
TYPE Original Research
PUBLISHED 28 May 2024| DOI 10.3389/fcvm.2024.1419597
EDITED BY

Daniel M. Johnson,

The Open University, United Kingdom

REVIEWED BY

Carlo Lavalle,

Sapienza University of Rome, Italy

Sanda Despa,

University of Kentucky, United States

*CORRESPONDENCE

Uwe Kirchhefer

kirchhef@uni-muenster.de

RECEIVED 18 April 2024

ACCEPTED 16 May 2024

PUBLISHED 28 May 2024

CITATION

Pluteanu F, Glaser D, Massing F, Schulte JS and

Kirchhefer U (2024) Loss of protein

phosphatase 2A regulatory subunit PPP2R5A is

associated with increased incidence of stress-

induced proarrhythmia.

Front. Cardiovasc. Med. 11:1419597.

doi: 10.3389/fcvm.2024.1419597

COPYRIGHT

© 2024 Pluteanu, Glaser, Massing, Schulte and
Kirchhefer. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.
Frontiers in Cardiovascular Medicine
Loss of protein phosphatase 2A
regulatory subunit PPP2R5A is
associated with increased
incidence of stress-induced
proarrhythmia
Florentina Pluteanu1, Dennis Glaser2, Fabian Massing2,
Jan S. Schulte2 and Uwe Kirchhefer2*
1Department of Anatomy, Animal Physiology and Biophysics, University of Bucharest, Bucharest,
Romania, 2Institut für Pharmakologie und Toxikologie, Universitätsklinikum Münster, Universität
Münster, Münster, Germany
Background: Protein phosphatase 2A (PP2A) is a serine/threonine-selective
holoenzyme that controls Ca2+ homeostasis and contractility of the heart via
dephosphorylation of regulatory proteins. In some genetically modified mouse
models with increased arrhythmogenicity, a reduced expression of the
regulatory subunit B56α of PP2A was found as a concomitant effect. Whether
there is a general correlation between the abundance of B56α and the
promotion of cardiac arrhythmogenesis remains unclear.
Methods: The aim of this study was therefore to investigate the role of PP2A-
B56α in the propensity for arrhythmic activity in the heart. The experimental
analysis of this question has been addressed by using a mouse model with
deletion of the PP2A-B56α gene, PPP2R5A (KO), in comparison to wild-type
animals (WT). Evidence for arrhythmogenicity was investigated in whole
animal, isolated heart and cardiomyocytes by ECG, recording of monophasic
action potential (MAP) induced by programmed electrical stimulation (PES),
measurement of Ca2+ transients under increased pacing frequencies and
determination of total K+ channel currents (IK).
Results: ECGmeasurements showed a prolongation of QT time in KO vs. WT. KO
mice exhibited a higher rate of premature ventricular contractions in the ECG.
MAP measurements in Langendorff-perfused KO hearts showed increased
episodes of ventricular tachyarrhythmia induced by PES. However, the KO
hearts showed values for MAP duration that were similar to those in WT
hearts. In contrast, KO showed more myocardial cells with spontaneous
arrhythmogenic Ca2+ transient events compared to WT. The whole-cell patch-
clamp technique applied to ventricular cardiomyocytes revealed comparable
peak potassium channel current densities between KO and WT.
Conclusion: These findings support the assumption that a decrease or even the
loss of PP2A-B56α leads to an increased propensity of triggered arrhythmias.
This could be based on the increased spontaneous Ca2+ tansients observed.
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Introduction

Ventricular (tachy)arrhythmia (VT) is a common cardiac

arrhythmia associated with heart failure and is associated with a

high mortality rate if left untreated (1). In addition to heart

failure, myocardial ischemia, various drugs or congenital ion

channel mutations can also lead to VTs. A distinction is made

between monomorphic and polymorphic VTs according to the

shape of the ventricular complexes, each of which is based

on different electrophysiological causes. The increased

tendency of ventricular cardiomyocytes to generate delayed

afterdepolarizations (DADs) is currently regarded as an

important cause of VTs (1). These in turn are attributed to the

occurrence of spontaneous extrasystolic Ca2+ release from the

sarcoplasmic reticulum (SR) (2, 3). The triggers for an increased

Ca2+ release from the SR may be an increased influx of Ca2+

ions via the LTCC, an increased Ca2+ content of the SR or an

increased open probability of the cardiac ryanodine receptor

(RyR2) (4). The activity of RyR2 is primarily determined by

its degree of phosphorylation (5, 6) It has been shown

that greater phosphorylation of the Ca2+ release channel

is associated with an increased propensity for triggered

arrhythmias and VTs (7). β-adrenergic stimulation can increase

the extent of RyR2 hyperphosphorylation and increased open

probability, as observed in catecholaminergic polymorphic

ventricular tachycardia (8).

