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ABSTRACT
Phosphodiesterase inhibitors regulate intracellular Ca2+ of cardiomyocytes through enhancing second messenger signalling. 
This study aimed to investigate whether TP-10, a selective phosphodiesterase10A inhibitor, modulates Ca2+ cycling, attenuat-
ing arrhythmogenesis in the right ventricular outflow tract (RVOT). Right ventricular tissues from New Zealand white rabbits 
were harvested, and electromechanical analyses of ventricular tissues were conducted. Intracellular Ca2+ was monitored using 
Fluo-3, and ionic current was recorded using patch-clamp in isolated cardiomyocytes. Tissues from RVOT exhibited a reduction 
in action potential duration at both 50% and 90% repolarisation following treatment with TP-10. This treatment also inhibited 
burst firing induced by isoproterenol (ISO) in RVOT tissues, an effect that was nullified by thapsigargin. The protein kinase G 
inhibitor KT5823, whether used alone or in conjunction with TP-10, also suppressed ISO-induced burst firing in these tissues. 
Compared to the control group, RVOT cardiomyocytes treated with TP-10 demonstrated enhanced amplitudes of Ca2+ transients 
and increased stores of Ca2+ in the sarcoplasmic reticulum. Although the L-type Ca2+ current was diminished in TP-10-treated 
cardiomyocytes, the current from the Na+-Ca2+ exchanger was elevated. Furthermore, the density of late Na+ current was sig-
nificantly reduced in these treated cardiomyocytes. TP-10 administration also resulted in increased levels of calcium regulatory 
proteins, specifically phosphorylated phospholamban at Thr17 and sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2a. Our 
findings indicate that TP-10 attenuates ISO-induced arrhythmic events in RVOT tissues via cGMP-mediated modulation of in-
tracellular Ca2+ regulation.
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1   |   Introduction

Acting as second messengers, cyclic adenosine monophos-
phate (cAMP) and cyclic guanosine monophosphate (cGMP) 
regulate a variety of cardiac functions, including inotropic and 
chronotropic activities, while also playing a role in structural 
remodelling [1]. Dysregulated cAMP/cGMP signalling, due to 
impaired synthesis and breakdown, leads to intracellular Ca2+ 
imbalance, cardiac dysfunction and arrhythmias, contributing 
to the mechanisms of arrhythmogenesis and heart failure [2, 3]. 
Phosphodiesterases (PDEs), which include the PDE1 to PDE11 
families, specifically degrade cAMP and/or cGMP, thus play-
ing unique roles in different cardiac cell types and influencing 
various cardiac pathologies [4, 5]. In a therapeutic context, PDE 
inhibitors can be utilised to manage heart failure (HF) by en-
hancing the signalling pathways mediated by cAMP or cGMP, 
potentially leading to improvements in intracellular Ca2+ cy-
cling [6].

PDE10A was first recognised as a dual cAMP/cGMP phospho-
diesterase capable of hydrolysing both molecules [7]. Its ex-
pression in neurons within the human striatum has led to the 
development of various PDE10A inhibitors intended for the 
treatment of psychiatric and neurodegenerative disorders [8]. 
Although the specific role of PDE10A in the cardiovascular 
system is not yet fully understood, studies have indicated that 
its expression is significantly increased in the failing hearts of 
both mice and humans [9]. Given its function in regulating in-
tracellular levels of cAMP and cGMP, inhibiting PDE10A may 
enhance cardiac function, positioning it as a promising thera-
peutic approach for managing HF and cardiac arrhythmias [10]. 
Importantly, several PDE10A inhibitors have undergone testing 
in human clinical trials, suggesting that PDE10A could serve 
as a safe and viable therapeutic target [11–13]. Research sug-
gests that PDE10A inhibition could also play a protective role 
in heart disease by influencing cardiomyocyte survival under 
stress conditions [10]. Consequently, TP-10, a selective PDE10A 
inhibitor, may hold significant therapeutic potential for various 
cardiovascular conditions. However, the application of TP-10 in 
the cardiovascular system remains largely uncharacterised and 
requires further investigation.

Arrhythmogenesis in the right ventricular outflow tract 
(RVOT) holds significant clinical importance due to its po-
tential to induce serious arrhythmias that adversely affect pa-
tients' quality of life, necessitating careful management and 
targeted treatment strategies [14]. The RVOT is a primary site 
for the emergence of premature ventricular contractions and 
idiopathic ventricular tachyarrhythmias, in addition to being 
associated with long QT syndrome and Brugada syndrome 
[15]. Triggered electrical activity arising from the RVOT plays 
a crucial role in the onset of life-threatening ventricular fibril-
lation, highlighting the importance of ablation techniques 
to remove these triggers and reduce the risk of malignant 
arrhythmias [16]. Research into RVOT arrhythmogenesis is 
essential for advancing diagnosis and treatment, thereby im-
proving patient outcomes. Myocytes from the RVOT of rabbits, 
which exhibit unique electrophysiological characteristics and 
increased susceptibility to arrhythmogenesis, are commonly 
used in studies of RVOT arrhythmogenesis [16].

The aim of this study was to assess whether TP-10 reduces iso-
proterenol (ISO)-induced ventricular arrhythmias in the RVOT 
and to elucidate the underlying mechanisms involved.

2   |   Methods

2.1   |   Preparing Ventricular Tissues 
for Electromechanical Assessments

All animal experiments received approval from the 
Institutional Animal Care and Use Committee at the National 
Defense Medical Center in Taipei, Taiwan (IACUC-22-222) 
and were conducted in compliance with the National Institutes 
of Health's Guide for the Care and Use of Laboratory Animals 
(the Guide).

In this investigation, male New Zealand white rabbits, each 
weighing between 2 and 3 kg and aged 6–8 months, were em-
ployed. The rabbit heart is frequently used as a model in 
electrophysiological studies due to several similarities in electro-
physiological properties, including action potential characteris-
tics, Ca2+ handling mechanisms, and ion channel expression 
and function, when compared to the human heart, particularly 
in contrast to rodent models. These similarities are essential 
for research on arrhythmias, cardiac function and responses 
to drugs [17, 18]. The rabbits were maintained in stainless steel 
cages within a controlled environment, where the temperature 
was kept between 20°C and 22°C and humidity levels ranged 
from 50% to 70%. They were subjected to a 12-h light/dark cycle 
and were provided with unrestricted access to standard food 
and deionised water. The echocardiography data of the rabbits 
were recorded (Figure S1) to demonstrate their healthy status.

