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Zusammenfassung 

Herzinsuffizienz (HF) ist eine chronische Herz-Kreislauf-Erkrankung mit extrem 

schlechter Prognose, die trotz umfangreicher Medikamente immer noch bei einer 5-

Jahres-Sterblichkeitsrate von ~ 50% bleibt. Die Unfähigkeit des Herzens, den 

Stoffwechselbedarf des Körpers durch ausreichende Blutversorgung zu decken, wird 

durch genetische Anomalien, Myokardinfarkt oder Bluthochdruck (Drucküberlastung) 

verursacht. Unabhängig vom pathophysiologischen Mechanismus, der zur HF-

Entwicklung führt, ist der Zustand typischerweise durch eine chronische 

neurohormonelle Hyperaktivierung entweder des sympathischen oder des Renin-

Angiotensin-Systems gekennzeichnet, um die verringerte Herzkontraktilität zu 

kompensieren. Im gesunden Herzen reguliert der sympathische Antrieb, hauptsächlich 

durch β-adrenerge Signale, Herzfunktionen wie Kontraktionskraft, Herzrelaxation und 

Schlagfrequenz, indem die Produktion des zweiten Botenstoffs 3',5'-cyclischen 

Adenosinmonophosphats (cAMP)erhöht wird. Weitere parakrine Faktoren und 

Hormone wie Stickoxid (NO) und natriuretische Peptide (NPs) wirken den cAMP-

induzierten Effekten durch die Produktion von 3',5'-cyclishcem 

Guanosinmonophosphat (cGMP) entgegen. In Kardiomyozyten spielen cAMP und 

cGMP sowohl physiologisch als auch pathophysiologisch zahlreiche und manchmal 

antagonistische Rollen. Diese cyclischen Nukleotide (CNs) werden durch 

hydrolysierende Enzyme, sogenannte Phosphodiesterasen (PDEs), streng reguliert. 

Von den 11 PDE-Familien sind PDE1-5 und PDE8-9 in Kardiomyozyten exprimiert. 

Bei Herzinsuffizienz ist jedoch die Herzfunktion reduziert und das Zusammenspiel 

zwischen CNs und PDEs beeinträchtigt. Die Proteinspiegel dieser spezifischen 

hydrolysierenden Enzyme ändern sich dramatisch und ihre Aktivität zur Erzeugung 

funktionell relevanter cAMP-Mikrodomänen in Kardiomyozyten wird 

herunterreguliert. In der Vergangenheit wurden PDE-Hemmer wie z.B. Milrinon 

entwickelt, um die Kontraktilität des Herzens zu erhöhen. Obwohl sie bei Patienten mit 

Herzinsuffizienz im Endstadium zur kurzfristigen Linderung wirksam sind, erhöhen sie 

bei einer Langzeitbehandlung Herzrhythmusstörungen und die Mortalität. 

In dieser Arbeit wurde eine entgegengesetzte Hypothese getestet, ob eine 

Überexpression von PDEs mittels Adeno-Assoziierten-Virus (AAV) basierten 

Vectoren übermäßige Mengen an lokalem cAMP in verschiedenen Mikrodomänen von 

Kardiomyozyten reduzieren und dem Fortschreiten der Herzinsuffizienz 

entgegenwirken kann. Durch die Überexpression von PDE2A und PDE4B in einem 

Mausmodell der durch eine transversale Aortenkonstriktion (TAC) induzierten 

Drucküberlastungs-Herzinsuffizienz konnte das veränderte Zusammenspiel von CN-

PDEs in subzellulären Mikrodomänen wiederherstellt und HF Verlauf untersucht 

werden. Tiere, die Förster-Resonanz-Energie Kardiomyozyten-Transfer (FRET)-

basierte cAMP-Biosensoren für membran- und sarkoplasmatische Retikulum-

assoziierte Mikrodomänen exprimierten, wurden in eine Sham ad drei TAC operierte 

Gruppen randomisiert und drei Tage nach der TAC-Operation entweder 

Kontrollvektor-, PDE2A- oder PDE4B-AAV injiziert. Um die Wirksamkeit des 

Ansatzes zu beurteilen, wurde nach 4 und 8 Wochen eine Echokardiographie 

durchgeführt, und danach wurden die Tiere zur experimentellen Analyse der PDE-
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Expression und -Funktion getötet. Frisch isolierte ventrikuläre Myozyten wurden für 

die Bildgebung lebender Zellen mittels FRET-Imaging verwendet, um den Einfluss der 

Gentherapie auf die cAMP-Dynamik in membran- und sarkoplasmatischen Retikulum-

assoziierten Mikrodomänen zu untersuchen. Die Auswirkungen der PDE2-, PDE3- und 

PDE4-Hemmung auf die β-adrenerge Vorstimulation wurden unter allen 

experimentellen Bedingungen gemessen. Zusätzlich zu FRET-Studien, die die Wirkung 

der Gentherapie auf die cAMP-Kompartimentierung in funktionell relevanten und 

krankheitsveränderten subzellulären Mikrodomänen mechanistisch untersuchten, 

wurden Einzelzellkontraktilitätsmessungen durchgeführt, um 

mikrodomänenspezifische Veränderungen bei PDE-Überexpression mit 

Arrhythmieentstehung zu verknüpfen. 

Diese Strategie lieferte tiefe Einblicke in die PDE-abhängige Regulation der 

Kardiomyozytenfunktion und testete die Wirksamkeit der AAV-vermittelten 

Überexpression verschiedener PDE-Familien auf das Fortschreiten der 

Herzinsuffizienz. Die Ergebnisse legen nahe, dass eine kardiale Gentherapie mit den 

Phosphodiesterasen PDE2A und PDE4B eine milde, aber vorteilhafte Wirkung gegen 

durch Drucküberlastung induzierte Hypertrophie und Arrhythmien hatte. Das 

Hauptenzym PDE4B3, das am cAMP-Abbau im Mausherz beteiligt ist, wurde 

erfolgreich überexprimiert, hat teilweise gegen Hypertrophie und fast komplett gegen 

Verlust der kontraktilen Funktion geschützt, trug signifikant zur Hydrolyse und 

Kompartimentierung von cAMP bei und reduzierte die Initiierung von Arrhythmien 

nach β-adrenerger-Stimulation erheblich. Die Überexpression von PDE2A3 hat 

dagegen weder gegen Hypertrophie noch gegen den Verlust der kontraktilen Funktion 

nach TAC geschützt, hob jedoch effektiv die β-adrenerg stimulierte Arrhythmien auf. 
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Abstract 

Heart failure (HF) is a chronic cardiovascular disease with extremely bad prognosis 

which remains still at ~ 50% 5- year mortality rate despite extensive medication. The 

inability of the heart to meet the metabolic demands of the body by providing sufficient 

blood supply is caused by genetic abnormalities, myocardial infarction or hypertension 

(pressure overload). Regardless of the pathophysiological mechanism leading to HF 

development, the condition is typically characterized by chronic neurohormonal 

hyperactivation, either of the sympathetic or of the renin-angiotensin-aldosterone 

system, aiming to compensate the reduced cardiac contractility. In a healthy heart, the 

sympathetic drive, mainly through β-adrenergic signaling, regulates cardiac functions 

such as force of contraction, heart relaxation and beating frequency by increasing the 

production of a second messenger 3’,5’-cyclic adenosine monophosphate (cAMP). 

Further paracrine factors and hormones such as nitric oxide (NO) and natriuretic 

peptides (NPs) counteract the cAMP-induced effects by producing 3',5'-cyclic 

guanosine monophosphate (cGMP). In cardiomyocytes, cAMP and cGMP play 

numerous, and sometimes antagonistic roles, both physiologically and 

pathophysiologically. These cyclic nucleotides (CNs) are tightly regulated by 

hydrolyzing enzymes called phosphodiesterases (PDEs). Of the 11 PDE families, 

PDE1-5 and PDE8-9 have been reported to be expressed in cardiomyocytes. However, 

in heart failure, the cardiac function is reduced and the interplay between CNs and PDEs 

is compromised. The protein levels of these specific hydrolyzing enzymes alter 

dramatically, and their activity to generate functionally relevant cAMP microdomains 

in the cardiomyocyte is downregulated. Historically, PDE inhibitors such as milrinone 

have been developed to increase cardiac contractility. However, while efficacious for 

short-term relief in end-stage heart failure patients, they increase cardiac arrhythmias 

and mortality when used in long-term treatment schemes. 

In this work, an opposite hypothesis was tested, i.e., whether overexpression of PDEs 

via adeno-associated viral (AAV) vectors can reduce excessive amounts of local cAMP 

in different cardiomyocyte microdomains and counteract heart failure progression. By 

cardiomyocyte overexpression of PDE2A and PDE4B in a mouse model of pressure-

overload heart failure induced by Transverse Aortic Constriction (TAC) was studied if 

the restored CN-PDEs interplay in subcellular microdomains can ameliorate HF. 

Animals expressing Förster resonance energy transfer (FRET)-based cAMP biosensors 

for membrane- and sarcoplasmic reticulum-associated microdomains were randomized 

into one sham and 3 TAC operated groups and injected with either control vector, 

PDE2A or PDE4B AAVs three days after TAC surgery (therapy study). To assess the 

efficacy of the approach, echocardiography was performed at 4 and 8 weeks, and 

thereafter, experimental analysis of the PDE expression and function. Freshly isolated 

ventricular myocytes were used for live cell imaging by FRET to evaluate the impact 

of gene therapy on cAMP dynamics in membrane- and sarcoplasmic reticulum-

associated microdomains eight weeks after TAC. The effects of PDE2, PDE3 and PDE4 

inhibition upon β-adrenergic prestimulation, were measured under all experimental 

conditions. In addition to FRET studies that mechanistically dissected the effect of gene 
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therapy on cAMP compartmentation in functionally relevant and disease-altered 

subcellular microdomains, single-cell contractility measurements were performed to 

link microdomain-specific changes upon PDE overexpression to arrhythmia 

susceptibility. 

This strategy provided deep insights into PDE-dependent regulation of cardiomyocyte 

function and tested the efficacy of AAV-mediated overexpression of various PDE 

families on heart failure progression. The results suggest that cardiac-targeted gene 

therapy with phosphodiesterases PDE2A and PDE4B had a mild but beneficial effect 

against pressure overload-induced hypertrophy and arrhythmias. The major enzyme, 

PDE4B3, involved in cAMP degradation in mouse heart was successfully 

overexpressed, partially protected against hypertrophy and almost completely 

prevented from the loss of contractile function, significantly contributed in cAMP 

hydrolysis and compartmentation and substantially minimized arrhythmia initiation 

after β-adrenergic stimulation. In contrast, PDE2A3 overexpression, neither protected 

against hypertrophy nor preserved contractile function after TAC, but definitely 

abrogated arrhythmias induced by β-adrenergic signaling.
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1. Introduction 

Shortly after the discovery of its molecular mechanism of action by Sutherland in the 

late 50s (Beavo and Brunton, 2002), 3’,5’-cyclic adenosine monophosphate (cAMP) 

research paved the way for interesting  scientific findings and established the important 

role of cAMP as an integral component of multiple physiological functions (Altarejos 

and Montminy, 2011; Bodor et al., 2012; Brudvik and Tasken, 2012; Holz, 2004; 

Kandel et al, 2001; Leech et al., 2010; Morozov et al., 2003; Tengholm and Gylfe, 

2009; Torgersen et al., 2002; Zagotta et al., 2003) in a plethora of tissues. cAMP 

signaling still attracts a lot of scientific attention and remains a key element to unmet 

pathological conditions. This ubiquitously expressed, intracellular second messenger 

(the other one is 3’,5’-cyclic guanosine monophosphate, cGMP) is involved in 

signaling cascades that require an extracellular stimulus to activate its production. 

Ligand binding to the G-protein coupled receptors (GPCRs) recruits stimulatory (Gs) 

or inhibitory (Gi) proteins that regulate cAMP synthesis within seconds (Hein et al., 

2006) via cAMP-forming enzymes, namely adenylyl cyclases (ACs) which convert 

ATP into cAMP and pyrophosphate. 

1.1. cAMP and its downstream effectors in the mammalian heart 

In healthy mammalian cardiomyocytes, the sympathetic activation mainly via β-

adrenergic receptor (β-AR) signaling stimulates cAMP production and mediates its 

excitatory effects by increasing contractile force (inotropy), heart rate (chronotropy), 

and cell relaxation (lusitropy) (Bers 2008; Zagotta et al., 2003). When a ligand binds 

to a G protein-coupled receptor (GPCR) located on the plasma membrane, a 

conformational change occurs, cAMP is formed by adenylyl cyclases (ACs) which, 

then, acts in cells via one or more of its downstream effector proteins, such as: 

(a) cAMP-dependent protein kinase (PKA); as the main effector protein in the 

cAMP signaling cascade, PKA is responsible for the phosphorylation of 

several calcium handling proteins involved in cardiac excitation-contraction 

coupling (ECC) including L-type Ca2+ channel (LTCC) at the 

plasmalemma, phospholamban, and ryanodine receptors at the sarcoplasmic 

reticulum (SR), myosin-binding protein C, and troponin I at the 

myofilaments (Bers 2002, 2008), while Ca2+-inhibited AC5 and AC6 are the 

predominant cAMP generating adenylyl cyclases in adult (AC5 and AC6) 

and fetal (AC6) ventricular cardiac tissue (Defer et al., 2000); 

(b) exchange proteins directly activated by cAMP (Epac1 and Epac2) (De Rooij 

et al., 1998); they are implicated in pathological cardiomyocyte growth 

(Morel et al., 2005; Métrich et al., 2008); 

(c) cyclic nucleotide gated ion channels (CNGCs) including HCN channels 

located in the sinus node; CNGCs regulate the capacity of cardiac cells to 

initiate spontaneous action potentials (automaticity) (Wit and Rosen 1983; 

Larsson 2010; Zoccarato and Zaccolo, 2017); 

(d) the recently discovered Popeye-domain-containing proteins which affect 

cardiac pacemaking (Frοese et al., 2012; Schindler et al., 2016). 
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In parallel, non-canonical second messengers (e.g., 3',5'-cyclic uridine monophosphate 

cUMP) generated by ACs and guanylyl cyclases (GCs) have been recently introduced 

(Seifert 2015; Seifert et al., 2015), but the available published data provide only limited 

information regarding their effector proteins and physiological significance in the 

cardiovascular system. 

1.2 The concept of cAMP compartmentation in cardiac cells 

The fact that multiple receptor stimuli can trigger diverse intracellular effects (Buxton 

and Brunton, 1983; Steinberg and Brunton, 2001) generated via the production of just 

a few intracellular second messengers such as cAMP or cGMP led to a currently 

accepted theory of cyclic nucleotide compartmentation. Compartmentation refers to the 

mechanisms by which multiple spatially segregated cAMP/PKA and/or cGMP/PKG 

signaling pathways exert different or even opposing functional effects in distinct 

subcellular microdomains of the same cell (Zaccolo 2011; Zoccarato and Zaccolo 

2017). It appears to be of critical importance for cardiovascular system, since local 

cyclic nucleotide actions and the interplay of the cAMP signaling pathways are 

involved in both physiological functions and pathological conditions. 

Several proteins (Fischmeister et al., 2006; Mika et al., 2012; Saucerman et al., 2014; 

Vandecasteele et al., 2006; Ziolo et al., 2008) contribute to cyclic nucleotide 

compartmentation, which spatially, temporally, and functionally controls their 

downstream effects, extensively studied for cAMP in the cardiovascular system 

(Bender and Beavo, 2006; Francis et al., 2011; Keravis et al., 2012; Tsai and Kass, 

2009). They include: 

(a) GPCRs located in lipid rafts (Balijepalli et al., 2006; Pani et al., 2009), at transverse 

tubules (Kamp and Hell, 2000) and in non-caveolar membrane domains (Agarwal et 

al., 2017; Pavlaki et al., 2021), 

(b) ACs and GCs (Guellich et al., 2014; Timofeyev et al., 2013), 

(c) Scaffold proteins (Ghigo et al., 2017; Redden et al., 2017; Schrade et al., 2017) 

such as A-kinase anchoring proteins (AKAPs) (Francis et al., 2011; Dodge-Kafka et 

al., 2006; Maurice et al., 2014) and Calveolin-3 (Balijepalli et al., 2006; Balijepalli et 

al., 2008; Carnegie et al., 2009; Nichols et al., 2010), 

(d) physical barriers - e.g., mitochondria, cAMP buffering by PKA, cAMP export 

(Cheepala et al., 2013; Sassi et al., 2012) are some of the mechanisms that create locally 

confined intracellular domains regulating signaling, and 

(e) the most prominent and extensively studied of all, the phosphodiesterase (PDE)-

mediated hydrolysis of cyclic nucleotides, which is of high pharmacological and 

clinical interest (Conti et al., 2014; Houslay et al., 2010; Maurice et al., 2014). PDEs 

can control cyclic nucleotide compartmentation by creating spatial second messenger 

gradients via local hydrolysis/degradation (Zaccolo and Movsesian, 2007). 
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1.3 Major myocardial PDE isoforms - expression and activity in health and disease  

PDEs are enzymes categorized as phosphohydrolases that selectively catalyze the 

hydrolysis of 3’-cyclic phosphate bonds of adenosine and/or guanosine 3’,5’ cyclic 

monophosphate and fine-tune the signaling of the intracellular second messengers 

(Bender and Beavo, 2006). These degrading enzymes constitute one of the most 

important mechanisms, by which cyclic nucleotides are spatially, temporally, and 

functionally compartmentalized in cardiomyocytes and other cells under physiological 

conditions, as their activities modulate the intensity, duration and localization of the 

signals transmitted by cyclic nucleotides, thus being crucially involved in their 

compartmentation (Castro et al., 2006; Jurevicius and Fischmeister, 1996; Mika et al., 

2012; Moltzau et al., 2013; Moltzau et al., 2014; Nikolaev et al., 2006;). In pathological 

conditions, though, such as heart failure (HF), cyclic nucleotide pathways undergo 

profound alterations such as β-AR desensitization and redistribution (Lohse et al., 

2003; Nikolaev et al., 2010), Gi alteration (Melsom et al., 2014) or even dramatic 

changes in PDE expression and/or localization to distinct microdomains (Abi-Gerges 

et al., 2009; Berisha et al., 2019; Pavlaki et al., 2021; Perera et al., 2015; Sprenger et 

al., 2015).  

By briefly overviewing the 11 PDE families (Conti et al., 2007; Wood et al., 2015), 

there are seven, namely PDE1 (activated by Ca2+/calmodulin) (Vandeput et la., 2007), 

PDE2 (cGMP-activated) (Mongillo et al., 2006), PDE3 (cGMP-inhibited) (Ahmad et 

al., 2015), PDE4 (activated by PKA) (Leroy et al., 2008; Mika et al., 2013; Richter et 

al., 2011), PDE5 (Gamanuma et al., 2003), PDE8 (Houslay et al., 2007), and PDE9 

(Lee et al., 2015) being expressed and functional in mammalian cardiomyocytes (Mika 

et al., 2012; Lee et al., 2015) as an integral part of the multimolecular 

signaling/regulatory complexes, i.e., signalosomes (Ahmad et al., 2015; Francis et al., 

2011; Houslay et al., 2007; Maurice et al., 2014) (Figure 1). 

Out of these seven, only five PDEs (PDE1, PDE2, PDE3, PDE4 and PDE8) catalyze 

the cAMP hydrolysis generating functionally and spatially confined microdomains 

(Conti and Beavo, 2007; Fischmeister et al., 2006; Houslay et al., 2007; Zaccolo and 
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Movsesian, 2007) with PDE2, PDE3 and PDE4 being the key phosphodiesterases 

expressed in the myocardium (Bender and Beavo, 2006; Mika et al., 2012). 