Protein phosphatases (PP) in turn ensure the balance of the

degree of phosphorylation at the RyR2. Research has focused on

the regulation of intracellular Ca2+ handling in healthy and

diseased myocardium by PP1 in recent decades (9). It has been

shown that PP1 is involved in the regulation of almost every step

of the cardiac Ca2+ cycling machinery. Of particular importance

is the spatio-temporal control of the Ca2+ regulatory proteins of

the SR. A disruption of this control through altered expression

or function of PP1, which in turn usually results in reduced

phosphorylation levels of target proteins, is considered to be

responsible for the development of heart failure or atrial

fibrillation (9, 10). PP1 is part of a macromolecular RyR2

complex that also contains FK506-binding protein 12.6, protein

kinase A (PKA), the PKA regulator subunit RII, and muscle A-

kinase anchoring protein (mAKAP). This complex reduces the

SR Ca2+ leak in response to β-adrenergic stimulation via

dephosphorylation of specific phosphorylation sites on RyR2

(11). However, although less studied so far, PP2A is also part of

the SR Ca2+ release apparatus. It reverses the process of

phosphorylation and ensures reduced RyR2 activity (12). The

target or substrate activity of PP2A is in turn dependent on the

association of the core enzyme of structural A and catalytic C

subunit with a unique regulatory B subunit (13, 14). It is

currently known that PP2A is localized to the RyR2 complex via

B56α/PPP2R5A (B’ gene family) (12). In addition to RyR2, it has

also been shown that B56α-associated PP2A can decrease the

PKA-dependent phosphorylation level of the LTCC, resulting in

lower ICaL and reduced inward (depolarizing) current (15). It is

clear from this that reduced expression and/or activity of PP2A-

B56α could lead to potentially dangerous ventricular
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tachyarrhythmias, particularly following catecholaminergic stress

via RyR2 hyperphosphorylation. Two studies to date have

indirectly demonstrated that an increase in arrhythmogenicity in

mouse models is associated with the dissociation of B56α-

coupled PP2A activity at RyR2 (16, 17).

To test whether a direct decrease in PP2A-B56α expression/

activity translates into an increased propensity for VTs, we

utilized our PPP2R5A/B56α deletion model (18). This model

shows a decrease in PP2A, hyperphosphorylation of RyR2 after

administration of isoprenaline and corresponding changes in SR

Ca2+ cycling, all potential prerequisites for an increased

predisposition to VTs. To clarify the question, ECGs, MAP

measurements in the isolated heart after PES as well as in single

heart muscle cells under β-adrenergic stimulation and finally

Ca2+ transients in isolated cells under different stimulation

frequencies were performed in the mouse model.
Materials and methods

Animal model

Knockout mice with global deletion of the PPP2R5A gene were

generated as previously described (18). All experiments were

performed on 20- to 24-week-old mice. Balanced proportions of

both sexes were always used. KO and WT mice were bred on a

C57BL/6 strain background. All animal handling and

maintenance procedures were conducted in accordance with

approved protocols by the animal welfare committee of the

University of Munster and the LANUV (NRW, Germany; ID#84-

02.04.2014.A485). These protocols also complied with the

National Institutes of Health Guidelines for the Care and Use of

Laboratory Animals.
ECG measurements

The measurement was carried out according to an established

protocol (19). First, the mice were anaesthetized with 1.5%

isoflurane. After a pain response test, the ECG electrodes were

placed subcutaneously in the Einthoven positions on the

extremities of the animals (20, 21). The measurement was

recorded basally for 5 min using a PowerLab/Dual Bio Amp and

the LabChart Pro software. The ECG parameters were also

evaluated using the LabChart Pro V7 software. The individual

parameters and intervals (Figure 1A) were evaluated manually.

No standardized definition has yet been established for

determining the duration of excitation recovery. In mice, the

QRS complex is immediately followed by a positive J-wave,

which is then followed by an often negative T-wave, particularly

in anesthetized mice (22, 23). Therefore, the so-called QTlong

time was determined (24). This was defined as the distance from

the beginning of the Q-wave to the point where the negative

T-wave reaches the isoelectric line again. Due to the

comparability of the RR interval under spontaneous heartbeat,

the QT time was not normalized using the adapted Bazett
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FIGURE 1

Loss of B56α results in premature ventricular contractions in ECG measurements. (A) Representative representation of an ECG recording in a WT
mouse. The indicated bars mark the analyzed intervals. (B) Data are shown for the PQ, QRS and QTlong interval in comparison of KO to WT mice
(*P < 0.05 vs. WT, N= 8 mice each, unpaired Student’s t-test). (C) Exemplary representation of a section of two independent ECG measurements
in KO mice (left panel) with marking of premature ventricular contractions (PVCs, red arrow). The summed data show an occurrence of PVCs only
in the KO mice (right panel) (*P < 0.05 vs. WT, Fisher’s exact test).
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formula for mice (25). To potentially induce proarrhythmic events,