For anaesthesia, the rabbits were given an intramuscular injec-
tion of a combination of zoletil 50 (10 mg/kg) and xylazine (5 mg/
kg), followed by the inhalation of an overdose of isoflurane (5% 
in oxygen) delivered through a vaporiser. Euthanasia was sub-
sequently conducted according to previously described methods 
[19]. The effectiveness of the anaesthetic was verified by the ab-
sence of motor responses as well as corneal reflexes in response 
to pain stimuli. After administering heparin (1000 units/kg), the 
hearts were excised via sternotomy in accordance with previ-
ously established protocols [19].

Following euthanasia, tissues from the RVOT and the right 
ventricular apex (RVA) were excised from rabbits (Figure  1) 
and anchored to a tissue bath for subsequent analysis based on 
established protocols [20]. The preparations were continuously 
superfused with Tyrode's solution at a flow rate of 3 mL/min and 
aerated with a gas mixture comprising 95% O2 and 5% CO2 at 
a maintained temperature of 37°C. An equilibration period of 
one hour was allowed before conducting electrophysiological 
evaluations.

Action potentials (APs) of the RV tissues were measured 
using a borosilicate glass micropipette filled with 3 M KCl, 
connected to an electrometer (WPI Duo 773, World Precision 
Instruments, USA), in accordance with established protocols 
[21]. The resulting signals were digitally acquired via a data 
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acquisition system featuring a cutoff frequency of 10 kHz, 
processed through a low-pass filter, and recorded with 16-bit 
precision at a sampling rate of 125 kHz. A pulse stimulation 
lasting 1 ms was produced using a stimulator as previously de-
scribed cols [21].

Action potential durations (APDs) in the right ventricular (RV) 
preparations were measured under 2 Hz pulse stimulation. 
The action potential amplitude (APA) was determined as the 
difference between the peak depolarisation potential and the 
resting membrane potential (RMP). APD at 20%, 50% and 90% 
repolarisation levels of the APA were designated as APD20, 
APD50 and APD90, respectively. A rapid ventricular pacing 
(RVP) protocol, which involved pacing at a rate of 20 Hz for 
1 s, was conducted with or without isoproterenol (ISO) chal-
lenge (1 μM) [22, 23] to induce triggered electrical activity 
or burst firing under 2 Hz pacing [22, 23]. Triggered activity 
was defined as spontaneous APs occurring without electrical 
stimuli, while burst firing referred to an accelerated rate of 
spontaneous APs. The frequency and duration of burst firing 
during the ISO challenge were recorded. RVOT tissues were 
evaluated both with and without the ISO challenge, followed 
by treatment with TP-10 (10 μM) to assess its effects. To ex-
plore the signalling pathway associated with TP-10 treatment, 
thapsigargin (2.5 μM, a sarcoendoplasmic reticulum calcium 

ATPase (SERCA) inhibitor) [24–26] and KT5823 (1 μM, a PKG 
inhibitor) [27] were administered. Thapsigargin inhibits the 
SERCA, leading to an increase in intracellular calcium levels. 
Using thapsigargin can help elucidate how the level of calcium 
cycling is modulated, particularly in relation to the cGMP 
pathway that may be influenced by TP-10, thereby affecting 
cellular responses and electrophysiological properties.

2.2   |   Cardiomyocyte Isolation

Ventricular myocytes were isolated enzymatically using mod-
ified techniques based on established protocols [28]. In sum-
mary, hearts were cannulated via the aorta for Langendorff 
perfusion. Initially, the hearts were perfused with a normal 
Tyrode's solution for a duration of 10 min. Following this, the 
hearts underwent digestion with a calcium-free enzyme solution 
containing 300 units/mL of collagenase (Type I; Sigma-Aldrich) 
and 0.25 units/mL of proteinase (Type XIV; Sigma-Aldrich) for 
8–12 min. After perfusion, the hearts were removed from the 
cannulas, and the RVOTs were excised and dissected into smaller 
fragments. These fragments were subsequently triturated gently 
using a plastic transfer pipette in 50 mL of calcium-free solution 
and filtered through a nylon mesh to yield single cardiomyo-
cytes. The dissociated cells were then gradually transferred to 

FIGURE 1    |    Effects of TP-10 on action potentials of the RVA and RVOT tissues. (A) (Upper) Representative action potentials and contractile forces 
from the RVA tissues treated with TP-10, and (below) the mean values (N = 9). (B) (Upper) Representative action potentials and contractile forces 
from RVOT tissues treated with TP-10, and (below) the mean values (N = 6). APA, action potential amplitude; RMP, resting membrane potential; 
RVA, right ventricular apex; RVOT, right ventricular outflow tract; APD20, APD50, and APD90, action potential duration at repolarisation levels of 
20%, 50%, and 90% of the action potential amplitude, respectively.



4 of 12 Journal of Cellular and Molecular Medicine, 2025

FIGURE 2    |     Legend on next page.
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the initial NaCl solution. The cardiomyocytes were maintained 
in this solution at 20°C–22°C and allowed to stabilise for a min-
imum of 30 min prior to experimentation. Only rod-shaped cells 
displaying distinct striations and lacking granulation were uti-
lised within 6–8 h for all experimental procedures. To evaluate 
the effects of TP-10, the cells were treated with TP-10 (10 μM) 
for monitoring intracellular calcium levels and conducting 
electrophysiological assessments. The normal Tyrode's solu-
tion consisted of 137 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 
0.5 mM MgCl2, 10 mM glucose and 10 mM 4-(2-hydroxyethyl) 
piperazine-1-ethanesulfonic acid (HEPES), with pH maintained 
at 7.4 using NaOH. The calcium-free solution contained 120 mM 

NaCl, 5.4 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 10 mM 
glucose, 10 mM HEPES and 10 mM taurine, also adjusted to a 
pH of 7.4 with NaOH.

2.3   |   Intracellular Ca2+ Monitoring

RVOT cardiomyocytes were stained with a calcium dye (10 μM 
Fluo-3 AM) at 20°C–22°C for 30 min, and imaging was con-
ducted as documented method [29, 30]. Fluorescence micros-
copy was executed using an inverted laser-scanning confocal 
microscope (Zeiss LSM 510; Carl Zeiss, Jena, Germany). To 

FIGURE 2    |    Effects of TP-10, thapsigargin/TP-10 or KT5823/TP-10 cotreatment on ISO challenge-induced bursting firing in RVOT tissues. (A) 
(Left) Representative recordings of post-RVP electric activity in RVOT tissues at baseline, as well as treated with ISO and ISO/TP-10. (Right) Mean 
rate and duration of post-RVP bursting firing at baseline, under ISO treatment, and under ISO/TP-10 cotreatment (N = 7). (B) (Left) Representative 
recordings of post-RVP electric activity in ISO-challenged, ISO/thapsigargin-cotreated and ISO/thapsigargin/TP-10-cotreated RVOT tissues. (Right) 
Mean rate and duration of post-RVP bursting firing in ISO-challenged, ISO/thapsigargin-cotreated and ISO/thapsigargin/TP-10-cotreated RVOT 
tissues (N = 7). (C) (Left) Representative recordings of post-RVP electric activity in ISO-challenged, ISO/KT5823-cotreated and ISO/KT5823/TP-10-
cotreated RVOT tissues. (Right) Mean rate and duration of post-RVP bursting firing in ISO-challenged, ISO/KT5823-cotreated and ISO/KT5823/
TP-10-cotreated RVOT tissues (N = 6). ISO, isoproterenol; RVOT, right ventricular outflow tract; RVP, rapid ventricular pacing.