 

Figure 1. Phosphodiesterase-mediated cyclic nucleotide catalytic hydrolysis; PDE specificity 

and downstream effector proteins. cAMP degradation catalyzed by PDE4, PDE7 and PDE8. 

cGMP degradation catalyzed by PDE5, PDE6 and PDE9. Both cAMP and cGMP degradation 

catalyzed by PDE1, PDE2, PDE3, PDE10, PDE11. PKA, PKG, CNG channels, Epac1, Epac2 

and Popeye domain-containing proteins are downstream effectors of cyclic nucleotide cascade. 

Adapted from Ahmad et al. 2015; Pavlaki and Nikolaev, 2018. 

1.3.1. PDE2 

PDE2 is a dual-substrate enzyme, which hydrolyzes both cAMP and cGMP with similar 

maximal rates in bovine adrenal and heart tissues (Martins et al., 1982). Only one gene 

(pde2a) gives rise to three known PDE2A isoforms (PDE2A1, PDE2A2, PDE2A3), 

which are differentially located in the cytosol, mitochondria, and cellular membranes 

(Guellich et al., 2014; Mongillo et al., 2006). PDE2A1 resides in the cytosol in contrast 

to mitochondria-membrane-localized PDE2A2 and plasma membrane-localized 

PDE2A3 (Castro et al., 2006). It is characteristic of this PDE family that the cGMP-

mediated control of cAMP hydrolysis arises, when cGMP binds allosterically to the 

GAF-B domain of PDE2A, so that cAMP hydrolysis occurs with a 10-fold higher rate 

(Martinez et al., 2002; Mumby et al, 1982; Rosman et al., 1997). In this manner, cGMP 

via PDE2A is able to negatively regulate cAMP levels (Bender and Beavo, 2006) and 

therefore to initiate a negative cGMP-to-cAMP cross-talk (Lugnier, 2006). Initially 

cloned from rat brain (Yang et al., 1994) and purified from bovine or calf tissues (heart, 

liver adrenal gland, and platelets) (Martins et al., 1982; Yamamoto et al., 1983), the 

PDE2A protein is also found in endothelial cells, macrophages, and brain (Bender and 

Beavo, 2004; Juilf et al.,1999). Platelet aggregation (Dickinson et al., 1997), 

aldosterone secretion (MacFarland et al., 1991), and regulation of calcium channels 

(Simmons and Hartzell, 1988) require PDE2A-mediated hydrolysis of cAMP. Recently, 
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a PDE2A isoform regulating the mitochondrial respiratory chain has been detected, 

discovering a possible new pathway for the drug-induced control of mitochondrial 

function (Acin-Perez et al., 2011). Of particular importance are those studies referring 

to PDE2A expression in isolated cardiomyocytes and myocardium, where PDE2A 

together with PDE5 is also involved in the degradation of soluble GC-synthesized 

cGMP, whereas particulate GC-synthesized cGMP is preferentially hydrolyzed by 

PDE2A (Castro et al., 2006; Zaccolo and Movsesian, 2007). In terms of cGMP and 

cAMP pathway interactions, cGMP binding to PDE2 enhances the hydrolytic activity 

of the enzyme and enables the negative cGMP-to-cAMP cross-talk (Brescia and 

Zaccolo, 2016; Weber et al., 2017).  

Although PDE2 is modestly expressed in cardiomyocytes under physiological 

conditions, it coordinates the cAMP pools associated with β-AR signaling, contractility, 

Ca2+ homeostasis and mitochondrial function (Sadek et al., 2020). In human and animal 

models of HF, it has been found that its expression is upregulated, as an important 

defense mechanism against cardiac stress induced by excessive β-AR drive (Mehel et 

al., 2013). In the very same study, PDE2 overexpression in cultured rat myocytes 

significantly attenuated norepinephrine- or phenylephrine-mediated hypertrophy and 

paved the way for the generation of a cardiac-specific PDE2A3 transgenic (TG) mouse 

line (Vettel et al., 2016). This latter animal model showed a marked reduction in resting 

as well as in maximal heart rate, while cardiac output was completely preserved due to 

greater cardiac contraction (Vettel et al., 2016). This well tolerated phenotype persisted 

also in elderly TGs with no indications of cardiac pathology and, more importantly, TG 

animals were resistant to triggered ventricular arrhythmias after catecholamine 

injection (Vettel et al., 2016). Molecular studies on the cardiomyocyte level showed 

lower basal phosphorylation levels of Ca2+-cycling proteins including ryanodine 

receptor type 2 (RyR2) in TG hearts and improved contractility, Ca2+ transients and 

ICa,L, in addition to remarkably reduced Ca2+-leakage after Ca2+-spark analysis of 

isolated TG cardiomyocytes (Vettel et al., 2016). Obviously, the activation of 

myocardial PDE2 may represent a novel intracellular anti-adrenergic and anti-

arrhythmic therapeutic strategy despite the opposite contradictory findings that rather 

PDE2 inhibition might be also cardioprotective in some cases (Baliga et al, 2018; 

Zoccarato et al., 2015). 

1.3.2. PDE3 

Another important cGMP-regulated PDE is PDE3 that hydrolyzes both cAMP and 

cGMP. Often referred to as cGMP-inhibited PDE (Abi-Gerges et al., 2009; Yang et al., 

2009), PDE3 shows higher catalytic rates for cAMP but relatively high affinity for 

cGMP, which competitively inhibits cAMP hydrolysis (Degerman et al., 1997; Shakur 

et al., 2001). This creates the so-called positive cGMP-to-cAMP cross-talk. PDE3A 

and PDE3B are the two PDE3 subfamilies, with the former being abundant in 

cardiomyocytes, oocytes, vascular smooth muscle and platelets and the latter being 

expressed in the pancreas, liver, and adipose tissue (Shakur et al., 2001). PDE3A 

controls myocardial contractility by interacting with the sarco-/endoplasmic reticulum 

Ca2+ ATPase (SERCA2a) (Beca et al., 2013). By utilizing their direct positive inotropic 

effects, PDE3 inhibitors had been used for acute treatment of end-stage heart failure 

(HF) (McMurray et al., 2012), albeit presenting increased mortality as well as incidence 
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of arrhythmias and sudden death after chronic use (Landry et al., 2008; Packer et al., 

1991). PDE3A is considered the predominant phosphohydrolase for cAMP catabolism 

in human cardiomyocytes (Hambleton et al., 2005), while it plays a secondary role in 

that of rodent ones (Abi-Gerges et al., 2009; Molina et al., 2012; Weishaar et al., 1987). 

In contrast, PDE3B seems to be more actively engaged in energy metabolism (Choi et 

al., 2006; Degerman et al., 2011), but it can also protect the heart from 

ischemia/reperfusion injury (Chung et al., 2015). Knockout models have revealed that 

PDE3A, but not PDE3B, exerts inotropic and chronotropic effects after treatment with 

PDE3 inhibitors (Sun et al., 2007) because PDE3A regulates SERCA2a activity and 

subsequent SR Ca2+ uptake (Beca et al, 2013). By chronically suppressing its 

expression or action, myocyte apoptosis in vitro (Ding et al., 2005) or deterioration of 

ischemia/reperfusion-induced apoptosis and cardiac injury in vivo (Oikawa et al., 2013) 

have been observed. Similarly, disruption of PDE3B interaction with phosphoinositide 

3-kinase γ, which can serve as an AKAP, had deleterious effects (Ghigo et al., 2012; 

Patrucco et al., 2004; Perino et al., 2011) such as arrhythmias (Ghigo et al., 2012), 

necrotic cardiac tissue damage, and fibrosis (Patrucco et al., 2004). PDE3 along with 

other PDEs constitutes an integral part of cAMP degradation. Evidence suggests that it 

may also control cGMP levels (Chung et al., 2015; Götz et al., 2014), atrial dynamics, 

and myocyte ANP release, depending on the involved induction mechanism (Wen et 

al., 2004; Zaccolo and Movsesian, 2007). In terms of cGMP and cAMP pathway 

interactions, cGMP binding to the catalytic domains of PDE3 reduces the rate of cAMP 

degradation, thereby mediating the positive cGMP-to-cAMP cross-talk (Stangherlin et 

al., 2011). 

In pathological conditions, it has been revealed that PDE3A is decreased, particularly 

in hypertrophy and HF (Abi-Gerges et al., 2009). Apart from regulating PLB 

phosphorylation and thus SERCA2a activity in humans and mice (Ahmad et al., 2015; 

Beca et al., 2013), PDE3A1 also acts as a negative regulator of cardiomyocyte 

apoptosis, by controlling the expression of the transcriptional repressor and pro-

apoptotic factor, ICER (inducible cAMP early repressor) (Yan et al., 2007). Inhibition 

of this mechanism in mice with cardiac-specific overexpression of PDE3A1 was 

associated with protection during ischemia-reperfusion (Oikawa et al., 2013). Recently, 

elegantly performed studies at the onset of cardiac hypertrophy were able to show that 

both PDE2A and PDE3A undergo a disease-driven redistribution between various 

subcellular microdomains such as β-AR-associated membrane compartments and the 

SR (Perera et al., 2015; Sprenger et al., 2015), a mechanism by which changes in 

cAMP compartmentation can drastically impact on contractile function, but also lead 

to the development of better HF therapeutics. 

1.3.3. PDE4 

This cAMP-specific phosphohydrolase is encoded by four genes, among which three 

expressed in the mammalian heart (pde4a, pde4b, pde4d) (Kostic et al., 1997; Richter 

et al., 2011). There are more than 20 isoforms that reside in distinct cAMP 

compartments owing to their N-terminus specificity (Houslay and Adams, 2003), 

important for organization and signal transduction within cardiomyocytes. PDE4 is 

reportedly the predominant phosphohydrolase for cAMP catabolism in murine 

cardiomyocytes (Leroy et al., 2008), its activity dependents on PKA phosphorylation 
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via feedback loop after cAMP degradation (MacKenzie et al., 2002), and its major 

isoforms mainly regulate the subcellular organization and compartmentation. The most 

important one is PDE4B that mediates the β-AR induced PKA-phosphorylation of the 

LTCC channels in the plasma membrane of adult murine cardiomyocytes (Leroy et al., 

2011), while the other one, PDE4D, is linked to the RyR2 and SERCA2a complexes. 

Specifically, PDE4D3 is part of the RyR2 microdomain (Lehnart et al., 2005), while 

PDE4D5 and PDE4D8 participate in the formation of those initiated by either β1- or β2-

ARs ligand binding (Bailllie et al., 2007; Richter et al., 2008). Upon β2-AR stimulation, 

PDE4D5 enhances PDE-mediated cAMP hydrolysis and facilitates the switch from Gs 

to Gi coupled signaling (Daaka et al. 1997) via β-arrestin (Baillie et al., 2003; Bailllie 

et al., 2007; Lynch et al., 2005; Perry et al., 2002; Richter et al., 2008). An unidentified 

4D isoform has been implicated into SERCA2a microdomain, regulating PLB 

phosphorylation and hence SERCA2a activity in murine hearts under basal conditions 

(Beca et al., 2011; Kerfant et al., 2007). Last but not least, PDE4A and PDE4B (no D-

isoforms) constitute integral components of the PI3K -cAMP compartment (Ghigo et 

al., 2012). Although not directly involved in cardiac contractility, heart rate or blood 

pressure (Zhao et al., 2015), PDE4 enzymes tightly regulate PKA phosphorylation and 

modify the localized signaling into tight compartments (Fertig and Bailllie, 2018). 

Pharmacologically, PDE4 inhibition has beneficial effects on cardiomyocyte function 

(Lehnart and Marks, 2006); however, many unfavorable cardiac effects occur from 

sustained inhibition of this enzyme, increasing the incidence of mortality (Packer et al., 

1991). Moreover, in pathological cardiac hypertrophy induced by sympathetic 

overdrive, there was dramatic reduction in enzyme expression (~ 50% for PDE4B) 

(Abi-Gerges et al., 2009; Karam et al. 2020) and subsequently increased susceptibility 

to arrhythmias and heart failure (Bobin et al., 2016; Lehnart et al., 2005; Leroy et al., 

2011; Molina et al, 2012). Cardiac-targeted overexpression of PDE4B3 (Karam et al., 

2020) in diseased animal and human cell models presented cardioprotective effects 

against sympathetic overdrive without depressing basal function.   

1.4. cAMP compartmentation at the sarcolemma and RyR2 microdomains 

As already emphasized, the generation of cAMP microdomains in cardiomyocytes is 

crucial for signal transduction, and cAMP consistently abides to the norm of subcellular 

organization. 

This highly organized form of signal transduction was initially discovered in rabbits 

(Buxton and Brunton, 1983), when the β-adrenergic and prostaglandin receptor-

mediated responses revealed diverse cAMP amounts and PKA activity in distinct 

fractions of homogenized cardiomyocytes. While both receptors led to comparable 

cAMP increase in the cells, only the downstream effects of β-adrenergic signaling 

reached both cytosolic and particulate fractions (Buxton and Brunton, 1983). 

Thereafter, a considerable number of research studies has unraveled and verified the 

wide spectra of cAMP nano- or microdomains occurring by orchestrated (i.e., spatial 

and temporal) confinement (Castro et al, 2006; Jurevicius and Fischmeister. 1996; 

Perera and Nikolaev, 2013). 

In sarcolemma, specifically, there is a multitude of machineries by which membrane 

proteins remain restricted (Bethani et al. 2010), and segregated into distinct 
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microdomains (Agarwal et al., 2017). One such relevant to our study mechanism 

involves the concentration of cholesterol and sphingolipids, accompanied by certain 

phospholipids, to shape domains in a gel-like, liquid-ordered form, namely lipid rafts 

(Allen et al. 2007; Brown 2006; Jacobson et al. 2007). Although, it still remains unclear 

how the proteins of interest are restricted to or excluded from the subcellular 

compartments organized by lipid rafts in the plasma membrane (Agarwal et al., 2017), 

biochemically and functionally related approaches introduced caveolae, a specific 

subset of lipid rafts linked to the scaffolding protein caveolin, to shed light on cAMP-

mediated signal compartmentation in cardiac myocytes (Rybin et al., 2000; Head et al., 

2005; Harvey and Calaghan, 2012; Perera et al., 2015). Caveola are generated mainly 

by the polymerization of caveolins, small proteins with three palmitoylation sites near 

their C-terminus (Agarwal et al., 2017; Williams and Lisanti 2004). Closely associated 

with lipid rafts, these proteins segregate and facilitate the caveola generation by shaping 

distinct invaginations in the sarcolemma (Agarwal et al., 2017). Three caveolin 

isoforms Cav1, Cav2 and Cav3 are reportedly expressed in cardiac myocytes (Head et 

al. 2005). But Cav3, the muscle-specific one for cardiac, skeletal, and smooth muscle 

cells (Balijepalli et al., 2006; Balijepalli et al., 2008; Carnegie et al., 2009; Nichols et 

al., 2010), is thought to be the predominant one that tightly organizes membrane 

microdomain cAMP-signaling proteins (Agarwal et al., 2017) such as β1-AR and β2-

AR (Agarwal et al. 2011; Balijepalli et al. 2006; Head et al. 2005, 2006; Nichols et al. 

2010; Ostrom et al. 2000, 2001, 2004; Rybin et al. 2000; Xiang and Kobilka, 2003), 

AC5 and AC6 (Balijepalli et al. 2006; Head et al. 2005, 2006; Ostrom et al. 2000, 

2001, 2004; Rybin et al. 2000) and G proteins (Balijepalli et al. 2006; Head et al. 2005; 

Rybin et al. 2000). To demonstrate the important role of caveola in cAMP 

compartmentation, membrane detubulation studies investigated the different cAMP 

signals initiated by the same receptors residing in caveolar lipid rafts upon cholesterol 

depletion (Rybin, et al. 2000; Head et al., 2005; Agarwal et al., 2011). 

Before we swift our interest to the other microdomains, it’s worth mentioning that the 

major focus in cAMP compartmentation so far lies on the different responses occurring 

between the plasma membrane and the cytoplasm, but not within the plasma membrane 

itself, where cAMP signaling is not homogenous either. In addition to the caveolar 

cAMP microdomain of the plasma membrane, there is at least one non-caveolar 

compartment (Harvey et al., 2012; Head et al., 2005; Insel et al., 2005; Pavlaki et al., 

2021), in which β-AR signaling leads to more localized cAMP responses due to 

differences in basal levels, adenylyl cyclase and PDE activity (Agarwal et al., 2017), 

and yields in clearly distinct changes in cAMP compartmentation upon health and 

disease (Pavlaki et al., 2021). Though quite exciting, the exploration of the signaling 

cascades in cholesterol-depleted parts of the plasma membrane remains still in its 

infancy. 

Another cAMP compartment of increasing interest due to the PKA-mediated Ca2+ leak 

hypothesis is the RyR2 microdomain, within which the ion channel attracts plenty of 

regulatory proteins and orchestrates the downstream effects of cAMP cascade (Berisha 

et al. 2019; Dodge-Kafka et al., 2001; Lehnart et al., 2005; Marx et al., 2000). The 

composition of this gargantuan Ca2+ channel (~2 mega Da) relies on the formation of a 

pore region by four identical subunits (Kushnir and Marks, 2010; Lehnart, 2007), each 
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one consisting of a transmembrane C-terminus and a cytosolic, Ν-terminal domain in 

distinct foot-form that enables anchoring of enzymes and proteins (Kushnir and Marks, 

2010; Zalk et al., 2007). The transmembrane C-terminus is located in the SR lumen and 

is in charge of the homotetramer (ie., RyR2) function (Bhat et al., 1997; Meissner, 

2017). This C- terminal region has been particularly linked to triadin and junctin, which 

facilitate calsequestrin scaffolding to the RyR2 for the “Ca2+ release unit” formation 

(Fan et al.,2008; Gyorke et al., 2008; Kushnir and Marks, 2010). The other region, 

namely the N-terminal cytoplasmic part of the RyR2, aids PKA, CaMKII, phosphatases 

and other protein scaffolding at specific phosphorylation or ligand-binding sites (Yano 

et al., 2006; Zhu et al., 2013). It was demonstrated that calstabin2 (Timerman et al., 

1994), PKA (Marx et al., 2000), Ca2+/calmodulin-dependent kinase II (CaMKII) 

(Wehrens et al., 2004), phosphodiesterase 4D3 (PDE4D3) (Lehnart et al., 2005), 

calmodulin, sorcin and phosphatases 1 and 2a (PP1 and PP2A) are related to the 

cytosolic region of RyR2 subunit (Kushnir and Marks, 2010). Among all, the 12.6kDa 

polypeptide calstabin2 can stabilize the closed state of RyR2s upon stoichiometric (1:1) 

ratio binding to the channel subunits (Lehnart et al., 2007).  