4 mg/kg isoprenaline was administered intraperitoneally to the

mice. Further observation for such events was carried out for a

duration of 15 min per animal.
Preparation of Langendorff-perfused hearts

For electrophysiological measurements on the isolated organ,

Langendorff-perfused mouse hearts were used as previously

described (26). Hearts were quickly removed avoiding or

minimizing contact with the heart tissue and then placed in an
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ice-cold Krebs-Henseleit solution containing (mM): 119 NaCl, 25

NaHCO3, 4 KCl, 1.2 KH2PO4, 1 MgCl2, 1.8 CaCl2, 10 glucose,

and 2 Na-pyrovate (pH = 7.4). The solution was gassed with 95%

O2/5% CO2. Under the ice-cold buffer, excess tissue surrounding

the heart was removed, leaving a 2–3 mm section of the aorta.

The aorta was cannulated (20 Gauge) and looped with a

suture. The cannula was filled with ice-cold buffer using a

syringe. The heart thus supplied was then transferred to the

Langendorff system and retrogradely perfused with the buffer

described above. The buffer was kept at 37°C via a water jacket

with a pump system. The isolated heart was supplied with a

constant flow of approx. 2 ml per min using a peristaltic pump.
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The cannulated hearts were perfused for 20 min before further

testing. Under these conditions, living healthy hearts achieved

uniform red coloration and spontaneous rhythmic contractions.

Hearts that did not achieve these characteristics were discarded

for further testing.
Monophasic action potential recording

Monophasic action potentials (MAPs) of the ventricles were

recorded using an established contact electrode technique (27).

Epicardial MAPs were recorded on spontaneously beating hearts

from the surface of the left ventricular epicardium using a silver

chloride recording electrode (Hugo Sachs Elektronik). Signals

obtained from the recording electrode were amplified and low-

pass filtered between 0.1 Hz and 1.0 kHz using a standard

amplifier and digitized using an analogue to digital converter

(Hugo Sachs Elektronik). MAP waveforms were analyzed using

OriginPro software (OriginLab Corporation). MAPs used for

analysis showed satisfactory established waveform characteristics

including a stable baseline, a fast upstroke phase with sustained

amplitude, a slightly contoured repolarization, a stable duration,

and a complete repolarization reaching baseline (28). The MAP

waveforms were used to obtain the action potential durations

(APDs) at 70% (APD70) and 90% (APD90) repolarization.
Programmed electrical stimulation

Programmed electrical stimulation (PES) was used to assess

ventricular arrhythmogenesis in Langendorff-perfused isolated

hearts and recorded as MAPs (29). The PES protocol stimulated

the hearts using an IonOptix MyoPacer. We started by using

cycles each consisting of a 10 stimuli (S1) drive train with a

frequency of 15 Hz (S1-S1) followed by an extra-stimulus (S2).

The first S1-S2 interval (between the 10th S1 and first S2 stimuli)

was set to 20 Hz. Successive cycles progressively reduced the S1-

S2 interval by elevating the frequency until the S2 stimulus could

no longer evoke a ventricular deflection, at which point, the

whole heart preparation reached the ventricular effective

refractory period (VERP). VERP was hence defined as the

longest S1-S2 interval that could not elicit a ventricular

deflection. This procedure was extended accordingly up to the

application of a fourth stimulus (S4). The PES-induced episodes

of ventricular tachyarrhythmias (VTs) were counted for the

pacing intervals S1-S2, S1-S2-S3 and S1-S2-S3-S4 individually

and their total number and analyzed for their morphology

(monomorphic vs. polymorphic) and duration (sustained vs.

non-sustained).
Isolation of cardiomyocytes

Isolation of ventricular cardiomyocytes followed an approved

protocol (30). Mice were killed by cervical dislocation, and the

heart was immediately removed. The cannulated heart was then
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connected to a modified Langendorff apparatus and retrogradely

perfused for 5 min with a perfusion buffer (in mM: NaCl 113,

KCl 4.7, KH2PO4 0.6, Na2HPO4×2H2O 0.6, MgSO4×7H2O 1.2,

NaHCO3 12, KHCO3 10, taurine 30, glucose 11.1, BDM 10,

HEPES 10, pH = 7.45) at a constant flow rate of 2.5 ml/min. For

another 7.25 min, digestion was performed with an enzyme

solution containing Liberase DH. The aorta and atria were then

separated from the heart. The remaining heart was minced in a

5 ml enzyme stop solution (10% neonatal bovine calf serum,

12.5 µM CaCl2 in perfusion buffer). After 10 min of incubation,

the sedimented pellet was transferred into 10 ml of the enzyme

stop solution (containing only 5% neonatal bovine calf serum),

filtered through nylon gauze, and centrifuged at 500 rpm for

1 min. The cell pellet was then resuspended in 10 ml of

perfusion buffer and the Ca2+ concentration was raised stepwise

to 1 mM. Finally, centrifugation was performed again for 1 min

at 500 rpm, and the cell pellet was resuspended in perfusion

buffer containing 1 mM CaCl2. Cardiomyocytes were kept at

room temperature and used within 6 h after isolation.
Single cell action potential measurements

Action potentials (AP) were measured in Ca2+ tolerant

ventricular myocytes using amphotericin B (240 µg/ml)

perforated patch-clamp technique in current clamp mode. All

recordings were performed at room temperature (22-24°C, RT).