FIGURE 3    |    Effect of TP-10 on Ca2+ transient and SR Ca2+ content. (A) (Upper and middle) Typical traces of steady-state Ca2+ transient in RVOT 
cardiomyocytes treated with TP-10 and baseline control (without TP-10), as well as (lower) the mean values (baseline group n = 15/4, N = 4; TP-10 
group n = 26/5, N = 4). (B) (Upper and middle) Typical traces of caffeine-elicited Ca2+ transient in RVOT cardiomyocytes treated with TP-10 and base-
line control (without TP-10), as well as (lower) the mean values (baseline group n = 13/4, N = 4; TP-10 group n = 24/5, N = 5). (C) (Upper and middle) 
Typical recording of SR Ca2+ content determined by integral of inward NCX current induced by fast caffeine application in voltage-clamped RVOT 
cardiomyocytes treated with TP-10 and baseline control (without TP-10), as well as (lower) the mean values (baseline group n = 10/5, N = 5; TP-10 
group n = 10/5, N = 5). NCX, sodium-calcium exchanger; RVOT, right ventricular outflow tract; SR, sarcoendoplasmic reticulum.
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address variations in dye concentrations, fluorescent signals 
were normalised by comparing the observed fluorescence (de-
noted as F) to the baseline fluorescence (F0). This normalisa-
tion, expressed as (F–F0)/F0, facilitated an accurate evaluation 
of transient changes in intracellular calcium concentration 
([Ca2+]i) relative to baseline levels, effectively mitigating dis-
crepancies in fluorescence intensity due to differing volumes 
of injected dye. Calcium transients were recorded using a stim-
ulation frequency of 2 Hz. The sarcoplasmic reticulum (SR) 
calcium stores were assessed by rapidly administering 20 mM 
caffeine following a pulse stimulation train at 2 Hz for 30 s, with 
peak amplitudes of the caffeine-induced calcium transient used 
for estimation. The SR calcium content was evaluated by inte-
grating the inward sodium-calcium exchanger (NCX) current 
triggered by the rapid application of 20 mM caffeine to voltage-
clamped cells, as previously described [30]. Initially, cells were 
held at −40 mV while being superfused with Tyrode's solution. 
Prior to the application of caffeine, an SR Ca2+ loading protocol 
was implemented, which involved a train of AP clamps at 1 Hz 
for 30 s. Following this loading phase, stimulation was halted, 
and the superfusate was swiftly replaced with an NT solution 
containing 20 mM caffeine. The Ca2+ released from the SR is 
primarily extruded from the cell via the NCX, resulting in an 
inward current. Consequently, the SR Ca2+ content can be quan-
tified by integrating the inward NCX current [30].

2.4   |   Electrophysiological Measurement

2.4.1   |   Ito, ICa,L, NCX current and INa,L

The electrophysiological characteristics of RVOT cardiomyo-
cytes were assessed using whole-cell patch-clamp techniques in 
the configuration with a patch clamp amplifier (Axopatch 1D, 
Axon Instruments, USA), as previously detailed in reference 
[31]. At the beginning of each experiment, a brief hyperpolar-
ising pulse was delivered, shifting the holding potential from 
−50 to −55 mV for 80 ms. The resulting area under the capacitive 
current was divided by the applied voltage step, allowing for the 
determination of cell capacitance. Additionally, the series resis-
tance was electronically compensated, reaching a compensation 
level of 60%–80%.

The transient outward current (Ito) was examined according to 
an established protocol [32]. Briefly, a 30-ms pre-pulse was de-
livered, shifting voltage from −80 mV to −40 mV to inactivate 
the Na+ channels, followed by a 300-ms test pulse to a voltage of 
+60 mV in 10-mV increments. CdCl2 (200 μM) was supplemented 
into the bath solution to inhibit ICa,L. Ito was measured as the 
difference between the peak outward current and the steady-
state current. The ICa,L was measured as inward currents under 
voltage-clamp with steps from a holding voltage of -50 mV to test 

FIGURE 4    |    Effect of TP-10 on Ito, ICa,L and NCX current. (A) (Upper and middle) Representative traces of Ito in RVOT cardiomyocytes treated 
with TP-10 and baseline control (without TP-10), as well as (lower) the I–V relationship (n = 8/4, N = 4). (B) (Upper and middle) Representative traces 
of ICa,L in RVOT cardiomyocytes treated with TP-10 and baseline control (without TP-10) as well as (lower) the I–V relationship (n = 9/3; *p < 0.05; 
***p < 0.005) (C) (Upper and middle) Representative traces of NCX current in RVOT cardiomyocytes treated with TP-10 and baseline control (without 
TP-10), as well as (lower) the I–V relationship (n = 10/4, N = 4; *p < 0.05; ***p < 0.005). I–V, current–voltage; NCX, sodium-calcium exchanger; RVOT, 
right ventricular outflow tract.
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voltages from −40 to +60 mV in 10-mV increments for 300 ms 
[33]. The NCX current was examined using voltage-clamp with 
test potentials between −100 and +100 mV from a holding poten-
tial of −40 mV in 20 mV increments for 300 ms. The amplitudes 
of NCX current were measured as Nickel-sensitive currents as 
described in the method [33]. To measure the INa,L, a step/ramp 

protocol, starting with a holding voltage of −100 mV, was fol-
lowed by a test voltage to +20 mV for 100 ms and ramping back 
to a test voltage of −100 mV for 100 ms. The INa,L was measured 
as the tetrodotoxin-sensitive current acquired when the voltage 
was ramped back to −100 mV test voltage as per the previously 
established protocol [33].

