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Abstract: Background: Phosphodiesterases (PDE) critically regulate myocardial cAMP and cGMP
levels. PDE2 is stimulated by cGMP to hydrolyze cAMP, mediating a negative crosstalk between
both pathways. PDE2 upregulation in heart failure contributes to desensitization to β-adrenergic
overstimulation. After isoprenaline (ISO) injections, PDE2 overexpressing mice (PDE2 OE) were
protected against ventricular arrhythmia. Here, we investigate the mechanisms underlying the
effects of PDE2 OE on susceptibility to arrhythmias. Methods: Cellular arrhythmia, ion currents,
and Ca2+-sparks were assessed in ventricular cardiomyocytes from PDE2 OE and WT littermates.
Results: Under basal conditions, action potential (AP) morphology were similar in PDE2 OE and WT.
ISO stimulation significantly increased the incidence of afterdepolarizations and spontaneous APs in
WT, which was markedly reduced in PDE2 OE. The ISO-induced increase in ICaL seen in WT was
prevented in PDE2 OE. Moreover, the ISO-induced, Epac- and CaMKII-dependent increase in INaL

and Ca2+-spark frequency was blunted in PDE2 OE, while the effect of direct Epac activation was
similar in both groups. Finally, PDE2 inhibition facilitated arrhythmic events in ex vivo perfused WT
hearts after reperfusion injury. Conclusion: Higher PDE2 abundance protects against ISO-induced
cardiac arrhythmia by preventing the Epac- and CaMKII-mediated increases of cellular triggers.
Thus, activating myocardial PDE2 may represent a novel intracellular anti-arrhythmic therapeutic
strategy in HF.
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1. Introduction

Heart failure (HF) remains one of the leading causes of mortality worldwide. Patients
with HF are at risk for lethal ventricular arrhythmias due to structural and electrical remod-
eling [1]. Beyond various complex mechanisms, chronically stimulated cyclic adenosine
monophosphate (cAMP) pathways upon sympathetic activation contribute to generation of
arrhythmia [2,3]. Arrhythmia-related sudden cardiac death (SCD) accounts for up to 60% of
deaths in HF patients [4]. Therefore, innovative antiarrhythmic therapeutic concepts are
highly desired. In contrast to cAMP, the levels of cyclic guanosine monophosphate (cGMP)
are reduced in many HF patients [5,6]. Strategies aiming to enhance cGMP signaling have
been considered beneficial for HF patients [7–9].

Regular heart rhythm and contraction require a coordinated action potential (AP)
generation followed by coordinated intracellular Ca2+ cycling coupling the excitation-
contraction processes [10]. Cellular depolarization upon sodium influx (INa) through
voltage-gated Nav1.5 channels triggers the opening of voltage-gated L-type Ca2+ chan-
nels, Cav1.2 (LTCC). The resulting L-type calcium current (ICaL) subsequently initiates
the activation of ryanodine receptors (RyR2), allowing Ca2+ release from the sarcoplasmic
reticulum (SR) into the cytosol which finally evokes myofilament contraction. Cardiomy-
ocyte relaxation is mainly mediated by SR Ca2+-ATPase type-2a (SERCA2a), which pumps
cytosolic Ca2+ back to the SR. Potassium extrusion from the myocyte via different K+

channels, generating the transient outward current (Ito), the delayed rectifier (IKs, IKr), and
inward rectifier (IK1) currents, contributes to repolarization thereby restoring the resting
membrane potential.

The activity of ion channels, as well as Ca2+ cycling proteins, is modulated by the
cAMP-dependent protein kinase A (PKA) as well as Ca2+-calmodulin-dependent protein
kinase II (CaMKII) upon β-adrenergic stimulation [11–16]. Both kinases affect Ca2+ cycling
proteins such as RyR2 and the SERCA2a-inhibiting phospholamban (PLB) facilitating
SR Ca2+ release and reuptake. CaMKII and PKA have been known to influence ion
channel proteins like Nav1.5, Cav1.2, and Kv4 [12–16]. Impaired phosphorylation of these
proteins promotes cellular pro-arrhythmic events. Thus, the increase in late INaL, ICaL, and
Ca2+ leaks from the SR via RyR2 have been shown to prolong AP duration and trigger
early (EAD) and delayed afterdepolarization (DAD), as well as spontaneous APs (sAP)
promoting the development of ventricular fibrillation associated with SCD [11,17].

Phosphodiesterases (PDE) play a key role in regulating myocardial cAMP and cGMP
levels. Among the family of cardiac PDEs, phosphodiesterase 2 (PDE2) has the unique
property to be stimulated by cGMP via its GAF domains to primarily hydrolyze cAMP [18].
Thus, PDE2 can mediate a negative crosstalk between cGMP and cAMP signaling path-
ways [19]. The enzyme exists in three isoforms PDE2A1, 2, and 3, which are all generated
by alternative exon splicing [19,20]. PDE2 isoforms are localized within the cytoplasm
(mainly PDE2A1) or the membrane fractions comprising the plasma and nuclear membrane,
sarcoplasmic reticulum, and the Golgi body (mostly PDE2A3) [21,22]. The PDE2A2 isoform
has been shown to regulate local mitochondria-related cAMP pools [23–25]. In cardiomy-
ocytes, basal cAMP-hydrolytic activity of PDE2 is rather low but increases substantially
under β-adrenergic stimulation and pathophysiological conditions [21,26,27]. In contrast to
other cardiac PDEs, PDE2 is upregulated in human as well as in experimental HF models,
where it contributes to the desensitization process to β-adrenergic overstimulation [28].