Borosilicate glass capillaries (Science Products, Hofheim,

Germany) were pulled to a resistance of 3-5 MΩ. Data were

acquired using an EPC-800 amplifier and digitized with an 18bit

A/D converter InstruTech ITC-18 under the control of the

PatchMaster software (HEKA Elektronik, Lambrecht, Germany).

The bath solution contained (in mM): 136 NaCl, 5.4 KCl, 1

CaCl2, 2 MgCl2, 5 HEPES, 0.33 NaH2PO4 and 10 glucose, pH

7.4, and the pipettes were filled with a solution containing (in

mM): 5 NaCl, 120 KCl, 2.5 MgATP, 1 EGTA and 5 HEPES pH

7.2. The AP recordings were initiated at access resistances bellow

30 MΩ. The average access resistance reached for AP recordings

was not different between genotypes: 17.3 ± 1.7 MΩ for WT

myocytes (n = 18) and 18.3 ± 1.5 MΩ for KO myocytes (n = 19).

To trigger the AP, myocytes were stimulated for 20 s at 1 Hz

frequency using supra-threshold stimuli of 3–6 ms duration.

Three to five consecutive AP traces at steady state were averaged

and AP duration was measured from the peak to 50%, 70% and

90% repolarization. For this study we used ventricular myocytes

presenting clear striations, rectangular shape and with no signs

of arrhythmia. The average membrane capacitance [Cm,

expressed in picofarads (pF)] was not different between

genotypes: 217 ± 11 pF (WT, n = 18) and 199 ± 13 pF (KO,

n = 19, NS).
Potassium current recordings

Whole-cell outward potassium currents (IK,total) were recorded

in ventricular myocytes. The cells were chosen as described above,
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with an average Cm of 202.8 ± 13 pF (WT, n = 13) and 205.2 ± 12

pF (KO, n = 17, NS). Measurements were performed using

amphotericin B perforated patch clamp technique in voltage

clamp mode, as described above. For the voltage clamp

recordings, the series resistances (19.4 ± 1.3 MΩ, n = 13 WT

myocytes, and 18.05 ± 1.3 MΩ, n = 17 KO myocytes, NS) were at

least 55% compensated. The cells were clamped at −80 mV,

followed by a 10 milliseconds prepulse to −40 mV (to inactivate

voltage dependent sodium channel) before the application of a

series of voltage steps in 10 mV increments from −80 mV to

+70 mV for a duration of 1 s. Current amplitudes (expressed in

picoamperes, pA) were measured as the peak current at the

beginning of the depolarizing pulses minus the mean current at

−40 mV. The currents were normalized to Cm (expressed in pF)

of the cell to obtain the current density (pA/pF) and ploted vs.

the corresponding voltage to obtain current-voltage relations (IV

plots). Current voltage (IV) relations obtained from the cells of

the same genotype were averaged. The mean ± SD calculated for

each genotype were plotted for comparison.
Ca2+ transients

Intracellular Ca2+ cycling of cardiomyocytes was studied by

use of a dual emission photometry system combined with a

CCD camera (Myocyte Calcium Recording System; IonOptix

Ltd.) attached to an epifluorescence microscope (Nikon).

Cardiomyocytes were initially incubated with 23.3 µM Indo-1/

AM (Molecular Probes) for 10 min in a perfusion chamber

mounted on the microscope. This chamber was perfused with

bath solution composed of (in mM): 140 NaCl, 5.8 KCl, 0.5

KH2PO4, 0.4 Na2HPO4, 0.9 MgSO4, 10 HEPES, 1 glucose, and

2 CaCl2, pH = 7.45. Thereafter, cardiomyocytes were field-

stimulated under basal conditions with 0.5 Hz as well as under

increasing stimulation frequencies up to 3 Hz. The emitted

fluorescence was recorded at wavelengths of 405 and 495 nm.