2.5   |   Western Blot Analysis

Western blotting was conducted to quantify calcium regulatory 
proteins, including SERCA2a, calcium/calmodulin-dependent 
protein kinase II (CaMKII), phosphorylated CaMKII (pCaM-
KII), phospholamban (PLB) and phosphorylated PLB at Ser16 
and Thr17. Ventricular cardiomyocytes were used to prepare 
whole-cell lysates. The protein extraction and gel electrophoresis 
were conducted according to a previously established protocol 
[34]. The membranes were treated with the following primary 
antibodies: CaMKII (GTX111410; GeneTax; 1:2000), pCaM-
KII (ab32678; Abcam, Cambridge, UK; 1:2000), SERCA2a (sc-
376,235; Santa Cruz Biotechnology, Dallas, TX, USA; 1:1000), 
PLB (MA3-922; Thermo Fisher Scientific; 1:5000), phosphor-
ylated PLB at Ser16 (A010-12;; 1:2000) or Thr17 (A010-13AP; 
1:5000), and GAPDH (M171-7; MBL; 1:5000). Following this, 
the membranes were incubated with secondary IgG antibodies 
specific to either mouse (sc-2056; Santa Cruz Biotechnology; 
1:5000) or rabbit (sc-2004; Santa Cruz Biotechnology; 1:5000). 
Immunoreactive proteins were visualised using enhanced che-
miluminescence (GE Healthcare, Chicago, IL, USA) and quanti-
fied with ImageJ (National Institutes of Health, USA).

2.6   |   Data Analysis

Student's t-test and Pearson's chi-square test, conducted using 
SigmaPlot version 12 (Systat Software, San Jose, CA, USA), were 
utilised to analyse differences between the control and treat-
ment groups. In this setting, ‘n’ represents the total number of 
cells derived from the total number of hearts (n = cells/hearts), 
whereas ‘N’ represents the number of animals used. Statistical 
significance was denoted by *, ** and *** for p-values less than 
0.05, 0.01 and 0.005, respectively.

3   |   Results

3.1   |   Electrical Activity in the Apex and Outlet 
Tissues of the Right Ventricle

RVOT exhibits distinctive electrophysiological characteristics 
compared to RAV [20]. These differences may contribute to the 
high arrhythmogenicity of the RVOT when exposed to phar-
macological interventions or pathological stimuli. Therefore, 
we first tested the effect of TP-10 on both the RAV and the 
RVOT. TP-10 (10 μM) did not affect the RMP, APA, APD and 
contractile force in the RAV tissues (Figure 1). However, TP-
10 (10 μM) shortened the APD20, APD50 and APD90 in RVOT 
tissues (Figure  1). Furthermore, RVOT tissues challenged 
with ISO exhibited increased rates and prolonged durations 
of post-RVP sustained burst firing compared to control ventri-
cles, an effect that was eliminated following TP-10 treatment 

FIGURE 5    |    Effect of TP-10 on INa,L. (Left) Representative tracings 
of INa,L (TTX-sensitive current) with the voltage-clamp protocol shown 
in the inset above the current traces, and (Right) the mean values of 
RVOT cardiomyocytes treated with TP-10 and baseline control (with-
out TP-10) (baseline group n = 9/3, N = 3; TP-10 group n = 9/3, N = 3;pA/
pF to pA/pV, respectively). RVOT, right ventricular outflow tract; TTX, 
tetrodotoxin.
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FIGURE 6    |     Legend on next page.
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at 10 μM (Figure  2A). To explore this protective mechanism 
of TP-10, thapsigargin, an SERCA inhibitor, and KT5823, a 
PKG inhibitor, were used. After treatment with thapsigargin, 
TP-10 did not suppress the post-RVP bursting firing induced 
by ISO challenge in RVOT tissues (Figure 2B). Both KT5823 
treatment and KT5823/TP-10 cotreatment abolished the post-
RVP bursting firing induced by ISO challenge in RVOT tissues 
(Figure 2C).

3.2   |   Amplitudes of Calcium Transient and SR 
Calcium Content

The amplitudes of steady-state Ca2+ transients were higher 
in TP-10-treated cardiomyocytes compared to the controls 
(Figure 3A). Additionally, the caffeine-induced Ca2+ transients 
were also elevated in TP-10-treated cardiomyocytes relative to 
the controls (Figure 3B). The SR Ca2+ content, determined by 
the integral of the inward NCX current under voltage-clamp 
conditions, was increased in TP-10-treated cardiomyocytes 
compared to those in the controls (Figure 3C).

3.3   |   Ito, ICa,L, NCX Current and INa,L

There was no difference in Ito between RVOT cardiomyocytes 
treated with TP-10 and controls (Figure 4A). The peak ICa,L was 

smaller in TP-10-treated RVOT cardiomyocytes than in controls 
(Figure  4B). However, the NCX current was higher in TP-10-
treated RVOT cardiomyocytes compared to controls (Figure 4C). 
Meanwhile, TP-10-treated RVOT cardiomyocytes exhibited a 
reduced density of INa,L compared to controls (1.05 ± 0.13 vs. 
0.67 ± 0.13 pA/pF; p < 0.005) (Figure 5).

3.4   |   Levels of Ca2+ Regulatory Proteins

The protein levels of pCaMKII and CaMKII did not differ be-
tween TP-10-treated RVOT cardiomyocytes and the controls 
(Figure  6). TP-10-treated RVOT cardiomyocytes had higher 
protein levels of SERCA2a than the controls (Figure 6). While 
the expression of PLB and PLB pSer16 protein did not change in 
TP-10-treated RVOT cardiomyocytes compared to the controls, 
the expression of PLB pThr17 increased in TP-10-treated RVOT 
cardiomyocytes (Figure 6).

4   |   Discussion

The current study demonstrates that TP-10 mitigated ISO 
challenge-induced ventricular arrhythmia in the RVOT. 
Specifically, TP-10 treatment suppressed both the rates and 
durations of burst firing in ISO-challenged RVOT tissues. 
This suppressive effect was nullified when co-treated with 

FIGURE 6    |    Quantification of Ca2+ regulatory proteins in control and TP-10-treated RVOT cardiomyocytes. Representative immunoblot and nor-
malised densitometric protein levels of phosphorylated CaMKII, CaMKII, SERCA2a, PLB, PLB pSer16 and PLB pThr17 in RVOT cardiomyocytes 
treated with TP-10 and baseline control (without TP-10). GAPDH was used as an internal control (baseline group N = 4, TP-10 group N = 4). We used 
the same sample from the same animal in the same gel for PLB, phospho-PLB S16, phospho-PLB T17 and GAPDH western blotting. Consequently, 
the representative GAPDH is the same for PLB, phospho-PLB S16 and phospho-PLB T17. Additionally, the PLB/GAPDH values used for calculating 
the ratio of phosphorylated PLB at S16 or T17 are identical. PLB, phospholamban; CaMKII, Ca(2+)/calmodulin-dependent protein kinase II; RVOT, 
right ventricular outflow tract; SERCA2a, sarcoendoplasmic reticulum calcium ATPase 2a.

