ca2+ transient amplitude 
by 66 ± 15% (F340/F380: ATX-II + OA 100  nmol/L vs. 
ATX-II = 0.52 ± 0.05 vs. 0.31 ± 0.03, P < 0.001, Fig. 5b) 
compared to sole ATX-II treatment, while the decay 
time of systolic Ca2+ transients (RT80: 0.30 ± 0.01 vs. 

0

10

20

30

40

0.0

0.5

1.0

1.5

2.0

0

1

2

3

4

a

ATX
200 ms

10
µm

Con

200 ms

10
µm

C
aS

pF
 (1

00
µm

-1
*s

-1
)

b c

am
pl

it
ud

e 
(F

/F
0
)

e

C
on

AT
X

AT
X 

+ 
O

A1
0

AT
X 

+ 
O

A1
00

ATX + OA100

10
µm

ATX + OA10

10
µm

200 ms

200 ms

C
on

AT
X

AT
X 

+ 
O

A1
0

AT
X 

+ 
O

A1
00

AT
X 

+ 
O

A1
00

#

*
*

*

0

1

2

3

w
id

th
 (µ

m
)

d

C
on

AT
X

AT
X 

+ 
O

A1
0

AT
X 

+ 
O

A1
00

#*

du
ra

ti
on

 (m
s)

C
on AT

X

AT
X 

+ 
O

A1
0

#*

Fig. 4   Effects of PP1/PP2A inhibition on late INa dependent induc-
tion of the SR Ca2+ leak. a Representative confocal line scans of 
murine ventricular cardiomyocytes and respective quantification of 
b CaSpF, as well as c amplitude, d width and e duration of detected 

Ca2+ sparks. N = 10, n (cells/sparks) = 64/72 vs. 74/188 vs. 76/185 
vs. 62/272. *significant vs. control; #significant vs. ATX (P < 0.05). 
Drug concentrations: ATX-II 5  nmol/L; OA10 10  nmol/L; OA100 
100 nmol/L



	 Basic Research in Cardiology (2019) 114:13

1 3

13  Page 8 of 14

0.33 ± 0.02 s, P = 0.40, Fig. 5c), as well as the amplitude 
of caffeine-induced Ca2+ transients (F340/F380: 0.63 ± 0.04 
vs. 0.46 ± 0.05, P = 0.13, Fig. 5d) were not significantly 
reduced.

Effects of PP1 activation on late INa dependent 
induction of the SR Ca2+ leak

As PP1 inhibition aggravated late INa dependent dis-
ruption of Ca2+ homeostasis we hypothesized that PP1 
activation may have beneficial influence on RyR2 stabil-
ity. To investigate the impact of selective phosphatase 1 
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activation on diastolic SR Ca2+ leak we performed confo-
cal microscopy scans (Fluo-3-AM) using a PP1-specific 
phosphatase disrupting peptide (PDP3) and its inactive 
form (PDP3m) in identical concentrations (1 μmol/L). 
Again, the basal CaSpF was profoundly increased by 
ATX-II treatment (CaSpF ATX-II vs. control = 1.28 ± 0.22 
vs. 0.28 ± 0.06 × 100 μm−1 s−1, P < 0.001, increase by 
355 ± 77%, Fig. 6b). As expected, the inactive peptide 
PDP3m did not influence late INa dependent induction 
of CaSpF as well as Ca2+-spark width and duration 
(Figs. 6b, d, e) whereas a small reduction of Ca2+-spark 
amplitude could be observed (F/F0 = 1.56 ± 0.015 vs. 
1.62 ± 0.18, P < 0.05). Importantly, however, a selective 
activation of PP1 by PDP3 yielded a strong reduction of 
CaSpF (CaSpF ATX-II + PDP3 vs. ATX-II = 0.47 ± 0.09 
vs. 1.28 ± 0.218 × 100 μm−1 s−1, P < 0.01, reduction by 
63 ± 7%, Fig. 6b). The amplitude of Ca2+ sparks (ATX-
II + PDP3 vs. ATX-II = 1.58 ± 0.02 vs. 1.62 ± 0.02, 
P = 0.35, Fig.  6c), Ca2+ spark width (1.08 ± 0.05 vs. 
1.25 ± 0.04 µm, P = 0.10, Fig. 6d) and Ca2+ spark dura-
tion (23.61 ± 1.46 vs. 29.33 ± 1.52 ms, P = 0.07, Fig. 6e) 
were not significantly altered.