The ratio of both wavelengths was taken as an index of cytosolic

Ca2+ concentration.
Data analysis

The results are presented both in terms of individual data

points and as means with corresponding standard deviations

(±SD), if not indicated otherwise. In the context of single-cell

measurements, the data points represent individual

cardiomyocytes (“n”), whereas in the context of multicellular

measurements, the data points correspond to individual hearts or

mice (“N”). Statistical analyses were conducted using either

GraphPad Prism (Graphpad Software Inc.) or SigmaPlot software

(Systat Software GmbH). Statistical significance was tested against

WT controls within the same condition. Normally distributed

data were analyzed with an unpaired two-tailed Student t-test,

while non-normally distributed data were analyzed with a

Mann–Whitney U-test. The Fisher exact test or χ2 test were used

for the analysis of frequency distributions depending on the
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way repeated measures ANOVA. A p-value <0.05 was considered

statistically significant.
Results

Occurrence of premature ventricular
contractions in KO mice

The effects of B56α deletion on the electrical activity of the

heart were determined by ECG for individual parameters

(Figure 1A). PQ time was unchanged between genotypes

(Figure 1B). In contrast, the QRS interval was increased by 22%

in KO compared to WT hearts (Figure 1B). QT time was also

prolonged by 30% in KO compared to WT hearts (Figure 1B).

The interval from the starting point of the Q-wave to the second

intersection of the T-wave with the baseline was used to

determine the QT time. Intraperitoneal application of

isoprenaline maintained the changes between KO and WT after

90 s as observed under basal conditions (QRS interval: 0.013 ±

0.0018 vs. 0.0104 ± 0.0017 s, resp., N = 8 each, P < 0.05; QT time:

0.0374 ± 0.0046 vs. 0.0305 ± 0.0017 s, resp., N = 8 each, P < 0.05).

Whether the increase in QRS complex and QT time are related to

the moderate increase in heart weights remains unclear (18).

However, it has already been shown that a prolonged QT time is

associated with an increase in proarrhythmic activity (31). Indeed,

we observed premature ventricular contractions under

catecholaminergic stress in KO mice, but not in any of the wild-

type animals examined (Figure 1C). However, overall the

arrhythmogenic phenotype in KO was mild, as only a maximum

of 2 PVCs were recorded per affected animal. All findings should

be seen against the background of an unchanged heart rate both

under basal conditions and after catecholamine administration

between the two genotypes (18).
Increased rate of sustained VTs in isolated
Langendorff-perfused KO hearts

The analysis of MAP recordings allows a closer differentiation

of hearts with arrhythmogenic and non-arrhythmogenic

phenotypes as well as the observation of a monomorphic vs.

polymorphic progression. MAP waveforms were therefore

compared between genotypes during PES in a second series of

experiments on isolated Langendorff-perfused hearts. Figure 2A

shows a typical MAP recording under spontaneous heartbeat and

under pacing. In each of the two panels, dots above each MAP

recording indicates the S1 stimulus. The traces also show the

corresponding stimulus artifacts in the regular cycles, followed by

the elicited MAPs. MAPs in response to S1 stimuli were

consistent in waveform, with a stable baseline, rapid upstroke,

and smooth repolarization (32, 33). Spontaneous events, such as

early or late afterdepolarizations, were not observed in either

genotype. However, as shown here for two different KO hearts

(Figure 2A), episodes of VTs occurred after an S2 (upper panel)
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FIGURE 2

Higher rate of VTs in isolated Langendorff-perfused KO hearts. (A) Representative representation of a MAP recording with provoked electrical
stimulation (PES) in two independent KO hearts. Both the regular (S1) and the extra provoked stimuli (S2 or S2-S3) are marked. (B) Examples of
MAP recordings with constant (left panel, monomorphic) and alternating amplitudes (right panel). The VT phases with alternating amplitude (see
inset) deflections are interrupted by a polymorphic phase (pVT). (C) PES-induced episodes of VTs appeared in the KO hearts under all stimulation
conditions, but not in WT with three additional stimuli. Quantification is shown for all PES protocols and in their entirety (total) (*P < 0.05 vs. WT,
χ2 test).

Pluteanu et al. 10.3389/fcvm.2024.1419597
or S2-S3 (lower panel) extra-stimulus. Both VTs with alternating

(Figure 2A, lower panel; Figure 2B, right panel) and constant

(monomorphic) amplitude (Figure 2B, left panel) occurred. We

were also able to observe courses with interspersed phases of

polymorphic VTs (Figure 2B, right panel). Overall, including all
Frontiers in Cardiovascular Medicine 06
stimulus intervals, there was an increased rate of VTs in KO

compared to WT hearts (Figure 2C), with the greatest number of

VTs occurring during the S2 extra stimulus. In the WT animals,

2 of 3 hearts showed both VTs with alternating amplitudes and

phases of polymorphic VTs. In KO, 4 of 6 hearts showed VTs
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with alternating amplitudes and two hearts showed polymorphic