FIGURE 7    |    Proposed anti-arrhythmia mechanism of TP-10. TP-10 enhances the cGMP/PKG pathway, resulting in reduced L-type Ca2+ current 
and late Na+ current, as well as increased NCX current and upregulated SERCA2a function. These effects collectively increase SR Ca2+ content and 
Ca2+ transients, thereby attenuating isoproterenol-induced intracellular Ca2+ overload that promotes tachyarrhythmia. cAMP, cyclic adenosine mo-
nophosphate; cGMP, cyclic guanosine monophosphate; NCX, sodium-calcium exchanger; PDE10A, phosphodiesterase 10A; PKA, protein Kinase A; 
PKG, protein kinase G; PLB, phospholamban; RVOT, right ventricular outflow tract; RyR2, ryanodine receptor 2; SERCA2a, sarcoplasmic reticulum 
calcium ATPase 2a; SR, sarcoplasmic reticulum.
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thapsigargin but remained evident with co-treatment of KT5823. 
Thapsigargin inhibits the SERCA, resulting in an increase in in-
tracellular calcium concentrations. In the present study, the sup-
pressive effect of TP-10 on isoproterenol-induced burst firing in 
RVOT tissues was negated when co-treated with thapsigargin. 
This finding suggests that TP-10's mechanism involves the 
modulation of calcium handling influenced by SERCA activity, 
indicating a close relationship between TP-10's effects and cal-
cium regulation. KT5823, a PKG inhibitor, also demonstrated 
that co-treatment suppressed burst firing, implying that TP-10 
may operate through PKG-independent cGMP-mediated path-
ways. Specifically, PKG inhibition may diminish the effects of 
isoproterenol stimulation on ICa-L and the spontaneous ac-
tivity of cardiac tissues by modulating cAMP levels and PKA 
activity [35].

Additionally, TP-10 enhanced Ca2+ transients and SR Ca2+ 
content in RVOT cardiomyocytes. While TP-10 reduced L-
type Ca2+ currents, it increased NCX currents. Furthermore, 
TP-10 decreased late Na+ currents and enhanced the function 
of SERCA. These findings suggest that TP-10 modulates Ca2+ 
handling, potentially through cyclic guanosine monophosphate 
(cGMP) signalling, thereby preventing arrhythmic events in 
ISO-challenged RVOT. The proposed anti-arrhythmic mecha-
nism of TP-10 is illustrated in Figure 7.

Previous studies have demonstrated that PDE inhibition can 
augment Ca2+ transients, which aligns with our findings of the 
present study. In addition, we propose that observed increases 
in Ca2+ transients and SR Ca2+ stores may be attributed to the 
upregulation of SERCA2a induced by TP-10. Although PDE in-
hibitors are known to augment cAMP levels, leading to PKA-
mediated enhancement of L-type Ca2+ current and an inotropic 
effect, our data indicate that the inhibition of PDE10A with 
TP-10 actually reduced L-type Ca2+ current. This suggests that 
the inotropic mechanism of TP-10 may not operate through the 
cAMP pathway but rather through the cGMP pathway. This hy-
pothesis is supported by our data indicating that the inhibition 
of TP-10 and PKG effectively abolished arrhythmias induced by 
ISO challenge. This suggests that targeting these pathways may 
be crucial for managing arrhythmias in this context.

Our data show that ISO challenge induced burst firing in RVOT 
tissues, which is suggested to be attributed to intracellular Ca2+ 
overload caused by the activated β-adrenergic-cAMP-PKA 
pathway, leading to an increased probability of ectopic electrical 
activity, such as delayed after depolarisations [36]. TP-10 sup-
pressed ISO challenge-induced burst firing in RVOT tissues. 
We propose that this effect is mediated through the cGMP/PKG 
signalling pathway, which reduces Ca2+ influx via L-type Ca2+ 
channels [37]. Our results also show shortened APD in TP-10-
treated RVOT ventricles. Shortening of the AP reduces Ca2+ 
influx, resulting in decreased intracellular Ca2+ load. In fact, 
the cGMP/PKG signalling pathway is proposed to provide car-
dioprotection by modulating Ca2+ homeostasis and reducing the 
production of reactive oxygen species [38].

The activity of SERCA is modulated by PLB. When PLB is un-
phosphorylated, it inhibits SERCA by reducing the ATPase's af-
finity for calcium. However, when PLB is phosphorylated, this 

inhibition is lifted, leading to an increase in SERCA activity. PLB 
has two key phosphorylation sites: Ser16, which is phosphory-
lated by cAMP-dependent protein kinase, and Thr17, which is 
targeted by CaMKII [39, 40]. While the role of cGMP signalling 
in regulating SERCA activity and cardiomyocyte function is not 
well understood, our data indicate that TP-10 increases phos-
phorylated PLB at Thr17, likely through cGMP/PKG signalling. 
The upregulation of SERCA leads to increased SR Ca2+ content 
and enhanced Ca2+ transients.

Research indicates that TP-10 possesses cardioprotective effects. 
Chen et  al. demonstrated that the PDE10A inhibitor TP-10 el-
evates cAMP and cGMP levels in cardiac myocytes and fibro-
blasts, thereby mitigating pathological hypertrophy induced by 
angiotensin II, phenylephrine and isoproterenol [9]. The study 
proposes that PDE10A inhibition may represent a promising 
therapeutic approach for heart failure. However, the specific 
mechanism of PDE10A-mediated cAMP and cGMP signalling 
in the modulation of hypertrophy and fibrosis remains unclear. 
Our study investigates the effects of TP-10 on calcium handling 
in the isoproterenol-challenged RVOT, emphasising its influ-
ence on intracellular calcium dynamics via cGMP pathways. 
Our data suggest that TP-10-mediated cGMP signalling regu-
lates calcium handling and reduces the risk of arrhythmias in 
the challenged RVOT. Inhibition of PDE10A may enhance car-
diac structure and function, positioning it as a potential target 
for the treatment of heart failure and arrhythmias.

The study's limitations include a small sample size of New 
Zealand white rabbits, which may affect the generalisability 
of the findings to humans. The use of isolated cardiomyocytes 
may not fully capture the complex interactions present in vivo, 
and the focus on specific cGMP-mediated pathways leaves other 
potential factors influencing arrhythmogenesis unexplored. 
In addition, the research primarily addressed ISO-induced ar-
rhythmias, suggesting a need for exploration of other arrhyth-
mic mechanisms.

In conclusion, TP-10 mitigates ISO-induced ventricular tach-
yarrhythmia in the rabbit RVOT. Our findings indicate that TP-
10 modulates intracellular Ca2+ regulation in cardiomyocytes 
through the cGMP pathway, thereby providing antiarrhythmic 
effects.