In previous work, we studied the effects of chronically increased PDE2 activity in the
heart using the transgenic mouse line with cardiac-specific overexpression of the wild-type
murine PDE2A3 isoform (PDE2 OE, see Methods). We observed that PDE2 OE mice showed
lower susceptibility to arrhythmia after acute provocation by double isoprenaline (ISO)
injections, displaying less premature ventricular contractions and ventricular tachycardia
than control mice (WT) [29]. Under pathological conditions of ligation of the left anterior
descending coronary artery (LAD) for two weeks, PDE2 OE mice showed a significantly
higher ejection fraction compared to WT mice. Moreover, PDE2 OE mice displayed a
survival benefit due to protection from lethal arrhythmia [29].
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In this study, we focused on investigating the role of PDE2 concerning the susceptibil-
ity to cardiac arrhythmias and on deciphering the underlying cellular mechanisms. We
reveal that increased PDE2 activity protects against ISO-induced cellular arrhythmic events.
Blunting of the ISO-induced, ‘exchange protein directly activated by cAMP’ (Epac) and
CaMKII-mediated increases in INaL, ICaL, and SR Ca2+ leak, were identified as underlying
mechanisms. Thus, cGMP-mediated activation of myocardial PDE2 may represent a novel
intracellular anti-arrhythmic therapeutic strategy in HF.

2. Results

Mice with cardiac-specific PDE2 overexpression (PDE2 OE) displayed significantly
fewer arrhythmic events upon β-adrenergic stress triggered by isoprenaline (ISO) injections,
as well as after myocardial infarction via left anterior descending coronary artery (LAD)
ligation [29]. In order to study the potential antiarrhythmic effect of PDE2 overexpression
at the cellular level, we quantified early and delayed afterdepolarizations (EAD, DAD) and
spontaneous action potentials (sAP) in isolated cardiomyocytes from PDE2 OE mice and
respective wildtype (WT) littermates. Figure 1A depicts representative action potential
(AP) recordings in WT and PDE2 OE at basal conditions (Ctrl) and upon isoprenaline
application (ISO, 100 nM, 10 min) at 0.125 Hz after stimulating the cardiomyocyte at 4
Hz. Under physiological conditions, the number of occurred DADs, EADs, and sAPs
did not differ between WT and PDE2 OE cells (Figure 1B-D). β-adrenoceptor stimulation
with ISO significantly increased the number of DADs and sAPs in WT, but not in PDE2
OE (Figure 1B,C). The number of EADs also tended to be higher in WT than OE (Figure
1D). The total number of arrhythmogenic events upon ISO was significantly lower in
cardiomyocytes from PDE2 OE compared to WT (Figure 1E). Specific inhibition of PDE2
with BAY 60-7550 (BAY, 100 nM) increased ISO-induced arrhythmogenic events in PDE2 OE
cells to the level of WT (Figure 1E). Thus, the antiarrhythmic effect of PDE2 overexpression
under β-adrenergic stimulation was also observed at cardiomyocyte level.

Representative AP recordings in cardiomyocytes from WT and PDE2 OE mice under
basal conditions and ISO stimulation (100 nM, 10 min) at 1 Hz from the same series
of experiments are depicted in Figure 2A. PDE2 overexpression did not significantly
affect the resting membrane potential, AP depolarization, and repolarization phase under
physiological conditions, as well as β-adrenergic stimulation (Figure 2B–G). However,
there was a tendency towards reduced AP duration at 20% and 50% repolarization (APD20,
APD50) in PDE2 OE compared to WT. Conversely, upon ISO stimulation, there was a trend
towards increased APD90 (Figure 2E–G).

To evaluate the cellular mechanisms of antiarrhythmic PDE2 effects, we studied intra-
cellular Ca2+-handling in cardiomyocytes of PDE2 OE and WT littermates. First, L-type
calcium current (ICaL) was measured under basal conditions and upon ISO stimulation
(Figure S1A, [30]). PDE2 OE cells displayed similar ICaL voltage-membrane (IV) relation-
ship as WT cardiomyocytes under basal conditions (Figure S1B). However, the increase
in ICaL upon β-adrenergic stimulation was suppressed in OE cells. In WT cells, ICaL sig-
nificantly increased upon ISO stimulation in a concentration-dependent manner showing
the maximum amplitude at 100 nM ISO. In contrast, PDE2 overexpression prevented
ISO-induced increase in ICaL even at the highest concentrations tested (Figure S1C,D) [29].