VTs. In both genotypes, two hearts showed sustained VTs

(duration of VTs > 30 s).
Comparable AP duration between KO
and WT

To test whether changes in repolarization duration, particularly

under β-adrenergic stress, are responsible for the observed

propensity for VTs in KO, we determined epicardial MAPs in

isolated hearts (Figure 3A). However, comparison of epicardial

recordings showed that action potential duration (ADP) at 70%

was comparable between KO hearts and WT both under basal

conditions and after application of isoprenaline (Figure 3B).
FIGURE 3

Unchanged MAP durations in isolated Langendorff-perfused hearts.
(A) Representative representation of MAP recordings under basal and
isoprenaline (ISO) stimulated conditions in KO and WT hearts. The
application of catecholamines causes a shortening of the MAP
duration. (B,C) Shown is the duration of MAP at 70% and 90%
repolarization under baseline and after ISO administration in both
genotypes (N= 6–7 WT and 7 KO hearts, n.s.).
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The repolarization values at 90% APD duration also showed no

differences between the genotypes (Figure 3C). In addition, AP

duration was also determined in isolated cardiomyocytes

(Figure 4A). For all parameters determined, no differences were

measured between KO and WT cardiomyocytes under basal

conditions (Figure 4B). Whether the difference between

prolonged ECG parameters and an unchanged MAP duration

relates to a possible dispersion of the spread of excitation to

different regions of the ventricular myocardium (34) remains to

be elucidated. However, in agreement with the unchanged

repolarization time, the peak outward K+ current (IK,total) was

also comparable between the genotypes (Figure 5).
Arrhythmic Ca2+ transient events in KO
cardiomyocytes

In search of the functional causes for the increased arrhythmic

activity in KO, which was observed both under catecholamine

administration (ECG) and under a pacing protocol (PES), we

investigated intracellular Ca2+ handling by transient

measurement in isolated cardiomyocytes. For this purpose, an

established stimulation protocol (18 and Figure 6A) was chosen
FIGURE 4

Comparable AP durations in isolated cardiomyocytes. (A)
Representative representation of AP traces in KO and WT cells. (B)
AP duration was determined at 50%, 70% and 90% repolarization
in both genotypes (n/N= cardiomyocytes/mice = 18/6 and 19/7
from WT and KO, respectively, n.s.).
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FIGURE 5

Unchanged total outward K+ current between genotypes. Total
outward K+ curents measured in isolated myocytes as the peak
outward current at the beginning of the depolarizing pulse, were
normalized to membrane capacitance to calculate the current
density (pA/pF) and plotted vs. the corresponding voltage step
(mV). The graph shows IV plots. The points represent mean ± SD
of 13 WT cells (black symbols) and 17 KO cells (red symbols)
isolated from N= 7 WT and 6 KO mice, respectively. Two way
repeated measures ANOVA with Sidak’ multiple comparisons test
estimated no differences in current densities between genotypes.

Pluteanu et al. 10.3389/fcvm.2024.1419597
and Ca2+ transient peaks occurring apart from regular stimulation

were counted. In WT cells, no additional Ca2+ events could be

registered under any of the selected conditions. In contrast, KO

cardiomyocytes showed single extra-systolic Ca2+ transients

(Figure 6B) as well as regular arrhythmia in form of repetitive

spontaneous Ca2+ transients under increasing frequencies up

to 3 Hz (Figure 6C). In total, 8% of the measured KO cells

showed different forms of arrhythmic events at cellular level

(Figure 6D).
Discussion

In the current study, we demonstrated that silencing of the

PPP2R5A gene in a global knockout (KO) mouse model is

associated with an increased propensity for the development of

ventricular arrhythmias under catecholamergic stress in ECG

measurements. The KO mice also showed increased ventricular

arrhythmias in isolated Langendorff-perfused hearts in MAP

measurements under programmed electrical stimulation (PES).

Nevertheless, the arrhythmogenic phenotype was only slightly

pronounced in both stress models. Moreover, the duration of

MAP was unchanged between genotypes. Consistent with this,

we also measured unchanged action potential duration

and comparable potassium channel currents (IK,total) in

cardiomyocytes from KO and WT. However, increased rates of

arrhythmogenic Ca2+ events were seen at the single cell level in

KO at increasing pacing frequencies.

A modified function of RyR2 is associated with an increased SR

Ca2+ leak, which may contribute to an increased tendency to

arrhythmias. Altered phosphorylation of the RyR2 was

hypothesized as a possible explanation for dysfunction of the
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Ca2+ release channel. The basis for this assumption was the work

of Marx and colleagues, who hypothesized a hyperadrenergic

state as occurs in heart failure and during extreme stress (5).

