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Abstract

Cyclic AMP (cAMP) and cyclic GMP (cGMP) are critical second messengers for the
regulation of cardiac function. Intracellular cAMP concentration is regulated by the activities
of at least two families of enzymes: adenylyl and guanylyl cyclases, responsible for cCAMP
and cGMP synthesis and cyclic nucleotide phosphodiesterases (PDEs) that mediate CAMP
and cGMP hydrolysis.

Among the PDE superfamily, PDE2 is a dual substrate enzyme that hydrolyzes both cAMP
and cGMP and has the unique property to be stimulated by cGMP. It was recently showed
that myocardial PDE2 is increased in human and experimental heart failure (HF), while other
PDEs (e.g. PDE3 and PDE4) are reduced. However, the pathophysiological consequences of
enhanced PDE2 activity in the heart are unknown.

In this context, we generated a transgenic (TG) mouse with a heart specific overexpression of
the PDE2A3 isoform (PDE2 TG mouse). Using immunoblotting and radioenzymatic assay we
showed that total cardiac CAMP and cGMP PDE activity and specific PDE2 activity was
strongly increased in PDE2 TG compared to wild type (WT) mice. Sarcomere shortening,
Ca’* transients and the whole L-type Ca** current (Ica.) were recorded in adult ventricular
myocytes from WT and PDE2 TG mice and isoprenaline (ISO) was used to examine and
compare the B-adrenergic (B-AR) response of these parameters. We showed that upon B-AR
stimulation, cell contractility, Ca®* transient and lc,. were severely blunted. Accordingly,
PDE2 overexpression in cardiomyocytes reduced the cAMP levels and abolished the inotropic
effect following acute B-AR stimulation. ECG telemetry in PDE2 TG mice showed a marked
reduction in resting as well as in maximal heart rate, while cardiac output was completely
preserved due to greater contractility. Importantly, PDE2 TG mice were resistant to triggered
ventricular arrhythmias and to isoprenaline-induced arrhythmias.

In conclusion, this work demonstrates that PDE2 plays a critical role in the regulation of
cardiac excitation-contraction coupling. PDE2 overexpression appears to protect the
cardiomyocytes against excessive B-AR drive and reduces the risk of arrhythmias during
sympathetic activation. PDE2 activation may thus represent a new subcellular anti-adrenergic
and anti-arrhythmic therapeutic strategy in HF.

Key words: phosphodiesterase-2, cAMP, cGMP, B-adrenoceptor signaling, arrhythmias



Résumeé

L’AMP cyclique (AMPc) et le GMP cyclique (GMPc) sont des seconds messagers essentiels
pour la régulation de la fonction cardiaque. La concentration de I’AMPc intracellulaire est
régulée par les activités d'au moins deux familles d'enzymes: les cyclases et guanylyl
cyclases, responsable de la synthese de I'AMPc et du GMPc, et les phosphodiestérases (PDE)
qui interviennent dans I’hydrolyse de I'AMPc et du GMPc.

Parmi la superfamille des PDEs, la PDE2 est une enzyme a double substrat qui hydrolyse a la
fois I'AMPc et le GMPc et a la propriété unique d'étre stimulée par le GMPc. Il a été
récemment montré que la PDE2 du myocarde est augmentée dans l'insuffisance cardiaque
humaine et expérimentale (IC), tandis que d'autres (par exemple PDE3 et PDE4) sont
réduites. Cependant, les conséquences physiopathologiques de l'activité PDE2 renforcée dans
le ceeur sont inconnues.

Dans ce contexte, nous avons généré des souris transgénique (TG) avec une surexpression
specifique cardiaque de I’isoforme PDE2A3 (souris PDE2 TG).

Grace a I’utilisation de Western blot et de dosage radioenzymatique nous avons montré que
I'activité PDE AMPc et l'activité PDE GMPc et l'activité spécifique de PDE2 sont fortement
augmentées dans les PDE2 TG par rapport a des souris de type sauvage (WT).

Le raccourcissement cellulaire, les transitoires calciques et le courant calcique de type L
(IcaL) ont été enregistrés dans les myocytes ventriculaires adultes de souris WT et PDE2 TG
et l'isoprénaline (ISO) a été utilisée pour examiner et comparer la réponse p-adrénergique (-
AR) de ces parameétres. Nous avons montré que lors de la stimulation B-AR, la contractilité
cellulaire, la transitoire Ca®* et I’amplitude du courant lc,. sont fortement diminués. En
conséquence, la surexpression de la PDE2 dans les cardiomyocytes a réduit les taux d'AMPc
et abolit I'effet inotrope aprés une stimulation B-AR aigué. L'ECG mesuré par télémétrie chez
la souris PDE2 TG a montré une réduction marquée de la fréquence cardiaque au repos ainsi
que de la fréquence cardiaque maximale, tandis que le débit cardiaque a est entiérement
préservé en raison d'une contractilité plus forte. Fait important, les souris TG PDE2 sont
résistantes a des arythmies ventriculaires déclenchées et a des arythmies induites par
isoprénaline.

En conclusion, ce travail montre que PDE2 joue un role essentiel dans la régulation du
couplage excitation-contraction cardiaque. La surexpression de PDE2 semble protéger les
cardiomyocytes contre une stimulation excessive B-AR et réduit le risque d'arythmie lors de
I'activation sympathique.

L activation de la PDE2 peut donc représenter une nouvelle stratégie thérapeutique anti-
adrénergique et anti-arythmique subcellulaire dans 1’insuffisance cardiaque.

Mots clés: phosphodiestérase-2, AMPc, GMPc, signalisation p-adrénergique, arythmies
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I. The heart

1.1 Anatomy of the heart

The heart is an organ in human and other animals, which pumps blood through the blood
vessels of the cardiovascular system. Blood provides the body with oxygen and nutrients and
takes part in removal of metabolic wastes. The human heart beats about 2.5 billion times
during average lifetime and pumps about 300 millions liters of blood. Depending on the
individual body’s needs, the heart can vary its output between 5 and 20 liters per min. The
heart is located in the middle compartment of the chest directly under the breastbone and is
composed mainly of cardiac muscles attached to network of collagen fibers. The mammalian
and bird heart is divided into four compartments: upper left and right atria; lower left and
right ventricles (Figure 1). The right atrium and ventricle are separated from the left atrium
and ventricle by a wall, called septum. Blood low in oxygen enters the right atrium from
superior and inferior vena cava and passes to the right ventricle. Oxygenated blood returns to
the left ventricle through the left atrium and is pumped out through the aorta and pulmonary
artery. To prevent the heart from blood backflow, the heart has valves that close
automatically. The valve between the right atrium and right ventricle is named the right
atrioventricular valve (AV) or tricuspid valve. The valve between left atrium and left ventricle
is called the mitral valve. When blood returns from the tissues, fills the atria, as atrial pressure
increases above that of the ventricles, the valves open, filling the ventricles with blood. As the
ventricles contract, blood is forced back against the valve, pushing them closed. The valve
between the left ventricle and the aorta is named the aortic valve. During the left ventricle
(LV) contraction (systole), pressure rises in the left ventricle. When the pressure in the LV
rises above the pressure in the aorta, aortic valve opens and allows blood to exit the LV. The
valve between the right ventricle (RV) and the pulmonary artery is named the pulmonary
valve. Pulmonary valve opens in ventricular systole, when the pressure in RV rises above the
pressure in the pulmonary artery. At the end of ventricular systole, the pressure in the

pulmonary artery closes the pulmonary valve.

Each beat starts in sinoatrial (SA) node localized in the posterior wall of the right atrium. The
action potential in the SA node is initiated by depolarizing ion channel and pump currents,
and is conducted to the adjacent atrium resulting in atrial contraction. The action potential is
then conducted directly to the atrioventricular (AV) node. From the AV node the action

potential spreads to the AV bundle. Fibers of the AV bundle branch out forming Purkinje

14



fibers. When an impulse reaches the ends of the Purkinje fibers, ventricular muscle contracts
(Anon, n.d.).

Inferior
vena cava

Figure 1: Anatomy of the heart.
Section through the human heart showing the atria, ventricles, valves and circulatory system.
(Modified from http://www.texasheart.org)

1.2 Cardiac excitation-contraction coupling

Cardiac excitation-contraction coupling (ECC) is the process by which electrical stimulation
of the cardiomyocytes leads to the heart contraction. Ca®* ions play an important and essential
role in this process acting as second messengers, direct activators of the myofilaments during

contraction.

1.2.1 Structures involved in cardiac ECC

1.2.1.1 Sarcomere and T-tubules

A sarcomere is the basic unit of striated muscle (Figure 2). Highly ordered organization of
striated muscle is essential for fast development of force and motion during the heart
contraction. In the sarcomeres, the contractile filaments such as actin and myosin are
integrated in paracrystalline order by a group of proteins called sarcomeric cytoskeleton. This
group of cytoskeletal proteins plays important architectural, mechanical and signaling roles

(Gautel & Djinovi¢-Carugo, 2016).
15



Thick filament Troponin
Tropomyosin

Thin filament

M-line¢

MyHC myBP-C
head

I-band i A-band I-band i

C-zone H-zone C-zone

Figure 2: Schematic structure of a sarcomere.

Tropomyosin forms a-helical double strands located along the grooves of actin double
strands. Troponin is linked to the specific regions of each tropomyosin in the regular intervals
of 38 nm. Myosin heavy chain (MHC) is a protein containing globular head domain with actin
binding and ATP hydrolytic sites. Myosin-binding protein C (MyBP-C) is a thick filament
which forms 7-9 transverse stripes at a regular distance of 43 nm located in the C-zone of the
sarcomere A-band. Titin is the third myofilament located in Z-disc and M-line (Morimoto,
2008).