Effects of late INa augmentation and PP1 activation 
on systolic Ca2+ release and SR Ca2+ load

To investigate if selective phosphatase 1 activation also 
impacts systolic Ca2+ release and diastolic Ca2+ reup-
take in the setting of an elevated late INa, epifluorescence 
microscopy measurements (Fura-2-AM) were performed 
as described before (Fig. 7a). In this dataset, augmenta-
tion of late INa led to an increase of systolic Ca2+ tran-
sient amplitude compared to untreated control (F340/
F380: ATX-II vs. control = 0.23 ± 0.02 vs. 0.13 ± 0.01, 
P < 0.001, increases by 79 ± 19%, Fig.  7b) without 
affecting SR Ca2+ reuptake time (RT80: 0.49 ± 0.02 vs. 
0.42 ± 0.03  s, P = 0.16, Fig. 7c) and the amplitude of 
caffeine-induced Ca2+ transients (F340/F380: 0.35 ± 0.05 
vs. 0.33 ± 0.085, P = 0.97, Fig. 7d). As expected, adding 
the inactive control peptide PDP3m did not alter ATX-II 
induced effects on systolic Ca2+-transients, decay kinet-
ics (RT80) and SR-Ca2+-content (Fig. 7b–d). Interestingly 
and in contrast to the effect on SR Ca2+ leak (see above) 
a selective activation of PP1 by novel PDP3 did not show 
any effects on amplitude (F340/F380: ATX-II + PDP3 vs. 
ATX-II = 0.20 ± 0.03 vs. 0.23 ± 0.02, P = 0.61, Fig. 7b) 
and decay kinetics of systolic Ca2+ transients (RT80: 
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0.46 ± 0.02 vs. 0.42 ± 0.03 s, P = 0.62, Fig. 7c) nor the 
amplitude of caffeine-induced Ca2+ transients (F340/F380: 
0.27 ± 0.05 vs. 0.35 ± 0.05, P = 0.85, Fig. 7d).

Discussion

This study investigates the functional role of cardiac pro-
tein kinases and phosphatases in the late INa-dependent 
disruption of Ca2+ homeostasis. We demonstrate that acti-
vation of late INa in ventricular murine cardiomyocytes 
results in an increase of diastolic Ca2+ loss from the SR. 

Fig. 7   Effects of late INa augmentation and PP1 activation on 
calcium-cycling properties of murine ventricular cardiomyo-
cytes (epifluorescence microscopy, Fura-2-AM). a Representa-
tive original recordings of systolic (1 Hz, left) and caffeine-induced 
Ca2+-transients (right, arrow indicates caffeine application) and 
respective quantification of b systolic Ca2+-transient amplitude and 

c decay kinetics (RT80) (N = 6, n (cells) = 27 vs. 28 vs. 19 vs. 26), 
as well as d amplitude (peak h) of caffeine-induced Ca2+-transients 
(N = 6, n (cells) = 10 vs. 11 vs. 8 vs. 9). *significant vs. control; #sig-
nificant vs. ATX (P < 0.05). Drug concentrations: ATX-II 5 nmol/L; 
PDP3m 1 µmol/L; PDP3 1 µmol/L
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Furthermore, this study is the first to show that (1) late 
INa-dependant induction of the SR Ca2+ leak in ventricu-
lar myocytes is mediated by synergistic effects of CaMKII 
and PKA and only occurs if both kinases are activated. (2) 
PKA is essential to maintain systolic Ca2+ release in the 
setting of an increased diastolic SR Ca2+ leak and (3) seems 
to be activated by a Ca2+-dependent activation of adenylyl-
cyclases. (4) Sole PP2A inhibition does not influence late 
INa-dependent SR Ca2+ leak induction and systolic Ca2+ 
release whereas (5) an additional inhibition of PP1 further 
aggravates the diastolic SR Ca2+ leak. In line with this, (6) 
selective PP1-activation successfully reduces the arrhythmo-
genic SR Ca2+ leak and, importantly, does not compromise 
systolic Ca2+ release.