Since fatal ventricular arrhythmias occur particularly in the wake

of heart failure, the causes and consequences of RyR2

dysfunction were of particular interest. The aforementioned

catecholaminergic stress in heart failure leads to

hyperphosphorylation of RyR2 serine residues 2030 and 2808,

which results in dissociation of FKBP12 from RyR2 (5). This

process results in leaky channels, i.e., the Ca2+ release channels

tend to open even in the resting state. Adrenergic stress in turn

reinforces this mechanism, resulting in an increased risk of

arrhythmias. Later, other research groups were unable to detect

such PKA-dependent hyperphosphorylation (35). In contrast,

CaMKII-dependent hyperhosphorylation at serine residue 2814

of RyR2 was shown to be the cause of increased SR Ca2+ leak

and the development of arrhythmias (36–39). Indeed, increased

phosphorylation of RyR2 at the CaMKII site, but not at the PKA

sites, was associated with increased Ca2+ spark frequency and

arrhythmogenic oscillations of intracellular Ca2+ in a miR-1

overexpression model (40). Our B56α KO mice also show all the

molecular and functional characteristics of a proarrhythmogenic

substrate, namely increased phosphorylation of RyR2 at serine-

2814 and increased Ca2+ spark frequency under adrenergic stress

(18) as well as increased extra Ca2+ transient events with increase

in pacing frequency (Figure 6). Both protocols, the acute

administration of isoprenaline or the increase in stimulation

frequency, ultimately lead to an increased activation of CaMKII

(41). An increase in CaMKII activity, which was associated with

a higher phosphorylation of RyR2 at serine-2814, was also shown

in a mouse infarction model with ventricular arrhythmias (39).

Interestingly, the cardiac phenotype was associated with reduced

B56α protein expression. However, whether the additionally

observed increase in phosphorylation of the LTCC under

catecholaminergic stimulation in our model also contributes to

the increased arrhythmogenicity due to increased Ca2+-induced

Ca2+ release from the SR remains questionable, because the

maximum current density of ICaL was unchanged under this

condition (18).

However, the overall degree of phosphorylation of RyR2

is not only determined by PKA or CaMKII activities, but also

by dephosphorylation processes. Besides PP1, PP2A is

responsible for the dephosphorylation of RyR2 at the CaMKII

site, which plays an important role in increasing the Ca2+ leak

from the SR. Paradoxically, PP2A increases the Ca2+ spark

frequency in saponin-permeabilized rat cardiomyocytes after

1 min, but after 5 min the parameter falls below baseline (42).

The fact that the administration of okadaic acid, a potent

inhibitor of PP2A, has no effect on Ca2+ release suggests that

the effect of PP2A on RyR2 must be mediated via anchor

proteins (43). To date, it is known that PP2A is targeted to

RyR2 either via B56α binding to ankyrin-B or binding of B56δ

to the muscle-specific A-kinase-anchoring protein (mAKAP)

(40, 44). The functional relevance of PP2A, regulatory subunit

and anchor protein for the activity of RyR2 and thus for the

development of proarrhythmic activity is demonstrated by an
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FIGURE 6

Increased rate of Ca2+ transient events in KO cardiomyocytes. (A) Representative representation of Ca2+ transients in the form of an Indo-1 ratio at
different pacing frequencies in a WT cardiomyocyte. (B) In addition to the peaks at the stimulation times, isolated single extra-systolic Ca2+ events
were recorded (left panel). These occurred with a certain frequency only in KO cells (right panel). (C) As a second pattern of Ca2+ events,
repetitive spontaneous Ca2+ transients were observed (left panel). This phenomenon increased under higher stimulation frequencies, but only in
KO (right panel) (*P < 0.05 vs. WT, Fisher’s exact test). (D) Shown are the summed Ca2+ events (*P < 0.05 vs. WT, n= 49-63 cardiomyocytes/N= 5–
6 mice, Fisher’s exact test).
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ankyrin-B loss-of-function mutant mouse model (17). This

model shows an increased phosphorylation of serine-2814 under

basal conditions and even more after administration of

isoprenaline, increased Ca2+ waves, increased Ca2+ spark and

DAD frequency and an increased predisposition to VTs. Of

particular interest is that hyperphosphorylation of RyR2 is

associated with increased dissociation of PP2A from the Ca2+

release channel and of B56α to ankyrin-B. Consistent with this,
Frontiers in Cardiovascular Medicine 09
decreased expression of ankyrin-B resulted in a disorganized

distribution of B56α in cardiomyocytes (45) and the promotion

of increased cardiac arrhythmogenic activity (46) Similarly, in a

canine heart failure model, increased phosphorylation levels of

RyR2 at serine-2814 were associated with reduced association

of PP2A-B56α at the Ca2+ release channel (16). In addition, Ca2+

wave frequencies and DAD rate were increased in the failing

hearts. Thus, the decreased expression of B56α in human failing
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hearts (47) could contribute to the observed arrhythmic tendency