In the next step, spontaneous intracellular Ca2+ release was quantified because Ca2+

sparks can provoke DAD events. Under basal conditions, PDE2 OE displayed similar
calcium spark frequency (CaSpF) as cardiomyocytes from WT littermates (Figure 3A,B).
Upon β-adrenergic stimulation with ISO (100 nM), the increase in CaSpF seen in WT
was not observed in PDE2 OE. Simultaneous inhibition of the kinases CaMKII and PKA
using Autocamptide-2 Related Inhibitor Peptide (AIP, 1 µM) or PKI (5 µM), respectively,
prevented the ISO-induced increase in CaSpF in WT cells. In contrast, ISO stimulation with
or without inhibition of CaMKII or PKA had no effect on CaSpF in OE mice (Figure 3A,B).
To ensure the function of CaMKII, the direct activator 8-CPT of the ‘exchange protein
directly activated by cAMP’ (Epac) was used to stimulate CaMKII activity. 8-CPT (10 µM)
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stimulation significantly increased CaSpF to the same extent in cardiomyocytes from PDE2
OE and WT, revealing a comparable CaMKII action in both genotypes (Figure 3C,D).

It has previously been shown that increasing the late sodium current (INaL) can
promote the generation of arrhythmia by AP prolongation and initiation of early afterde-
polarizations [31]. Therefore, we investigated the effect of PDE2 overexpression on INaL
amplitude upon β-adrenergic stimulation. Under basal conditions, INaL was similar in
cardiomyocytes of PDE2 OE and WT mice. ISO incubation (100 nM, 10 min) significantly
enhanced INaL in WT cells whereas this effect was not present in PDE2 OE (Figure 4A–D).
The inhibition of CaMKII with AIP (1 µM) prevented the INaL elevation upon β-adrenergic
stimulation in WT. In contrast, PKA inhibition with Protein kinase inhibitor peptide (PKI,
5 µM) did not affect the ISO-mediated INaL increase (Figure 4A–C) indicating a major
contribution of CaMKII to INaL elevation. However, in both groups the stimulation of
CaMKII via the Epac activator 8-CPT clearly resulted in enhanced INaL to comparable
levels as that induced by ISO in WT (Figure 4C,D). CaMKII inhibition significantly reduced
the 8-CPT-induced increase in INaL in both groups. To test the influence of CaMKII on
arrhythmogenic events at the cellular level, ISO-induced arrhythmogenic events including
DADs, EADs, and sAPs were quantified after CaMKII inhibition with AIP. Indeed, in WT
cells AIP significantly lowered the number of ISO-induced arrhythmogenic events. In
PDE2 overexpressing cells, the ISO-induced increase in cellular arrhythmia was blunted
showing no effect of CaMKII inhibition (Figure 4E,F).

Figure 1. PDE2 OE display diminished cellular arrhythmogenic events. (A) Representative traces recorded in whole-cell
patch clamp mode from WT (upper) and PDE2 OE (lower) ventricular cardiomyocytes upon stimulation at 0.125 Hz
following stimulation at 4 Hz. Stars represent the stimulated action potentials; the following signals are spontaneous.
Measurements were performed under basal conditions (Ctrl, black symbols) and upon β-adrenergic stimulation with
isoprenaline (ISO, 100 nM, 10 min, orange symbols) and simultaneous PDE2 inhibition with BAY60-7550 (BAY, 100 nM).
Quantification of (B) delayed afterdepolarizations (DAD, ≥4 mV), (C) spontaneous action potentials (sAP), (D) early
afterdepolarizations (EAD), and (E) total number of arrhythmic events per cell in WT (circles) and PDE2 OE (squares).
* p < 0.05, ** p < 0.01, *** p < 0.001 (N = 8 animals/genotype, 20 ≤ n ≤ 26 cells/group).
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Figure 2. Similar basal action potential properties in PDE2 OE and WT. (A) Representative voltage
traces of action potentials (AP) at 1 Hz from left ventricular myocytes of WT (circles) and PDE2
OE (squares) mice under basal conditions (Ctrl, black symbols) and upon β-adrenergic stimula-
tion with isoprenaline (ISO, 100 nM, 10 min, orange symbols) and simultaneous PDE2 inhibition
with BAY60-7550 (BAY, 100 nM, dark blue symbols). (B) Average resting membrane potential Vm

(mV), (C) maximum depolarization potential (mV), (D) maximal upstroke velocity dV/dt (V/s),
(E–G) action potential duration at 20%, 50%, and 90% repolarization (APD20, APD50, APD90). n.s.
not significant, * p < 0.05 (N = 8 animals/genotype, 11≤ n ≤ 22 cells/group).
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Figure 3. β-AR stimulation does not increase Calciumspark frequency upon β-adrenergic stimulation in PDE2 OE.
Ventricular myocytes were loaded with fluo-4 AM and monitored for spontaneous intracellular rises in Ca2+ levels (Ca2+

sparks) by line scan confocal microscopy (A,B) under basal conditions (black) and after 10 min stimulation with ISO (100 nM,
orange), ISO (100 nM) and AIP (1 µmol/L, blue), ISO (100 nM) and PKI (5 µmol/L, green); (C,D) 8-CPT (10 µmol/L, orange),
8-CPT (10 µmol/L) and AIP (1 µmol/L, blue). (A,C) Representative original registrations and (B,D) quantification of Ca2+

spark frequency (CaSpF) normalized to cell width and scan rate from WT (circles) and PDE2 OE (squares). * p < 0.05,
** p < 0.01 *** p < 0.001. (N = 4 animals/genotype, 45 ≤ n ≤ 79 cells/group).