Elevated late INa potently induces cellular 
arrhythmic triggers through activation of CaMKII 
and PKA

It is well accepted that an elevated late INa is closely linked 
to the development of contractile dysfunction and cardiac 
arrhythmias [4]. In line with this, our data show a profound 
increase of the diastolic SR Ca2+ leak upon induction of late 
INa by ATX-II. The method of late INa induction applying 
ATX-II has been quantified previously in ventricular [32] 
and atrial [17] cardiomyocytes performing patch-clamp-
measurements and was found to approximate the situation 
found in cardiac disease [23, 35]. While the crucial role of 
CaMKII (and counteracting phosphatases) in the genesis 
of arrhythmogenic RyR2 dysregulation in heart failure has 
been repeatedly shown [3, 6, 15, 16, 18], these studies could 
demonstrate that the late INa-dependent increase of SR Ca2+ 
leak is also mediated by CaMKII in ventricular [32] as well 
as atrial [17] murine cardiomyocytes. However, the latter 
study additionally showed that, at least in the atria, PKA 
also plays an important role as a downstream effector of 
an increased late INa. To our knowledge, the current study 
demonstrates for the first time in ventricular cardiomyocytes 
that the interaction of both kinases is equally essential for 
mediating late INa-dependent changes of Ca2+ homeostasis 
as SR Ca2+ leak induction could be effectively prevented by 
the specific CaMKII-inhibitor AIP as well as by the specific 
PKA-inhibitor H89.

As the SR Ca2+ leak not only depends on the proper-
ties of diastolic RyR2-closure but also on SR Ca2+ load, we 
additionally investigated Ca2+ cycling properties. Interest-
ingly, our data show that late INa induction has the potential 
to increase Ca2+-transient-amplitude in ventricular cardio-
myocytes without affecting SR-Ca2+-load suggesting that 
the elevated diastolic loss of Ca2+ (SR Ca2+ leak) is coun-
terbalanced by an increased Ca2+ reuptake into the SR. As 
Ca2+-transient-amplitude and SR Ca2+ load did not change 
when CaMKII (AIP) was inhibited, a CaMKII-independent 

mechanism must exist that is activated by late INa and facili-
tates the maintenance of SR Ca2+ load in the setting of an 
increased SR Ca2+ leak. Indeed, our current data show that 
PKA-inhibition (H89) leads to decreased Ca2+ transient 
amplitudes. Thus, PKA seems to enhance SR Ca2+ reuptake 
also in ventricular cardiomyocytes upon late INa augmenta-
tion. This effect may well be explained by SERCA2a-dis-
inhibition through PKA-dependent phospholamban (PLN) 
phosphorylation. The fact that we could not demonstrate a 
reduced Ca2+ transient decay time under sole ATX-II treat-
ment may be attributed to the significantly higher SR Ca2+ 
leak counteracting an increased SERCA2a-activity. In sum, 
the current data suggest that CaMKII and PKA exert distinct 
roles in late INa-dependent disruption of ventricular Ca2+ 
cycling. Whereas CaMKII may primarily alter RyR2 open 
probability, PKA may maintain SR Ca2+ load through SER-
CA2a activation, which on the one hand preserves systolic 
Ca2+ release and contractility, but on the other hand enables 
the arrhythmogenic SR-Ca2+-leak to persist.

Increased late INa leads to cAMP‑dependent 
activation of PKA

Whereas the mechanism of CaMKII-activation in the set-
ting of an elevated late INa can comprehensibly be explained 
by Na+-dependent intracellular Ca2+ overload and consecu-
tive activation of CaMKII via calmodulin, the mechanism 
of PKA-activation by cytoplasmatic Na+ influx via late INa 
was unclear. Therefore, we sought to elucidate, whether 
PKA-activation by late INa via Ca2+-dependent activation 
of adenylylcyclases, as recently demonstrated by our group 
in atrial myocardium [17], also occurs in ventricular car-
diomyocytes. Indeed, FRET-measurements in Epac-camps 
transgenic mice revealed a significant decrease of the YFP/
CFP-ratio after late INa induction with ATX-II, indicating an 
increase of cytoplasmatic cAMP-levels. The change in YFP/
CFP-ratio made up for 33% of the maximal response upon 
β-adrenergic stimulation and can thus sufficiently explain 
PKA activation. It can be presumed that myocardial adeny-
lylcyclases account for the increased cAMP production upon 
late INa augmentation. An additional inhibition of NCX-
reverse-mode by KB-R7943 led to a reduction of ATX-II-
dependent cAMP-production, signifying a Ca2+-dependent 
activation of intracellular cAMP-production.