following heart failure. Comparable results were also obtained by

overexpression of miR-1 in rat ventricular cardiomyocytes, where

the promotion of cardiac arrhythmogenesis was associated with a

decrease in B56α protein expression (40). In a myocardial

infarction model using left coronary ligation, the higher rate of

spontaneous ventricular arrhythmias was also accompanied by

reduced B56α expression (39). In contrast, increased PP2A

activity resulted in reduced Ca2+ waves and sparks as well as a

decrease in RyR2 phosphorylation (12). Thus, if reduced

availability of catalytic PP2A at the Ca2+ release channel,

either due to reduced expression of B56α per se, impaired

expression/function of the anchor protein ankyrin-B or altered

distribution/localization (in terms of dissociation from RyR2)

after sympathetic stimulation (48), contributes to a CaMKII-

dependent hyperphosphorylation of RyR2, it is not surprising

that there is also an increased occurrence of VTs in our

PPP2R5A KO model. The arrhythmic events are exclusively

driven by uncontrolled and increased Ca2+ release from the

SR, because both the duration of MAPs and the IK,total are

unchanged in KO hearts and single cells.

The line of evidence of reduced B56α and targeted PP2A

activity, hyperphosphorylation of RyR2, extra Ca2+ transient

events and the final triggering of VTs leads to approaches for

targeted therapy of heart failure associated VTs or inherited

arrhythmias that go beyond general antisympathetic therapy with

β-blockers upstream of the myocardial cell. The latter

demonstrated their efficacy in an ankyrin-B syndrome model in

which metoprolol reduced the rate of VTs (17). The

administration of propranolol reduced the phosphorylation of

RyR2 in a diabetes-induced heart failure model (49). In addition,

an increase in the expression of the RyR2 anchor protein

FKBP12.6 was observed. Moreover, non-selective β-blockers also

showed their effect in catecholaminergic polymorphic ventricular

tachycardia (CPVT), a potentially life-threatening channelopathy

with mutations of the CASQ2 and RyR2 genes (50). Successful

treatment with β-blockers to minimize or terminate fatal

arrhythmias has also been demonstrated for arrhythmogenic

right ventricular cardiomyopathy (ARVC) or hypertrophic

cardiomyopathy (HCM) (50). Within the cardiomyocytes, it may

be possible to prevent the transfer of adrenergic/chronotropic

triggers to intracellular signaling via CaMKII inhibition (51).

The use of AC3I resulted in reduced phosphorylation of RyR2

at serine-2814 and a decrease in DAD events in a heterozygous

ankyrin-B KO model. However, it remains questionable whether

blanket activation of PP2A activity, e.g., through the use of

fingolimod, is suitable for reducing or even preventing the

tendency to arrhythmias, as the functions and regulation of the

PP2A holoenzyme are too complex and diverse. Instead, active

substances are needed that carefully and precisely direct

PP2A to specific functions at the molecular level. So-called

small-molecule activators of PP2A (SMAPs, e.g., DT-061;

derived from phenothiazines), which are intended to stabilize

the complex of PP2A and B56α in a target-specific manner,

could contribute to this (52). The risks of such a therapy could

lie in the occurrence of side effects due to the undirected
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differential expression of various PP2A subunits. Nevertheless, in

contrast to the general adrenergic inhibition by β-blockers, the

therapeutic benefit of using SMAPs could lie in a more local,

molecule-specific inhibition of the higher SR Ca2+ release in

ventricular arrhythmias by stabilizing the RyR2-PP2Ac-B56α

complex. The use of selective phosphatase disrupting peptides,

which lead to a reduction in arrhythmogenic Ca2+ events

in end-stage heart failure cardiomyocytes, points in the

same direction (53).

Despite the comprehensive methodological approach to

clarifying the study’s issues, there are obviously also some

limitations. This concerns in particular the potential problems

associated with the use and characterization of genetically modified

mouse models. In general, it has now been demonstrated that such

mouse models are effective tools for elucidating the functional and

molecular mechanisms in both healthy and diseased myocardium.

However, knocking out a gene in the whole organism does not

necessarily lead to the expected cardiac phenotype. Thus, deletion

of individual genes could lead to potential non-specific effects,

such as buffering effects, counter-regulation of related genes or

over-interpretation of certain signaling pathways. However,

whether the increased protein expression of B56β and B56γ in

PPP2R5A KO mice (18) contributes to the electrophysiological

phenotype remains to be determined.

In conclusion, these results demonstrate for the first time that

the development of a mild manifestation of ventricular

tachyarrhythmias may result from a loss of PP2A-B56α

expression in KO mice. This is due to proarrhythmogenic extra

Ca2+ events in isolated cardiomyocytes. Our findings provide a

direct rationale for establishing PP2A-B56α as a target for

antiarrhythmic therapy. The testing of such agents, such as

SMAPs, will be the goal of future studies.
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