The transverse tubules (T-tubules) are invaginations of external membrane of skeletal and
cardiac muscle and allow depolarization of the membrane to quickly penetrate to the interior
of the cell (Orchard & Brette, 2008). The transverse T-tubules of mammalian ventricular
cardiomyocytes were first time described by Lindner in 1957 (Lindner, 1957) and the first
report of axial T-tubules was done in 1971 (Sperelakis & Rubio, 1971). The transverse
tubules are rich in ion channels. Most of the Ca®* ions enter the cell via Ca*" channels located
in the T-tubular network. The T-tubules are not just involved in Ca®* influx, but also in Ca®*
extrusion and the Na/Ca*" exchanger (NCX) is also highly expressed in the T-tubules. In
addition, the SR Ca** ATPase is highly expressed in the proximity of the T-tubules, indicating
that the greater importance of Ca®" extrusion is close to the Ca?* influx pathway at the T-
tubules (Ibrahim et al., 2011). In rat ventricular cardiomyocytes T-tubules represent 3.6% of

cellular volume and up to 64% of total sarcolemma (Soeller & Cannell, 1999). It seems that
16



there is a relation between heart rate and density of T-tubule network. In large animals (e.g
pigs) T-tubules density is lower than in small mammals (e.g. mice) which have higher heart
rate than bigger mammals. The explanation of this occurrence is that the Ca** homeostasis
(increase and decrease of cytosolic Ca®") appears faster in animals with higher heart rates
(Orchard & Brette, 2008).

1.2.1.2 Sarcoplasmic reticulum

The sarcoplasmic reticulum (SR) is a system of membrane-bounded tubules that surrounds
muscle fibrils, first time described by Bennett and Porter and Palade (Bennett & Porter, 1953;
Porter & Palade, 1957). The main role of SR is to keep balance between Ca”" storage, release
and reuptake in skeletal and cardiac muscle. This balance is achieved through three major

classes of SR Ca?*-regulatory proteins:

1) luminal-Ca®* binding proteins, e.g. calsequestrin, involved in Ca* storage;
2) SR Ca* release channels, e.g. ryanodine receptors and 1P3 receptors, for Ca®* release;

3) sarcoplasmic reticulum Ca**-ATPases type 2 (SERCA2) for Ca®* reuptake (Rossi &
Dirksen, 2006).

Mammalian SR can be arranged into at least three structural and functional elements:
longitudinal or “free” SR (fSR), the junctional SR (jSR) and corbular SR (cSR). The
longitudinal network is the part of the SR membrane where Ca®* is pumped into the SR via
SERCA2. Both jSR and cSR consist of functional clusters of RyRs or ‘Ca’* release units’
(CRUs). CRUs are localized in the proximity to LTTCs and activated by Ca®* influx from
LTCCs, causing Ca?* sparks to produce global Ca?* signals.

cSR is located in ventricular myocytes but is less important than in atrial myocytes. cSR can
play a role as a secondary Ca** amplification system in response to Ca®* diffusion from jSR
release (Shiels & Galli, 2014).

1.2.1.3 Myofilaments

The sarcomere is the principal element of the muscle (Figure 2). This repeating unit

dominates the anatomy of striated muscles. Each sarcomere is bound by two Z-discs (forming

the Z-lines), two I-bands that are regions surrounding the Z-lines, and an A-band between the

two I-bands, which is composed of one H-zone and tow C-zones. The Z-line

(Zwinschenscheibe) appears as a sequence of dark lines and anchors the actin thin fiber from

adjacent units. The A-band (anisotropic) is the region containing the full length of a single
17



thick filaments. Within the A-band is a brighter region, the H-zone (heller). Within the H-
zone is the M-line (Mittelscheibe) formed of components of sarcomeric cytoskeleton (Hwang
& Sykes, 2015). Without an external force, passive sarcomere length of cardiac myocytes is
about 1.9 um (Granzier & Labeit, 2004).

Thick filaments are composed of 300 to 400 molecules of myosin. Myosins are actin-
dependent motor proteins using energy going from ATP hydrolysis to move along actin
fibers. The family of myosin consists partially of 20 structurally and functionally different
classes and in human genome nearly 40 myosin genes are expressed and encoding 12 classes
of proteins. Most myosins are composed of three different regions: 1) NH, head domain
binding actin and hydrolyzing ATP, 2) neck domain consisting of one or more 1Q motifs
binding light chains (binding e.g. calmodulin), 3) COOH-terminal tail mediating interactions

with cargo molecules and/or dimerization of heavy chains (Krendel & Mooseker, 2005).

The thin filament group is composed of three molecular units: F-actin, tropomyosin and
troponin (Robertson et al., 2010). Actin was discovered for the first time in 1942 by Straub
(Straub, 1942). A major component of the thin filament is the fibrous form of actin, F-actin.
Actin occurs as dynamic equilibrium between polymerized F-actin and monomeric G-actin.
One adenosine nucleotide strongly binds to actin and polymerization that occurs during
transition from G to F-actin activates ATPase (Oda et al., 2009). Troponin is a protein
complex composed of troponin C (TnC), troponin I (Tnl) and troponin T (TnT). Troponin C is
a Ca**-binding protein containing two E-F hand motifs in terminal domains. The C-terminal
domain of ¢cTnC binds 2 cations, Mg®* or Ca®*, during the contraction-relaxation cycle of the
heart. Troponin | interacts with F-actin and inhibits contraction. Troponin T is a scaffold
protein that tethers troponin to the thin filament by association with tropomyosin and Tnl
(Robertson et al., 2010).

1.2.1.4 Mitochondria

Mitochondria are cytosolic double-membrane bound organelles called ‘powerhouse’ of the
cell because they generate most of the cell’s energy supply. In addition, mitochondria play an
important role in ion homeostasis, redox signaling, apoptotic and necrotic cell death and
control of cell growth and cell cycles. In cardiomyocytes, mitochondria represent about 35%
of total cell volume and they are localized in the proximity to the main sites of energy
consumption: the myofilaments and SR SERCAZ2. Mitochondria participate in ECC with their

ability to maintain cellular pools of ATP, phosphocreatine and NADH, they also store Ca**
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and shape the cytosolic Ca** signal. The mitochondrial inner membrane is rich in systems of
channels and transporters for Ca®* uptake and removal that allows to stock Ca?* ions in the
mitochondrial matrix compartment (Maack & O’Rourke, 2007).

Under physiological conditions, glucose is converted to pyruvate which enters mitochondria
and is converted into acetyl-coenzyme A (CoA) by pyruvate dehydrogenase complex (PDC).
Fatty acids are transformed to fatty acyl-CoA and carnitine-acyltranslocase is responsible for
transporting fatty acid across the inner mitochondrial membrane. Acyl-CoA enters B-
oxidation, resulting in the formation of NADH and FADH,. NADH is involved in redox
reactions in the inner mitochondrial membrane transporting electrons from one reactions to

another. The respiratory chain provides the free energy for the ATP generation from ADP.

Mitochondria are important for cell contraction and relaxation because of their efficient
machinery for Ca®* transport and ability to store Ca®*. Cardiac contraction is regulated by an
elevation of cytosolic Ca** ([Ca*'];). The main mechanism of Ca* efflux in mitochondria is
Na*-dependent via mitochondrial Na*/Ca?* exchange (MNCX). This antiporter utilizes the
Na* gradient across the inner membrane. The second way of Ca®* extrusion is via the
mitochondrial permeability transition pore (mPTP). This mechanism is based on strong
increase in the permeability of the inner mitochondrial membrane to ions with molecular mass
up to 1.5 kDa. mPTP is regulated by high concentration of Ca®* in the matrix, oxidative stress
and depolarization (Dedkova & Blatter, 2013).

Relaxation occurs upon removal of Ca®** ions from cytoplasm via: 1) SERCA2, 2)
sarcolemmal NCX, 3) sarcolemmal Ca-ATPases, and 4) mitochondrial Ca®* uptake.
Mitochondrial Ca®* uptake involves the mitochondrial Ca?* uniporter (MCU), a rapid mode of
Ca’* uptake (RaM), the mitochondrial ryanodine receptor type 1 (mRyR1) and a recently
described leucine-zipper-EF-band-containing transmembrane protein 1 (LETM1). All
channels involved in Ca** uptake are localized to the inner mitochondrial membrane. The
most known mechanism of Ca?* uptake is via MCU forced by the large electrochemical
gradient. MCU is regulated by several cations, lanthanides, adenine nucleotides and

ruthenium compounds (Dedkova & Blatter, 2013).

1.2.2 Excitation
Each beat of the heart is initiated by a pulse of electrical excitation in a group of pacemaker
cells. This electrical pulse is initiated by the electrochemical gradient in the surface membrane
of each cardiomyocyte. During rest (diastole), the cell membrane is selectively accessible to

K" ions, so the membrane potential of ventricular cardiomyocyte is about -80 mV, close to
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equilibrium potential of K* ions (-90 mV). During electrical excitation, the cell membrane
starts to be permeable to Na* ions, the opening of Na" and Ca®" channels brings positive
charges inside the cell which leads to depolarization of the membrane potential towards
positive values (40 mV or more). Each cell behaves like a dipole and the electrical membrane
potential of a cell rapidly rises and falls. The resulting electrical signal is called ‘action

potential’ (Marbén, 2002).
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Figure 3: The movement of Ca®" in ventricular myocytes with the key ion channels and
pumps.

The graph shows the time course of an action potential, Ca”* transient and contraction in a
rabbit ventricular myocytes. Ca, Calcium; NCX, Na*/Ca®* exchange; ATP, ATPase; PLB,
phospholamban, SR, sarcoplasmic reticulum, RyR, ryanodine receptors. (From: (Bers, 2002)).