Figure 4. Cont.
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Figure 4. Ca2+/calmodulin-dependent kinase II (CaMKII)-mediated increase in INaL and cellular
arrhythmogenic events upon β-AR stimulation is abolished in PDE2 OE. Late sodium current (INaL)
was measured in isolated ventricular cardiomyocytes from PDE2 OE (squares) and WT (circles)
mice at −35 mV (1 s) under basal conditions (black symbols) and after 10 min stimulation with ISO
(100 nM, orange), ISO (100 nM) and AIP (1 µM, blue), ISO (100 nM) and PKI (5 µM, green), 8-CPT
(10 µM, red), 8-CPT (10 µM) and AIP (1 µM, dark blue). (A,B) Representative current traces and
(C,D) quantification of INaL estimated by integrating INa between 100 and 500 ms and normalized to
the membrane capacitance. *** p < 0.001 vs. control (Ctrl), (N = animals/genotype, 6 ≤ n ≤ 17 cells
per group). (E,F) Isolated ventricular cardiomyocytes were subjected to an arrhythmia provocation
protocol under basal conditions (black), after 10 min stimulation with ISO (100 nM, orange) or ISO
(100 nM) and AIP (1 µM, blue). Arrhythmogenic events (DADs, EADs, and sAPs) were quantified.
*** p < 0.001; 8≤ n ≤ 13, (N = 5 animals/group).

PDE2 modulates the activity of downstream protein kinases via hydrolysis of ISO-
induced cAMP. Besides direct activation of PKA, cAMP-dependent activation of Epac
stimulates phospholipase C (PLC), which in turn hydrolyzes phosphatidylinositol 4,5-
bisphosphate (PIP2) to produce diacylglycerol (DAG) and inositol triphosphate (IP3) lead-
ing to PKC and CaMKII activation [32]. These kinases contribute to regulation of contractile
protein phosphorylation and myofilament Ca2+ sensitivity. Therefore, we evaluated the
consequences of PDE2 overexpression on expression levels of selected cardiac kinases in
lysates of isolated ventricular cardiomyocytes (Figure 5, Supplemental Figure S2). Western
blots did not reveal evidence for significant regulation of PKC, PKA-C, and its regulatory
subunit PKAIIα, as well as Epac protein levels in PDE2 OE compared to WT (Supplemen-
tal Figure S2A,B). Interestingly, under basal conditions the expression of CaMKIIδ was
significantly increased in PDE2 OE whereas the phosphorylation of CaMKII at Threonine
286 was significantly reduced in PDE2 overexpressing cells contributing to diminished
β-adrenergic response in PDE2 OE with respect to WT (Figure 5).

Figure 5. Basal expression and phosphorylation of CaMKII is affected by PDE2 overexpression. (A) Representative
immunoblots and (B) quantification of protein kinase expression normalized to GAPDH, CaMKII phosphorylation at
Threonine 286 normalized to total CaMKIIδ in lysates of isolated cardiomyocytes from PDE2 OE (orange) and WT (black)
mice. (N = 6 animals/genotype. * p < 0.05, *** p < 0.001 vs. WT).
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In previous work, we studied the consequences of PDE2 overexpression on cardiac
Ca2+ cycling proteins showing reduced phosphorylation levels of RyR2 and PLB at CaMKII-
specific phosphorylation sites in PDE2 OE but similar protein expression compared to
WT [29]. Here, we also quantified the protein levels of the Na+/Ca2+ exchanger type 1
(NCX1), Na+/K+ ATPase (NKA), and phospholemman (PLM), which are important for the
maintenance of intracellular Na+ and Ca2+ homeostasis. Protein levels of NCX1, NKA, and
PLM did not differ between PDE2 OE and WTThe phosphorylation level of PLM at Ser68
was similar in both genotypes (Supplemental Figure S2C,D).

In order to evaluate whether our experimental data obtained in mice can be translated
to large mammals, we employed a recent computational model of the canine ventricular
cardiomyocyte with localized cAMP and CaMKII signaling [33]. In consistency with our
experimental data, a simulated two-fold global PDE2 overexpression decreased cAMP lev-
els, CaMKII activity, as well as PKA-dependent and CaMKII-dependent phosphorylation
of L-type Ca2+ channels, ryanodine receptor 2 (RyR, Figure S3), and other targets, whereas
10-fold PDE2 overexpression completely prevented ISO-induced phosphorylation of all
electrophysiological targets (not shown). Similarly, there was a reduction in ICaL, INaL, and
whole-cell Ca2+ transient in the presence of two-fold PDE2 overexpression (Figure S4),
providing initial evidence that the protective mechanisms identified here may also apply
in large mammals.