Author Contributions

Feng-Zhi Lin: data curation (equal), formal analysis (equal), investi-
gation (equal). Yao-Chang Chen: investigation (equal), methodology 
(equal), writing – original draft (equal). Hsiang-Yu Yang: funding ac-
quisition (equal), supervision (equal), writing – original draft (equal), 
writing – review and editing (equal). Wei-Shiang Lin: supervision 
(equal), validation (equal), writing – original draft (equal). Yen-Yu Lu: 
formal analysis (equal), investigation (equal), writing – original draft 
(equal).

Acknowledgements

This study was financially supported by the Ministry of National 
Defence—Medical Affairs Bureau (grant numbers MND-MAB-
D-114079 and MND-MAB-D-111129) and the Tri-Service General 
Hospital in Taiwan (grant number TSGH-C01-113032).



11 of 12

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data supporting the findings of this study can be requested from the 
corresponding author upon reasonable inquiry.

References

1. M. Zaccolo and M. A. Movsesian, “cAMP and cGMP Signaling Cross-
Talk,” Circulation Research 100, no. 11 (2007): 1569–1578, https://​doi.​
org/​10.​1161/​CIRCR​ESAHA.​106.​144501.

2. R. M. Blanton, “cGMP Signaling and Modulation in Heart Failure,” 
Journal of Cardiovascular Pharmacology 75, no. 5 (2020): 385–398, 
https://​doi.​org/​10.​1097/​fjc.​00000​00000​000749.

3. G. Calamera, L. R. Moltzau, F. O. Levy, and K. W. Andressen, “Phos-
phodiesterases and Compartmentation of cAMP and cGMP Signaling in 
Regulation of Cardiac Contractility in Normal and Failing Hearts,” In-
ternational Journal of Molecular Sciences 23, no. 4 (2022): 2145, https://​
doi.​org/​10.​3390/​ijms2​3042145.

4. T. Keravis and C. Lugnier, “Cyclic Nucleotide Phosphodiesterase 
(PDE) Isozymes as Targets of the Intracellular Signalling Network: Ben-
efits of PDE Inhibitors in Various Diseases and Perspectives for Future 
Therapeutic Developments,” British Journal of Pharmacology 165, no. 
5 (2012): 1288–1305, https://​doi.​org/​10.​1111/j.​1476-​5381.​2011.​01729.​x.

5. Q. Fu, Y. Wang, C. Yan, and Y. K. Xiang, “Phosphodiesterase in Heart 
and Vessels: From Physiology to Diseases,” Physiological Reviews 104, 
no. 2 (2024): 765–834, https://​doi.​org/​10.​1152/​physr​ev.​00015.​2023.

6. M. Movsesian, J. Stehlik, F. Vandeput, and M. R. Bristow, “Phospho-
diesterase Inhibition in Heart Failure,” Heart Failure Reviews 14, no. 4 
(2009): 255–263, https://​doi.​org/​10.​1007/​s1074​1-​008-​9130-​x.

7. S. H. Soderling, S. J. Bayuga, and J. A. Beavo, “Isolation and Char-
acterization of a Dual-Substrate Phosphodiesterase Gene Family: 
PDE10A,” National Academy of Sciences of the United States of America 
96, no. 12 (1999): 7071–7076, https://​doi.​org/​10.​1073/​pnas.​96.​12.​7071.

8. J. A. Siuciak, S. A. McCarthy, D. S. Chapin, et al., “Genetic Deletion 
of the Striatum-Enriched Phosphodiesterase PDE10A: Evidence for Al-
tered Striatal Function,” Neuropharmacology 51, no. 2 (2006): 374–385, 
https://​doi.​org/​10.​1016/j.​neuro​pharm.​2006.​01.​012.

9. S. Chen, Y. Zhang, J. K. Lighthouse, et al., “A Novel Role of Cyclic 
Nucleotide Phosphodiesterase 10A in Pathological Cardiac Remodeling 
and Dysfunction,” Circulation 141, no. 3 (2020): 217–233, https://​doi.​
org/​10.​1161/​CIRCU​LATIO​NAHA.​119.​042178.

10. S. Chen, J. Chen, W. Du, et  al., “PDE10A Inactivation Prevents 
Doxorubicin-Induced Cardiotoxicity and Tumor Growth,” Circulation 
Research 133, no. 2 (2023): 138–157, https://​doi.​org/​10.​1161/​CIRCR​
ESAHA.​122.​322264.

11. M. Tsai, L. Chrones, J. Xie, H. Gevorkyan, and T. A. Macek, “A Phase 
1 Study of the Safety, Tolerability, Pharmacokinetics, and Pharmaco-
dynamics of TAK-063, a Selective PDE10A Inhibitor,” Psychopharma-
cology 233, no. 21–22 (2016): 3787–3795, https://​doi.​org/​10.​1007/​s0021​
3-​016-​4412-​9.

12. Y. Mukai, R. Lupinacci, S. Marder, et  al., “Effects of PDE10A In-
hibitor MK-8189 in People With an Acute Episode of Schizophrenia: A 
Randomized Proof-Of-Concept Clinical Trial,” Schizophrenia Research 
270 (2024): 37–43, https://​doi.​org/​10.​1016/j.​schres.​2024.​05.​019.

13. K. Suzuki, A. Harada, H. Suzuki, M. Miyamoto, and H. Kimura, 
“TAK-063, a PDE10A Inhibitor With Balanced Activation of Direct 
and Indirect Pathways, Provides Potent Antipsychotic-Like Effects in 
Multiple Paradigms,” Neuropsychopharmacology: Official Publication 
of the American College of Neuropsychopharmacology 41, no. 9 (2016): 
2252–2262, https://​doi.​org/​10.​1038/​npp.​2016.​20.

14. Y. Y. Lu, Y. C. Chen, Y. K. Lin, S. A. Chen, and Y. J. Chen, “Electri-
cal and Structural Insights Into Right Ventricular Outflow Tract Ar-
rhythmogenesis,” International Journal of Molecular Sciences 24, no. 14 
(2023): 11795, https://​doi.​org/​10.​3390/​ijms2​41411795.

15. E. N. Prystowsky, B. J. Padanilam, S. Joshi, and R. I. Fogel, “Ven-
tricular Arrhythmias in the Absence of Structural Heart Disease,” Jour-
nal of the American College of Cardiology 59, no. 20 (2012): 1733–1744, 
https://​doi.​org/​10.​1016/j.​jacc.​2012.​01.​036.

16. M. Haïssaguerre, F. Extramiana, M. Hocini, et  al., “Mapping and 
Ablation of Ventricular Fibrillation Associated With Long-QT and Bru-
gada Syndromes,” Circulation 108, no. 8 (2003): 925–928, https://​doi.​
org/​10.​1161/​01.​cir.​00000​88781.​99943.​95.