Furthermore, cardiac RyR2s are the paramount mechanism for SR-mediated Ca2+ 

discharge in cytosol, with the main downstream effector of cAMP cascade (i.e., PKA) 

being actively engaged in two out of its three phosphorylation sites. Under 

physiological conditions, muscle A kinase-anchoring protein (mAKAP) mediates the 

PKA participation to the RyR2 macro complex (Kushnir and Marks, 2010) by binding 

to leucine/isoleucine zipper motifs of the cytosolic RyR2 domain and allows PKA-

mediated phosphorylation of the cation channel at serine position 2808, and also at 

serine 2030 (Camors et al., 2014). Moreover, PDE4D3 (Lehnart et al., 2005) and 

phosphatases (Huke and Bers, 2008) are actively involved into the above-mentioned 

signaling complex by regulating local cAMP levels and PKA activity, respectively. So, 

it can be easily understood why phosphorylation and subsequently RyR2-mediated Ca2+ 

release is dramatically affected, when the balance among these proteins is disturbed in 

pathological conditions. Lehnart and colleagues (2005) had actually reported that 

PDE4D3 was exclusively involved in the RyR2 microdomain, and its levels were 

significantly reduced in failing human hearts (Lehnart et al., 2005). The fact that 

mAKAP plays a prominent role in engaging PDE4D3 to the RyR2 microdomain 

(Dodge et al., 2001) revealed additional “targeting” of other factors contributing to the 

macro complex formation. Indeed, mAKAP regulates Ca2+ discharge from the SR by 

molding a signaling unit that anchors PKA and PDE4D3 around RyR2s, and within 

interaction distance with PP1/PP2 and calstabin2 (Dodge et al., 2001; Marx et al., 

2000). And, by this complex, it was revealed that Ser-2808 in human and rodents or 

Ser-2809 in rabbit was a dual-specificity phosphorylation site mediated by both PKA 

and CaMKII (Rodriguez et al., 2003; Wichter et al., 1991). The second site at Ser-2814 

(Ser-2815 in rabbit) is exclusively CaMKII-phosphorylated (Wehrens et al., 2004), 

while the third and last one at Ser-2030 (Ser-2031 in rabbit) is PKA-phosphorylated 

(Mozaffarian et al., 2007). All this evidence led to the identification of three 

phosphorylation sites in the RyR2 microdomain (Huke and Bers, 2008), which could 

possibly be considered as a mechanism affecting the channel sensitivity to Ca2+, but not 

as direct regulators of channel opening or closure. Finally, calmodulin and sorcin have 

been recognized as RyR2-dependent Ca2+ release inhibitors (Yamaguchi et al., 2003) 
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that mediate channel closure after Ca2+ release (Farrell et al., 2003; Kushnir and 

Marks, 2010; Xu et al., 2004).  

It's inevitable not to consider diastolic Ca2+ leak through dysfunctional RyR2s as a 

hallmark of heart failure. Marx and colleagues were the first to postulate that chronic 

PKA-mediated phosphorylation at serine 2808 depleted calstabin2 from RyR2, 

increased the channel sensitivity to its natural ligand Ca2+ and prolonged its open 

probability (Marx et al., 2000). Subsequently, leaky RyR2s may decrease SR Ca2+ 

content and generate arrhythmias during heart failure. These effects might also occur 

by chronic/pathological catecholaminergic stimulation (Lohse et al., 2003; Packer, 

1988), with subsequent downregulation of β-adrenergic receptors or/and cAMP 

depletion (Bristow et al., 1982; Brodde, 1993). During heart failure-associated 

remodeling, the RyR2 microdomain undergoes profound subcellular alteration by 

PDE4D3 and PP1/PP2 depletion (Lehnart et al., 2005), which triggers homotetramer 

hyperphosphorylation despite the concurrently depleted cAMP levels in the cells. As 

long as HF continues to increase the number of patients dying due to structural 

dysfunction or of sustained ventricular arrhythmias (Mozaffarian et al., 2007), the 

necessity to address the alterations occurring at the molecular level will continue to 

increase as well. As a natural consequence of the abnormalities in SR content and Ca2+ 

homeostasis, the impaired contractile function will remain a sustained manifestation of 

HF (Mohamed et al., 2018). And should be taken into consideration that the problematic 

SR Ca2+ handling characterized by ’leaky’ RyR2 channels due to hyperphosphorylation 

at Ser2808 and subsequent calstabin2 dissociation from the RyR2 (Lehnart et al., 2006; 

Lehnart et al. 2008; Marx and Marks, 2013; Shan et al., 2010) must not constitute a 

panacea in disease investigation and result interpretation, but rather be observed from 

a critical point of view by the time this highly controversial approach has been already 

disputed by other research groups (Benkusky et al., 2007; MacDonnell et al., 2008; 

Zhang et al., 2012). 

1.5 Tools for cyclic nucleotide-related live imaging 

Apparently, the need to detect potential alterations in subcellular compartments is 

crucial, and the visualization of these micro- or nano- compartments (Hayes and 

Brunton, 1982) has to be fulfilled beyond classical biochemical methods (Buxton and 

Brunton, 1983; Corbin et al., 1977; Hayes et al., 1979, 1980; Keely, 1977). 

Buxton and Brunton (1983) showed for the first time that prostaglandin induces 

different PKA activity rates in particulate and soluble fractions of cardiac myocytes 

upon cAMP formation (Buxton and Brunton, 1983). Later on, Jurevicius and 

Fischmeister (1996), by utilizing a combination of two-barrel microperfusion and 

whole patch clamp techniques, further confirmed the compartmentation theory in frog 

ventricular cells, where local application of a β-adrenergic agonist preferentially 

stimulated the LTCCs close to activated receptors (Jurevicius and Fischmeister, 1996). 

Multiple techniques have been employed for measuring cAMP gradients in different 

cell types or tissues, including radio- and enzyme-linked immunoassays (Pierkes et al., 

2002; Takimoto et al., 2005). However, these techniques are of limited capacity, since 

they require plenty of tissue material and can only detect global concentrations of cyclic 

nucleotides without spatial resolution in living cells or among subcellular 
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microdomains within one cell (Sprenger and Nikolaev, 2013). To overcome these 

challenges, novel approaches have been employed for the visualization of cyclic 

nucleotide signaling and its compartmentation in real time and high spatiotemporal 

fidelity (John et al., 1996; Massberg et al., 1999; Sprenger and Nikolaev, 2013; 

Zoccarato and Zaccolo, 2017) primarily built on Förster (or also known as 

Fluorescence) Resonance Energy Transfer (FRET). 

In 1948, the German physicist Theodor Förster introduced the concept of FRET by 

showing how two fluorescent molecules exchange energy in a non-radiative way 

(Kuhn, 2003). FRET biosensors report a non-radiative energy transfer from an excited 

fluorescent molecule that acts as a donor to a neighboring (located at nm distance) 

molecule that acts as an acceptor with subsequent fluorescence emission but without 

the direct excitation of the acceptor (Förster, 1948).  

Adams and colleagues were also the first among many groups to utilize the potential of 

live imaging and to create a FRET-based cAMP probe, called FICRnR (Adams et al., 

1991). Ever since, multiple genetically engineered FRET sensors have been constructed 

with high spatiotemporal fidelity for cAMP monitoring (Bers, 2002, 2008; Biel et al., 

1999; Kushnir and Marks, 2010; Mongillo et al., 2006). Typically, they are composed 

of two fluorophores presenting moderate overlap in donor-emission and acceptor-

absorption spectra. Functional FRET pairs occur (i) by different combinations of green 

fluorescent protein (GFP) mutants (e.g., cyan fluorescent protein CFP and yellow 

fluorescent protein YFP) sandwiching a single cyclic nucleotide-binding domain 

(CNBD) (Nikolaev and Lohse, 2006), (ii) appropriate orientation upon conformational 

change and (iii) within Förster radius to fluoresce. The biosensor expression for 

experimental purposes can be transiently achieved via neonatal cardiomyocyte 

transfection or adenovirus-mediated transduction of adult cardiomyocytes (Brandes 

and Bers, 1997). Particularly, the adult rat ventricular myocytes, which can also be 

transfected with adenovirus, represent the best described example of transient biosensor 

expression thanks to their robustness and stability under cell culture conditions (Marx 

et al., 2000; Simmerman and Jones, 1998; Sulakhe and Vo, 1995; Zhao et al., 1994). 

On the contrary, mouse or human myocytes cannot yield high quality results under the 

same transduction 48-hour-protocol for biosensor expression, because the cells start to 

dedifferentiate and lose their physiological properties (rod shape, physiologically 

relevant cAMP content, beating) in due time (Lehnart, 2007). To overcome these issues 

and be able to measure cAMP gradients in robust and healthy cardiomyocytes, 

transgenic mouse lines were developed for biosensor expression in adult cardiac 

tissue/myocardium. But still, the problem of spatiotemporal fidelity of cAMP 

measurements arose, which were rather general and cytosolic-centered instead of 

specific and localized. Eventually, thanks to appropriate genetic engineering handling 

even more specific transgenic mouse lines expressing subcellular-targeted biosensors 

were generated, and were utilized in various genetic and experimental heart disease 

models allowing credibility of results in subcellular cAMP monitoring (Berisha et al., 

2019; Götz et al., 2014; Pavlaki et al., 2021; Perera et al., 2015; Sprenger et al., 2015).  

Apart from the wide spectrum of FRET-based biosensors that visualize cGMP (Götz et 

al., 2014; Honda et al, 2001; Niino et al., 2009; Nikolaev et al. 2006; Nikolaev and 

Lohse, 2009; Sato et al., 2000) and cAMP (Berisha et al., 2019; Mongillo et al., 2006; 
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Pavlaki et al., 2021; Perera et al., 2015; Sprenger et al., 2015), or detect the activity 

of the downstream effector proteins such as PKA (Adams et al., 1991; Backsai et al., 

1993; Lehnart et al., 2005; Mongillo et al., 2004; Nikolaev et al., 2004; Zaccolo et al., 

2000; Zaccolo and Pozzan, 2002), Epac (Börner et al, 2011; Calebiro et al., 2009; 

DiPilato et al., 2004; Klarenbeek et al., 2015; Nikolaev et al., 2004; Ponsioen et al., 

2004), or CNG channels (Nikolaev et al., 2006; Rich et al., 2000, 2001), new potential 

has been revealed, as FRET can be further combined with other techniques for more 

accurate exploration of cyclic nucleotide compartments. One such technique is 

scanning ion conductance microscopy (SICM), which can be used to deliver receptor 

ligands onto defined membrane structures to targeted distinct cAMP or cGMP pools 

and to study receptor–microdomain interactions. SICM is a non-optical imaging 

technique that uses a small glass nanopipette to obtain a highly resolved morphological 

profile of a living cell membrane based on ion current measurement (Hansma et al., 

1989; Korchev et al., 1997; Miragoli et al., 2011; Nikolaev et al., 2010) and, when 

combined with FRET, accurately detects microdomain alterations in health and disease 

(Froese and Nikolaev, 2015; Nikolaev et al., 2010; Subramanian et al., 2018). 

1.6 Gene therapy as an alternative therapeutic approach for heart failure 

HF is still a poorly therapeutically addressed pathology, which represents the final 

common stage of many cardiac diseases and describes the structural or functional defect 

of the heart to meet the metabolic needs of the body by delivering oxygen whenever 

required (Waagstein et al., 1976; McMurray et al., 2012). Regardless of the underlying 

HF cause, patients show a neurohumoral hyperactivation, i.e., of renin-angiotensin and 

sympathetic systems, in response to reduced systolic function, causing further 

detrimental cardiac injuries. This creates a pathological “vicious circle” where chronic 

activation of β-adrenergic receptor (β-AR) signalling plays a central role as attested by 

the beneficial effect of β-blockers in HF (Waagstein et al., 1976; Packer et al., 1996). 

The β-adrenergic pathway results in an increase in cAMP levels to augment cardiac 

contractility and function. PDEs that degrade these second messengers (Mika at el., 

2012) and ensure the specificity of their signaling into compartments under 

physiological conditions, undergo dramatic loss of expression or function, the tight 

organization in compartments is strongly remodeled in HF and is thought to participate 

in further deterioration of the heart. To date, PDE inhibition proved either detrimental 

in HF with reduced ejection fraction (Packer et al., 1991) or inefficient in patients with 

preserved ejection fraction (Redfield et al., 2013), as the increase in intracellular cAMP 

content is one of the best described features in the molecular and cellular 

pathophysiology of heart failure (Movsesian, 2000). 

And since the currently available pharmacological interventions have been proven to 

be either insufficient or proarrhythmic, the emergence of gene therapy appears to be a 

promising strategy against heart failure. Besides, there are also other factors explaining 

the increasing interest in unconventional approaches. First of all, there is still an unmet 

need to develop effective treatments decreasing the morbidity and mortality of heart 

failure. Second, this highly prevalent problem is associated with a grim prognosis 

despite continuous therapeutic progress (Lipskaia et al., 2010; Sadek e al, 2020). And 

third, many attractive therapeutic targets, such as the sarco-endoplasmic reticulum 

calcium ATPase (SERCA2a) (Lipskaia et al., 2010) remain without available or 
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effective pharmacological modulators. Thus, gene therapy, particularly of heart failure 

(Figure 2, Table 1), is gaining momentum and appears as a promising alternative to 

currently available therapeutic schemes. 

 

Figure 2. History of gene therapy. Milestones that paved the way to modern therapeutic 

approaches. 

 

Table 1. Vector characteristics for cardiac-targeted gene therapy. Viral and non-viral vectors 

are utilized for short- or long-term expression of the encoded information in the heart with the 

least possible immune response and maximum cardiac tropism. Adapted from Hulot et al., 

2016. 

So far, the majority of the molecular targets of HF gene therapy with translational 

potential are related to calcium handling in cardiomyocytes such as SERCA2a, 

phospholamban, the S100A1 protein, the ryanodine receptor and the inhibitor of the 

protein phosphatase 1 (Hulot et al., 2016), or other targets, related to cAMP signaling 
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such as adenylyl cyclase and very recently downstream effectors such as PDEs that 

have an integral role in cardiac physiology and/or disease.  

1.6.1 Therapeutic targets related to the cAMP signaling cascade for enhancing 

contractility 

1.6.1.1. Beta-adrenergic receptor signaling 

Chronic HF is associated with increased sympathetic drive which may be compensated 

early in disease, but the long-term neurohormonal activation induces the desensitization 

of β-adrenergic signal transduction, including β-adrenergic receptor (β-AR) down-

regulation, up-regulation of β-ARK (β-AR kinase) and increased inhibitory G-protein 

alpha-subunit (Gαi) function (Feldman et al., 2005; Lipskaia et al., 2007). 

Decreases in cAMP levels and production were reported in heart failure, although 

conflicting reports exist between rodent models and humans (Gao et al., 1999; Regitz-

Zagrosek et al., 1994). Increasing cAMP through the administration of β-AR agonists 

or through the inhibition of phosphodiesterases has proven detrimental in clinical heart 

failure (Hasenfuss et al., 2011). On the other hand, genetic manipulation of the β-AR 

signaling cascade, including β1/β2-AR, Gαs overexpression or inhibition of β-AR kinase, 

resulted in transient improvements in contractile function, but also led to progressive 

cardiac hypertrophy and HF in aging animals (Vinge et al., 2008; Lohse et al., 2003). 

1.6.1.2. Calcium cycling proteins 

The maintenance of stable intracellular calcium levels during systole and diastole is 

governed by numerous channels and exchangers that regulate the flow of calcium ions 

between the extracellular space, cytoplasm and intracellular stores.  

Sarcoplasmic reticulum (SR) plays an important role in Ca2+ movement during 

excitation-contraction (EC)-coupling. The sarcoplasmic reticulum is an intracellular 

membranous network, which can store calcium. It initiates muscle contraction by 

calcium release through ryanodine receptors (RyR2s) into the cytosol and facilitates 

muscle relaxation by active calcium re-uptake by the sarco-endoplasmic reticulum Ca2+ 

ATPase, SERCA2a (Bers, 2002; 2008). 

During excitation, depolarization leads to opening of voltage-gated L-type Ca2+ 

channels (LTCCs), allows the entry of a small amount of Ca2+, which further stimulates 

the release of much larger amount of Ca2+ from SR via RyR2s (calcium-induced 

calcium release - CICR) and leads ultimately to contraction (Bers, 2002; 2008). 

During relaxation, Ca2+ is re-accumulated into SR by SERCA2a and extruded by Na+ 

Ca2+ exchanger, which results in restoration of diastolic Ca2+ concentration (Bers, 2002; 

2008). 

Defects in Ca2+-handling, however, are typical in HF, and Gwathmey et al. (1987) was 

the first to report calcium cycling abnormalities in human HF, partially due to decreased 

SERCA2a activity and regardless of the HF etiology (Gwathmey et al., 1987). 

SERCA2a gene therapy in experimental models of HF have clearly contributed to 

improved cardiac contractility (Kawase et al., 2008), compensation of energy supply 

and utilization (Sakata et al., 2007), reduction in ventricular arrhythmias (Prunier et 
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al., 2008) and improved coronary flow by eNOS activation in endothelial cells (Hadri 

et al., 2010). Lately, another mediator of SERCA2a activity has been recognized as a 

major player of calcium homeostasis in cardiomyocytes, the small ubiquitin-like 

modifier type 1 (SUMO1) (Kho et al., 2011). In failing human ventricles, SUMO1 

levels were reduced, but AAV9-mediated gene therapy increased its levels, improved 

SERCA2a activity and hemodynamic performance, and reduced mortality in small and 

large experimental models of HF (Kho et al., 2011). 

Phospholamban (PLB) is a reversible endogenous inhibitor of SERCA2a found in the 

SR or ER of mainly muscle cells, interacts with SERCA2a when being in its 

unphosphorylated form and decreases ligand affinity and pump activity. PLB 

phosphorylation by cAMP or Ca2+/calmodulin-dependent protein kinase relieves 

SERCA2a inhibition and results in enhanced contractility (Lompre et al., 2010). PLB 

inhibition could be reasonably considered as another approach to improve Ca2+ 

handling in the heart. In human HF, protein phosphatase-1 (PP1) activity increases, and 

this results in PLB dephosphorylation. Ablation of the endogenous phosphatase 

inhibitor (inhibitor-1) or PP1 overexpression in murine hearts has been linked to 

decreased β-AR-mediated contractility or cardiac function, and premature death similar 

to HF (Pathak et al., 2005). In contrast, when the constitutively active inhibitor-1 (I1c) 

suppressed PP1 in transgenic mice, PLB phosphorylation increased and cardiac 

contractility improved (Pathak et al., 2005), a finding that was recently validated via 

I1c gene therapy in a model of ischemic HF (Ishikawa et al., 2014). 

Last but not least, a protein, S100A1, that promotes cardiac contractility and relaxation 

by improving both RyR2 and SERCA2a activities. Gene therapy with AAV6-S100A1 

reversed LV dysfunction and remodeling in a rat model of HF (Pleger et al., 2007), 

while preclinical studies in ischemic cardiomyopathy revealed significant 

improvements in contractile function by AAV9-mediated S100A1 gene transfer 

(Pleger et al, 2011). 

1.6.1.3 Myofilaments 

When energy from ATP hydrolysis fuels myosin to move along actin filaments, their 

interaction initiates contraction in cardiomyocytes. Nowakowski et al. (2013) showed 

that the contractility in striated muscles can be further improved by increasing myosin 

binding to actin and enhancing cycling kinetics after replacement of ATP with 2-

deoxyATP (Nowakowski et al., 2013). This substrate is naturally limited but its 

production can be increased by overexpressing ribonucleotide reductase (R1R2). In 

human and animal models of HF, RIR2 overexpression enhanced contractility 

(Moussavi-Harami et al., 2015) and LV systolic function (Nowakowski et al., 2013). 

1.6.2. Other molecular targets of cAMP signaling cascade 

Apart from compensating the dysfunctional β-AR signaling or depressed myocardial 

contractility in HF, gene therapy could be also successfully utilized in restoring the 

reduced intracellular cAMP content of failing hearts, which constitutes one of the best 

described features in the molecular and cellular pathophysiology of heart failure 

(Movsesian, 2000). 
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1.6.2.1 Adenylyl Cyclase 

To increase cAMP bioavailability, adenylyl cyclase (AC) could be overexpressed via 

cardiac gene therapy (Feldman et al.., 2005), since it is the enzyme responsible for 

cAMP synthesis and acts as a rate-limiting factor in signal transduction (3 AC 

molecules for 100 molecules of Gαs and 1 molecule of β-AR) (Ostrom et al., 2000). 