Effects of phosphatase‑inhibition on late 
INa‑dependent Ca2+ homeostasis

As the late INa-induced increase of kinase activity leads to 
deleterious effects on Ca2+ cycling properties, we aimed 
at investigating whether and how modulations of the con-
versely acting serine-/threonine-phosphatases PP1 and PP2A 
impacts these effects. The well-established phosphatase 
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inhibitor okadaic acid (OA) was used in low concentrations 
(10 nmol/L) to inhibit PP2A or in higher concentrations 
(100 nmol/L) to inhibit both, PP1 and PP2A [10, 11, 14]. 
Interestingly, inhibition of PP2A in the setting of an elevated 
late INa did not significantly alter SR Ca2+ leak and sys-
tolic Ca2+ transients. However, inhibition of PP1 and PP2A 
resulted in a further disruption of diastolic RyR2 closure 
leading to an even higher diastolic SR Ca2+ leak. Thus, inhi-
bition of PP1 and PP2A increases cellular arrhythmogenic 
triggers and further aggravates late INa-induced disruption 
of Ca2+ homeostasis. In particular, preserved PP1-activity 
seems to play an important role in counteracting proar-
rhythmic kinase-mediated RyR2-hyperphosphorylation in 
the setting of an enhanced late INa. On the other hand, inhi-
bition of PP1 and PP2A led to an increase of systolic Ca2+ 
transient amplitude compared to sole ATX-II-treatment sug-
gesting a positive inotropic effect. This can conclusively be 
explained by an increased PLN phosphorylation resulting in 
an increased SERCA2a-activity. In line with this, publica-
tions investigating an adenovirus-based overexpression of 
endogenous PP1-inhibitor inhibitor-1 (I1) in experimental 
porcine heart failure models found preserved cardiac output 
and reduced scar size after myocardial infarction [19] as 
well as improvement of left atrial and ventricular function 
and systolic Ca2+ release in non-ischemic heart failure [40]. 
Surprisingly, proarrhythmic effects were not detected. In 
contrast, data from a mouse model expressing a constitu-
tively active variant of I1 [27] revealed that I1-transgenic 
mice display improved contractility but develop a higher 
propensity towards catecholamine-induced ventricular tach-
ycardia and sudden cardiac death. Furthermore, I1-knock 
out and consecutively increased PP1-activity was shown to 
be protective against catecholamine-induced arrhythmias in 
another mouse model [23].

Reduction of late INa‑induced arrhythmic triggers 
by selective activation of PP1

Since our experiments showed that inhibition of cardiac 
phosphatases in the setting of an elevated late INa further 
disrupts diastolic RyR2-closing properties, we sought to 
investigate whether a selective activation of PP1 may have 
antiarrhythmic effects by counteracting increased kinase 
activity. For selective activation of PP1, the peptide PDP3 
(phosphatase-disrupting-peptide-3) was used [14]. The 
chemical features of this peptide including cell permeabil-
ity, stability and PP1-activation had been shown in various 
cell types [9]. To the best of our knowledge, this is the first 
study to functionally elucidate the effects of PDP3-depend-
ent PP1-activation in the crosstalk between a pharmaco-
logically elevated late INa and Ca2+ homeostasis. Indeed, 
we could detect a significant reduction of late INa-induced 
SR Ca2+ leak (CaSpF) upon PDP3-treatment suggesting an 

antiarrhythmic effect of selective PP1-activation. However, 
there was a small reduction of the amplitude of Ca2+ sparks 
upon treatment with PDP3m. This effect can rather be cat-
egorized unspecific as Ca2+ spark amplitude was not signifi-
cantly different between PDP3 and PDP3m.

These results showing a reduction of SR-Ca2+ leak upon 
PP1 activation seemingly contradict a study postulating that 
adding PP1 and PP2A to permeabilized rat cardiomyocytes 
triggers an increased CaSpF and consecutive reduction of 
SR Ca2+ load [20]. However, significant differences in the 
design of the experiments have to be considered: While both 
studies investigated previously healthy wild-type animals, 
we pharmacologically augmented late INa in our model and 
induced significant alterations of cellular electrophysiology 
and Ca2+ cycling similar to conditions found in relevant car-
diac pathologies. Moreover, an artificial exposure of per-
meabilized cardiomyocytes to recombinant PP1 and PP2A 
may result in a non-physiological subcellular distribution of 
these enzymes. In contrast, PDP3-dependent PP1-activation 
is based on a disruption of the interaction between PP1 and 
regulatory subunits releasing active endogenous PP1 cata-
lytic subunits in close proximity to their original molecular 
targets.