17. C. Kang, J. A. Brennan, S. Kuzmiak-Glancy, K. E. Garrott, M. W. 
Kay, and I. R. Efimov, “Technical Advances in Studying Cardiac Elec-
trophysiology – Role of Rabbit Models,” Progress in Biophysics and Mo-
lecular Biology 121, no. 2 (2016): 97–109, https://​doi.​org/​10.​1016/j.​pbiom​
olbio.​2016.​05.​006.

18. D. Bers, Excitation-Contraction Coupling and Cardiac Contractile 
Force (Springer Science & Business Media, 2001).

19. C. S. Chan, Y. S. Lin, Y. K. Lin, et al., “Atrial Arrhythmogenesis in a 
Rabbit Model of Chronic Obstructive Pulmonary Disease,” Translational 
Research 223 (2020): 25–39, https://​doi.​org/​10.​1016/j.​trsl.​2020.​04.​013.

20. Y. Y. Lu, F. P. Chung, Y. C. Chen, et al., “Distinctive Electrophys-
iological Characteristics of Right Ventricular Out-Flow Tract Cardio-
myocytes,” Journal of Cellular and Molecular Medicine 18, no. 8 (2014): 
1540–1548, https://​doi.​org/​10.​1111/​jcmm.​12329​.

21. T. I. Lee, Y. C. Chen, Y. K. Lin, et  al., “Empagliflozin Attenuates 
Myocardial Sodium and Calcium Dysregulation and Reverses Cardiac 
Remodeling in Streptozotocin-Induced Diabetic Rats,” International 
Journal of Molecular Sciences 20, no. 7 (2019): 1680, https://​doi.​org/​10.​
3390/​ijms2​0071680.

22. S. M. Pogwizd, K. Schlotthauer, L. Li, W. Yuan, and D. M. Bers, “Ar-
rhythmogenesis and Contractile Dysfunction in Heart Failure: Roles of 
Sodium-Calcium Exchange, Inward Rectifier Potassium Current, and 
Residual Beta-Adrenergic Responsiveness,” Circulation Research 88, 
no. 11 (2001): 1159–1167.

23. S. Y. Huang, Y. C. Chen, Y. H. Kao, et al., “Calcium Dysregulation 
Increases Right Ventricular Outflow Tract Arrhythmogenesis in Rabbit 
Model of Chronic Kidney Disease,” Journal of Cellular and Molecular 
Medicine 25, no. 24 (2021): 11264–11277, https://​doi.​org/​10.​1111/​jcmm.​
17052​.

24. J. W. Bassani, R. A. Bassani, and D. M. Bers, “Relaxation in Rab-
bit and Rat Cardiac Cells: Species-Dependent Differences in Cellular 
Mechanisms,” Journal of Physiology 476, no. 2 (1994): 279–293.

25. H. Cheng, G. L. Smith, J. C. Hancox, and C. H. Orchard, “Inhibi-
tion of Spontaneous Activity of Rabbit Atrioventricular Node Cells by 
KB-R7943 and Inhibitors of Sarcoplasmic Reticulum ca(2+) ATPase,” 
Cell Calcium 49, no. 1 (2011): 56–65, https://​doi.​org/​10.​1016/j.​ceca.​2010.​
11.​008.

26. C. C. Chung, Y. K. Lin, Y. C. Chen, et  al., “Empagliflozin Sup-
pressed Cardiac Fibrogenesis Through Sodium-Hydrogen Exchanger 
Inhibition and Modulation of the Calcium Homeostasis,” Cardiovas-
cular Diabetology 22, no. 1 (2023): 27, https://​doi.​org/​10.​1186/​s1293​3-​
023-​01756​-​0.

27. H. Haikala, P. Kaheinen, J. Levijoki, and I. B. Lindén, “The Role of 
cAMP- and cGMP-Dependent Protein Kinases in the Cardiac Actions 
of the New Calcium Sensitizer, Levosimendan,” Cardiovascular Re-
search 34, no. 3 (1997): 536–546, https://​doi.​org/​10.​1016/​s0008​-​6363(97)​
00057​-​6.

28. Y. K. Lin, Y. C. Chen, J. H. Huang, et al., “Leptin Modulates Elec-
trophysiological Characteristics and Isoproterenol-Induced Arrhyth-
mogenesis in Atrial Myocytes,” Journal of Biomedical Science 20, no. 1 
(2013): 94, https://​doi.​org/​10.​1186/​1423-​0127-​20-​94.

https://doi.org/10.1161/CIRCRESAHA.106.144501
https://doi.org/10.1161/CIRCRESAHA.106.144501
https://doi.org/10.1097/fjc.0000000000000749
https://doi.org/10.3390/ijms23042145
https://doi.org/10.3390/ijms23042145
https://doi.org/10.1111/j.1476-5381.2011.01729.x
https://doi.org/10.1152/physrev.00015.2023
https://doi.org/10.1007/s10741-008-9130-x
https://doi.org/10.1073/pnas.96.12.7071
https://doi.org/10.1016/j.neuropharm.2006.01.012
https://doi.org/10.1161/CIRCULATIONAHA.119.042178
https://doi.org/10.1161/CIRCULATIONAHA.119.042178
https://doi.org/10.1161/CIRCRESAHA.122.322264
https://doi.org/10.1161/CIRCRESAHA.122.322264
https://doi.org/10.1007/s00213-016-4412-9
https://doi.org/10.1007/s00213-016-4412-9
https://doi.org/10.1016/j.schres.2024.05.019
https://doi.org/10.1038/npp.2016.20
https://doi.org/10.3390/ijms241411795
https://doi.org/10.1016/j.jacc.2012.01.036
https://doi.org/10.1161/01.cir.0000088781.99943.95
https://doi.org/10.1161/01.cir.0000088781.99943.95
https://doi.org/10.1016/j.pbiomolbio.2016.05.006
https://doi.org/10.1016/j.pbiomolbio.2016.05.006
https://doi.org/10.1016/j.trsl.2020.04.013
https://doi.org/10.1111/jcmm.12329
https://doi.org/10.3390/ijms20071680
https://doi.org/10.3390/ijms20071680
https://doi.org/10.1111/jcmm.17052
https://doi.org/10.1111/jcmm.17052
https://doi.org/10.1016/j.ceca.2010.11.008
https://doi.org/10.1016/j.ceca.2010.11.008
https://doi.org/10.1186/s12933-023-01756-0
https://doi.org/10.1186/s12933-023-01756-0
https://doi.org/10.1016/s0008-6363(97)00057-6
https://doi.org/10.1016/s0008-6363(97)00057-6
https://doi.org/10.1186/1423-0127-20-94


12 of 12 Journal of Cellular and Molecular Medicine, 2025

29. Y. C. Chen, Y. H. Kao, C. F. Huang, C. C. Cheng, Y. J. Chen, and S. A. 
Chen, “Heat Stress Responses Modulate Calcium Regulations and Elec-
trophysiological Characteristics in Atrial Myocytes,” Journal of Molecu-
lar and Cellular Cardiology 48, no. 4 (2010): 781–788, https://​doi.​org/​10.​
1016/j.​yjmcc.​2009.​08.​006.