There are two major cardiac isoforms, AC5 and AC6, activated by Gαs and 

phosphorylated and subsequently inhibited by the protein kinase A (PKA) (feedback 

regulation of signaling cascade) (Defer et al., 2000; Hanoune et al., 2001). Each 

isoform is differentially regulated by membrane receptors: purinergic receptors activate 

AC5 (Puceat et al., 1998), whereas AC6 is specifically activated by β1-AR, but not by 

β2-AR (Stark et al., 2004). AC5 protein is mostly abundant in fetal hearts, declines with 

development and increases with pressure-overload hypertrophy (Hu et al., 2009). By 

contrast, AC6 expression declines in experimental HF models induced by chronic 

pressure overload or myocardial infarction, as part of the desensitization of the β-AR 

signaling cascade (Espinasse et al., 1999; Hu et al., 2009). 

Overexpression of AC5, despite an increase in basal and forskolin-stimulated cAMP 

production, did not constrain β-AR signaling in cardiomyocytes or contractile function 

in young mice (Tepe et al., 1999), but led to the development of a dilated 

cardiomyopathy with aging (Mougenot et al., 2019). Moreover, targeted disruption of 

AC5 in mice prolonged longevity and protected the heart against aging, pressure 

overload and catecholamine-induced stress (Vatner et al., 2009; Okumura et al., 2003). 

By contrast, overexpression of AC6 increased β-AR-stimulated contractility, and 

improved cardiac function and survival in numerous animal models of cardiac 

dysfunction, including one of cardiac aging (Tang et al., 2011). 

The apparent contradiction between the cardiotoxic effects of β1-AR signaling cascade 

stimulation and beneficial effect of AC6 overexpression was explained partially by the 

cytosolic localization of the AC6 molecule, which directly affects phospholamban 

phosphorylation and increases SR calcium transient (Gao et al., 2008; 2010). However, 

this hypothesis was disputed using mouse models overexpressing AC8 (Lipskaia et al., 

2000; Lipskaia et al., 2011), which is not coupled to the β-AR signaling cascade and is 

stimulated by calcium-calmodulin. Young transgenic mice overexpressing cardiac AC8 

showed an improved β-adrenergic reactivity that enhanced cAMP synthesis, PKA 

activity, SR calcium cycling and contractile function (Lipskaia et al., 2000; Georget et 

al., 2002; Georget et al., 2003). However, increasing cAMP/PKA signaling by AC8 

overexpression eventually led to dilated and hyperkinetic cardiomyopathy in aged mice 

(Lipskaia et al., 2011). Moreover, a recent report suggested that the beneficial effects 

of AC6 gene transfer on calcium cycling and contractile function might not be mediated 

by an increase in cAMP production and can be observed after gene transfer of an 

inactive AC6 mutant (Levin et al., 2011). 

The potential benefit of AC enhancement in heart failure cannot be clearly predicted as 

the obtained results from several animal studies are not consistent and a clear 

understanding of the cardiac AC/cAMP signaling pathway, especially of its subcellular 

compartmentation is still lacking (Kairouz et al., 2012; Lyon et al., 2008; Mougenot et 

al., 2019). 
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1.6.2.2 PDE4B3 

 

All this information led to the next reasonable step in bypassing defective β-AR 

signaling and reducing the excessive amounts of local cAMP by overexpression of 

PDEs, the enzymes implicated in cAMP catabolism. Mostly inspired by the above-

mentioned phenotype of the PDE transgenic mice, there has been so far only one report 

using the cAMP hydrolysing PDE isoform PDE4B3 for gene therapy in human and 

animal heart failure models. Its initial results showed that PDE4B3 enzyme 

overexpression had beneficial effects against sympathetic overdrive, hypertrophy and 

arrhythmia initiation, but not against HF induced decline in cardiac contractility in male 

C57BL/6J mice (Karam et al., 2020). 

1.7 Rationale of the study 

Taking into consideration the excessive amounts of local cAMP in different 

cardiomyocyte microdomains, as well as the increasing number of animal and human 

studies clearly demonstrating the equally important decrease in PDE expression and 

activity during HF, mainly due to sympathetic overdrive, we decided to utilize a gene 

therapy approach and investigate the potential of overexpressing key PDEs of the 

myocardium against cardiac remodelling, hypertrophy and arrhythmias. 

In particular, as outlined above, it is known that, PDE2 which is upregulated in diseased 

cardiomyocytes, under physiological conditions coordinates the cAMP pools 

associated with β-AR signaling, contractility, Ca2+ homeostasis and mitochondrial 

function (Sadek et al., 2020). In human and animal models of HF, it has been found that 

its expression is upregulated, as an important defense mechanism against cardiac stress 

induced by excessive β-AR drive (Mehel et al., 2013). Moreover, PDE2 overexpression 

in cultured rat myocytes significantly attenuated norepinephrine- or phenylephrine-

mediated hypertrophy and paved the way for the generation of a cardiac-specific 

PDE2A3 transgenic (TG) mouse line (Vettel et al., 2016), which demonstrated marked 

reduction in resting as well as in maximal heart rate with preserved cardiac output due 

to greater cardiac contraction (Vettel et al., 2016). This well tolerated phenotype 

persisted also in elderly TG mice with no indications of cardiac pathology and, more 

importantly, TG animals remained resistant to triggered ventricular arrhythmias after 

catecholamine injection (Vettel et al., 2016). Molecular investigation on the TG 

cardiomyocyte level revealed lower basal phosphorylation levels of Ca2+-cycling 

proteins including RyR2, and improved contractility, lower Ca2+ transients and ICa,L, as 

well as remarkably reduced Ca2+-leakage after Ca2+-spark analysis (Vettel et al., 2016). 

Obviously, the activation of myocardial PDE2 may represent a novel intracellular anti-

adrenergic and anti-arrhythmic therapeutic strategy. 

In pathological conditions, it has also been revealed that PDE3A is decreased, 

particularly in hypertrophy and HF (Abi-Gerges et al., 2009). Apart from regulating 

PLB phosphorylation and thus SERCA2a activity in humans and mice (Ahmad et al., 

2015; Beca et al., 2013), PDE3A1 also acts as a negative regulator of cardiomyocyte 

apoptosis, by controlling the expression of the transcriptional repressor and pro-

apoptotic factor, ICER (inducible cAMP early repressor) (Yan et al., 2007). Inhibition 
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of this mechanism in mice with cardiac-specific overexpression of PDE3A1 was 

associated with protection during ischemia-reperfusion (Oikawa et al., 2013). Recently, 

elegantly performed studies at the onset of cardiac hypertrophy were able to show that 

both PDE2A and PDE3A undergo a disease-driven redistribution between various 

subcellular microdomains such as β-AR-associated membrane compartments and the 

SR (Perera et al., 2015; Sprenger et al., 2015), a mechanism by which changes in 

cAMP compartmentation can drastically impact on contractile function, but also lead 

to the development of better HF therapeutics. 

And also, albeit pharmacological PDE4 inhibition has beneficial effects on 

cardiomyocyte function (Lehnart and Marks, 2006), many unfavorable cardiac effects 

occur from sustained inhibition of this enzyme, increasing the incidence of mortality 

(Packer et al., 1991). A variety of studies concerning pathological cardiac hypertrophy 

induced by sympathetic overdrive revealed dramatic reduction in enzyme expression 

(~ 50% for PDE4B) (Abi-Gerges et al., 2009; Karam et al. 2020) and subsequently 

increased susceptibility to arrhythmias and heart failure in animals and humans (Bobin 

et al., 2016; Lehnart et al., 2005; Leroy et al., 2011; Molina et al, 2012). 

1.8 Objective/Aim of the study 

As prior evidence suggests that HF will continue to remain an elusive therapeutic 

target with a rather grim prognosis for the next years, we decided to utilize the 

potential of gene therapy and overexpress PDE2A3 and PDE4B3 in a murine 

Transverse Aortic Constriction (TAC) model that reproduces human hypertension or 

aortic valve stenosis with the aim to develop and characterize a new cardiac-targeted 

gene delivery approach that could reduce the excessive amounts of local cAMP in 

different cardiomyocyte microdomains and reverse or protect against heart failure 

progression. 

By overexpressing PDE2A3 and PDE4B3 in failing mouse hearts, we investigated the 

β-AR-mediated signaling together with PDE-mediated hydrolytic activity in distinct 

cardiomyocyte microdomains and assessed its effectiveness against pressure 

overload-induced hypertrophy and arrhythmias. 

Major goals of the thesis were: 

- Cardiac-targeted PDE overexpression by AAV9 expressing PDE2A3 or 

PDE4B3 in vivo. 

- Real-time monitoring of cAMP and unravelling of individual PDE contribution 

in the RyR2 microdomain of mouse ventricular cardiomyocytes. 

- Real-time monitoring of cAMP and analysis of PDE effects in the caveolin-rich 

membrane microdomain of mouse ventricular cardiomyocytes. 

- Analysis of PDE overexpression effect on cardiac hypertrophy and β-AR 

induced arrhythmias. 
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2. Materials and Methods 

2.1 Materials 

2.1.1 Mouse lines 

αMHC-Epac1-camps-JNC     Berisha et al. 2019 

αMHC-pmEpac1-camps     Perera et al. 2015 

 

2.1.2 Antibodies 

Primary antibodies: 

α-Tubulin, mouse monoclonal antibody   Sigma 

Calsequestrin, rabbit polyclonal antibody   Thermo Fischer Scientific 

Cav3, mouse monoclonal antibody    BD #610421 

GAPDH, mouse monoclonal antibody   HyTest Ltd, #5G4 

PDE2A, rabbit monoclonal antibody FabGennix, #PDE2A-

101AP 

PDE3A, rabbit monoclonal antibody    Yan lab, Ding et al., 2005 

PDE4B, rabbit monoclonal antibody    abcam, #ab170939 

PDE4D, rabbit monoclonal antibody    abcam, #ab171750 

RyR2, rabbit monoclonal antibody Sigma Aldrich, 

#HPA020028 

RyR2 (Ser2808), rabbit monoclonal antibody  Badrilla, #A0-10-30 

 

Secondary antibodies: 

Alexa Fluor 568, goat anti-rabbit    Thermo Fisher, #A-11011 

Alexa Fluor 594, donkey anti-sheep    abcam, #ab150180 

Alexa Fluor 633, donkey anti-sheep    Thermo Fisher, #A-21100 

 

2.1.3 Chemicals 

Acrylamide (Rotiphoreses Gel 30)    ROTH 

Agarose       peqlab 

Ammonium persulfate (APS)     Sigma 
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BAY 60-7550       Cayman 

Bovine serum albumin (BSA)     Sigma 

2,3-butanedione monoxime (BDM)    Sigma 

Bromphenol blue      Applichem 

8-Br-2’-O-Me-cAMP-AM     BioLog Life Science Inst. 

CaCl2        Merck Millipore 

CGP-20712A       Sigma 

Cilostamide       Sigma 

Complete protease inhibitor cocktail tablets   Roche 

Dimethylsulfoxide (DMSO)     AppliChem 

Ethylene glycol tetraacetic acid (EGTA)   AppliChem 

Ethylenediaminetetraacetic acid (EDTA)   AppliChem 

Ethidium bromide solution     ROTH 

Forane (Isolflurane)      Abbott 

Forskolin       Sigma 

Glycine       Sigma 

HEPES       Sigma 

ICI 118,551       Sigma 

Isoproterenol (ISO)      Sigma 

3-Isobutyl-1-methylxanthine (IBMX)   Sigma 

KCl        Merck Millipore 

KHCO3       Sigma 

KH2PO4       Merck Millipore 

MDL-12,330A      Sigma 

2-Mercaptoethanol      Sigma 

Methanol       ROTH 

MgCl2        Sigma 

MgSO4 x 7H2O      Sigma 

Milk powder       ROTH 

NaCl        Merck Millipore 
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NaOH        ROTH 

Na2HPO4 x 2H2O      Merck Millipore 

NaHCO3       Sigma 

N,N,N’,N’-Tetramethylenediamine (TEMED)  Sigma 

Paraformaldehyde (PFA)     Sigma 

PhosphoSTOP phosphatase inhibitor cocktail tablets Roche 

Ponceau S       Sigma 

Rolipram       Sigma 

Sodium azide       Sigma 

20% Sodium dodecyl sulfate solution (20% SDS)  Fluka 

Taurine       Sigma 

Tris(hydroxymethyl)-aminomethan (TRIS)   ROTH 

10% Triton -100 solution, peroxide-free   AppliChem 

Tween20       Sigma 

 

2.1.4 Cell culture materials 

Minimum Essential Medium (MEM)    Invitrogen 

Phosphate Buffer Saline Dulbecco’s (PBS)   Biochrom 

Fetal Bovine Serum, FBS Superior (FBS)   Biochrom 

Penicillin/Streptomycin (10.000 U/mL/10.000μg/mL) Biochrom 

Insulin-Transferrin-Selenium supplement    Invitrogen 

L-Glutamine, 200mM      Biochrom 

 

2.1.5 Enzymes 

Liberase DH (Collagenase I and II)    Roche, #5401089001 

Trypsin, 2.5% solution     Invitrogen 

 

2.1.6 Kits and others 

BCA Protein Assay Kit     Thermo Scientific 

Direct PCR-Tail      peqLab 

Enhanced chemiluminescence reagent   Thermo Scientific 
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LB-agar powder      AppliChem 

LB medium powder      Applichem 

Protein ladder (Protein marker V)    peqLab 

1kb DANN-ladder      New England Biolabs 

100bp DANN-ladder      New England Biolabs 

5x loading dye (for agarose gel electrophoresis)   AppliChem 

Laminin       Sigma 

Roticlear       ROTH 

TAE buffer       AppliChem 

Vectashield Mounting Medium    Vector Laboratories 

Wheat Germ Agglutinin (WGA)    Sigma 

 

2.2 Methods 

2.2.1 Generation of transgenic moue lines with strong C57BL/6N background 

2.2.1.1 Animal breeding 

The animal facility of the University Medical Center Hamburg-Eppendorf 

accommodated the transgenic and wildtype C57BL/6N mice (from Charles River 

Laboratories, Göttingen, Germany) and FVB/N1 mice (from Janvier Labs, Saint 

Berthevin, France) for our experimental purposes. 

Transgenic mice initially produced on FVB/N1 background to express the cAMP 

biosensors Epac1-JNC (also called E1-JNC, represents a fusion of the cytosolic cAMP 

biosensor Epac1-camps to the N-terminal of the SR protein junctin which forms a stable 

complex with the ryanodine receptor) for RyR2 (Berisha et al., 2019) and pmEpac1-

camps (also called pmEpac1, it contains Epac1-camps sequence with N-terminal 10 

amino acid peptide from Lyn kinase responsible for palmitoylation and myristoylation 

and, hence, membrane targeting) for caveolin-rich membrane microdomains (Perera et 

al., 2015) in adult cardiomyocytes under the control of the α-myosin heavy chain 

(αMHC) promotor were backcrossed 10 times with C57BL/6N mice (Madissoon et al., 

2014) for the generation of transgenic mouse lines on the C57BL/6N background. Only 

mice either heterozygous (+/T) for the biosensor or wildtypes (+/+), were used for the 

experiments. 

Female mice aged 8-20 weeks old were registered using Tbase software, while animal 

technicians were in charge of mouse husbandry. Animal experimental work conformed 

to institutional rules for reduction, replacement and refinement (3Rs) as well as 

governmental guidelines and was approved by the local animal welfare authority BGV 

Hamburg (approved number N109/2018). 
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2.2.1.2 Genotyping 

PCR-based (Saiki et al., 1988) genotyping was utilized to distinguish transgenic and 

wildtype mice. Ear or tail biopsies taken from E1-JNC and pmEpac1 trangenic 

offspring were subjected to overnight digestion with 200μL Proteinase K-containing 

lysis solution DirectPCR-Tail Buffer under vigorous shaking (55oC). After sample 

inactivation at 85oC for 45 minutes (heat inactivation of Proteinase K) and cooling 

down to 4oC, the supernatants were directly used for PCR amplification. In parallel, a 

negative (H2O) and a positive control (plasmid encoding the sensor) were subjected to 

the same procedure, as follows: 

94oC  5 min 

94oC  30 sec 

62oC  30 sec  35x 

72oC  50 sec 

72oC  7 min 

4oC   ∞ 

Final steps for analysis included sample loading on 1% agarose gel, running in TAE 

buffer and fragment detection at ~340bp for E1-JNC and ~365bp for pmEpac1 mouse 

lines. All genotyping work and analysis were performed by Ms. Sophie Sprenger, Ms. 

Annabelle Kühl and Ms. Viktoria Hänel (Institute of Experimental Cardiovascular 

Research, University Medical Center Hamburg-Eppendorf). 

2.2.1.3 Ventricular cardiomyocyte isolation 

Ventricular cardiomyocytes from adult female hearts were isolated via retrograde 

Langendorff perfusion of the aorta with an enzymatic digestion solution (Börner et al., 

2011) in a perfusion system comprising of a water bath (39oC), a peristaltic pump 

(adjusted to 3mL/min outflow), plastic tubing and a 20 G cannula (Louch et al., 2011). 

Necessary steps before isolation required (a) preheating of the water bath at 39oC, (b) 

thorough rinsing of the tubing system with H2O and subsequently with perfusion buffer 

(35mL frozen aliquots: 113 mmol/L NaCl, 4.7 mmol/L KCl, 0.6 mmol/L KH2PO4, 0.6 

mmol/L Na2HPO4 x 2H2O, 1.3 mmol/L MgSO4 x 7H2O, 12 mmol/L NaHCO3, 10 

mmol/L KHCO3, 10 mmol/L HEPES, 30 mmol/L taurine, 10 mmol/L 2,3-butanedione-

monoxime, 5.5 mmol/L glucose, pH 7.4), (c) preparation of two stopping buffers 

(stopping buffer 1: 2.25mL perfusion buffer, 1.25μL of 100mM CaCl2 and 250μL FCS, 

stopping buffer 2: 9.5mL perfusion buffer, 3.75μL of 100mM CaCl2 and 500μL FCS) 

and digestion buffer (29.5mL perfusion buffer plus 3.75μL of 100mM CaCl2) with 

liberase (300μL frozen aliquots - 50mg in 12mL sterile water, mild shaking every 5 

minutes (4x) on ice and stored in 300μL aliquots at -20oC) and trypsin (300μL frozen 

aliquots, 2.5% solution at -20oC), and (d) transfer of 2.5mL of digestion buffer into a 

beaker for mechanical disruption of the digested ventricles. 

Animals were anesthetized by isoflurane and euthanized by cervical dislocation. 

Immediately the heart was excised, mounted onto the blunted 20 G cannula (constantly 
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in cold PBS) and perfused for 3 minutes with the perfusion buffer at 37oC. 

Subsequently, the perfusion continued with the digestion buffer for at least 10 minutes 

until the heart turned pale pink. The atria were cut and discarded, and the ventricles 

were transferred and dissected for 30 seconds into the beaker containing the 2.5mL 

digestion buffer. Extra 2.5mL of stopping buffer 1 were used to prevent further 

enzymatic digestion, and the suspension was homogenized with a 1mL-syringe for 3 

minutes. The homogenate was infiltrated through a 150μm cell-culture mesh and the 

cells were left to precipitate. After 10 minutes, the supernatant was discarded and 

resuspension with stopping buffer 2 prepared the ventricular cardiomyocytes for the 

next step. Calcium concentration was gradually increased to 1mmol/L according to the 

following recalcification protocol with 4-minute breaks between each step:  

• 2x 50μL of 10mmol/L CaCl2,  

• 1x 100μL of 10mmol/L CaCl2,  

• 1x 30 μL of 100mmol/L CaCl2, 

• 1x 50μL of 100mmol/L CaCl2. 

75μL of cell suspension were seeded on laminin-coated coverslips and incubated at 

37oC and 5% CO2 for at least 60-75 minutes before FRET experiments or cell culture 

medium supplementation (22.5mL Minimum essential medium, 250μL of 0.1% BSA, 

250μL of 2mM L-glutamine, 500μL of 10mM BDM, 250μL antibiotics - 100U/mL 

Penicillin and 100μg/mL Streptomycin, and 250μL insulin-transferrin-selenium 

supplement). 