During the cardiac action potential Ca®* enters the cell through depolarization-activated L-
type Ca®* channels (LTCC) generating an inward L-type Ca®* current (lcaL)- ca’* entry
activates adjacent ryanodine receptors (RyRs) to release further Ca®* from the SR where it is
stored. The combination of Ca?* influx via lc,. and ‘Ca®*-induced Ca?*-release’ (CICR) from
the SR raises cytosolic Ca’* concentration, allows Ca** to bind to the myofilament protein

troponin C and initiates contraction (Figure 3) (Bers, 2002).
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1.2.3 Contraction
Molecular mechanism of contraction based on the sliding filament theory was described first
time by Huxley in 1954 (Huxley & Hanson, 1954). This theory is based on cyclic interactions
between myosin and actin driven by hydrolysis of ATP. Contraction of muscle appears when
the thin filaments (actin) slide past the thick fibers (myosin). The crossbridge hypothesis is
used to explain this process: it states that actin and myosin filaments create a protein complex,
forming a sort of cross-bridge between the two filaments. The myosin head possesses an
ATPase activity that allows to convert chemical energy in the form of ATP to mechanical

energy, generating force and movement.

Myosin head
(high-energy
configuration)

@ Myosin head attaches to the actin
myofilament, forming a cross bridge.

Thin filament

33212
TATP N, ADP' Thick filament
‘hydrolysis/

(@ As ATP is split into ADP and P,, the myosin @ Inorg (P) in the
head is energized (cocked into the high-energy P! C cycle is g
conformation). the power (working) stroke. The myosin head
pivots and bends as it pulls on the actin filament,
sliding it toward the M line. Then ADP is released.
Sz Myosin head -
9 AT'? & (low-energy
B configuration)
_——

@ As new ATP attaches to the myosin head, the link between
myosin and actin weakens, and the cross bridge detaches.

Figure 4: Molecular mechanism of muscle contraction.

In presence of ATP, ADP and Pi are located in the head of myosin. Actin binding to myosin
releases ADP and Pi initiating the power stroke resulting in movement of myosin along the
thin filament. The cycle is stopped in the absence of ATP. New ATP binds to myosin
decreasing its affinity to the actin filament. Separation of myosin and actin results in ATP
hydrolysis to ADP and Pi and new cycle starts.

The contraction cycle begins with myosin tightly bound to actin. This interaction activates the
myosin ATPase and the energy generated from the hydrolysis of ATP to ADP+Pi (inorganic
phosphate) is rapidly converted to mechanical force resulting in movement of myosin along
the thin filament by about 5 nm. The products of hydrolysis (ADP+Pi) remain bound to the
myosin head. Myosin head rebinds at a new position on the thin filament resulting in the

release of ADP+Pi producing the ‘power stroke’ in which the myosin head comes back to the
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initial conformation sliding the actin filament toward the M line of the sarcomere (Figure 4).
The contraction of cardiac muscle occurs when Ca®* concentration increases in the cytosol
from approximately 107 to 10° M. The increasing Ca** concentration gives a signal for
contraction via the action of two proteins: tropomyosin and troponin that bind to the actin
filaments. Each tropomyosin is bound to troponin formed of troponin C, troponin | and
troponin T. The complex of tropomyosin with troponins blocks the interaction of myosin with
actin when the concentration of Ca’* in the cytosol is low preventing muscle contraction. At
high concentrations, Ca®* binds to troponin C and this leads to conformational changes in the

complex resulting in contraction (Cooper, 2000).

1.2.4 Relaxation

Relaxation to occur requires a reduction in cytosolic Ca** level, allowing Ca** to dissociate
from troponin. This process involves Ca®* transport out of the cytosol by the following
pathways: 1) SR Ca?*-ATPase type 2 (SERCA), 2) sarcolemmal Na‘/Ca?* exchange (NCX),
3) sarcolemmal Ca**-ATPase and 4) mitochondrial Ca** uniport (MCU). The sarcolemmal
NCX and sarcolemmal Ca**-ATPase transport Ca?* out of the cell, SERCA2 allows to restore
SR Ca’* reserve and mitochondrial Ca®* uniport allows the passage of Ca** from a the cytosol
into the mitochondrial matrix. To keep steady state conditions in the cell, during each action
potetial, Ca?* influx must be balanced by Ca®* efflux (Bers, 2002). However, the importance
of the different pathways for Ca®* extrusion varies among species. In rabbit ventricular
cardiomyocytes, SERCAZ is responsible for removing 70% of Ca®* ions, while NCX removes
28% and MCU only 1%. In rat and mouse ventricular myocytes, the activity of SERCA2 is
higher than in rabbit cells (~92%), while the activity of NCX is lower (~7%).

1.3 Regulation of ECC

The force of cardiac contraction is regulated by intrinsic way as an interplay between length-
dependent changes in cardiac function and changing myocardial contractility (Starling’s ‘law
of the heart’ and ‘Family of Starling Curves’). Heart can be also regulated via the autonomic

nervous system.

1.3.1 Frank-Starling law
The principal mechanism represented by the Frank-Starling law is based on intrinsic property
of myocardium by which increased ventricular volume results in increased performance
during contraction. In other words, increasing volume of blood stretches the ventricular wall
causing cardiac muscles contracting more forcefully. The stretching of the muscle filaments

increases cardiac contraction by augmentation the Ca®* sensitivity of the myofilaments.
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Increase in Ca* sensitivity leads to a greater number of actin-myosin crossbridges. The force
that any single cardiac filament develops is proportional to the initial sarcomere length.
Larger or smaller sarcomere length than the optimal values will decrease the force of the

muscle contraction.

1.3.2 Neurohormonal regulation of heart function
Even if the heart possesses a special contractile protein-machinery that allows to generate
mechanical force, the force and rate of contraction are regulated by the autonomic nervous

system, namely the sympathetic system and parasympathetic system (Figure 5).
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Figure 5: Autonomic regulation of the heart.

The diagram shows the two nervous systems that regulate heart rate and force of contraction.
In green, the sympathetic nervous system; in blue, the parasympathetic nervous system. ACh,
acetylcholine, Ad, adrenaline, NOR- noradrenaline (Modified from thesis of Nolwenn Merlet,
http://www.sudoc.abes.fr/DB=2.1/SRCH?IKT=12&TRM=159710308 ).

The parasympathetic nervous system decreases heart rate through release of the
neurotransmitter acetylcholine (ACh) that raises the threshold for spontaneous action potential
generation. In contrast, the sympathetic system increases the rate and force of contraction

which is mediated through release of catecholamines like adrenaline (Ad) and noradrenaline
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(NOR). This leads to the sinoatrial node (SAN) stimulation and increase in firing rate of
action potentials (AP) (Soni et al., 2014).

The sympathetic and parasympathetic nervous system comprises a great number of molecular
components like second messengers: CAMP, cGMP, inositol trisphosphate (IP3),
diacylglycerol (DAG), which leads to phosphorylation and dephosphorylation of many
proteins involved in ECC: LTCCs, RyRs, PLB that regulates the activity of SERCA2, and
contractile proteins: Tnl and MyBP-C. These signaling pathways predominantly involve a-
and B-receptors, which are activated by catecholamines that bind to extracellular sites of

various isoforms of GPCRs.

I1. Cyclic AMP signaling in the heart

Cyclic AMP was the first discovered second messenger. CAMP was identified by Earl
Sutherland in 1958 (Rall & Sutherland, 1958) who won a Nobel Prize in Physiology and
Medicine in 1971 for his discovery regarding the mechanisms of action of hormones via
second messengers, mainly CAMP.

Cyclic AMP plays a very important role in the cellular response to many hormones like
glucagon or adrenaline and neurotransmitters that cannot pass through the plasma membrane.
Cyclic AMP is strongly involved in modulating the contractile function of cardiac muscle by
activation of cyclic AMP-dependent protein kinases (PKA) which are responsible for

phosphorylation of key proteins in E-C coupling.

Intracellular cAMP concentration is regulated by the activities of at least two enzymes:
adenylyl cyclase (AC) responsible for cAMP synthesis and cyclic nucleotide
phosphodiesterases (PDEs) responsible for cAMP degradation (Fimia & Sassone-Corsi,
2001).

11.1 G-protein coupled receptors (GPCRs)

B-adrenergic receptors are a class of G protein-coupled receptors (GPCRs). GPCRs play an
important role in the regulation of the cardiovascular system by interactions with hormones,
neurotransmitters and growth factors (Tang & Insel, 2004). GPCRs are known also as a

superfamily of the seven-transmembrane (7TM) receptors. [B-adrenergic receptors possess
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seven transmembrane a-helices (7TMH) connected with intracellular and extracellular loops.
The extracellular region (EC) of receptor is responsible for ligand binding and the
intracellular (IC) region of receptor is a place of interactions with G-proteins, arrestins and

other downstream effectors (Latek et al., 2012).

Ga effectors Gy effectors

Figure 6: GPCR-mediated G-protein activation.

The diagram shows GTPase cycle in three steps: 1) The interaction between a cell surface
receptor with endogenous ligand promotes the coupling of receptor with intracellular
heterotrimeric G protein, 2) The receptor-G protein coupling leads to the exchange of GDP
for GTP, 3) Ga—GTP subunit dissociates from GPy and receptor, both units are ready to
modulate the activity of intracellular effectors. Termination of signal occurs when GTP is
removed from Ga subunit by the GTPase activity of Ga subunit (Cabrera-Vera et al., 2003).

The cellular or physiological response mediated by a GPCR requires interactions of the
receptor with heterotrimeric guanine nucleotide-binding proteins (G proteins). G-proteins are
composed of three units: a, B and y. In inactive state, GDP is bound to Go subunits. During
receptor activation GDP is released and GTP binds to o subunit. Ga-GTP dissociates from
receptor and GPy subunit. Then, both Ga-GTP and Gy are ready to activate or inhibit
downstream effectors of signaling pathway (Figure 6) (Cabrera-Vera et al., 2003).