30. W. Wongcharoen, Y. C. Chen, Y. J. Chen, et al., “Effects of a Na+/
Ca2+ Exchanger Inhibitor on Pulmonary Vein Electrical Activity and 
Ouabain-Induced Arrhythmogenicity,” Cardiovascular Research 70, no. 
3 (2006): 497–508, https://​doi.​org/​10.​1016/j.​cardi​ores.​2006.​02.​026.

31. Y. J. Chen, S. A. Chen, Y. C. Chen, et al., “Effects of Rapid Atrial Pac-
ing on the Arrhythmogenic Activity of Single Cardiomyocytes From Pul-
monary Veins: Implication in Initiation of Atrial Fibrillation,” Circulation 
104, no. 23 (2001): 2849–2854, https://​doi.​org/​10.​1161/​hc4801.​099736.

32. Y. C. Chen, N. H. Pan, C. C. Cheng, S. Higa, Y. J. Chen, and S. A. 
Chen, “Heterogeneous Expression of Potassium Currents and Pacemaker 
Currents Potentially Regulates Arrhythmogenesis of Pulmonary Vein 
Cardiomyocytes,” Journal of Cardiovascular Electrophysiology 20, no. 9 
(2009): 1039–1045, https://​doi.​org/​10.​1111/j.​1540-​8167.​2009.​01480.​x.

33. S. Y. Huang, Y. C. Chen, Y. H. Kao, et  al., “Redox and Activation 
of Protein Kinase A Dysregulates Calcium Homeostasis in Pulmonary 
Vein Cardiomyocytes of Chronic Kidney Disease,” Journal of the Amer-
ican Heart Association 6, no. 7 (2017): e005701, https://​doi.​org/​10.​1161/​
jaha.​117.​005701.

34. M. K. Lu, Y. N. Huo, B. Y. Tai, C. Y. Lin, H. Y. Yang, and C. S. Tsai, 
“Ziprasidone Triggers Inflammasome Signaling via PI3K-Akt-mTOR 
Pathway to Promote Atrial Fibrillation,” Biomedicine & Pharmacother-
apy = Biomedecine & Pharmacotherapie 175 (2024): 116649, https://​doi.​
org/​10.​1016/j.​biopha.​2024.​116649.

35. G. Vandecasteele, I. Verde, C. Rücker-Martin, P. Donzeau-Gouge, and 
R. Fischmeister, “Cyclic GMP Regulation of the L-Type Ca(2+) Channel 
Current in Human Atrial Myocytes,” Journal of Physiology 533, no. Pt 2 
(2001): 329–340, https://​doi.​org/​10.​1111/j.​1469-​7793.​2001.​0329a.​x.

36. W.-C. Tsai, Y.-C. Chen, Y.-K. Lin, S.-A. Chen, and Y.-J. Chen, “Sex 
Differences in the Electrophysiological Characteristics of Pulmonary 
Veins and Left Atrium and Their Clinical Implication in Atrial Fibril-
lation,” Circulation. Arrhythmia and Electrophysiology 4, no. 4 (2011): 
550–559, https://​doi.​org/​10.​1161/​CIRCEP.​111.​961995.

37. S. H. Francis, J. L. Busch, J. D. Corbin, and D. Sibley, “cGMP-
Dependent Protein Kinases and cGMP Phosphodiesterases in Nitric 
Oxide and cGMP Action,” Pharmacological Reviews 62, no. 3 (2010): 
525–563, https://​doi.​org/​10.​1124/​pr.​110.​002907.

38. J. Inserte and D. Garcia-Dorado, “The cGMP/PKG Pathway as a 
Common Mediator of Cardioprotection: Translatability and Mecha-
nism,” British Journal of Pharmacology 172, no. 8 (2015): 1996–2009, 
https://​doi.​org/​10.​1111/​bph.​12959​.

39. H. K. Simmerman, J. H. Collins, J. L. Theibert, A. D. Wegener, and 
L. R. Jones, “Sequence Analysis of Phospholamban. Identification of 
Phosphorylation Sites and Two Major Structural Domains,” Journal of 
Biological Chemistry 261, no. 28 (1986): 13333–13341.

40. K. L. Koss and E. G. Kranias, “Phospholamban: A Prominent Regu-
lator of Myocardial Contractility,” Circulation Research 79, no. 6 (1996): 
1059–1063, https://​doi.​org/​10.​1161/​01.​RES.​79.6.​1059.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

https://doi.org/10.1016/j.yjmcc.2009.08.006
https://doi.org/10.1016/j.yjmcc.2009.08.006
https://doi.org/10.1016/j.cardiores.2006.02.026
https://doi.org/10.1161/hc4801.099736
https://doi.org/10.1111/j.1540-8167.2009.01480.x
https://doi.org/10.1161/jaha.117.005701
https://doi.org/10.1161/jaha.117.005701
https://doi.org/10.1016/j.biopha.2024.116649
https://doi.org/10.1016/j.biopha.2024.116649
https://doi.org/10.1111/j.1469-7793.2001.0329a.x
https://doi.org/10.1161/CIRCEP.111.961995
https://doi.org/10.1124/pr.110.002907
https://doi.org/10.1111/bph.12959
https://doi.org/10.1161/01.RES.79.6.1059

	Phosphodiesterase 10A Inhibitor Modulates Right Ventricular Outflow Tract Electrophysiological Activities and Calcium Homeostasis via the cGMP/PKG Pathway
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Preparing Ventricular Tissues for Electromechanical Assessments
	2.2   |   Cardiomyocyte Isolation
	2.3   |   Intracellular Ca2+ Monitoring
	2.4   |   Electrophysiological Measurement
	2.4.1   |   Ito, ICa,L, NCX current and INa,L

	2.5   |   Western Blot Analysis
	2.6   |   Data Analysis

	3   |   Results
	3.1   |   Electrical Activity in the Apex and Outlet Tissues of the Right Ventricle
	3.2   |   Amplitudes of Calcium Transient and SR Calcium Content
	3.3   |   Ito, ICa,L, NCX Current and INa,L
	3.4   |   Levels of Ca2+ Regulatory Proteins

	4   |   Discussion
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