2.2.2 Transverse Aortic Constriction and AAV9 gene therapy 

 After body weight determination (>20g) and animal randomization, 9 –12-week-old 

female mice were anesthetized by 1.5–2% isoflurane in 100% oxygen and subjected to 

suprasternal incision. The aortic arch was either exposed (Sham) or constricted between 

the first and second trunk using a defined 27-gauge spacer and 6–0 polyviolene suture 

(TAC) (Hu et al., 2003). The operated mice received intraperitoneal analgesic therapy 

with buprenorphine and carprofen, and 72 hours post-surgery, the pressure gradient was 

defined across the TAC region by transthoracic echocardiography utilising a 20 MHz 

Doppler velocity probe (Visual Sonics Vevo 3100, Toronto Canada) (Pavlaki et al., 

2021). When the pressure gradient was determined above 50mmHg, the constriction 

was considered sufficiently good and the mice were injected via their tail-vein with 

adeno-associated virus serotype 9 (AAV9) (Zacchigna et al., 2014) expressing either 

control luciferase (LUC) or PDE2A3 or PDE4B3 (Karam et al., 2020). 

Echocardiography was performed at eight weeks after surgery with subsequent heart 

excision for cardiomyocyte isolation (Börner et al., 2011) or histological analysis. The 

TAC and Sham surgeries were carried out by Professor Viacheslav Nikolaev (Institute 
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of Experimental Cardiovascular Research, University Medical Center Hamburg-

Eppendorf). 

 

Figure 3. Gene therapy protocol in transgenic TAC C57BL/6N mice. 9-12 weeks old female 

mice are subjected to transverse aortic constriction (TAC) and injected with adeno-associated 

virus serotype 9 (AAV9) expressing PDE2A3, PDE4B3 or control Renilla luciferase (LUC) 

(Karam et al., 2020) after pressure gradient measurement. The progress of the disease was 

monitored by transthoracic echocardiography at eight weeks after TAC before heart collection 

for experimental analysis. 

 

2.2.3 Characterization of the gene therapy models 

2.2.3.1 Echocardiography 

Prior to echocardiographic measurements, body weights were determined. In vivo 

analysis of cardiac function and disease progression was performed in a blind-manner 

by Ms. Birgit Geertz (AG Weinberger, Institute of Experimental Pharmacology and 

Toxicology, University Medical Center Hamburg-Eppendorf) using transthoracic 

echocardiography (Visual Sonics Vevo 3100, Toronto Canada) (Pavlaki et al., 2021). 

Echocardiography analysis was performed in a similarly blind-manner by Dr. Kirstie 

de Jong (Institute of Experimental Cardiovascular Research, University Medical Center 

Hamburg-Eppendorf) as previously described (Simpson et al., 1993; Wagner et al., 

2012). Morphometric and physiological cardiac parameters, i.e., intraventricular 

septum thickness in systole/diastole (IVDs/d), left ventricular internal diameter in 

systole/diastole (LVIDs/d), left ventricular posterior wall thickness in systole/diastole 

(LVPWs/d), stroke volume, cardiac output, heart rate and weight described the disease 

progression among the animal groups and  allowed the determination of physiological 

parameters such as fractional shortening (FS) or ejection fraction (EF) (Simpson et al., 

1993).  
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2.2.3.2 Morphometric analysis 

Morphometric parameters of transgenic hearts were analyzed eight weeks after surgery 

(~20-week-old mice) including body, heart and lung weight and tibia length 

measurements by an analytical balance (BP300S, Sartorius, Hamburg, Germany) and a 

sliding caliper, respectively. 

2.2.3.3 Histological analysis 

Picrosirius red stain or hematoxylin/eosin staining of Sham LUC, TAC LUC, TAC 

PDE4B and TAC PE2A hearts was performed as described elsewhere (Wagner et al., 

2012; Pavlaki et al., 2021) by Ms. Kristin Hartmann at the Department of Mouse 

Pathology, University Medical Center Hamburg-Eppendorf, Medical Center. 

Moreover, paraffinized transverse sections (5μm) were deparaffinized (3x xylene; each 

step for 5 minutes) and rehydrated (1x 100% ethanol, 1x 95% ethanol, 1x 80% ethanol, 

1x 65% ethanol, 1x 50% ethanol, 1x 25% ethanol and 1x H2O; each step for 5 minutes) 

for dimension analysis of the cardiomyocytes. The rehydrated sections were stained 

with wheat germ agglutinin (WGA, 75μg/mL) for 30 minutes in the dark and at room 

temperature, rinsed thrice for 5 minutes with phosphate-buffered saline, mounted in 

Vectashield Mounting Medium, and observed under a Keyence Fluorescence 

microscope Biozero BZ 8100. Images were acquired using Keyence Biozero imaging 

software (Keyence, Neu-Isenburg, Germany) and analyzed by ImageJ software. The 

cell area was measured in 50 cardiomyocytes from three individual hearts per group 

(Pavlaki et al., 2021). 

2.2.4 Confocal microscopy 

Imaging experiments were performed using Zeiss LSM 800 microscope (Carl Zeiss 

MicroImaging) equipped with a Plan-Apochromat x63/1.40 oil-immersion objective. 

For biosensor or PDE-overexpression experiments, cells were fixed for 5 min with 

ROTI Histofix® 4% (Roth), washed and stained overnight with primary mouse 

monoclonal caveolin 3 (BD #610421) antibody, RyR2 (#HPA020028) antibody, 

PDE2A3 goat or PDE4B (abcam) antibodies, and subsequently with the respective 

secondary anti-goat Alexa 457 Fluor® (kindly provided by Florian Weinberger, 

Institute of Experimental Pharmacology and Toxicology, University Medical Center 

Hamburg-Eppendorf) or anti-mouse or anti-rabbit Alexa 633 Fluor® antibody (A-

21063, Life Technologies). Images were acquired for E1 JNC and pmEpac1 sensors 

(488 nm diode laser) and for caveolin 3, PDE2A, PDE4B, RyR2 (633 nm diode laser 

excitation) and automatically analyzed using the ZEN 2019 software (Zeiss). 

2.2.5 Western Blot and immunoblot analysis 

Heart tissues (i.e., ventricles) were shock frozen and homogenized in a buffer (~300μL) 

containing: 10 mmol/L HEPES, 300 mmol/L sucrose, 150 mmol/L NaCl, 1 mmol/L 

EGTA, 2 mmol/L CaCl2 and 1% Triton-X. Proteins were quantified using Pierce BCA 

protein assay (Thermo Fischer Scientific, Dreieich, Germany) (Smith et al., 1985). 

Samples were boiled at 95◦C for 5 min or 70◦C for 10 min depending on the protein of 

interest, and 10-15 µg of total protein were loaded per lane and subjected to 8-10% 

SDS-PAGE (Laemmli, 1970) and immunoblot analysis (Towbi et al., 1979) using 

PDE2A antibody (1:750, 3% milk) (Fabgennix, Frisco, TX, USA), custom-made rabbit 
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polyclonal PDE3A antibody (1:1000, 3% milk) (kindly provided by Chen Yan, 

University of Rochester, Rochester, NY, USA), rabbit monoclonal PDE4B and PDE4D 

antibodies (1:2000, 5% milk) (Abcam, Berlin, Germany), rabbit polyclonal 

calsequestrin (1:5000, 3% BSA) (Thermo Fischer Scientific, Dreieich, Germany), and 

mouse monoclonal α-tubulin antibody (1:5000, 5% milk) (Sigma, Taufkirchen, 

Germany). For uncalibrated optical density, all scanned blots were analysed by ImageJ 

software densitometrically (Pavlaki et al., 2021). 

2.2.6 FRET-based measurements of cAMP 

Live cell imaging was performed using a custom-made FRET microscopy system built 

around a Nikon Eclipse Ti microscope (Nikon, Düsseldorf, Germany) equipped with 

63x /1.40 oil-immersion objective (Pavlaki et al., 2021). The system recorded cAMP 

signals generated by donor fluorophore (CFP) excitation at 440 nm every 5 seconds 

using a CoolLED single-wavelength light emitting diode. Emitted light was detected 

by an ORCA-03G charge-coupled device camera (Hamamatsu, Herrsching am 

Ammersee, Germany) after having been split into CFP and YFP channels using a DV2 

DualView (Photometrics, Surrey, BC, Canada) (Sprenger et al., 2012). 

Adult ventricular cardiomyocytes isolated from Sham LUC, TAC LUC, TAC PDE4B3 

or TAC PDE2A3 were seeded on laminin-coated coverslips (25mm), incubated at 37oC 

and 5% CO2 for at least 60-75 minutes and supplemented with cell culture medium 

prior to FRET experiments. For live cell imaging, coverslips with attached cells were 

first rinsed and then hydrated with 400μL FRET buffer (144 mmol/L NaCl, 5.4 mmol/L 

KCl, 1 mmol/L MgCl2, 1 mmol/L CaCl2, 10 mmol/L HEPES, pH 7.3) in an Attofluor 

microscopy chamber. 

After reaching a stable baseline, cells were treated according to predefined protocols 

for cAMP signal stimulation. Offline data analysis was performed using ImageJ, 

Microsoft Excel, and GraphPad Prism 6 software (Börner et al., 2011). 

Due to spectra overlap, HEK293A cell were employed for bleed through factor 

determination by FRET experiments after CFP plasmid transfection. 

Raw CFP and YFP intensities were corrected by subtracting the bleed through factor 

according to the equation: 

FRET ratio = (YFP – 0.794 x CFP) / CFP 

for the particular FRET microscopy set-up prior to FRET measurements in 

cardiomyocytes. 

The corrected ratiometric FRET traces were normalised to baseline, expressed as a % 

and plotted against time for spatiotemporal determination of cAMP dynamics. 

2.2.7 Single-cell contractility measurements 

Adult ventricular cardiomyocytes isolated from Sham LUC, TAC LUC, TAC PDE4B3 

or TAC PDE2A3 were seeded on laminin-coated glass-bottomed chambers (35mm), 

incubated at 37oC and 5% CO2 for at least 30 minutes prior to single-cell contractility 

experiments by the optical sarcomere length measurement method (IonOptix). 
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The chambers with attached cells were first rinsed and then hydrated with 2mL of 

freshly prepared IonOptix buffer (3M NaCl, 1M KCl, 500mM KH2PO4, 500mM 

Na2HPO4 x 2 H2O, 500mM MgSO4 x 7 H2O, 1M HEPES, 500mM Glucose, 100mM 

CaCl2 x 2 H2O, Ampuwa H2O up to desired volume). The cells were paced at 1Hz 

(Gorelik et al., 2006) and stimulated with 100 nM ISO for arrhythmia detection. Offline 

trace analysis was performed using ION WizardTM and GraphPad Prism 6 software. 

2.2.8 Statistical analysis 

All data were analyzed by GraphPad Prism 6 software and presented as means ± SE 

with the indicated number of independent experiments (animals and cells) per 

condition. Normal distribution was assessed by the Kolmogorov–Smirnov test, and 

differences among the groups were analyzed using either two-tailed t-test (when two 

groups were compared), one-way ANOVA for multiple group comparison or the 

Mann–Whitney test followed by Bonferroni’s post-hoc test, as appropriate. FRET 

imaging data were analyzed by either mixed ANOVA followed by Wald’s chi-

squared test or by Kruskal-Wallis followed by Dunn’s test, as appropriate (Pavlaki et 

al., 2021). 
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3. Results 

3.1 Generation and characterization of TAC gene therapy models 

To study how gene therapy affects the disease-driven alterations in the RyR2 and 

caveolin-rich membrane microdomains respectively, we generated E1-JNC and 

pmEpac1 mice on the C57NL/6N background, and subjected them to pressure 

overload-induced cardiac hypertrophy. Eight weeks after TAC, transgenic mice 

developed a robust compensated cardiac hypertrophy phenotype with reduced 

contractility (Tables 2, 3 and 4), hypertrophy (Figure 4), signs of fibrosis (Figure 4a, 

4b) and clear increase in cell size (Figure 4c, 4d). In line with the changes in 

morphometric and physiological parameters, the protein levels of cardiac PDE2A, 

PDE3A, PDE4B and PDE4D were largely affected (Figure 7) due to TAC and gene 

therapy treatment. But most importantly, the biosensor expression and localization as 

well as the PDE overexpression were not affected by the diseased phenotype, as 

indicated by the FRET experiments, immunofluorescence and immunoblot analysis 

(Figures 5, 6 and 7). 

3.1.1 Histological analysis of the TAC gene therapy models 

To further validate the diseased phenotype in TAC LUC and TAC PDE2A groups, as 

well as the partial protection by overexpressing PDE4B, the excised hearts were either 

enzymatically digested to ventricular cardiomyocytes or paraffinised to cross-sections 

and subsequently stained with hematoxylin/eosin (H&E), picrosirius red stain (PSR) 

and wheat germ agglutinin (WGA) for histological analysis. 

The results of the PSR staining clearly indicated significant collagen deposition and 

fibrosis for the TAC LUC and TAC PDE2A cross-sections, while the overexpression 

of PDE4B protected against hypertrophy and fibrosis (Figure 4a, 4b). 

The WGA staining of the cells also corobborated to significant increases in cell size 

after TAC for the diseased and  TAC PDE2A groups with similar values for the 

cardiomyocyte area (Figure 4d), while the overexpression of PDE4B in ventricular 

cardiomyocytes presented clear protection against hypertrophy and more similarities to 

the control group (Figure 4c, 4d). 
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Figure 4. Histological analysis of the TAC gene therapy models. (a) Hematoxylin/eosin and 

picrosirius red staining of cross-sections from Sham LUC, TAC LUC, TAC PDE4B and TAC 

PDE2A hearts of transgenic mice. (b) Quantification of fibrosis (%). (c) WGA staining of Sham 

LUC, TAC LUC, TAC PDE4B and TAC PDE2A cardiomyocytes. Scale bars, 50μm. (d) 

Quantification of cardiomyocyte area. *p < 0.005 by one-way ANOVA. 

 

3.1.2 Immunoblot analysis of TAC gene therapy hearts and isolated 

cardiomyocytes compared to control group 

Another important parameter of the study was to validate the expression and 

localisation of the cAMP-specific biosensors under all conditions (health, disease and 

gene therapy), while proving the cardiac-specific overexpression of phosphodiesterases 

2A and 4B by confocal imaging and immunoblot analysis. 

Since the immunostained E1-JNC and pmEpac1 cardiomyocytes did not differ in terms 

of biosensor expression and localization after TAC or gene therapy treatment, the next 

step was to prove that the overexpression of phosphodiesterases occurred only in the 

gene therapy treated groups. By employing specific antibodies for PDE2A and PDE4B, 

freshly isolated cardiomyocytes were immunostained and confocal images were 

acquired (Figures 5 and 6). However, the protein expression and quantification of the 

major cAMP phosphodiesterases by western blot clearly indicated the changes occuring 

in the respective groups, yielding to 5-fold increase in PDE4B protein levels in the TAC 

PDE4B groups and 3-fold increase in PDE2A to the TAC PDE2A group respectively. 

As expected after eight weeks of pressure overload-induced cardiac hypertrophy, the 

protein levels of PDE3A, PDE4B and PDE4D were significantly decreased in the TAC 

LUC group with exception to PDE2A (Figure 7). 
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Figure 5. Cardiac-targeted overexpression of phosphodiesterases in ventricular 

cardiomyocytes. (a) Confocal images of isolated Sham LUC, TAC LUC and TAC PDE4B 

cardiomyocytes immunostained with the anti-FLAG antibody. Scale bars, 10μm. (b) 

Representative immunoblots of Sham LUC, TAC LUC and TAC PDE4B cardiomyocytes. 

Calsequestrin and GAPDH were used as loading controls. 
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Figure 6. Overexpression of the PDE2A and PDE4B in transgenic hearts 8 weeks after Sham 

or TAC surgery. (a) Representative confocal images of Sham LUC, TAC LUC and TAC 

PDE4B expressing the cAMP biosensor for RyR2 microdomain. Scale bars, 10μm. (b) 

Representative confocal images of Sham LUC, TAC LUC and TAC PDE4B expressing the 

cAMP biosensor for caveolin-rich membrane microdomain. Scale bars, 10μm. (c) 

Representative confocal images of Sham LUC, TAC LUC and TAC PDE42A expressing the 

cAMP biosensor for RyR2 microdomain. Scale bars, 10μm. (d) Representative confocal images 

of Sham LUC, TAC LUC and TAC PDE42A expressing the cAMP biosensor for the caveolin-

rich membrane microdomain. Scale bars, 10μm. 
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Figure 7. Expression of the major cAMP phosphodiesterases in transgenic hearts 8 weeks after 

Sham or TAC surgery. Representative immnunoblots and quantification of (a) PDE2A, (b) 

PDE3A, (c) PDE4B and (d) PDE4D protein expression in Sham LUC, TAC LUC, TAC PDE4B 

and TAC PDE2A hearts. Means ± SE. *p < 0.05 by one-way ANOVA. 
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3.1.3 Echocardiographic parameters of transgenic TAC LUC, TAC PDE4B and 

TAC PDE2A mice compared to SHAM LUC littermates 

As shown in Table 2, the phenotype of the transgenic mice subjected to transverse 

aortic constriction (TAC) for eight weeks indicated hypertrophy (IVDd, LVIDd, 

LVPWd) and reduced contractility (EF, FS) compared to their control (Sham LUC) 

littermates. Only gene therapy with PDE4B appeared to partially protect against 

hypertrophy (LVPWd) and loss of contractile function (EF) compared to diseased 

(TAC LUC) and TAC PDE2A groups. 

Table 2. Echocardiographic parameters of Sham LUC, TAC LUC, TAC PDE4B and TAC 

PDE2A mice (C57BL6/N) IVDd: intraventricular septum thickness in diastole, LVIDd: left 

ventricular internal diameter in diastole, LVPWd: left ventricular posterior wall thickness in 

diastole, LV mass/BW: ratio of left ventricular mass to body weight, EF: ejection fraction, FS: 

fractional shortening, HR: heart rate. Means ± SE *p < 0.05 by one-way ANOVA. 

 

3.1.4 Echocardiographic parameters of E1-JNC TAC LUC, TAC PDE4B and 

TAC PDE2A mice compared to SHAM LUC littermates 

The specific echocardiographic analysis of the E1-JNC (Table 3) did not differ from 

the collective results presented in Table 2. The diseased phenotype developed in TAC 

LUC and TAC PDE2A groups, while TAC PDE4B was partially protected against 

hypertrophy and loss of contractility (Table 3). 
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Table 3. Echocardiographic parameters of Sham LUC, TAC LUC, TAC PDE4B and TAC 

PDE2A mice (C57BL6/N) expressing the RyR2-targeted biosensor E1-JNC (Berisha et al., 

2019). IVDd: intraventricular septum thickness in diastole, LVIDd: left ventricular internal 

diameter in diastole, LVPWd: left ventricular posterior wall thickness in diastole, LV 

mass/BW: ratio of left ventricular mass to body weight, EF: ejection fraction, FS: fractional 

shortening, HR: heart rate. Means ± SE. *p < 0.05 by one-way ANOVA. 
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Figure 8. Morphometric parameters of E1-JNC mice expressing the RyR2-targeted biosensor. 

(a) Heart weight (HW) and lung weight (LW) expressed as ratio to body weight (BW). (b) Heart 

weight (HW) and lung weight (LW) expressed as ratio to tibia length (TL). (c,d,e) Cardiac 

dimensions such as intraventricular septum thickness in diastole (IVDd), left ventricular 

internal diameter in diastole (LVIDd) and left ventricular posterior wall thickness in diastole 

(LVPWd) expressed in mm. (f) LV mass expressed in mm. (g) Ratio of left ventricular mass to 

body weight (LV mass/BW) expressed in mg/g. Means ± SE. *p < 0.05 by one-way ANOVA. 