11.2 p-adrenergic receptors
B-adrenergic receptors (B-ARs) belong to the superfamily of GPCRs and their stimulation by
sympathetic nervous system or circulating catecholamines is implicated in metabolic

regulation, peripheral blood circulation, central neural activities and muscle contraction.
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In the heart, acute B-AR stimulation is the most powerful mechanism of cardiac output
regulation in response to a flight-or-fight situation. Chronic B-AR stimulation is part of
physiological and pathological heart remodeling. Three subtypes of receptor are expressed in
cardiac myocytes: Bi1, B2, B3, where B; and B, play a dominant role in ECC (Woo & Xiao,
2012).

B1-AR is the predominant receptor subtype in the mammalian heart. In general, the ratio B1:B2-
AR is around 70%:30% in the atria and 80%:20% in the ventricles (Brodde et al., 2006).

B-ARs are involved in many different signaling pathways (Figure 7). Bi-AR is the main
expressed receptor in healthy cardiomyocytes. ,-ARS are overexpressed in the failing heart,
while the expression of Bi-AR is decreased. Both B;- and B,-AR pathways involve the
stimulatory G proteins (Gag) leading to increase in contractility. f,-ARS can interact also with
inhibitory G-proteins (Ga;) pathway opposing the positive inotropic effects and activating a
cell survival pathway. The expression of B3-ARs is very low in the healthy heart, but B3-ARs
are upregulated in heart failure (HF) and exert both positive and negative inotropic effects in
the failing hearts (Najafi et al., 2016).
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Figure 7: B-adrenergic signaling pathway.
The diagram shows pathways activated by p-adrenergic receptor subtypes and their
physiological effects (inspired by (Steinberg, 1999)).
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11.2.1 B;-adrenergic receptor

B1-ARs are the most studied subtype of B-ARs. Bi-ARs are located on the surface of
cardiomyocytes. They are involved in the production of cCAMP. cAMP activates exchange
proteins directly activated by cAMP (Epac) and PKA. This leads to phosphorylation of key
proteins of ECC: LTCCs, phospholamban (PLB), ryanodine receptors (RyR), Troponin T and
I, resulting in positive inotropic, chronotropic and lusitropic effect (Fu & Xiang, 2015).
However, previous studies showed that f1-AR stimulation increases activity of phosphatidyl
inositol 3-kinase (PI3K) via Gas and GPy proteins in adult rat cardiomyocytes. Increased
PI3K activity negatively regulates 1-AR mediated contractile response. This leads to a
decrease in Icy and intracellular Ca*" without phosphorylation of myofilaments involved in
EC coupling. The PI3K-dependent inhibition of f1-AR can be implicated in agonist-induced
desensitization of receptor and can lead to HF (Leblais et al., 2004).

Chronic stimulation of B1-ARs by catecholamines exerts a toxic effect on the heart. Mouse
model with overexpression of human f;-ARs showed a presence of early hypertrophy and

interstitial fibrosis with decrease in cardiac function. f;-ARs mediate pro-apoptotic signalling



via PKA and Ca*" calmodulin-dependent protein kinase (CaMKII), but the role of PKA in
apoptotic pathway is not well known (Baker, 2014).

The second mouse model showing Bi-AR-induced toxicity is a model lacking B1-ARs. This
study showed that B;-ARs are involved in catecholamine induced increase in contraction and
stimulation of B1-ARs activates CaMKII signaling pathway. In addition, mice leaking B;1-ARS
showed preserved cardiac function after myocardial infarction (Yoo et al., 2009).

11.2.2 B,-adrenergic receptors
While B1-ARs are the predominant subtype of B-AR in the heart, B,-ARs are expressed in
many cell types: mainly in cardiac myocytes and vascular and pulmonary smooth muscle
cells, where they are responsible for the regulation of inotropy, chronotropy, vasodilation and
bronchodilation. In the heart, B2-ARs similar to f;-ARs promote cCAMP production resulting
in positive inotropic and chronotropic effect (Taylor & Bristow, 2004).

Stimulation of B,-ARs produces different effects than B;-AR stimulation. In contrast to [1-
ARs which lead to a rather uniform distribution of cCAMP (Fu et al., 2013), B,-AR-mediated
production of cAMP is highly localized (Nikolaev et al., 2006). B,-ARs are specifically
concentrated inside caveolae(Rybin et al., 2000; Xiang et al., 2002). cAMP production upon
B2-AR stimulation is limited by phosphodiesterases (PDEs) (Jurevicius et al., 2003; Nikolaev
et al., 2006). The compartmentation of B-AR signaling defines the spatial activation of PKA
anchored through A kinase anchoring proteins, thus p,-ARs activate a specific pool of PKA,
which is localized in the close proximity to protein targets (Dodge-Kafka, 2006). f,-ARs form
a complex with L-type Ca®" channels, G proteins, caveolin and AKAPs, PKA and
phosphatases like calcineurin and phosphatase 2A (Davare et al., 2001). This complex
provides the specificity, efficacy and rapidity of Ca®* channels modulation (Flynn & Altier,
2013).

Study on mouse model with overexpression of the human f,-AR shows markedly elevated
myocardial relaxation and reduced PLB protein level without changes in SR Ca®* or
calsequestrin (Rockman et al., 1996). Another study shows that f,-AR overexpression does
not change contractile parameters and has no effect on mortality in B,-AR transgenic model
(Milano et al., 1994). The second animal model used to study function of f,-ARS is a mouse
model with B,-AR deletion. Targeted deletion of B,-ARS in mice has no significant effect on
resting heart rate, blood pressure or cardiac output. Also, left ventricular functional response
to exercise remains unchanged. During exercise on treadmill B, knockout mice exercised for a

longer time than wild-type littermates without significant difference in heart rate responses to
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exercise. B2 knockout mice became hypertensive; hypertension was probably associated with

peripheral vasoconstriction (Bernstein, 2002).

In addition, B,-AR stimulation, in contrast to B;-AR stimulation, has anti-apoptotic effect and
B.-ARs are important regulators during chronic activation of the adrenergic system. This
difference between B; and B»-AR stimulation can be explained by the interactions of f2-ARS

with inhibitory G proteins (Daaka et al., 1997).

11.2.3 Bs-adrenergic receptors
B3-AR mRNA was detected in the human heart but with much lower expression than f3; and
B2-ARs (Michel et al., 2010). Bs-ARs were first characterised in 1989 (Emorine et al., 1989).
Most studies focused on B3-AR function in adipose tissue. In contrast to B; and B,-ARs, the
gene coding the B3-AR has introns (Gauthier et al., 2000). The structure of B3-AR shows only
51% identity with B1-ARs and 46% with B,-ARs (Imbrogno et al., 2015). In mammalian
cardiovascular system, B3-AR is expressed in the myocardium and the coronary microarteries
(Dessy et al., 2004). In the mammalian heart, B3-ARs are more expressed in atrial cells than in
ventricular myocytes (Moniotte et al., 2001). In human ventricular myocytes, P3-ARS
stimulation produces negative inotropic effect associated with increase in intracellular cGMP
after activation of nitric oxide synthase (NOS) by inhibitory G proteins (Gauthier et al., 1996,
1998). While in human atrium, fs-ARs activation is either ineffective (Christ et al., 2011) or

exerts a positive effect on Ic, . and contractility (Skeberdis et al., 2008).

In contrast to B1 and PB2-ARs, the selectivity of ligands for B3-ARS is less clear. It was shown
that B3-ARs in the human heart has higher affinity for noradrenaline than adrenaline. Well
known antagonists for B; and B2-ARs like propranolol, atenolol, pindolol, etc. bind also to PBs-

ARs, but with much lower affinity (Imbrogno et al., 2015).

Bs-ARs seems to be upregulated in human HF, while ;1 and B,-ARs are downregulated or
desensitized. It can be a compensatory upregulation of P3-ARs to avoid further myocyte
damage. In addition, B3-ARs upregulation can act on vessel tone resulting in decrease in the

peripheral vascular resistance and the afterload of failing hearts (Gauthier et al., 2000).

11.2.4 Desensitization of p-adrenergic receptors
Desensitization is a process of loss of receptor responsiveness induced by long term exposure

to catecholamines. This process can be ‘agonist-specific’ or ‘agonist non-specific’.
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Agonist non-specific desensitization (Figure 8A) is mediated by phosphorylation of B-ARS by
PKA, protein kinase C (PKC) and G protein-coupled receptor kinase (GRK) on the plasma
membrane of the cardiomyocytes. PKA and PKC-mediated phosphorylation of B-ARs directly
leads to conformational changes of receptor and prevents the interactions with G proteins and

further signal transduction.

The agonist-specific desensitization of B-ARs (Figure 8B) is initiated by phosphorylation of
six members of GRK. GRK family is composed of three subfamilies: 1) rhodopsin kinases
(GRK1 and 7), 2) B-AR kinases (GRK2 and 3), 3) GRK4 subfamily (GRK4, 5 and 6) (Najafi
et al., 2016). GRK 2, 3 and 5 are expressed in the heart. GRK 5 is a membrane associated
form and GRK 2 and 3 are mainly localized in the cytoplasm. It has been shown that
correlation between hyperactive sympathetic nervous system and B-ARS desensitization is
linked mainly to elevated GRK2 expression (Huang et al., 2011). Study with GRK2 knockout
mice showed that mice died early during embryonic period, because of HF and hypoplasia,

suggesting that GRK2 plays a fundamental role in cardiac development (Jaber et al., 1996).

In both mechanisms of desensitization, p-ARs phosphorylation promotes binding to f-
arrestins (Najafi et al., 2016). B-arrestins are small family of proteins that block interactions
between B-ARs and G proteins preventing further signaling. p-arrestins use mechanism that
involve PDEs which degrade the second messenger, cAMP. B-arrestins interact with PDE4
type D (Baillie et al., 2003). This interactions of B-arrestins with PDE4D decreases a local
pool of cCAMP and leads to loss of cCAMP-induced activation of PKA resulting in reduction of
downstream effects of PKA on cell contractility, motility and transcription (Najafi et al.,
2016).