Altered potassium currents contribute to development of cardiac arrhythmia by delay-
ing membrane repolarization and prolonging the AP duration [34]. Therefore, potassium
outward currents were studied in cardiomyocytes from PDE2 OE and WT. Quantification
of different current components revealed that PDE2 overexpression did not affect the fast
transient outward K+ current (Ito) or the sustained K+ current component (Isus). Elevated
K+ current densities of the slow component (IK,slow) were observed in PDE2 OE at mem-
brane potentials above +40 mV compared to WT (Figure S5). Furthermore, the inwardly
rectifying K+ current (IK1) was significantly reduced in PDE2 OE at membrane potentials
below −100 mV, compared to WT (Figure S5).

Finally, the influence of PDE2 on arrhythmia development was studied at organ level
in ex vivo perfused WT hearts during reperfusion after 30 min of ischemia via ligation of
the left ascending artery using Krebs–Henseleit buffer with physiological catecholamine
concentrations of 10 nM norepinephrine and 3.5 nM epinephrine (Figure 6A). The infarcted
areas were similar in hearts perfused with the PDE2 inhibitor BAY 60-7550 (100 nM) and
control hearts (Figure 6B). However, electrocardiogram (ECG) measurements revealed that
PDE2 inhibition enhanced the number of cardiac arrhythmic events, such as ventricular ex-
trasystoles (VES), premature ventricular complexes (PVC, bigeminy, couplets, triplets), and
ventricular tachycardia, after reperfusion injury, compared to control hearts (Figure 6C).
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Figure 6. Specific PDE2 inhibition tends to increase the number of total arrhythmic events in ex vivo
perfused hearts after reperfusion injury. (A) Representative traces of ECG recordings after reperfusion
injury with 30 min of LAD ligation in ex vivo perfused hearts with and without PDE2 inhibitor BAY
60-7550 (BAY, 100 nM). (B) Evans blue and TTC staining of heart slices after reperfusion injury and
quantification of infarcted area at risk (AAR, %). (C) Quantification of ventricular extrasystoles (VES),
bigeminy, couplets and total number of arrhythmic events. Statistical p-values vs. Ctrl as indicated
(N = 3–6 hearts/group).

3. Discussion

PDE2 overexpression (PDE2 OE) has previously been shown to provide marked
protection against catecholamine induced ventricular arrhythmia under basal conditions,
as well as after myocardial infarction (MI), leading to improved survival after MI [29]. In
this study, we deciphered the underlying mechanisms of antiarrhythmic PDE2 functions at
the cellular level.

Triggered cardiac arrhythmias are associated with frequent occurrence of early and
delayed afterdepolarizations (EAD, DAD), as well as spontaneous action potentials (sAP),
triggering inhomogeneous excitation, reentry and ventricular tachycardia [11]. Indeed,
cardiac-specific PDE2 overexpression exhibited a lower susceptibility to cellular EAD, DAD,
and sAP after β-adrenergic stimulation compared to WT. Inhibition of PDE2 activity in cells
of transgenic mice markedly increased the number of arrhythmogenic events confirming
the protective effect of PDE2. Thereby, augmented PDE2 activity did not significantly affect
action potential (AP) morphology under basal conditions. The underlying currents were
similar between PDE2 OE and wildtype (WT), which showed comparable Ito, ICaL, INaL, and
IK1 amplitudes at physiological membrane potentials. In murine cardiomyocytes, under
basal conditions PDE2 accounts only for ~3% of the total cAMP hydrolytic activity [21,28].
Thus, physiological cardiac excitation is not influenced by PDE2 activity at basal levels.

In contrast to other PDEs, PDE2 activity is increased upon chronic β-adrenergic stimu-
lation [28,35]. Under chronic cardiac stress conditions, PDE2 is upregulated, as has been
detected in human heart failure as well as in animal models after chronic β-AR stimula-
tion, rapid pacing, or pressure overload [18,28]. Thereby, PDE2 upregulation is a direct
consequence of β-adrenergic overstimulation. In another study, cardiomyocytes from rats
chronically treated with isoprenaline (ISO), PDE2 inhibition revealed a marked increase in
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cAMP, whereas the SNP-cGMP-dependent stimulation of PDE2 resulted in significantly
reduced cAMP levels in ISO-treated cells in contrast to control myocytes [28]. In a human
failing heart, cAMP levels are reduced due to desensitized β-adrenergic signal transduc-
tion [36]. However, clinical trials with PDE3 inhibitors to normalize cardiac cAMP levels
in HF patients have shown increased mortality due to proarrhythmic effects promoting
sudden cardiac death [37,38]. Thus, under β-adrenergic stress conditions, enhanced PDE2
activity might serve to modulate cAMP-dependent protein activity underlying cardiac
excitation and thus reducing arrhythmogenic cellular events.