 

Figure 9. Physiological parameters of E1-JNC mice expressing the RyR2-targeted biosensor. 

(a) Ejection fraction (EF, %). (b) Fraction shortening (FS, %). (c) Stroke volume (μL). (d) 

Cardiac output (mL/min). (e) Heart rate (beats per minute). Means ± SE. *p < 0.05 by one-way 

ANOVA. 
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3.1.5 Echocardiographic parameters of pmEpac1 TAC LUC, TAC PDE4B and 

TAC PDE2A mice compared to SHAM LUC littermates 

Similar to the previous data (Tables 2, 3), the pmEpac1 mice showed clear evidence of 

hypertrophy and loss of contractility in TAC LUC and TAC PDE2A hearts (Table 4), 

while the mice overexpressing PDE4B (TAC PDE4B) were partially protected. 

Table 4. Echocardiographic parameters of Sham LUC, TAC LUC, TAC PDE4B and TAC 

PDE2A mice (C57BL6/N) expressing the pmEpac1 biosensor (Perera et al., 2015). IVDd: 

intraventricular septum thickness in diastole, LVIDd: left ventricular internal diameter in 

diastole, LVPWd: left ventricular posterior wall thickness in diastole, LV mass/BW: ratio of 

left ventricular mass to body weight, EF: ejection fraction, FS: fractional shortening, HR: heart 

rate. Means ± SE. *p < 0.05 by one-way ANOVA. 
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Figure 10. Morphometric parameters of pmEpac1 mice expressing the caveolin-rich 

membrane-targeted biosensor. (a) Heart weight (HW) and lung weight (LW) expressed as ratio 

to body weight (BW). (b) Heart weight (HW) and lung weight (LW) expressed as ratio to tibia 

length (TL). (c,d,e) Cardiac dimensions such as intraventricular septum thickness in diastole 

(IVDd), left ventricular internal diameter in diastole (LVIDd) and left ventricular posterior wall 

thickness in diastole (LVPWd) expressed in mm. (f) LV mass expressed in mm. (g) Ratio of 

left ventricular mass to body weight (LV mass/BW) expressed in mg/g. Means ± SE. *p < 0.05 

by one-way ANOVA. 

 

Figure 11. Physiological parameters of pmEpac1 mice expressing the caveolin-rich membrane-

targeted biosensor. (a) Ejection fraction (EF, %). (b) Fraction shortening (FS, %). (c) Stroke 

volume (μL). (d) Cardiac output (mL/min). (e) Heart rate (beats per minute). Means ± SE. *p 

< 0.05 by one-way ANOVA. 
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3.2 Live imaging of cAMP in the RyR2 microdomain 

The heart function is predominantly under the control of the β-adrenergic receptor (β-

AR) system upon catecholamine stimulation (Lohse et al., 2003), which mediates 

excitatory effects of the sympathetic nervous system (β1 >> β2) by increasing cAMP 

production (Bers 2008; Zagotta et al., 2003) via Gs-protein recruitment and subsequent 

adenylyl cyclase activation (Xiang and Kobilka, 2003). To determine and distinguish 

the β-AR-mediated contribution to cAMP responses in the RyR2 microdomain, live 

cell imaging with the targeted E1 JNC biosensor was performed in freshly isolated 

Sham LUC, TAC LUC, TAC PDE4B and TAC PDE2A ventricular cardiomyocytes. 

For selective β-AR subtype stimulation, the non-selective β-AR agonist isoproterenol 

(ISO), was applied together with one of the two selective inhibitors: ICI118,551 (50 

nmol/L) that selectively inhibits β2-AR or CGP20712A (100 nmol/L) that selectively 

inhibits β1-AR. The inhibitors were added into the FRET buffer and all stimulating 

solutions prior to live imaging. Responses to individual receptor stimulation (Figure 

12) were calculated from FRET ratio traces as a % of maximal response induced by 

IBMX (100 μmol/L) plus forskolin (10 μmol/L), which increase cAMP production by 

non-selective inhibition of PDEs and direct activation of adenylyl cyclases, 

respectively. 

 

Figure 12. Amplitudes of cAMP response in the RyR2 microdomain upon stimulation of β-

ARs (with submaximal 3nmol/L or maximal 100 nmol/L concentration of ISO), β1-AR with 

100 nmol/L ISO in the presence of the selective β2-AR blocker ICI118551 (50 nmol/L) and β2-

AR with 100 nmol/L ISO in the presence of the selective β1-AR blocker CGP20712A (100 

nmol/L). Responses to individual receptor stimulation were calculated from FRET ratio traces 
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as a % of maximal response induced by IBMX (100 μmol/L) plus forskolin (10 μmol/L). Means 

± SE. *p < 0.05 by mixed ANOVA followed by Wald’s chi-squared test. 

3.2.1 β1-adrenergic receptor-mediated cAMP responses 

The β1-AR maximal stimulation induced fast increasing cAMP production, which was 

clearly detectable in the RyR2 microdomain. In healthy cardiomyocytes, the cAMP 

response reached up to 50%, as expected by receptor saturation with 100 nmol/L ISO. 

The β1-AR effect, though, appeared attenuated in the diseased cardiomyocytes (45% ± 

5.3%), suggesting receptor desensitization due to cardiac disease progression (Lohse et 

al., 2003; Nikolaev et al., 2010; Perera at el., 2015). In gene therapy with PDE4B3, 

the cAMP responses were even more decreased (34% ± 3.2%), indicating the successful 

overexpression of the main cAMP hydrolyzing enzyme in mouse myocardium, 

PDE4B3 (Conti et al., 2003). In contrast to the previous findings, PDE2A3 

overexpression led to an impressively increased β1-mediated cAMP response (62% ± 

6.1%) which can indicate the receptor “resensitization” (Figure 13). 

 

Figure 13. cAMP responses after maximal β1-adrenergic (β1-AR) receptor stimulation in Sham 

LUC, TAC LUC, TAC PDE4B and TAC PDE2A ventricular cardiomyocytes. (a) 

Representative FRET ratio traces recorded from cells in response to β1-AR stimulation with 

100 nmol/L ISO in the presence of 50 nmol/L ICI118551 (ISO+ICI), followed by the 

subsequently applied non-selective phosphodiesterase inhibitor IBMX (100 μmol/L) plus the 

direct adenylyl cyclase activator forskolin (10 μmol/L) to obtain the maximal possible FRET 

response. (b) Quantification of β1-AR responses in Sham LUC, TAC LUC, TAC PDE4B and 

TAC PDE2A cardiomyocytes after maximal stimulation with 100 nmol/L ISO. Means ± SE. 

*p < 0.05 by mixed ANOVA followed by Wald’s chi-squared test. 

3.2.2 PDE-mediated hydrolysis of cAMP after β-AR submaximal stimulation 

By degrading cAMP and generating subcellular compartments, PDEs define how the 

signaling cascades exert their physiological functions within the cell. In pathological 

conditions such as heart failure (HF), though, cyclic nucleotide pathways undergo 

profound alterations affecting significantly PDE expression and localization to distinct 

microdomains (Abi-Gerges et al., 2009; Berisha et al., 2019; Pavlaki et al., 2021; 

Perera et al., 2015; Sprenger et al., 2015). 
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To determine the extent that pathological alterations in hypertrophy can have in PDE 

expression and localization in the RyR2 microdomain, freshly isolated Sham LUC, 

TAC LUC, TAC PDE4B and TAC PDE2A ventricular cardiomyocytes expressing the 

E1-JNC biosensor were employed for live cell imaging upon β-AR submaximal 

stimulation and selective PDE inhibition of the main hydrolyzing enzymes of the 

myocardium, PDE2, PDE3 and PDE4 (Bender and Beavo, 2006; Mika et al., 2012). 

According to the FRET protocol for submaximal β-AR experiments, the cells were 

initially stimulated with 3 nmol/mL ISO for cAMP production. Then, for further cAMP 

increase, selective inhibitors at determined concentrations were applied for PDE2 

(BAY60-7550 100 nmol/L), PDE3 (cilostamide 10 μmol/L) and PDE4 (rolipram 10 

μmol/L) inhibition. PDE inhibitor responses were calculated as the % maximal PDE 

inhibition with the subsequently applied non-selective inhibitor IBMX (100μmol/L). 

Forskolin (10 μmol/L) was applied at the end of each experiment to obtain the maximal 

possible FRET response. 

The submaximal β-AR stimulation revealed that the main hydrolysing enzyme in the 

RyR2 microdomain is PDE3, followed by PDE4 and PDE2. This pattern was roughly 

maintained eight weeks after TAC, with PDE4 presenting slightly increased activity in 

disease and gene therapy with PDE4B. By PDE2A overexpression, the hydrolysing 

pattern upon submaximal β-AR stimulation clearly indicated PDE4 as the main cAMP-

degrading enzyme followed by PDE2 and PDE3 (Figure 14). 

 

Figure 14. cAMP responses to selective PDE2, PDE3 and PDE4 inhibition after submaximal 

β-adrenergic (β-AR) receptor stimulation in Sham LUC, TAC LUC, TAC PDE4B and TAC 
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PDE2A ventricular cardiomyocytes. Representative FRET ratio traces recorded from cells in 

response to submaximal β-AR stimulation with 3 nmol/L ISO, followed by (a) 100 nmol/L of 

the PDE2 inhibitor BAY60-7550, (b) 10 μmol/L of the PDE3 inhibitor cilostamide, and (c) 

10μmol/L of the PDE4 inhibitor rolipram. PDE inhibitor responses were calculated as the % 

maximal PDE inhibition with the subsequently applied non-selective PDE inhibitor IBMX (100 

μmol/L). Forskolin (10 μmol/L) was applied at the end of each experiment to obtain the 

maximal possible FRET response. (d) Quantification of PDE inhibitor responses in Sham LUC, 

TAC LUC, TAC PDE4B and TAC PDE2A cardiomyocytes after submaximal stimulation with 

3 nmol/L ISO. Means ± SE. *p < 0.05 by mixed ANOVA followed by Wald’s chi-squared test. 

3.2.3 PDE-mediated hydrolysis of cAMP after β-AR maximal stimulation 

According to the FRET protocol for maximal β-AR experiments, freshly isolated Sham 

LUC, TAC LUC, TAC PDE4B and TAC PDE2A ventricular cardiomyocytes 

expressing the E1-JNC biosensor were employed for live cell imaging upon β-AR 

maximal stimulation and selective PDE inhibition of PDE2, PDE3 and PDE4. 

Similarly, the cells were fist stimulated with 100 nmol/L ISO (receptor saturation) for 

maximal cAMP production. Then, the selective inhibitors at the same concentrations 

were applied for PDE2 (BAY60-7550 100 nmol/L), PDE3 (cilostamide 10 μmol/L) and 

PDE4 (rolipram 10 μmol/L) inhibition. The specific inhibitor responses were calculated 

as the % maximal PDE inhibition with the subsequently applied non-selective inhibitor 

IBMX (100μmol/L), and forskolin (10 μmol/L) was applied at the end of each 

experiment to obtain the maximal possible FRET response. 

In contrast to the PDE pattern generated by submaximal stimulation, PDE4 was the 

main enzyme to exert its hydrolytic activity and degrade cAMP in the RyR2 

microdomain of healthy cardiomyocytes. The high concentration of ISO (100 nmol/L) 

induced 55%-60% cAMP production per se, while PDE4 specific inhibition with 

rolipram further increased cAMP levels (~80%), almost to sensor saturation. And this 

phenomenon was further enhanced by PDE4B overexpression. Moreover, PDE3 did 

not hydrolyze as much cAMP as PDE4 after β-AR maximal stimulation, while the role 

of PDE2 in cAMP hydrolysis was minor in this microdomain. The diseased phenotype, 

however, significantly reduced the PDE3 and PDE4 activity, while boosted the one of 

PDE2 (Figure 15). The gene therapy with either PDE2 or PDE4 restored the respective 

FRET responses back to normal. 
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Figure 15. cAMP responses to selective PDE2, PDE3 and PDE4 inhibition after maximal β-

adrenergic (β-AR) receptor stimulation in Sham LUC, TAC LUC, TAC PDE4B and TAC 

PDE2A ventricular cardiomyocytes. Representative FRET ratio traces recorded from cells in 

response to maximal β-AR stimulation with 100 nmol/L ISO, followed by (a) 100 nmol/L of 

the PDE2 inhibitor BAY60-7550, (b) 10 μmol/L of the PDE3 inhibitor cilostamide, and (c) 

10μmol/L of the PDE4 inhibitor rolipram. PDE inhibitor responses were calculated as the % 

maximal PDE inhibition with the subsequently applied non-selective PDE inhibitor IBMX (100 

μmol/L). Forskolin (10 μmol/L) was applied at the end of each experiment to obtain the 

maximal possible FRET response. (d) Quantification of PDE inhibitor responses in Sham LUC, 

TAC LUC, TAC PDE4B and TAC PDE2A cardiomyocytes after maximal stimulation with 100 

nmol/L ISO. Means ± SE. *p < 0.05 by mixed ANOVA followed by Wald’s chi-squared test. 

 

3.2.4 PDE-mediated hydrolysis of cAMP after β2-AR maximal stimulation 

Another important parameter of the study was the PDE pattern generated by β2-AR 

maximal stimulation. Again, the FRET protocol required freshly isolated Sham LUC, 

TAC LUC, TAC PDE4B and TAC PDE2A ventricular cardiomyocytes expressing the 

E1-JNC biosensor. But prior to live cell imaging, all solutions were prepared in FRET 

buffer containing 100 nmol/L CGP20712A. 

The triggered cAMP signals were diminished under physiological conditions, but 

significantly increased in diseased cardiomyocytes, suggesting altered receptor 

expression or local PDE dependent regulation (Figure 16). Similar to the submaximal 

β-AR stimulation, the cAMP was mainly regulated by PDE3, followed by PDE4 and 

PDE2. Only the PDE2 overexpression seemed to counterbalance the predominant 
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PDE3 activity by increasing the PDE2-mediated cAMP degradation significantly 

(Figure 16d). 

 

Figure 16. cAMP responses to selective PDE2, PDE3 and PDE4 inhibition after maximal β2-

adrenergic (β2-AR) receptor stimulation in Sham LUC, TAC LUC, TAC PDE4B and TAC 

PDE2A ventricular cardiomyocytes. Representative FRET ratio traces recorded from cells in 

response to maximal β2-AR stimulation with 100 nmol/L ISO in the presence of 100 nmol/L 

CGP20712A (ISO+CGP), followed by (a) 100 nmol/L of the PDE2 inhibitor BAY60-7550, (b) 

10 μmol/L of the PDE3 inhibitor cilostamide, and (c) 10μmol/L of the PDE4 inhibitor rolipram. 

PDE inhibitor responses were calculated as the % maximal PDE inhibition with the 

subsequently applied non-selective PDE inhibitor IBMX (100 μmol/L). Forskolin (10 μmol/L) 

was applied at the end of each experiment to obtain the maximal possible FRET response. (d) 

Quantification of PDE inhibitor responses in Sham LUC, TAC LUC, TAC PDE4B and TAC 

PDE2A cardiomyocytes after maximal stimulation with 100 nmol/L ISO. Means ± SE. Number 

of cells/hearts are stated at the bottom of each bar. *p < 0.05 by mixed ANOVA followed by 

Wald’s chi-squared test. 

3.3 Live imaging of cAMP in the plasma membrane (caveolin-rich) microdomain 

In the course of this work, it was also important to investigate the pressure-overload- 

mediated alterations occurring at the caveolin-rich membrane microdomain upon β-AR 

stimulation (Figure 17) and assess the effect of the PDE overexpression. 
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Figure 17. Amplitudes of cAMP response in the sarcolemma (caveolin-rich) microdomain 

upon stimulation of β-ARs (with submaximal 3nmol/L or maximal 100 nmol/L concentration 

of ISO), β1-AR with 100 nmol/L ISO in the presence of the selective β2-AR blocker ICI118551 

(50 nmol/L) and β2-AR with 100 nmol/L ISO in the presence of the selective β1-AR blocker 

CGP20712A (100 nmol/L). Responses to individual receptor stimulation were calculated from 

FRET ratio traces as a % of maximal response induced by IBMX (100 μmol/L) pus forskolin 

(10 μmol/L). Means ± SE. *p < 0.05 by mixed ANOVA followed by Wald’s chi-squared test. 

3.3.1 β1-adrenergic receptor-mediated cAMP responses 

The β1-AR maximal stimulation resulted in strong increase in cAMP production, which 

was clearly detectable in the caveolin-rich membrane compartment. In healthy 

cardiomyocytes, the cAMP response reached up to 55%, an effect that appeared 

marginally attenuated in diseased cardiomyocytes (50% ± 3.2%) and slightly decreased 

in gene therapy with PDE4B3 (44% ± 4.7%), confirming the successful overexpression 

of the main hydrolyzing enzyme PDE4B3. In contrast to the other group, the PDE2A3 

overexpression led again to an impressively increased β1-mediated cAMP response 

(63.2% ± 3.1%) (Figure 18). 
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Figure 18. cAMP responses after maximal β1-adrenergic (β1-AR) receptor stimulation in Sham 

LUC, TAC LUC, TAC PDE4B and TAC PDE2A ventricular cardiomyocytes. (a) 

Representative FRET ratio traces recorded from cells in response to β1-AR stimulation with 

100 nmol/L ISO in the presence of 50 nmol/L ICI118551 (ISO+ICI), followed by the 

subsequently applied non-selective phosphodiesterase inhibitor IBMX (100 μmol/L) plus the 

direct adenylyl cyclase activator forskolin (10 μmol/L) to obtain the maximal possible FRET 

response. (b) Quantification of β1-AR responses in Sham LUC, TAC LUC, TAC PDE4B and 

TAC PDE2A cardiomyocytes after maximal stimulation with 100 nmol/L ISO. Means ± SE.  

*p < 0.05 by mixed ANOVA followed by Wald’s chi-squared test. 

3.3.2 PDE-mediated hydrolysis of cAMP after β-AR submaximal stimulation 

To explore the hydrolyzing pattern of the PDEs after β-adrenergic submaximal 

stimulation, freshly isolated cardiomyocytes were stimulated with 3 nmol/L 

isoproterenol (ISO), followed by selective PDE inhibitors and the subsequent non-

selective inhibitor IBMX. To reach the absolute maximal cAMP response, forskolin 

was added as the final treatment. 

The submaximal β-AR stimulation revealed that the main hydrolysing enzyme in the 

caveolin-rich membrane microdomain is PDE4, followed by PDE2 and PDE3. This 

pattern was consistently maintained eight weeks after TAC (Figure 19), with exception 

to the significant decrease of PDE4 during disease. Importantly, PDE4 overexpression 
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could restore this decline after TAC, whereas PDE2 overexpression did not show this 

effect. 

 

Figure 19. cAMP responses to selective PDE2, PDE3 and PDE4 inhibition after submaximal 

β-adrenergic (β-AR) receptor stimulation in Sham LUC, TAC LUC, TAC PDE4B and TAC 

PDE2A ventricular cardiomyocytes. Representative FRET ratio traces recorded from cells in 

response to submaximal β-AR stimulation with 3 nmol/L ISO, followed by (a) 100 nmol/L of 

the PDE2 inhibitor BAY60-7550, (b) 10 μmol/L of the PDE3 inhibitor cilostamide, and (c) 

10μmol/L of the PDE4 inhibitor rolipram. PDE inhibitor responses were calculated as the % 

maximal PDE inhibition with the subsequently applied non-selective PDE inhibitor IBMX (100 

μmol/L). Forskolin (10 μmol/L) was applied at the end of each experiment to obtain the 

maximal possible FRET response. (d) Quantification of PDE inhibitor responses in Sham LUC, 

TAC LUC, TAC PDE4B and TAC PDE2A cardiomyocytes after submaximal stimulation with 

3 nmol/L ISO. Means ± SE. *p < 0.05 by mixed ANOVA followed by Wald’s chi-squared test. 