In contrast to B; and P,-ARs, B3-ARs are lacking in PKA and GRK phosphorylation site
resulting in resistance to short-term agonist-specific desensitization (Rozec & Gauthier,
2006).
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Figure 8: Regulation of B-AR desensitization by GRK and p-arrestins.

A) Receptor activation is followed by binding of GRK2 and Gy to the receptor f-AR. The
activity of GRK2 can be increased by protein kinase A (PKA), protein kinase C (PKC) and c-
Src. GRK2 activity can be decreased by phosphorylation by Erk1/2 or its binding to
Ca®*/calmodulin (CaM), B) B-AR activates the effector, adenylyl cyclase (AC) to produce
cAMP. After phosphorylation of receptor by GRK, [-arrestin binds to the receptor,
translocating PDE4 with it. This places PDE4 on the membrane, reducing local pool of cAMP
and prevents further signaling (modified from (Kohout & Lefkowitz, 2003)).

11.3 Adenylyl cyclases

Adenylyl cyclases (ACs) are enzymes that catalyze cAMP synthesis. In mammals, ACs exist
as transmembrane adenylyl cyclases (tmACs) or soluble adenylyl cyclases (SAC) anchored at
various locations within the cell forming with PDEs local cAMP signaling pool . In mammals,
nine isoforms of tmAC exist and they differ in their patterns of expression and regulatory
properties (Table 1) (Hanoune & Defer, 2001).

AC enzymes catalyze reaction of intramolecular cyclization of ATP to CAMP with release of
pyrophosphate (Steegborn, 2014). All nine isoforms of tmACs are composed of two catalytic
domains, C1 and C2, in a single protein chain. Catalytic domains are located downstream of a
six membrane helices (M1 and M2) forming pseudoheterodimer, where C1 and C2 domains

have low affinity to each other.
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Group Isoform Activators Inhibitors Tissue Distribution
1 AC1 Gso, FSK, Ca*/CaM | Gio, GBy, CaM kinase Brain, retina
IV, P-site analogs
AC3 Gsa, FSK, Ca**/CaM | CaM kinase I1, P-site Olfactory neurons, brain
analogs
ACS8 Gsa, FSK, Ca**/CaM P-site analogs Brain
2 AC2 Gsa, FSK, GBy, PKC P-site analogs Brain, olphactory bulb
AC4 Gsa, FSK, GBy P-site analogs Kidney, brain, liver
AC7 Gsa, FSK, GBy, PKC P-site analogs Heart>brain>kidney,
testis, liver
3 AC5 Gsa, FSK, PKC, Gio, PKA, GBy, Ca”, Brain>heart
PKCC P-site analogs
AC6 Gso, FSK Gio, PKA, PKC, Heart>brain>kidney,
Ca?*, P-site analogs testis, liver
4 AC9 Gsa Calcineurin, P-site Skeletal muscle, brain,
analogs lungs, liver

Table 1: Classification of mammalian tmACs following their regulation by endogenous
modulators and tissue expression (Pavan et al., 2009).

Gsa: G stimulatory-protein a subunit, FSK: forskolin, GBy: G-protein By subunit, PKC:
protein kinase C, CaM: calmodulin, Gia: G inhibitory-protein o subunit, PKA: protein kinase
A, PKC: protein kinase C.

Mammalian C1 and C2 domains are located a head to tail by antiparallel coupling forming
two distinct pockets at the interface. One pocket binds ATP and is a place where cyclization
occurs. The second pocket is non-catalytic and is the site for forskolin binding. The
cyclization reaction requires four residues. Two aspartate residues are located in C1 domain
and bind two Mg®" ions, two other residues, arginine and asparagine, are located in the C2
domain (Linder & Schultz, 2008).

Mammalian sAC contains two heterologous catalytic domains (C1 and C2) located in the
amino terminus of the protein. C-terminus of SAC consists of an auto inhibitory region,
canonical P-loop and leucine zipper sequences. Similarly to tmACs, SAC binds two metal
cations in the catalytic site, which are responsible for ATP binding and cyclization. sAC is
most active in the presence of Mn?* and in contrast to tmACs, activity of SAC is insensitive to

G proteins and forskolin, but can be modulated by Ca?* and HCO® (Tresguerres et al., 2011).
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Figure 9: Schematic structure and membrane topology of transmembrane adenylyl
cyclases.

M1 and M2 are anchors of a six membrane helices domains. Cla and C2a are the cytoplasmic
catalytic domains with two active sites to bind ATP and forskolin (FSK). Clb is the
cytoplasmic-linker domain and C2b is the second non-catalytic domain present only in AC1,
AC2, AC3 (Pavan et al., 2009).

All isoforms of tmACs are expressed in the heart, except AC8. AC5 and AC6 are the most
expressed in the heart with AC5 being dominant. AC1 is expressed only in sinoatrial node
controlling pacemaker function. Isoforms 2, 3, 4, 5/6 and 7 are mainly located in cardiac
fibroblasts. The most expressed isoforms in the heart are AC5 and 6 and they may serve
different functional roles (Efendiev & Dessauer, 2011; Guellich et al., 2014)A mouse model
with deletion of AC5 showed that basal cardiac functions remained unchanged, but left
ventricle ejection fraction was decreased under isoproterenol condition. AC5 disruption leads
to total loss of acetylcholine-mediated inhibition and to decrease in Ca®*-induced inhibition of
CAMP production. Studies with AC5 KO models showed that deletion of AC5 can be
protective against HF under stress conditions (Yan et al., 2007b). Cardioprotective effect is
associated with elevated level of Bcl-2 and reduction in myocardial apoptosis (Okumura et
al., 2003; Sadana & Dessauer, 2009).

Studies with AC6 knockout mice showed that deletion of AC6 leads to decrease in CAMP
level in left ventricle under basal and stress conditions, reduction in PKA and Akt activity and
phospholamban phosphorylation resulting in abnormalities in Ca** transient (Sadana &
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Dessauer, 2009). In addition, AC6 is overexpressed in fetal hearts and decreases progressively
with age to obtain low level of expression in adult hearts. Expression profile of AC5 is exactly
opposite to that of AC6 (Espinasse et al., 1995).

11.4 Effectors of cAMP

Generally, cardiac effects of CAMP are attributed to the activation of cAMP-dependent
protein kinase A (PKA). cCAMP can also act via 2 other effectors: exchange protein directly
activated by cAMP (Epac) and hyperpolarization-activated cyclic nucleotide-gated channels
(HCN).

11.4.1 Protein kinase A

11.4.1.1 Structure and regulation

PKA is a threonine/serine kinase and its activity depends on the cellular level of cCAMP. PKA
catalyzes the reaction of transfer y-phosphate of ATP to threonine or serine residues. The
PKA phosphorylation is essential for many processes including contraction, metabolism and
gene expression. PKA is composed of two catalytic (C) and two regulatory (R) subunits,
forming heterotetramer in its inactive state (Rababa’h et al., 2015). Each of the two regulatory
subunits has two sites A and B to cooperatively bind cAMP. In the inactive state, only B site
is exposed to bind cAMP. cAMP binding to B site facilitates CAMP binding to the A site.
Binding of four cAMP molecules to the two regulatory domains results in conformational
changes and dissociation of enzyme into R subunit dimer with four cAMP molecules and two
C monomers (Figure 10). C subunit monomers are catalytically active and are able to
phosphorylate serine and threonine residues of substrate proteins (Taskén & Aandahl, 2004).

cAMP cAMP
5 r ;
4 cAMP 3 -

CAMP  cAMP l
Figure 10; Schematic structure of PKA.

In the absence of CAMP, catalytic subunits (C) and regulatory subunits (R) form the inactive
holoenzyme. cAMP binding induces the catalytic subunits dissociation from the regulatory
subunits and phosphorylation of specific substrate proteins (Boularan & Gales, 2015).
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PKA holoenzyme exists in 2 types, type I and type 1, determined on the basis of their elution
from ion exchange column. They are composed of different R subunits: RI and RII. It was
also shown that there are two RI subunits, Rla and RI, and two RII subunits, RIla and RIIP
(Turnham & Scott, 2016). These two classes of PKA differ in their affinity for cAMP with
activation constant of 50-100 nM for PKA type | and 200-400 nM for PKA type Il. Rl and RII
subunits show also different expression profile in cells and tissue and they are involved in
different cCAMP-dependent responses.

11.4.1.2 Targets of PKA in the heart

Signal transduction by PKA is involved in many cellular responses including metabolism,
gene expression and contraction (Walsh & Van Patten, 1994). PKA is activated by B-AR
signaling and phosphorylates many of the components involved in ECC (Figure 11) including
PLB, Tnl, LTCCs, MyBP-C, RyR2 and PDE4D3 (Rababa’h et al., 2015).

PKA dependent phosphorylation of these ECC components leads to increase in Ca®* current
lcar, SR Ca** uptake and release, SR Ca®" content and the dissociation of Ca®* from the

myofilaments allowing the heart to contract and relax (Rababa’h et al., 2015).
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Figure 11: Signal transduction mediated by PKA in ECC.
Activation of B-ARs allows for the activation of adenylyl cyclase (AC), mediated by specific
G proteins (Gs) and the generation of CAMP, which activates PKA. PKA phosphorylates key
components of ECC: L-type Ca channels (LTCCs), ryanodine receptors (RyR2),
phospholamban (PLN) (modified from (Marks, 2013)).
e L-type Ca?* channels (LTTCs)
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L-type Ca®* channels (LTCCs) are essential in ECC. They are involved in the generation of
the mechanical and electrical properties of the heart muscle. There are four types of LTCCs:
Cay 1.1-1.4. The LTCC is composed of four different o subunits together with 3, 020 and y
subunits. oy subunits form a pore for ion conduction composed of four homologous domain
(I-1V), each contains six transmembrane segments (Figure 12). Ca,1.2 is the primary LTCC
expressed in ventricular myocytes, while both Ca,1.2 and Ca,1.3 are also expressed in atrial

and sinoatrial cells (Bers & Perez-Reyes, 1999; Harvey & Hell, 2013).
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Figure 12: Structure of the cardiac L-type Ca** channel Ca,1.2.