Voltage-gated Na+ and L-type Ca2+ channels play a pivotal role in the initiation and
propagation of the action potential in cardiomyocytes. In heart failure, impaired inactiva-
tion of Na+ channels induces a sustained Na+ current (late INa) [39]. Higher intracellular
Na+ concentration caused by increased INaL could lead to increased sarcoplasmic reticulum
(SR) Ca2+ content via altered Na+/Ca2+ exchanger activity, thus promoting spontaneous
SR Ca2+ release, which can trigger arrhythmia. Furthermore, increased INaL and ICaL
promote AP prolongation in heart failure (HF), increasing the susceptibility to arrhyth-
mia generation [40]. The existence of a tight microdomain among β-ARs, L-type calcium
channels and PDE2 has been reported in atrial, as well as ventricular cardiomyocytes [17].
In the present study, we showed that PDE2 overexpression prevented the ISO-induced
increase in ICa,L, INaL, and spontaneous SR Ca2+ sparks. The reduction in these cellular
pro-arrhythmic triggers contributes to reduced DADs and sAPs at cellular level (this study)
and the development of arrhythmia in vivo [29]. Accordingly, ex vivo heart perfusion with
BAY 60-7550 provoked increased incidence of arrhythmia. Further studies are needed to
study the effects of PDE2 on the function of the Na+/Ca2+ exchanger and Na+/K+ ATPase
(NKA), because they are important for maintaining intracellular Na+ and, consequently,
regulation of the Na+/Ca2+ exchanger and Ca2+ homeostasis [41].

It has been demonstrated that PDE2 affects L-type calcium currents in mice, but
that its modulation is different in atrial versus ventricular cardiomyocytes. In human
and murine atrial myocytes, PDE2 inhibition with erythro-9-(2-hydroxy-3-nonyl)adenine
(EHNA) resulted in stimulation of ICaL under basal conditions, whereas no effect on ICaL
was observed in murine ventricular myocytes [42,43]. Accordingly, here we have shown
that PDE2 overexpression does not affect basal ICaL current density in ventricular cardiomy-
ocytes. In rat atria, PDE2 inhibition with BAY 60-7550 increased basal beating but did not
affect β-AR-induced sinoatrial tachycardia [44]. Furthermore, in vivo administration of
BAY 60-7550 (i.p.) significantly increased heart rate in dogs and rats [28]. Correspondingly,
PDE2 OE mice displayed lower heart rates, but preserved cardiac function [29]. Further
studies are needed to reveal cellular PDE2 effects on ion currents in sinoatrial node and
atrial cardiomyocytes.

The observed antiarrhythmic PDE2 effects were mainly mediated by reduced activity
of the cAMP-dependent Epac/CaMKII axis. While basal expression of PKA was similar
in PDE2 OE and WT mice, CaMKII expression was significantly increased in PDE2 OE,
potentially due to adaptive upregulation with respect to increased cAMP hydrolysis upon
β-adrenergic stimulation. In addition, CaMKII phosphorylation was clearly reduced at
basal conditions, suggesting a PDE2 association with CaMKII in defined subcellular pools.
Thus, pharmacological inhibition of CaMKII (and PKA) did not affect the blunted ISO-
induced increase in INaL and SR Ca2+ leak in PDE2 OE. The cAMP-independent CaMKII
stimulation via direct activation of Epac enhanced the INaL and Ca2+ spark frequency in
PDE2 overexpressing cells confirming the physiological action of Epac/CaMKII in PDE2
OE. In HF, pathological CaMKII signaling promotes cardiac arrhythmia by influencing
ion channel activities including INa, ICaL and various potassium currents [45]. Especially,
CaMKII facilitates INaL, as well as SR Ca2+ leak from RyR2 via phosphorylation in HF,
thereby provoking arrhythmia [31,46]. It has been shown that β-AR-mediated CaMKII
activation via β-arrestin-CaMKII-Epac complex induces SR Ca2+ leak via phosphorylation
of RyR2-Ser2814 [47]. An increase in CaMKII auto-phosphorylation due to directly acti-
vated Epac (by 8-CPT) leads to enhancement of INaL [48]. Hence, blunted β-AR-mediated
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increase in INaL observed in PDE2 OE was specifically mediated via the Epac/CaMKII
pathway, but not by PKA. In previous work, we could show that the steady-state phos-
phorylation levels of RyR2 at its CaMKII phosphorylation site Ser2814 were significantly
lower in PDE2 OE, whereas the status at its PKA-phosphorylation site Ser2808 was not
altered [29]. In addition, phosphorylation of PLB at Ser16 (PKA) and Thr17 (CaMKII) were
both decreased in tissue lysates from PDE2 OE compared to WT. The basal protein levels
of the key Ca2+-handling proteins RyR2, PLB, and SERCA2a were similar between PDE2
OE and WT. Although basal Ca2+ transient amplitude and SR Ca2+ load did not differ
between PDE2 OE and WT, the ISO-related increase in Ca2+ transient amplitude was lower
in cardiomyocytes from PDE2 OE [29].

Other studies have revealed PDE2 regulation of a local cAMP pool that acts anti-
hypertrophically by activating PKAII, leading to phosphorylation of nuclear factors of
activated T cells (NFAT) and reducing nuclear localization, which reduces the expression
of hypertrophic genes [49]. Furthermore, chronic pharmacological PDE2 inhibition with
BAY 60-7550 preferentially promoted NO/guanylyl cyclase/cGMP signaling and reversed
the development of hypertrophy [50]. Thus, the conflicting evidence suggests that PDE2
may have protective anti-arrhythmic, as well as detrimental pro-hypertrophic effects in
the cardiomyocyte, dependent on isoform, localization, and cellular and pathophysiologi-
cal context.