3.3.3 PDE-mediated hydrolysis of cAMP after β-AR maximal stimulation 

Similar to the PDE pattern generated by submaximal stimulation, PDE4 was the main 

enzyme to exert its hydrolytic activity and degrade cAMP in the caveolin-rich 

membrane microdomain of healthy cardiomyocytes. The high concentration of ISO 

(100 nmol/L) induced ~60% cAMP production per se, while PDE4 specific inhibition 

with rolipram further increased cAMP levels (~80%), almost to sensor saturation. And 

this phenomenon was again enhanced by PDE4B overexpression. Moreover, PDE3 did 

not hydrolyze as much cAMP as PDE4 after β-AR maximal stimulation, while the role 

of PDE2 in cAMP hydrolysis was minor in this microdomain, and even less after gene 

therapy (Figure 20d). The diseased phenotype, however, reduced the PDE3 and PDE4 

activity, while enhanced the one of PDE2 (Figure 20). In this microdomain, the gene 
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therapy with PDE2A and PDE4B seemed to affect more the activities of PDE2 and 

PDE4. 

 

Figure 20. cAMP responses to selective PDE2, PDE3 and PDE4 inhibition after maximal β-

adrenergic (β-AR) receptor stimulation in Sham LUC, TAC LUC, TAC PDE4B and TAC 

PDE2A ventricular cardiomyocytes. Representative FRET ratio traces recorded from cells in 

response to maximal β-AR stimulation with 100 nmol/L ISO, followed by (a) 100 nmol/L of 

the PDE2 inhibitor BAY60-7550, (b) 10 μmol/L of the PDE3 inhibitor cilostamide, and (c) 

10μmol/L of the PDE4 inhibitor rolipram. PDE inhibitor responses were calculated as the % 

maximal PDE inhibition with the subsequently applied non-selective PDE inhibitor IBMX (100 

μmol/L). Forskolin (10 μmol/L) was applied at the end of each experiment to obtain the 

maximal possible FRET response. (d) Quantification of PDE inhibitor responses in Sham LUC, 

TAC LUC, TAC PDE4B and TAC PDE2A cardiomyocytes after maximal stimulation with 100 

nmol/L ISO. Means ± SE. *p < 0.05 by mixed ANOVA followed by Wald’s chi-squared test. 

3.3.4 PDE-mediated hydrolysis of cAMP after β2-AR maximal stimulation 

Finally, the pattern generated by β2-AR maximal stimulation triggered cAMP signals 

that were low under physiological conditions, but significantly increased in diseased 
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cardiomyocytes. Similar to the PDE pattern of the RyR2 microdomain, the cAMP was 

mainly regulated by PDE3, followed by PDE4 and PDE2 (Figure 21). 

 

Figure 21. cAMP responses to selective PDE2, PDE3 and PDE4 inhibition after maximal β2-

adrenergic (β2-AR) receptor stimulation in Sham LUC, TAC LUC, TAC PDE4B and TAC 

PDE2A ventricular cardiomyocytes. Representative FRET ratio traces recorded from cells in 

response to maximal β2-AR stimulation with 100 nmol/L ISO in the presence of 100 nmol/L 

CGP20712A (ISO+CGP), followed by (a) 100 nmol/L of the PDE2 inhibitor BAY60-7550, (b) 

10 μmol/L of the PDE3 inhibitor cilostamide, and (c) 10μmol/L of the PDE4 inhibitor rolipram. 

PDE inhibitor responses were calculated as the % maximal PDE inhibition with the 

subsequently applied non-selective PDE inhibitor IBMX (100 μmol/L). Forskolin (10 μmol/L) 

was applied at the end of each experiment to obtain the maximal possible FRET response. (d) 

Quantification of PDE inhibitor responses in Sham LUC, TAC LUC, TAC PDE4B and TAC 

PDE2A cardiomyocytes after maximal stimulation with 100 nmol/L ISO. Means ± SE. *p < 

0.05 by mixed ANOVA followed by Wald’s chi-squared test. 

3.4 Single-cell contractility measurements 

In addition to the model characterization and live cell imaging in the specific subcellular 

compartments after β-stimulation, the extent to which gene therapy was able to preserve 

contractility in diseased groups and prevent arrhythmia induction due to maladaptive 

alterations in heart was assessed by the optical sarcomere length measurement method 

(IonOptix). 
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Freshly isolated ventricular cardiomyocytes were paced at 1Hz and stimulated with 100 

nmol/L ISO. As presented in Figure 22, the healthy and TAC PDE2A cardiomyocytes 

were well protected against arrhythmias, even after maximal β-AR stimulation. 

Similarly, the TAC PDE4B group occasionally presented a couple of arrhythmias with 

the incidence being low enough compatible with cardioprotection seen by 

echocardiographic and histological analysis. On the other hand, the diseased 

cardiomyocytes showed abnormal contractile function and led to significant arrhythmia 

incidence compared to other conditions (Figures 22, 23). 
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Figure 22. Sarcomere length measurements. Ventricular cardiomyocytes freshly isolated by 

Sham LUC, TAC LUC, TAC PDE4B and TAC PDE2A hearts were paced at 1Hz and 

stimulated with 100 nmol/L ISO for arrhythmia detection. n/N= 30-50 cells isolated from at 

least 3-4 hearts per treatment. * p < 0.05. 

 

Figure 23. Arrhythmia occurrence of ventricular cardiomyocytes upon maximal β-AR 

stimulation. (a)  E1-JNC cardiomyocytes isolated by Sham LUC, TAC LUC, TAC PDE4B and 

TAC PDE2A hearts. (b)  pmEpac1 cardiomyocytes isolated by Sham LUC, TAC LUC, TAC 

PDE4B and TAC PDE2A hearts. n/N= 30-50 cells isolated from at least 3-4 hearts per 

treatment. * p < 0.05. 
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4. Discussion 

Historically, PDE inhibitors such as milrinone have been developed to increase cardiac 

contractility. However, while efficacious for short-term relief in end-stage heart failure 

patients, they increase cardiac arrhythmias and mortality when used in long-term 

treatment schemes. 

In this work, we tested an opposite hypothesis, i.e., whether overexpression of PDEs 

can reduce excessive amounts of local cAMP in different cardiomyocyte microdomains 

and counteract heart failure progression. By cardiomyocyte overexpression of PDE2A 

and PDE4B in a mouse model of pressure-overload heart failure induced by Transverse 

Aortic Constriction (TAC), we aimed to restore the altered CN-PDEs interplay in 

subcellular microdomains and ameliorate HF. For successful transduction and 

satisfactory cardiac tropism, AAV9 particles (1012) (Zacchigna et al. 2014) were 

injected in the tail vein of transgenic mice expressing FRET-based cAMP biosensors 

for membrane- and sarcoplasmic reticulum-associated microdomains 3 days after TAC 

surgery (therapy study). Animals were randomized into four groups, two receiving a 

control vector AAV9-LUC and other two groups injected with PDE2A and PDE4B 

AAV9s, respectively. In order to assess the efficacy of the gene transfer approach in 

vivo, echocardiography was performed after TAC at specific time intervals (4 weeks 

and 8 weeks). Thereafter, the animals were sacrificed for tissue collection and isolation. 

Biochemical and histological analysis was performed to elucidate the PDE expression 

and function. Freshly isolated ventricular myocytes were used for live cell imaging by 

Förster Resonance Energy Transfer (FRET imaging) to evaluate the impact of gene 

therapy on cAMP dynamics in membrane and sarcoplasmic reticulum associated 

microdomains. Eight weeks after TAC, mice expressing FRET-based cAMP biosensors 

were sacrificed for ventricular cardiomyocyte isolation with subsequent cAMP FRET 

measurements. The effects of PDE2, PDE3 and PDE4 inhibition with BAY-607550, 

cilostamide and rolipram respectively, upon β-adrenergic prestimulation, were 

measured under all experimental conditions. Our FRET studies mechanistically 

dissected the effect of gene therapy on cAMP compartmentation in functionally 

relevant and disease-altered subcellular microdomains.  In addition to FRET studies, 

single-cell contractility measurements were performed to link microdomain-specific 

changes upon PDE overexpression to cardiac function.  

This strategy provided deep insights into PDE-dependent regulation of cardiomyocyte 

function and assessed the efficacy of AAV-mediated overexpression of different PDE 

families on heart failure progression. 

 

4.1 Overexpression of PDE2A3 and PDE4B3 in a TAC mouse model 

Since ventricular cardiomyocytes constitute an exemplary type of cells characterized 

by highly compartmentalized cyclic nucleotide signaling, and hypertrophy-induced 

changes in local cAMP signaling represent a molecular hallmark of cardiac disease, the 

current study was designed to assess whether AAV9-mediated overexpression of 
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PDE2A3 and PDE4B3 could prevent maladaptive alterations in the heart and restore 

cAMP dynamics and compartmentation under pressure overload-induced hypertrophy. 

Transverse aortic constriction (TAC) was employed to experimentally reproduce heart 

failure with reduced ejection fraction (HFrEF) in transgenic mice (Houser et al., 2012). 

Despite the moderate values (~60mmHg) in pressure gradient, the TG mice developed 

the phenotype of pressure-overload-induced cardiac hypertrophy that yields in 

hypertrophied hearts, increased wall thickness (Table 2), extended fibrosis, and typical 

reduction in contractile function. And, as long as the biosensor expression did not seem 

to induce any functional or structural anomalies, the C57BL/6N background of the 

transgenic mice accounted for the rapid progression of HF within eight weeks after 

TAC, a hypothesis further validated by the equally strong phenotype developed in their 

wild type littermates. 

The echocardiographic analysis revealed that the overexpression of PDE4B in female 

mice partially protected against hypertrophy and ameliorated the contractile loss 

(Tables 2, 3 and 4), a finding that is consistent with a gene therapy approach in a small 

animal model for HF (Karam et al., 2020). Although the TAC PDE4B3 hearts were 

heavier than the control ones, the LVPWd values remained relatively similar to those 

in healthy mice and so did the ejection fraction and fractional shortening ones. This is 

slightly different from the reported data in male C57BL/6J mice where the same gene 

therapy approach with PDE4B3 ameliorated cardiac hypertrophy but did not restore 

contractile function eight weeks after TAC. Female C57BL/6N mice studied here show 

even better protection from HF by PDE4B3.  The PDE2A3 overexpression, however, 

neither prevented increases in heart weight and wall thickness nor did it improve 

physiological parameters showing more similarities with failing hearts. 

Hence, the histological evaluation of the TAC gene therapy models revealed either 

protection or not against hypertrophy (Figure 4a, 4c), fibrosis – hallmark of 

pathological remodeling (Zhao et al., 2016) (Figure 4a, 4b) and change in cell size 

(Figure 4c, 4d). Again, only PDE4B3 overexpression exerted its cardioprotective 

action against hypertrophy (Figure 4c, 4d) and collagen deposition (Figure 4a, 4b) and 

proved that the up-regulation of this PDE can make a difference against different HF 

models (Karam et al., 2020). Always consistent with its in vivo evaluation, the TAC 

PDE2A3 group presented similar findings as those observed in the diseased phenotype 

with increased diameter in ventricular cardiomyocytes and extended fibrosis in the heart 

cross-sections. 

These results were finally corroborated by the immunoblot analysis which showed 

multi-fold increase of the targeted PDEs at protein level (Figure 7a, 7c) - indicative of 

the successful PDE overexpression in the respective groups, and reduced PDE3 (Abis-

Gerges et al., 2009; Mika et al., 2019; Molina et al., 2014), PDE4B (Abis-Gerges et 

al., 2009; Karam et al., 2020; Mika et al., 2019; Molina et al., 2014) and PDE4D (Lohse 

et al., 2005) protein expression in failing heart tissues. The gene therapy restored the 

protein levels in TAC hearts and compensated the enzyme loss detected in disease. 

 



55 
 

4.2 Live cell imaging of β-AR/cAMP signals in caveolin rich membrane and RyR2 

microdomains 

As already stated, the heart function is predominantly under the control of the β-

adrenergic receptor (β-AR) system upon catecholamine stimulation (Lohse et al., 

2003), which mediates its excitatory effects (β1 >> β2) by increasing cAMP production 

(Bers 2008; Zagotta et al., 2003) via Gs-protein recruitment and subsequent adenylyl 

cyclase activation (Xiang and Kobilka, 2003).  Both β1- and β2-adrenergic receptors 

participate in cAMP formation, with β1-AR subtype being broadly distributed on the 

membrane and triggering considerably augmented cAMP responses in the cell, while 

β2-AR being locally confined in the T-tubules and generating small to moderate 

compartmentalized signals (Nikolaev et al., 2006; Nikolaev et al., 2010). Therefore, it 

was important to determine and distinguish the β-AR-mediated contribution to cAMP 

responses in both RyR2 and caveolin-rich membrane microdomains. 

4.2.1 Submaximal β-AR/cAMP signals in caveolin-rich membrane and RyR2 

microdomains 

Upon submaximal β-AR stimulation, the responses remained generally lower than 

those generated by maximal β1-AR and β-AR stimulation (Figures 12, 17), but were 

definitely stronger than β2-AR ones. In caveolin-rich membrane microdomain (Figure 

17) particularly, the TAC PDE4B group initiated significantly smaller cAMP responses 

compared to the diseased and TAC PDE2A cardiomyocytes, due to the overexpression 

of the main hydrolyzing enzyme, PDE4B3 (Conti et al., 2003). Although the applied 

ISO concentration was low (3 nmol/mL), it was sufficient to unmask the effect of the 

enzyme overexpression via immediate cAMP degradation. In the RyR2 microdomain 

(Figure 12), the differences observed among the groups were far more pronounced 

after submaximal stimulation of the β-ARs due to the capacity of the biosensor to target 

cAMP generated exclusively around the cation channels and the potential contribution 

of functional β1-ARs localized in the sarcoplasmic reticulum (Wang et al., 2021). 

4.2.2 Maximal β1-AR/cAMP and β-AR/cAMP signals in caveolin-rich membrane 

and RyR2 microdomains 

Two interesting findings were revealed regarding β1-AR- and β-AR maximal-mediated 

signaling in the caveolin-rich membrane and RyR2 microdomains; the remarkable 

reduction in cAMP levels of the TAC PDE4B group, which signals the successful 

overexpression of the enzyme and verifies that PDE4B3 is the main PDE involved in 

cAMP degradation in mouse heart (Conti et al., 2003); and the impressively increased 

cAMP responses of the TAC PDE2A group (at least in comparison to Sham LUC 

group), which also signals the successful overexpression of PDE2A3 and highlights its 

important role in the sarcolemma (Castro et al., 2006; Guellich et al., 2014; Leroy et 

al., 2008; Mongillo et al., 2006; Vettel et al., 2017) and subsequently to preserved β1-

AR signaling (Nikolaev et al., 2010), especially after early (Berisha et al., 2019; Perera 

et al., 2015) cardiac remodeling. 

Indeed, careful observation of the β-AR maximal stimulation revealed steadily high 

cAMP responses (>50%) with exception the TAC PDE4B cardiomyocytes, which 

hydrolyzed more cAMP compared to responses initiated in the other groups due to 
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constitutively higher enzyme levels of PDE4 and the consequently negative, PKA-

mediated feedback (MacKenzie et al., 2002). Similar patterns were monitored in both 

caveolin-rich membrane and the RyR2 microdomains, where the maximal β-AR 

signalling strongly enhanced cAMP production by saturating the receptors. 

4.2.3 β2-AR/cAMP signals in caveolin-rich membrane and RyR2 microdomain 

Despite the strong cAMP signals upon selective β1-AR stimulation and non-selective 

maximal β-AR stimulation using pmEpac1 (Figures 17, 18, 19) and E1-JNC (Figures 

12, 13, 15) biosensors respectively, the β2-AR signaling yielded very small responses 

(Figures 12, 17).  

In spite of detectable cAMP signals in rat cardiomyocytes (Nikolaev et al., 2010), 

relatively small β2-AR responses were detected in the caveolin-rich membrane 

microdomains of healthy Sham LUC cardiomyocytes and in TAC PDE2A and TAC 

PDE4B groups (Figure 17). On the other hand, significantly amplified signals were 

generated in the diseased cardiomyocytes, as the presented β2-AR/cAMP pattern 

corresponds well with what was previously found for this microdomain (Perera et al., 

2015; Rudokas et al., 2021), and shows that β2-ARs compensated the loss of β1-AR-

mediated cAMP signals due to cardiac remodelling, although the receptor density was 

rather maintained in disease. 

These small β2-AR-induced responses were also monitored at the RyR2 (Figure 12) 

microdomain, and might be associated with either low expression of the receptor 

(Myagmar et al., 2017) or tight PDE-mediated regulation of cAMP, mostly by PDE4 

(Lohse et al., 2005), that hinders its diffusion across/within the dyadic cleft (Berisha et 

al., 2019). Equally small β2-AR/cAMP responses were monitored in the TAC PDE4B 

group due to PDE4 abundance, but the signal pattern changed significantly in the 

diseased and TAC PDE2A cardiomyocytes. The responses in the RyR2 microdomain 

for the latter two groups were significantly amplified and resulted in increased cAMP 

levels, because of the dramatic downregulation of PDE4 activity there (Lohse et al., 

2005) that could not be counterbalanced by the increased activity of the redistributed 

PDE2 and PDE3 enzymes (Perera et al, 2015). As for the particularly pronounced 

difference observed by overexpression of PDE2A3 in comparison to sarcolemmal, this 

could be attributed also to the specific nature of the E1-JNC biosensor to visualize 

cAMP in the RyR2s and the enzymatic redistribution occurring post-TAC (Perera et 

al., 2015). 

 

4.3 Live imaging of PDE inhibitor induced cAMP signals in the RyR2 

microdomain 

Transgenic mice expressing the cAMP specific E1-JNC biosensor (Berisha et al., 2019) 

were backcrossed with C57BL/6N and, then, subjected to transverse aortic constriction 

and gene transfer with AAV9s for the generation of the TAC gene therapy models. 

 

 



57 
 

4.3.1 Live cell imaging of PDE-mediated cAMP hydrolysis 

Live imaging was employed to shed more light on the disturbed balance among the 

crucial factors contributing to the microdomain formation, and assess whether cardiac 

targeted gene transfer could reverse the maladaptive changes in the diseased phenotype. 

FRET analysis after submaximal β-AR stimulation shed light in cAMP 

compartmentation by demonstrating major PDE3 and less PDE4 contribution to total 

cAMP hydrolysis in the RyR2 microdomain. This finding was also consistent upon β2-

AR stimulation, which mimics the basal PDE pattern (Börner et al., 2011) and might 

indicate that the main hydrolyzing enzyme, PDE4, is not yet fully activated by PKA 

due to low cAMP levels. On the other hand, the PDE2- and PDE4-related signals 

appeared amplified in submaximally stimulated TAC PDE2A cardiomyocytes, while 

the PDE2- and PDE3-related signals presented similarly high increases upon β2-AR 

selective stimulation. 

Nevertheless, after being shown that cardiac remodeling by excessive cAMP 

production inevitably affects the subcellular organization, the experimental protocol 

was adapted to reproduce in vitro the saturation of β-ARs with high concentrations of 

isoproterenol, i.e., 100 nmol/L. Indeed, maximal β-AR stimulation rendered PDE4 as 

the major phosphohydrolase of cAMP, while PDE3 had a moderate contribution among 

all groups (Berisha et al., 2019; Mika et al., 2013; Mongillo et al., 2004; Nikolaev et 

al. 2006). An interesting finding was observed in the diseased (TAC LUC) 

cardiomyocytes, in which both PDE3 and PDE4 activities appeared downregulated 

after cardiac remodeling. Although the inhibition with 10 μmol/mL rolipram increased 

cAMP signals close to sensor saturation, particularly when PDE4B was overexpressed, 

failing cardiomyocytes could not initiate similar responses. 