The purple segments are responsible for channel activation and segment 6 (green) for channel
inactivation. Channel is regulated by the complex Ca?*/calmodulin (CaM), by PKA, PKC,
PKG and CaMKII phosphorylation and by glycosylation of the 028 subunit (Brette et al.,
2006).

PKA phosphorylation of LTCCs increases activity of LTCCs, resulting in an increase lca
current and Ca®* entry into the cell which leads to increased heart contraction in response to
stress, fear or exercise. Serine 1700 is a key site of PKA-dependent phosphorylation (Fu et al.,
2014). PKA phosphorylates also serine 1928, but this has little or no effect on B-AR
stimulation of LTCCs (Fuller et al., 2010). Recent studies on mice with Serinel700-to-
Alanine mutation showed that amino acids substitution reduced basal Ca,1.2 current in
cardiomyocytes to 37% of its wild type (WT) values and only 33% under isoprenaline (ISO)
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stimulation associated with cardiac hypertrophy and reduction in maximal stress-induced
exercise capacity in vivo. Mutation of this PKA-phosphorylation has less impact on
contraction than on Ca,1.2 current. These studies demonstrated that Serine1700 is essential
for the B-AR stimulation of Ca®" current (Fu et al., 2014). In addition, phosphorylation of
Serinel700 leads to conformational changes in C-terminal domain of Ca,1.2 resulting in its
auto-inhibition (Hell, 2010).

e Ryanodine receptor

Ryanodine receptors (RyRs) are Ca’* release channels and play a crucial role in ECC. They
are highly expressed in the SR membrane in the close proximity of L-type Ca®* channels
within the transverse T-tubules. This localization of RyRs and LTCCs is important for high
fidelity of the Ca?*-induced SR Ca?*-release resulting in Ca* transient (Houser, 2014). Three
isoforms of RyRs were discovered: RyR1, RyR2 and RyR3. RyR1 isoform is found mainly in
skeletal muscle, RyR2 in cardiac muscle and RyR3 is a brain isoform (Lanner et al., 2010).
RyRs are homotetramers with high molecular weight (>2 MDa). RyRs form a
macromolecular complex with component that are relevant to RyR phosphorylation. RyRs are
linked to the Ca®"-binding protein, calsequestrin (CSQ), responsible for activation or
inhibition of channel activity. RyRs in the heart are also associated with FKBP12.6 protein
that stabilizes RyR channel function and is involved in coupled gating between neighboring
RyR channels (Marx et al., 2000; Ozawa, 2010). RyRs have also binding sites to calmodulin
(CaM), responsible for modulating Ca** release. Phosphatases PP1 and PP2 are also involved
in forming the macromolecular complex and are responsible for RyRs dephosphorylation
(Figure 13).

Three phosphorylation sites have been determined: serine 2808, serine 2814 and serine 2030.
Under 1SO stimulation, PKA phosphorylates serine 2808 and 2030 and Serine 2814 is
phosphorylated by CaMKII. Under basal conditions, without B-adrenergic stimulation only
serine 2808 is phosphorylated by PKA. Phosphatase 1 is responsible for dephosphorylation of
serine 2808/2814, phosphatase 2 only for serine 2814 dephosphorylation (Xiao et al., 2005;
Huke & Bers, 2008).
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Figure 13: Structure of the RyR2 macromolecular complex.
RyR is composed of four identical subunits (only two are shown). Many proteins and
enzymes are associated with RyR2 including calmodulin (CaM), Ca**/CaM-dependent kinase
Il (CaMKII), FKBP 12/12.6 and phosphodiesterase 4D (PDE4D). PKA is bound by targeting
protein, muscle A kinase anchoring protein (MAKAP). Phosphatases PP1 and PP2 are also
associated with the cytoplasmic domain (O’Brien et al., 2015).

The pathophysiological role of PKA phosphorylation of RyR2 at serine 2808 remains
controversial. Some studies performed in mice with total ablation of serine 2808 showed no
effect on Ca”* transient and a normal response of cellular function to B-adrenergic stimulation.
Also, aortic banded mice with phosphorylation site ablation developed cardiac hypertrophy
and systolic dysfunction similar to WT mice, suggesting that PKA phosphorylation is not
strongly involved in maladaptive remodeling of the heart during chronic f-adrenergic stress
(Benkusky et al., 2007). However, mutations of RyR2 at several other sites are linked to

ventricular tachycardia and sudden death (Jiang et al., 2004).
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e Phospholamban

SERCA is a 110 kDa transmembrane protein, primarily expressed in the heart and involved in
Ca®* uptake by the SR initiating relaxation. In the heart, SERCA activity is regulated by
phospholamban, a 52-amino acid protein, that is phosphorylated by PKA and CaMKII and
dephosphorylated by protein phosphatase 1 (Haghighi et al., 2014). Phospholamban (PLB)
can be phosphorylated on serine 16 by PKA, PKG and PKC and on threonine 17 by CaMKII.
Phospholamban when dephosphorylated inhibits SERCA activity. Phosphorylation of PLB
relieves the inhibition on SERCA and leads to increase in SR Ca®* uptake (Mattiazzi &
Kranias, 2014).

Studies on transgenic mice with cardiac specific overexpression of SERCA showed that
enhanced activity of SERCA leads to increase in contraction and relaxation under basal and
ISO conditions (He et al., 1997). Animal model with SERCA deletion demonstrated that
decrease in SERCA results in alterations in Ca?* homeostasis and in decrease in myocyte
contractility in heterozygous mice and in early embryonic lethality in homozygous mice,
suggesting that SERCA pump level is a critical determinant of heart contractility (Ji et al.,
2000).

Cardiac specific overexpression of PLB leads to inhibition of SR Ca®* transport, decrease in
systolic Ca®* levels and contraction of ventricular myocytes under basal conditions. In vivo
studies in these mice showed also a decrease in fractional shortening and depressed left
ventricular functions (Kadambi et al., 1996). PLB deletion results in enhanced myocardial
performance and Ca** cycling without changes in heart rate (Luo et al., 1994).

e Contractile proteins

PKA-mediated phosphorylation of myofilaments results in increase in the intrinsic rate of
myofibril relaxation associated with the shortening of the cardiac twitch during B-AR
stimulation. Myofibral relaxation occurs via phosphorylation of Tnl and MyBP-C (Kentish et
al., 2001).

Tnl can be phosphorylated on the same phosphorylation site by PKA, PKG, PKCp, PKC3 and
PKDL1 (Solaro et al., 2013). Tnl is phosphorylated at serine 22/23 in mice and serine 23/24 in
human located in N-terminal domain of Tnl. PKA-mediated phosphorylation results in
reduction of myofilament Ca** sensitivity. It was also shown that phosphorylation increases
crossbridge cycling rate and shortening velocity and this can contribute to p-AR induced

lusitropy (Layland et al., 2005).
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MyBP-C has three phosphorylation sites, serine 273, serine 282 and serine 302, which are
phosphorylated by PKA, CaMKIIl and PKC. PKA phosphorylates MyBP-C on all three
phosphorylation sites, while PKC only on serine 273 and 302 (Kentish et al., 2001). PKA-
mediated phosphorylation on serine 282 results in decrease in myofibril Ca** sensitivity

which leads to acceleration of relaxation by increasing the rate of thin filament deactivation.

11.4.1.3 Subcellular targeting of PKA

During B-adrenergic signaling, PKA is localized to distinct intracellular compartments in the
proximity to its substrate. A kinase anchoring protein (AKAPS) are involved in recruiting
PKA to specific subcellular loci (Calejo & Taskén, 2015). Over 14 different AKAPs were
identified in the heart tissue and they play a dual role: they act as scaffolding proteins that
localize PKA to specific cellular compartments and they increase signal transduction through
substrate phosphorylation. AKAPs consist of i) a PKA anchoring domain, which interacts
with the N-terminal dimerization and docking groove of the PKA regulatory subunits, ii) a
targeting domain which allows to locate PKA in the proximity to its substrate, and iii) binding
sites for other molecules involved in signaling pathways (Rababa’h et al., 2015). In the heart,
AKAPs interact with PKA and PDE4D3 forming a supramolecular complex. This results in a
negative feedback loop mechanism where PDE4D3 phosphorylation increases cAMP
hydrolysis and turns off PKA activity (Calejo & Taskén, 2015).

11.4.2 Other effectors of CAMP
11.4.2.1 Exchange factor Epac

In 1998, a new family of CAMP effector proteins named exchange protein directly activated
by cAMP (Epac) or guanine-nucleotide-exchange factor directly activated by cyclic AMP
(CAMP-GEF) was discovered (de Rooij et al., 1998; Kawasaki et al., 1998). The family of
Epac consist of 2 isoforms: Epac 1 known also as RAPGEF3 or cAMP-GEF-I and Epac 2
known as RAPGEF4 or cAMP-GEF-I1 and they act as guanine-nucleotide exchange factors
for the small G proteins, Rapl and Rap2. Epac is a family of proteins with molecular weight
between 105 and 115 kDa and they are composed of N-terminal regulatory region and C-
terminal catalytic region (Lezoualc’h et al., 2016). The regulatory region has auto-inhibitory
properties and contains a Dishevelled Egl-10 Pleckstrin domain (DEP) and a cyclic nucleotide
binding domain (CNBD, one for Epacl and two for Epac2. The C-terminal catalytic region is

composed of a Ras Exchange motif domain (REM) and a Ras association domain (RA) and a
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CDC-25-homology domain responsible for guanine nucleotide exchange activity (Chen et al.,
2014).