The limitation of potential PDE2 spillover should be carefully considered. Artificial
PDE2A3 expression within subcellular compartments cannot be excluded. Our in silico
analysis suggests that PDE2 overexpression may produce similar changes in cardiomyocyte
calcium handling in large mammals as we observed experimentally in mice. However, at
present there are no in silico models incorporating detailed cAMP and CaMKII signaling
that can also simulate spontaneous SR calcium-release events and afterdepolarizations,
precluding direct validation of the antiarrhythmic effects of PDE2 overexpression in our
computational model. This limitation should be addressed in future studies developing
novel computational models integrating spatial calcium handling and β-adrenoceptor
and CaMKII signaling. Future work should also assess the potential antiarrhythmic
effects of PDE2 overexpression in the presence of disease-related remodeling of cAMP
and CaMKII signaling (e.g., in the setting of heart failure). Further studies are needed
to reveal the influence of other PDE2 isoforms on the observed antiarrhythmic effects.
Mitochondrial dysfunction has been shown to contribute to arrhythmia development [51].
PDE2 is the main cAMP-hydrolyzing PDE within cardiac mitochondria where it regulates
respiration and permeability transition [23]. Furthermore, the PDE2A2 variant regulates the
cAMP/PKA-dependent phosphorylation of dynamin-related protein 1 (Drp1) mediating
mitochondrial fragmentation [24].

In conclusion, higher PDE2 abundance protects against isoprenaline-induced cardiac
arrhythmia by preventing ISO-induced afterdepolarizations and spontaneous action poten-
tials. Mechanistically, blunting of ISO-induced, Epac and CaMKII-mediated increases in
INaL and SR Ca2+ leak, as well as reduced increase in ICaL were identified as underlying
mechanisms. Consequently, the increase in PDE2 found in heart disease may constitute
an important cardiac defense mechanism from β-adrenergic stress. Thus, the activation of
myocardial PDE2 may represent a novel intracellular anti-arrhythmic therapeutic strategy
in HF.

4. Materials and Methods

For a detailed description of methods see Supplementary Materials.

4.1. Animal Care and Adult Mouse Ventricular Myocyte Isolation

The experiments comply with the ARRIVE guidelines and conform to the guidelines
from Directive 2010/63/EU of the European Parliament on the protection of animals used
for scientific purposes and was approved by the Dresden University Committee on the
Use and Care of Animals. The PDE2 transgenic mouse line (PDE2 OE) with C57Bl/6 back-
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ground exhibiting a cardiac-specific ~10 fold PDE2 overexpression under the control of
the murine α-myosin heavy chain promoter was employed in this study [29,52]. The plas-
mid used to for PDE2A3 expression contains the complete murine α-myosin heavy chain
(MHC) promoter to ensure a cardiospecific expression and the murine isoform of PDE2A3
(NCBI reference sequence: NM_001008548.3) flanked by a polyA-tail. A FVB/N strain
was transduced by microinjection and resulting founder lines were crossed into a C57Bl/6
background. Adult mouse ventricular myocytes were isolated by Langendorff perfusion
from PDE2 OE and wildtype (WT) littermates at 3 months as described previously [53].

4.2. ECG Measurements of ex vivo Perfused Hearts

A modified protocol was used to detect arrhythmia of ex vivo perfused hearts after
reperfusion injury [54]. Briefly, mice were anaesthetized with 0.2 mL sodium pentobarbital
(5% w/v). The hearts were rapidly excised and perfused with a Krebs-Henseleit buffer so-
lution (in mM: 11.1 glucose, 2.4 CaCl2, 118.5 NaCl, 25 NaHCO3, 1.2 MgSO4. 1.21 NaH2PO4,
3 KCl) with physiological catecholamine concentration (10 nM norepinephrine; 3.5 nM
epinephrine) at 37 ◦C by gravity flow in a Langendorff system. After stabilization for
15 min, left ascending coronary artery was ligated for 30 min. ECG were measured within
30 min after reperfusion (BioAmp and Powerlab system, ADInstruments). Arrhythmic
events were quantified using LabChart v7. Infarct size was determined after perfusion
with Evans Blue (0.5% w/v in PBS) (Sigma-Aldrich Chemical Co., St. Louis, MO, USA) and
staining with 2,3,5-triphenyltetrazolium chloride (1% w/v in PBS) (TTC, Sigma-Aldrich)
from 2 mm heart slices fixed in 4% formaldehyde.

4.3. Electrophysiology

Whole-cell voltage-clamp was used to measure L-type Ca2+ current (ICa,L), K+ currents
and the late Na+ current (INaL), as described previously [55]. To assess action potential
properties, APs were evoked by brief current pulses at 1 Hz. Arrhythmia provocation was
initiated upon eliciting APs at 4Hz (5 s) followed by 0.125Hz (160 s) to assess the generation
of arrhythmogenic early and delayed afterdepolarizations (EAD, DAD) and spontaneous
action potentials (sAP). Experiments were performed at 37 ◦C. Cardiomyocytes were pre-
incubated (10 min) in modified Tyrode solution containing the compound specified in
Figures 1 and 2.