Of note, PP1-activation by PDP3 did not compromise 
systolic Ca2+ release and SR Ca2+ load in our experiments 
suggesting that PDP3-mediated PP1 activation may pre-
dominantly take place at RyR2 over PLN in the setting of 
an elevated late INa. This is of great relevance since activa-
tion of protein phosphatases at PLN is regarded to further 
compromise SERCA2a-activity and SR Ca2+ loading and 
therapeutic intentions have rather been striving for inhibi-
tion of PP activity in this subcellular compartment, e.g. by 
overexpressing I1 (see above) [19, 40, 41].

Limitations of the study

1.	 PP2A inhibition was performed using the phosphatase 
inhibitor okadaic acid (OA) at a concentration of 
10 nmol/L (IC50 = 0.1 nmol/L). Higher concentrations 
(100 nmol/L) were used to additionally inhibit PP1 
(IC50 = 15–20 nmol/L) [11]. At 10 nmol/L, a minor 
inhibition of PP1 cannot be excluded. This, however, did 
not translate into obvious effects on Ca2+ cycling param-
eters in contrast to effective inhibition of PP1 using OA 
at a concentration of 100 nmol/L. A specific inhibition 
of PP1 by adenoviral transfer of mutated active I1-iso-
forms would have been superior but was technically not 
feasible in our laboratory.

2.	 We used ATX-II to pharmacologically increase late INa 
in previously healthy, isolated murine cardiomyocytes. 
Using a similar experimental approach, we have recently 
shown that ATX-II treatment yields an increase of late 
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INa by ~ 60%, which subsequently triggers SR Ca2+ leak 
and delayed after depolarisations (DADs) [32]. The 
quantitative effect of ATX-II on late INa, however, has 
not been re-quantified in the current study.

3.	 In our study, the inactive control peptide PDP3m led 
to small changes of Ca2+ spark amplitude compared 
to sole ATX-II treatment (Fig. 6c). These effects may 
be attributed to unspecific actions of this small peptide 
molecule and can similarly be observed upon treatment 
with PDP3. Treatment with the active peptide PDP3, 
however, additionally reduced Ca2+ spark frequency 
compared to PDP3m, which thus can be attributed to 
the PP1 activating properties that distinguish PDP3 from 
PDP3m.

Conclusions

Our study shows that the delicate balance between kinase 
and phosphatase activity is disrupted by an ATX-II medi-
ated increase in Na+ influx via late INa. CaMKII and PKA 
are both involved in the disturbances of cellular Ca2+ cycling 
upon cytoplasmatic Na+ overload. PKA seems to be acti-
vated by late INa through Ca2+-dependent activation of ade-
nylylcyclases. Whereas PP2A-inhibition did not alter Ca2+ 
homeostasis in the setting of an increased late INa, additional 
inhibition of PP1 aggravated disruption of Ca2+ homeosta-
sis suggesting that PP1 is the major functional counterpart 
of CaMKII at ventricular RyR2. In line with this, a selec-
tive PP1 activation yielded a significant reduction of the 
arrhythmogenic SR Ca2+ leak and, importantly, did not 
affect systolic Ca2+ release.

Outlook

It is well established that a pathologically increased activ-
ity of cardiac kinases, especially CaMKII, plays a major 
and causal role in the development of heart failure. Thera-
peutic measures attenuating kinase activity, like β-blockers 
and inhibitors of the renin–angiotensin system, have proven 
beneficial influences on long term outcome of heart failure 
patients. Our study suggests that an activation of protein 
phosphatase activity at RyR2 may be an additional promis-
ing antiarrhythmic approach. To be translated into clinical 
practice, however, major hurdles as to organ-specific appli-
cation, subcellular specificity and even isoform-specific 
regulation of PP1 and PP2a in different cardiac pathologies 
[13, 28] will have to be taken into consideration.
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