Rap proteins belongs to the RAS family of small G proteins. They exist as inactive guanosine
diphosphate (GDP)-bound state and active guanosine triphosphate (GTP)-bound state. At the
basal state, in the absence of CAMP, Epac has an auto-inhibitory conformation, such as N-
terminal region folds on the top of C-terminal catalytic region, blocking an active site. CAMP
binding induces conformational changes in Epac, freeing the active site (Figure 14). Rap
binding to Epac, leads to exchange of GDP to GTP and activation of G proteins (Gloerich &
Bos, 2010).

Epacl and Epac2 are expressed in almost all mature and developing tissues with different
expression profiles. High expression of Epacl was found in the heart, central nervous system,
adipose tissue, blood vessels, ovary, uterus and kidney; Epac2 is highly expressed in central

nervous system, adrenal glands and pancreas (Chen et al., 2014).

Epac proteins are involved in many cellular functions including cell adhesion, cell-cell
junction, cell differentiation and proliferation, exocytosis/secretion, gene expression,

apoptosis, cardiac hypertrophy and phagocytosis (Cheng et al., 2008).

In the heart, under B-AR stimulation, Epac interacts with Rap, phospholipase Ce (PLCg),
protein kinase Ce (PKCe), CaMKII and regulates SR Ca®* release in mouse cardiac myocytes.
Stimulation of Epac with B;-AR the specific agonist 8-pCPT-2’-O-Me-CAMP leads to a
decrease in the [Ca®*]; transient amplitude and it is associated with increase in cardiomyocyte
contraction via phosphorylation of MyBP-C and Tnl by PKCe and CaMKII (Laurent et al.,
2012). In addition, Epac is involved in cardiac hypertrophy. Epacl and Epac2 were shown to
be increased in experimental mouse and rat models of hypertrophy with chronic ISO infusion
or thoracic aorta constriction. The hypertrophic effect seems to be CaMKII-dependent and
correlated with PLCe stimulation by Epac resulting in inositol trisphosphate (IP3) production
and increase in intracellular Ca®*, which is responsible for cardiac hypertrophy and
arrhythmias. It is proposed that Epac can activate CaMKII and hypertrophic signaling by Ca**

release from the nuclear envelope via the IP3 receptor (Métrich et al., 2009).
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Regulatory region Catalytic region

Figure 14: Structure and activation mechanism of Epac proteins.

a) Structure of Epacl and Epac2 proteins. DEP: Dishevelled, Egl-10 and Pleckstrin, CNB:
cyclic nucleotide binding, REM: Ras exchange motif, RA: RAS association domain, CDC25
HD- CDC25 homology domain.

b) Mechanism of Epac activation by cAMP. Crystal structure of inactive Epac2 and active
Epac2 in complex with Rap and cAMP (Gloerich & Bos, 2010).

11.4.2.2 CNG and HCN channels

Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels are cation channels
activated by hyperpolarized membrane potentials and regulated by intracellular cyclic
nucleotides (Herrmann et al., 2015). In the heart, HCN channels are mainly involved in the
regulation of sinoatrial function. They provide an inward current which is a major component
of slow diastolic depolarization (SDD) in sinoatrial cells. HCN channels regulation by cCAMP
plays an essential role in the control of heart rate through the autonomous nervous system
(Wahl-Schott et al., 2014). Four isoforms of HCN channels (1-4) are expressed in neurons.

Isoforms 1, 2 and 4 are expressed in the heart.

Cyclic nucleotide-gated (CNG) channels belong to the superfamily of voltage-gated ion
channels that are directly activated by cAMP or cGMP binding. They are mainly involved in
visual and olfactory signal transduction in vertebrates (Podda & Grassi, 2014). These

channels are not expressed to a significant level in the heart.
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11.4.2.3 Popeye domain containing protein family

In 1999, a novel class of CAMP effectors, the popeye domain containing protein family, was
discovered through substractive hybridization. Three genes of popeye family (POP) were
detected in human and mouse: POP1, POP2 and POP3 (Andrée et al., 2000). All three
isoforms are expressed in the heart. POP1 is highly expressed in atrial and ventricular
chambers in the embryonic hearts and decreases in ventricle during postnatal period. POP2 is
expressed at the same level in the ventricle and atrium. POP3 expression is higher in
ventricles than atria. The highest level of expression of POP1 and 2 was found in the
sinoatrial and atrioventricular nodes (Schindler & Brand, 2016). Popeye genes are also
expressed in the autonomic and central nervous system, epithelial cells, gastrointestinal tract,
retina and lens (Schindler et al., 2012). Popeye proteins are membrane proteins composed of
three-pass transmembrane regions with extracellular amino-terminus containing two
glycosylation sites. Popeye proteins play many roles in multiple tissues: they are involved in
epithelial function and are important in the formation and maintenance of epithelial
monolayers, they regulate intracellular junctions in the heart, they control vesicular transport
and fusion and by interactions with caveolin-3 they control the number and size of caveolae.
Popeye proteins are involved in heart rate regulation. Loss of cardiac POP1 and POP2 leads to
arrhythmias with the occurrence of sinus pauses resulting in strong decrease in heart rate
causing bradycardia. Popeye proteins are modulated by cAMP. cAMP binding leads to
conformational changes of POP proteins and exposure of binding site for proteins interacting
with Popeye (Schindler & Brand, 2016).

1.5 cCAMP degradation

Activity of cyclic nucleotide phosphodiesterases (PDEs) was described in 1962 by Butcher
and Sutherland (Butcher & Sutherland, 1962). PDEs are a family of enzymes that catalyze the
hydrolysis of the 3’ cyclic phosphate bonds of adenosine and/or guanosine 3’5’-cyclic
monophosphate (Bender & Beavo, 2006). PDEs are divided into eleven families in term of
their physicochemical and regulatory properties (Table 2). All eleven families are encoded by
twenty-one genes displaying a complex structure with multiple promoters (Conti & Beavo,
2007). Three families hydrolyze only cAMP (PDE4, 7 and 8), three other are selective only
for cGMP (PDES5, 6 and 9) and the other hydrolyze both cAMP and cGMP (PDEL, 2, 3, 10
and 11) (Lugnier, 2006; Bender & Beavo, 2006). In the heart, seven families of PDEs are
expressed: PDE1 activated by Ca®*/calmodulin, PDE2 stimulated by cGMP, PDE3 inhibited
by cGMP, PDE4 selective for cAMP, PDES5 selective for cGMP, PDES selective for cCAMP
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Substrate Kmn cGMP | K,,cAMP
. IBMX . .
Isoform Properties ibilit Expression profile
specificity (LM) (LM) sensibility
PDEIA | CAMP<CGMP | 26-35 | 72.7-124 Smooth musc'i'p neart, lungs, brain,
Simulated Smooth muscle, neurons
_ _ 2+ ) 1
PDE1 PDE1B cAMP<cGMP 1.2-5.9 10-24 by Ca / YES lymphocyte, macrophage
calmodulin
_ Smooth muscle, brain, heart,
PDE1C cAMP=cGMP 0.6-2.2 0.3-1.1 olfactory epithelium
_ Simulated Brain, heart, macrophage,
PDE2 PDE2A CAMP=cGMP 10 30 by cGMP YES endothelium, adrenal glands
PDE3A | CAMP>cGMP | 0.02-0.15 |  0.18 Heart, vascular smooth muscle,
oocytes, kidney
Inhibited by
PDE3 cGMP YES Heart, vascular smooth muscle,
PDE3B CAMP>cGMP 0.28 0.38 macrophages, lymphocytes,
hepatocyte beta cells, heart
PDE4A CAMP>cGMP 2.9-10 Ubiquitous
PDE4B cAMP>cGMP 1.5-4.7 Selective for Ubiquitous
PDE4 AMP YES
PDE4C CAMP>cGMP 1.7 ¢ Lungs, testicles, brain
PDE4B CAMP>cGMP 1.2-5.9 Ubiquitous
Selective for Vascular smooth muscle,
PDE5 PDESA CAMP<cGMP 2.9-6.2 290 cGMP YES adipocyte, kidney, brain, lungs,
heart
PDES PDE6A/B | cAMP<cGMP 15 700 Selective for VES Retina, pineal gland
PDE6C | CAMP<cGMP 17 610 cGMP Retina, pineal gland
Selective for Immune cells, heart, skeletal
PDE7A CAMP>CGMP 0.1-0.2 cAMP muscle, endothelial cells
PDE7 i YES _ i
PDE7B CAMP>CGMP 0.03-0.07 Selective for Brain, heart, liver, ske_letal muscle,
cAMP pancreas, testicles
Selective for Testicles, spleen, small intestine,
PDESA CAMP>CGMP 0.06 cAMP ovary, colon, kidney, heart
PDES NO
Selective for . .
PDESB CAMP>cGMP 0.1 cAMP Brain, thyroid
PDE9 PDEYA CAMP<cGMP 0.7-0.17 230 Selective for NO Kidney, brf_iln, spleen,_ prostate,
cGMP gastrointestinal tissue
PDE10 | PDEI0A | CAMP<cGMP | 13-14 | 0.22-1.1 | 'Mhibitedby | ypg Brain, testicles, heart, thyroid,
cAMP pituitary gland
PDE11 | PDE1IA | CAMP=cGMP | 2.0-32 | 20-32 non vEs | Skeletal muscle, prostate, testicles,
selective salivary glands, thyroid, liver

Table 2: Eleven families of phosphodiesterases (Inspired by (Lugnier, 2006; Bender &
Beavo, 2006).
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with high affinity, and PDE9 selective for cGMP with the highest affinity among all PDE
families (Azevedo et al., 2014).