4.4. Ca2+ Spark Analysis

Ca2+ spark measurements were performed on a laser scanning confocal microscope
(LSM 5 Pascal, Zeiss). Fluorescence images of Fluo-4 AM (10 µmol/L, molecular probes)
loaded ventricular myocytes were recorded in the line-scan mode after field stimulation
(1 Hz).

4.5. Protein Quantification

Lysates of isolated cardiomyocytes were run on 10% SDS-PAGE and blotted onto nitro-
cellulose membranes. For protein quantification the following specific primary antibodies
were used: Epac1 (cell signaling, 5D3, #4155), Epac2 (cell signaling, #4156S), CaMKIIδ
total (R&D Systems, MAB4176), CaMKII pThr286 PKAIIα (Thermo, MA1-047), PKA-C
(BD Bioscience, #610981), PKA IIα reg (C20) (Santa-Cruz, sc-908), PKCα (H-7) (Santa-Cruz,
sc-8393), NCX1 (Swant, π 11-13), NKA (cell signaling #3010), PLM (Abcam, ab76579), EEF2
(Abcam, ab40812), GAPDH (Santa-Cruz, sc-365062).

4.6. In Silico Modeling

The Heijman et al. [56] model of localized cAMP/PKA signaling in the canine ventricu-
lar cardiomyocyte with the extensions proposed by Neef et al. [33] were used to investigate
the effects of PDE2 overexpression. The model was implemented in Myokit [57]. Single-cell
simulations were performed using the default model or in the presence of PDE2 overex-
pression, simulated as a two-fold increase in total PDE2 levels. Steady state properties
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(after pre-pacing for 2000 s) were assessed during 0.1 Hz, 1.0 Hz, or 2.0 Hz pacing with a
1.0 ms stimulus current of −80 pA/pF.

4.7. Statistics

Results are presented as mean ± SEM. Statistical analysis was performed with Graph-
Pad Prism software (V7; San Diego, CA). Either unpaired Student’s t-tests with equal
variances and normal distribution, Welch’s t-test with unequal variances and normal
distribution or One-way ANOVA followed by Sidak multiple comparison test or a non-
parametric Kruskal Wallis test followed by a Dunn’s multiple comparison test were used
to determine statistical differences according to the experimental setting. p values of less
than 0.05 were considered statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22094816/s1, Figure S1: PDE2 TG display diminished response of the L-type Ca2+

current (ICaL) to β-AR stimulation. Figure S2: Basal expression of protein kinases is not altered
by PDE2 overexpression, Figure S3: Effects of PDE2 overexpression on downstream signaling
components in the canine ventricular cardiomyocyte model by Neef et al. [33], Figure S4: Effects of
PDE2 overexpression on cellular electrophysiology in the canine ventricular cardiomyocyte model
by Neef et al. [33].
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Abbreviations

AAR Area at risk
AC Adenylyl cyclase
AIP Autocamptide-2 Related Inhibitor Peptide
AP Action potential
APD Action potential duration
ATP Adenosine triphosphate
β-AR β-adrenoceptor
CaMKII Ca2+-calmodulin-dependent protein kinase II
CaSpF Calcium spark frequency
cAMP 3′,5′-cyclic adenosine monophosphate
cGMP 3′,5′-cyclic guanosine monophosphate
8-CPT 8-(4-chlorophenylthio)-2′-O-methyladenosine-3′,5′-cyclic monophosphate
DAD Delayed afterdepolarization
DAG Diacylglycerol
DRP1 Dynamin related protein 1
EAD Early afterdepolarization
ECC Excitation-contraction coupling
ECG Electrocardiogram
Epac Exchange protein directly activated by cAMP
GAF cGMP-specific phosphodiesterases, adenylyl cyclases and FhlA
HF Heart failure
IP3 Inositol triphosphate
ISO isoprenaline
LAD Left anterior descending coronary artery
LTCC L-type Ca2+ channel
MI Myocardial infarction
NCX Na+/Ca2+ exchanger
NKA Na+/K+ ATPase
NP Natriuretic peptide
OE Overexpression/ overexpressing
PDE Phosphodiesterase
pGC Particulate guanylyl cyclases
PIP2 Phosphatidylinositol 4,5-bisphosphate
PKA Protein kinase A
PKC Protein kinase C
PKI Protein kinase inhibitor peptide
PLB Phospholamban
PLM Phospholemman
PVC Premature ventricular complexes
RyR Ryanodine receptors
sAC Soluble adenylyl cyclases
sAP Spontaneous action potential
SCD Sudden cardiac death
SERCA2 SR Ca2+-ATPase type-2a
SNP Sodium nitroprusside
SR Sarcoplasmic reticulum
TTC 2,3,5-triphenyltetrazolium chloride
VES Ventricular extrasystoles
WT Wildtype
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