The above presented PDE pattern unveils, under certain conditions, that the well-

established notion of cAMP being under the exclusive control of PDE4D3 hydrolytic 

activity in the RyR2 microdomain might not be quite true. The PDE4B overexpression 

obviously outweighed and exclusively controlled the cAMP hydrolysis around the 

channels, but it also seemed to substantially participate in cAMP compartmentation in 

the RyR2 microdomain when PDE4D3 was downregulated (Lohse et al., 2005), and a 

potential explanation is the physical proximity of RyR2 (controlled mainly by 

PDE4D3) with LTCCs, where PDE4B is the main regulator of signal compartmentation 

(Kraft et al., 2019; Leroy et al., 2011). Although not entirely elucidated, the PDE4B 

and PDE4D could intertwine between LTCCs and RyR2 channels for cAMP catabolism 

and compartmentation (Kraft et al., 2019). 

The role of PDE2 in RyR2 microdomain appears rather restricted in healthy 

cardiomyocytes upon maximal β-AR stimulation, while its hypertrophy-induced 

amplified signals in TAC hearts (Figures 8a, 14d, 15d, 16d) may compensate the 

dramatic loss of PDE3 and PDE4 activity in disease (Figures 15d, 20d) (Abi-Gerges et 

al., 2009; Karam et al. 2020; Mehel et al., 2013) upon microdomain 

switch/redistribution (Perera et al., 2015), and counterbalance the unfavorable effects 

of dysfunctional β-AR signaling (Vettel et al., 2017). Its overexpression significantly 

increased the FRET signals after selective PDE2 and PDE4 inhibition upon 
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submaximal stimulation, and after selective PDE2 and PDE3 inhibition upon β2-AR 

stimulation (Perera et al., 2015), respectively. 

 

4.4 Live imaging of PDE inhibitor induced cAMP signals in the sarcolemma 

(caveolin-rich) microdomain 

Transgenic mice expressing the cAMP specific pmEpac1 (Perera et al., 2015) were 

backcrossed with C57BL/6N and, then, subjected to transverse aortic constriction and 

gene transfer with AAV9s for the generation of the TAC gene therapy model. 

4.4.1 Live cell imaging of PDE-mediated cAMP hydrolysis 

FRET microscopy in the caveolin-rich plasma membrane revealed different PDE 

patterns upon β-AR submaximal and maximal stimulation compared to those in the 

RyR2 microdomain. The main hydrolyzing enzyme in sarcolemma was clearly PDE4, 

followed by PDE3 after saturating or PDE2 after subsaturating ISO concentrations 

(Figures 19, 20 and 21).  

This finding, consistent with previous results (Perera et al., 2015), confirmed the 

functional involvement of PDE4 in this subcellular compartment and explained why 

PDE4B3 had been overexpressed to ameliorate maladaptive alterations during disease. 

Both PDE4B and PDE4D regulate cAMP signaling events in the caveolin-rich 

membrane microdomain (Kraft, 2019; Leroy et al., 2011), but the impact of PDE4B 

was known only in neonatal mouse cardiomyocytes (Mika et al., 2014). The fact that 

this finding could be verified in adult cardiomyocytes alone (Kraft, 2019) and be further 

corroborated upon PDE4B3 overexpression is highly remarkable, given that T-tubules 

are absent in neonatal cardiomyocytes (Ibrahim et al., 2011). 

PDE4 is reportedly the predominant phosphohydrolase for cAMP catabolism in murine 

cardiomyocytes (Leroy et al., 2008), its activity dependents on PKA phosphorylation 

via feedback loop after cAMP degradation (MacKenzie et al., 2002), and its major 

isoforms mainly regulate the subcellular organization. The most important one is 

PDE4B that mediates the β-AR induced PKA-phosphorylation of the LTCC channels 

in the plasma membrane of adult murine cardiomyocytes (Leroy et al., 2011), while the 

other one, PDE4D, is linked to the RyR2 and SERCA2a complexes. Although not 

directly involved in cardiac contractility, heart rate or blood pressure (Zhao et al., 

2015), PDE4 enzymes tightly regulate PKA phosphorylation and modify the localized 

signaling into tight compartments (Fertig and Bailllie, 2018). 

Pharmacologically, PDE4 inhibition has beneficial effects on cardiomyocyte function 

(Lehnart and Marks, 2006); however, many unfavorable cardiac effects occurred from 

sustained inhibition of this enzyme, increasing the incidence of mortality (Packer et al., 

1991). Moreover, in pathological cardiac hypertrophy induced by sympathetic 

overdrive, there was dramatic reduction in enzyme expression (~ 50% for PDE4B) 

(Abi-Gerges et al., 2009; Karam et al. 2020) and subsequently increased susceptibility 

to arrhythmias and heart failure (Bobin et al., 2016; Lehnart et al., 2005; Leroy et al., 

2011; Molina et al, 2012). Cardiac-targeted overexpression of PDE4B3 (Karam et al., 

2020) in diseased animal and human cell models presented for the first time 
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cardioprotective effects against sympathetic overdrive without depressing basal 

function. 

Indeed, by reproducing the excessive cAMP production due to sympathetic overdrive 

in vitro, the saturating concentrations of isoproterenol, i.e., 100 nmol/L unmasked the 

contribution of PDE4 as the major phosphohydrolase of cAMP, while PDE3 was 

moderate among all groups (Mika et al., 2013; Mongillo et al., 2004; Nikolaev et al. 

2006). The diseased TAC LUC cardiomyocytes demonstrated decreased PDE3-related 

and PDE4-related cAMP responses despite inhibition with 10 μmol/L cilostamide or 

rolipram, respectively, while PDE2 appeared upregulated (Mehel et al., 2013) (Figure 

20d) in failing cardiomyocytes or after PDE2A3 overexpression. 

The involvement of PDE2A in cAMP hydrolysis at the caveolin-rich membrane 

microdomain was minimal, but its overexpression seemed to restore the PDE pattern 

found in healthy cardiomyocytes and to prevent the PDE2/PDE3 redistribution detected 

in disease (Perera et al., 2015). The role of PDE2 in failing cardiomyocytes (TAC 

LUC) may be a compensatory mechanism against the dramatic loss of PDE3 and PDE4 

activity in disease (Figures 15d, 20d) (Abi-Gerges et al., 2009; Karam et al. 2020; 

Mehel et al., 2013) or against the side effects of dysfunctional β-AR signaling (Vettel 

et al., 2017). 

 

4.5 Sarcomere length measurements for arrhythmia detection 

As already stated, the heart function is predominantly under the control of the β-

adrenergic receptor (β-AR) system upon catecholamine stimulation (Lohse et al., 

2003), which mediates its excitatory effects (β1 >> β2) by increasing cAMP production 

(Bers 2008; Zagotta et al., 2003) via Gs-protein recruitment and subsequent adenylyl 

cyclase activation (Xiang and Kobilka, 2003). The imbalance induced by sympathetic 

overdrive not only affects cAMP compartmentation, but disrupts the natural course of 

Ca2+ cycling in the myocardium, especially by sustained β1-AR-mediated Ca2+overload 

and hyperphosphorylated RyR2s (Lohse et al., 2005). Very recently, calcium spark 

analysis in an animal model for HF demonstrated that the generally cardioprotective β2-

ΑR signaling (Communal et al., 1999; Zhu et al., 2001) exclusively potentiates 

premature ventricular beats in failing hearts and in vitro arrhythmias around RyR2 

channels, probably due to insufficient cAMP degradation (Berisha et al., 2019) by its 

downregulated PDE4 enzyme (Lohse et al., 2005). 

To combine the data acquired from FRET measurements in TAC LUC, TAC PDE2A 

and TAC PDE4B cardiomyocytes with Ca2+ homeostasis, we performed single-cell 

sarcomere length measurements, in which TAC PDE2A and TAC PDE4B 

cardiomyocytes appeared completely resistant to arrhythmias (Figures 22, 23). 

The failing cardiomyocytes presented an increased susceptibility to ventricular 

arrhythmias after β-AR stimulation with 100 nmol/L ISO, with almost one out of two 

diseased cells manifesting premature ventricular beats (Figures 22, 23). The excessive 

cAMP concentrations accounted for the increased incidence of arrhythmias observed 

in vitro, probably because of a series of interconnected phenomena. Following the main 

events occurring during EC-coupling (Bers, 2002), we could assume that the decreased 
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PDE4B levels (Karam et al., 2020) could no longer control the physiological 

phosphorylation of LTCCs (Leroy et al., 2011), the membrane potential got perturbed 

and further destabilized normal CICR, which led to uncoordinated opening of the 

RyR2s (leaky RyR2s) by the concurrent downregulation of PDE4D3 (Lohse et al., 

2005),  and, eventually, the resultant SR Ca2+ overload performed as a substrate for 

ventricular arrhythmia initiation upon β-AR stimulation with saturating ISO 

concentration. 

The overexpression of PDE2A3 clearly abrogated arrhythmias after maximal β-AR 

stimulation, a finding which could be potentially explained by the important role of 

PDE2 in heartbeat initiation. According to this theory, PDE2 intertwines with cell 

membrane ion channels (“membrane clock) (DiFrancesco, 2010) and Ca2+ cycling 

(“Ca2+ clock”) (Lakatta et al., 2010), and mediates the Ca2+ clock regulation in atrial 

myocytes (Lakatta et al., 2010; Vettel et al., 2017). It is likely that such type of a 

beneficial regulation of calcium channel function may occur also in ventricular 

myocytes to prevent arrhythmias. The abundance of protein detected in cardiomyocytes 

overexpressing PDE2A3 outweighed the maladaptive alterations induced by TAC and 

protected against arrhythmia initiation in vitro. 

Similarly, PDE4B3 overexpression protected against ventricular arrhythmias, as the 

incidence after β-AR stimulation appeared really low (Figures 22, 23). This finding 

could be probably attributed to the PKA-mediated phosphorylation and activation of 

the long PDE4 isoforms, PDE4B3 being one of them (Ghigo et al., 2012; Leroy et al., 

2008; Mika et al., 2014), which degrade the pathologically high cAMP levels that might 

lead to leaky RyR2 (Karam et al., 2020). As outlined above, this PDE isoform seems 

to be able to tightly regulate local cAMP signaling at the RyR2, making it a good 

candidate for protection against diastolic calcium leak and ventricular arrhythmias. 

Again, the protein abundance detected in cardiomyocytes overexpressing PDE4B3 was 

capable of buffering the side effects of excessive sympathetic drive induced by TAC 

by restoring the activity of the main PDE across the dyadic cleft. 

 

4.6 Potential limitations 

 A general limitation PDE2A3 and PDE4B3 overexpression in transgenic mice is the 

isoform spill over within subcellular compartments, where the protein of interest may 

not be physiologically localized. Furthermore, the overexpressed PDE2A3 and 

PDE4B3 isoforms were chosen based on their hydrolytic activity in mouse heart (Conti 

et al., 2003; Vettel et al., 2017) and their results may not fully correspond to those 

required for human cardiac disease, i.e., PDE3A (Hambleton et al., 2005). Moreover, 

the gene therapy approach could have been also usefully utilized in a prevention study 

for HF (AAV9 gene transfer before TAC), especially for PDE2A3 where the therapy 

study (AAV9 gene transfer after TAC) could not prevent maladaptive alterations at 

subcellular level or cardiac remodeling. Finally, the therapy study should have been 

compared to a diseased (TAC) group of transgenic mice receiving β-blockers (Harding 

et al., 2001) for eight weeks post-surgery (equal to the duration of the gene therapy 

protocol) for evaluation of its efficacy and development of better therapeutic schemes.  
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5. Conclusions 
In conclusion, cardiac-targeted gene therapy with phosphodiesterases PDE2A3 and 

PDE4B3 had mild but beneficial effects against pressure overload-induced hypertrophy 

and arrhythmias. 

As the major enzyme involved in cAMP compartmentation in murine heart, PDE4B3 

overexpression partially protected against hypertrophy and loss of contractile function, 

significantly contributed in cAMP hydrolysis and compartmentation and substantially 

minimized arrhythmia initiation after β-AR stimulation, without leading to unfavorable 

effects seen by excessive protein expression. 

PDE2A3 overexpression, on the other hand, neither protected against hypertrophy nor 

preserved contractile function after TAC, but unequivocally abrogated arrhythmias 

mediated by β-AR signaling in vitro and restored β-AR/PDE pattern in the sarcolemma 

in contrast to beneficial effects seen by chronic PDE2 inhibition (Zoccarato et al., 

2015). 
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6. Future Perspectives 
It has been revealed that the target of the cardiotonic drug milrinone, i.e., PDE3A, is 

also decreased in hypertrophy and HF (Abi-Gerges et al., 2009). Apart from regulating 

PLB phosphorylation and thus SERCA2a activity in humans and mice (Ahmad et al., 

2015; Beca et al., 2013), PDE3A1 also acts as a negative regulator of cardiomyocyte 

apoptosis, by controlling the expression of the transcriptional repressor and pro-

apoptotic factor, ICER (inducible cAMP early repressor) (Yan et al., 2007). Inhibition 

of this mechanism in mice with cardiac-specific overexpression of PDE3A1 was 

associated with protection during ischemia-reperfusion (Oikawa et al., 2013). Recently, 

elegantly performed studies at the onset of cardiac hypertrophy were able to show that 

both PDE2A and PDE3A undergo a disease-driven redistribution between various 

subcellular microdomains such as β-AR-associated membrane compartments and the 

SR (Perera et al., 2015; Sprenger et al., 2015), a mechanism by which changes in 

cAMP compartmentation can drastically impact on contractile function, but also 

facilitate the development of better HF therapeutics. In this regard, it would be rather 

interesting to assess the effect of potential PDE3A overexpression against hypertrophy 

and loss of contractility in heart failure models and to, eventually, distinguishing which 

isoform could offer the highest cardioprotection for future clinical practice. This gene 

therapy approach could be also usefully utilised in bigger animal models of HF (dogs 

or pigs) for appropriate extrapolation of results and even be compared to currently 

available β-blockers and assessed as an effective alternative or complementary 

therapeutic strategy. Finally, the concept of up-regulating or overexpressing target 

proteins or enzymes should not be restricted exclusively to gene therapy approaches, 

but rather become broader, even if this means to resort to conventional drug-induced 

solutions, such as the example of PDE4 activators that reduce chronically elevated 

cAMP levels and prevent cyst formation in animal and human cell models of autosomal 

dominant polycystic kidney disease (Omar et al., 2019). 
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8. Appendix  

8.1 Chemical categorization according to GHS 

Chemical H Statement P Statement Hazard 

Pictograms 

Ammonium 

Persulfate (APS) 

272, 302, 315, 317, 

319, 334, 335 

210, 28, 301 + 012 + 

030, 302 + 352, 305 + 

351 + 338 

02, 07, 08 

Ampuwa water    

BAY60-7550    

β-Mercaptoethanol 301 + 331, 310, 

315, 317, 318, 

361fd, 373, 410 

201, 262, 280, 301 + 310 

+ 330, 302 + 310 + 352, 

305 + 310 + 338 + 351 

05, 06, 08, 

09 

Bovine serum 

albumin (BSA) 

   

Bromphenolblue    

2,3-Butandione 

monoxime (BDM) 

302, 312, 315, 319, 

332, 335 

261, 264, 270, 271, 280, 

301 + 312, 302 + 352, 

304 + 312, 304 + 340, 

305 + 338 + 351, P312, 

321, 322, 330, 332 + 

313, 337 + 313, 362, 

363, 403 + 233, 405, 501 

07 

CaCl2 x 2 H2O 319 305 + 351 + 338 07 

Cilostamide    

D-(+)-Glucose    

D-(+)-Saccharose    

Developer 

concentrate 

315, 317, 318, 341, 

351, 400 

273, 280, 305 + 351 + 

338, 310, 333 + 313, 501 

05, 07, 08, 

09 

Dimethyl sulfoxide 

(DMSO) 

   

DMEM    

EDTA 332, 373 260, 271, 304 + 340, 

312, 314, 501 

07, 08 

Ethanol, Ritipuran 

>99.8% p.a. 

255, 319 210, 233, 305 + 351 + 

338 

02, 07 

Ethanol, 70% 255, 319 210, 233, 305 + 351 + 

338 

02, 07 

Fetal Calf Serum 

(FCS) 

   

Fixer concentrate 290, 315, 318 280, 305 + 351 + 338, 

310, 390, 501 

05 

Forskolin 312 280 07 

Glycerol    



ii 
 

Glycine    

HCl, 37% 290, 314, 335 280, 303 + 361 + 353, 

304 + 340, 305 + 351 + 

338, 310 

05, 07 

HEPES    

Insulin-Transferrin 

Selenium (ITS) X, 

100 x 

   

3-isobutyl-1-

methylxanthine 

(IBMX) 

302 313, 301 + 330 + 331 07 

Isoflurane (Forene) 336 261, 271, 303 + 340, 

312, 403 + 233, 405, 501 

07, 08 

KCl    

KHCO3    

KH2PO4 315, 319 264, 280, 305 + 351 + 

338, 321, 332 + 313, 337 

+ 313 

07 

Laminin    

L-glutamine    

Liberase DH 315, 319, 334 261, 264, 280, 285, P302 

+ 352, 304 + 341, 305 + 

351 + 338, 332 + 313, 

342 + 311, 362, 501 

08 

MEM without L-

glutamine 

   

Methanol 225, 301, 311, 331, 

370 

210.3, 270, 280.7, 303 + 

361 + 353, 304 + 340, 

308 + 311 

02, 06, 08 

MgCl2 x 6 H2O    

MgSO4 x 7 H2O    

Milk powder    

Na2HPO4 x 2 H2O    

NaCl    

NaHCO3    

NaN3 300 + 310 + 330, 

373, 410 

262, 273, 280, 301 + 310 

+ 330, 302 + 352 + 310, 

304 + 340 + 310 

06, 08, 09 

NaOH 290, 314 233, 280, 303 + 361 + 

353, 305 + 351 + 338, 

310 

05 

Phosphate-buffered 

saline (PBS) 

   

Penicillin/Streptom

ycin 

302, 317, 361 280, 320 + 352, 308 + 

313 

07, 08 

Phosphatase 

inhibitor cocktail 

 280  

Pierce BCA Protein 

assay kit 
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Table 4.  Chemicals categorized according to Globally Harmonized System 

(GHS) for Hazard Communication. 

 

 

 

 

 

 

 

 

 

Ponceau S solution    

Protease inhibitor 

cocktail 

319 305 + 338 07 

Protein marker V 

peqGold 

   

Sodium dodecyl 

sulfate (SDS) 

315, 318, 335 261, 280, 302 +P352, 

304 + 340 + 312, 305 + 

351 + 338 + 310 

05, 07 

SDS-Solution, 20% 315, H318 305 + 351 + 338 05 

Taurine    

Tetramethylethylen

e diamine 

(TEMED) 

225, 302 + 332, 314 210, 280, 301 + 330 + 

331, 303 + 361 + 353, 

304 + 340 +3112, 305 + 

351 + 338 

02, 05, 07 

Tris-

(hydroxymethyl)-

aminomethan 

(TRIS) 

   

Triton X-100, 10% 

solution 

318 280, 305 + 351 + 338, 

313 

05 

Tween 20    

Trypsin, 2.5% 334 261, 284, 304 + 340, 342 

+ 311, 501 

08 
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Figure 24. Hazard Pictograms according to Globally Harmonized System 

(GHS) for Hazard Communication. Hazard symbols adapted from 

https://www.conceptdraw.com/How-To-Guide/hazard-pictograms. 
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