11.5.1 Structure, localization and regulation of phosphodiesterases

The 11 families of PDEs are all composed of a catalytic domain localized in the C-terminus of
the protein. This catalytic domain is similar between families, showing 25 to 35% of
homology in amino acids sequence. All catalytic domains are composed of 16 helices, they
have an active site formed at the junction of helices and they contain a substrate binding
pocket with two metal binding sites (for zinc or magnesium) on the top, coordinated by two
histidine and two aspartic residues, that are highly conserved among all PDEs family (Bender
& Beavo, 2006).

PDEs contain also one or several regulatory domains located in the N-terminus, characteristic
for each family. The regulatory region can contain a domain for ligand binding,
oligomerization, kinase phosphorylation, a domain for Ca®*/calmodulin binding, GAF domain
(named derived from cGMP-activated PDEs, adenylyl cyclase, Fh1A), UCR region (upstream
conserved regions), PAS domain (named after 3 proteins forming this domain: period,
arylhydrocarbon receptor nuclear translocator, single minded) (Figure 15) (Conti & Beavo,
2007).

11.5.1.1 Phosphodiesterase type 1

PDE1 family was the first discovered dual-substrate esterase. PDE1 is encoded by three
genes: PDE1A, PDE1B and PDE1C (Lee & Kass, 2012). PDE1A and PDE1B hydrolyze
cGMP with a higher affinity than cAMP and PDE1C hydrolyzes cAMP and cGMP with
similar affinity. PDE1 has a unique property for being activated by Ca®‘/calmodulin and
contains two domains for Ca®*/calmodulin binding in the N-terminal regulatory complex.
PDE1 activity can be also modulated by PKA- or CaMKII-phosphorylation, suggesting that
PDE1 may be a point of interactions among different signaling pathways. PDE1A isoform is
highly expressed in the brain and vascular smooth muscle cells and also was found in
spermatozoa. PDE1B isoform is mainly expressed in human brain (neuronal cells of the
cerebellum, hippocampus, caudate and Purkinje cells) and also in heart and skeletal muscle.
PDE1C was mainly found in the heart and brain (Lugnier, 2006).
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Figure 15: Schematic structure of the 11 phosphodiesterase (PDE) families.

Catalytic domain (red) is located in C-terminus and is highly conserved in all PDE families. The 11
families of PDEs differ in their N-terminal regulatory domain. On the right of each structure, the name
of the PDE family and the corresponding number of genes are shown (Conti & Beavo, 2007).

In human myocardium, PDE1C is the most expressed isoform and is located along the Z- and
M- lines of cardiac myocytes (Vandeput et al., 2007). In rat heart, PDE1A represents
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approximately 80% of total PDE1 activity, while PDE1C only 20%. In contrast, in rat failing
cardiomyocytes PDE1A expression was significantly elevated, suggesting that PDE1A
decreases level of cGMP and PKG activity, resulting in cardiac hypertrophy development
(Miller et al., 2009).

11.5.1.2 Phosphodiesterase type 2

PDE2 is a dual substrate enzyme, hydrolyzing both cAMP and cGMP with similar V.« and
Km (Bender & Beavo, 2006). PDE2 is encoded by a single gene pde2A which is present in 3
splicing variants: pde2al, pde2a2 and pde2a3. All three isoforms contain the same C-terminal
domain but different N-terminal sequences that determine cytosolic or membrane localization
(Lugnier, 2006). PDE2 has a unique property of being activated by cGMP binding. CAMP-
hydrolyzing activity (Vmax) IS increased 2 to 6 fold in the presence of low concentration of
cGMP and this is associated with increase in PDE2 affinity to cAMP (Osadchii, 2007). The
N-terminal region of PDE2 contain a tandem of GAF domains (GAF-A and GAF-B)
(Martinez et al., 2002b). In PDE2, cGMP binds to GAF-B domain resulting in conformational
changes and increase in catalytic activity of the enzyme (Heikaus et al., 2009). PDE2 is
mainly expressed in the heart, brain, liver, adrenal medulla, brown adipose tissue, platelets,
endothelium and very low expression of PDE2 was also found in lungs (Beavo, 1995;
Lugnier, 2006; Bubb et al., 2014).

In the heart, PDE2A is mainly localized in the proximity of membrane structures, Golgi, SR
and nuclear envelope, and is involved in crosstalk between cAMP and cGMP signaling and
regulation of cAMP pools (Knight & Yan, 2013). PDE2 plays also an important role in
modulation of heart rate and contractility by regulating the L-type Ca?* current (Hartzell &
Fischmeister, 1986; Rivet-Bastide et al., 1997; Fischmeister et al., 2005).

More detailed functions, structure and regulation of PDE2 are presented in the last chapter

(V1. Phosphodiesterase type 2).
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11.5.1.3 Phosphodiesterase type 3

PDE3 family is divided into 2 subfamilies: PDE3A and PDE3B. At least three PDE3A-related
proteins were found with different molecular mass and N-terminal regions: PDE3AL,
PDE3A2 and PDE3AS. In contrast, only one isoform was described for PDE3B subfamily,
PDE3B1. PDE3A is mainly expressed in cardiac myocytes, vascular smooth muscle cells and
platelets, while PDE3B is highly expressed in adipocytes, hepatocytes and pancreas. The N-
terminal region of PDE3 family can contain the N-terminal hydrophobic domain 1 and 2
(NHR1 and NHR2), composed of 200 and 50 amino acids, respectively. The structure of the
N-terminal region is responsible for subcellular localization of enzyme. PDE3AL (136 kDa)
has both NHR1 and NHR2 domains and is localized in the particulate fraction. PDE3A2 (118
kDa) contains only the NHR2 domain and is localized in particulate and cytosolic fraction.
PDE3A3 (94 kDa) is lacking both NHR1 and NHR2 domains and is localized mainly in the
cytoplasm. PDE3B1 has almost an identical structure as PDE3A1 and is also found in the
particulate fraction (Degerman et al., 1997a; Yan et al., 2007a). PDES3 is highly specific for
CAMP and is inhibited by cGMP. In the human heart, PDE3A is a major isoform hydrolyzing
cAMP and represents more than 50% of the total PDE activity in the cytosol in the absence of
Ca**/calmodulin (Osadchii, 2007). Distinct PDE3A isoforms are phosphorylated in different
ways. PKA phosphorylates PDE3A1 on serine 312 and PDE3A2 is phosphorylated by PKC
on serine 428 (Movsesian, 2016). In the heart, PDE3 is involved in the regulation of cardiac
function. Pharmacological inhibition of PDE3 activity leads to increase in L-type Ca®* current
Ica,L resulting in positive inotropic effect. PDE3 is also involved in mediating the effects of
cGMP on cardiomyocytes contraction, together with PDE2 (Kirstein et al., 1995; Rivet-
Bastide et al., 1997). cGMP-dependent inhibition of PDE3 results in increase in CAMP level
by nitrate donors and atrial natriuretic peptides action, while cGMP-dependent activation of
PDE?2 antagonizes the cGMP-dependent effects on PDE3 (Maurice et al., 2003).
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11.5.1.4 Phosphodiesterase type 4

PDE4 family is the largest family of PDEs encoded by four genes, PDE4A, PDE4B, PDE4C
and PDE4D (Lugnier, 2006). PDE4 is highly selective for cAMP and insensitive to cGMP
and calmodulin. The four families of PDE4 differ in their N-terminal regulatory regions with
conserved, almost identical catalytic regions. PDE4 has a unique N-terminal region containing
two upstream conserved regions 1 and 2 (UCR1, UCR2). UCR1 is composed of 55 amino
acids and UCR2 of 97 amino acids. UCR1 and UCR?2 are separated by linker region 1 (LR1)
formed of 33 residues and UCR2 and catalytic domain are separated by LR2 of approximately
28 residues. PKA phosphorylation site is located in UCR1 allowing PKA to activate PDE4
(Eskandari et al., 2015). PDE4 family can be divided into three groups: long isoforms
containing UCR1 and UCR?2 regions, short isoforms, which have only UCR2 regions and
super-short forms, which lack UCR1 and contain a truncated UCR2 regions. It was shown
that UCR2 exerts an inhibitory effect on PDE4, thus isoforms lacking in UCR2 region present
higher PDE4 catalytic activity (Houslay & Adams, 2003). PDE4C isoform is expressed
mainly in skeletal muscle, lung, brain and testis, while PDE4A, B and D are highly expressed
in brain, but they are rather ubiquitous (Zhang et al., 2005). In mouse and rat heart, PDE4
represents ~30% of total PDE activity (Abi-Gerges et al., 2009; Leroy et al., 2011), while in
human heart PDE4 constitutes only 10% of total PDE activity (Molina et al., 2012;
Eschenhagen, 2013). PDE4 is considered to be essential CAMP homeostasis regulator
involved in cAMP signal compartmentalization, signaling cross-talk, cell desensitization and
adaptation (Conti et al., 2003). PDE4 exerts also effect on cardiac function. In rat heart,
pharmacological inhibition of PDE4 leads to increase in contractile functions related to
cAMP-mediated elevations in Ca®" transients, SR Ca’* load and phospholamban
phosphorylation, without significant effects on lIc, and ryanodine receptor 2 (Mika et al.,
2013). Elevated basal contractility under PDE4 inhibition was also observed in guinea pig. In
rat and dog hearts, PDE4 inhibition results in increase in heart rate (Beca et al., 2011). In
rodent heart, PDE4D isoform is associated with ryanodine receptors and studies with PDE4D
knockout mice showed that mice lacking PDE4D develop HF and severe arrhythmias
(Lehnart et al., 2005). PDE4 is involved also in the generation of CAMP compartments by
forming barriers for cCAMP diffusion or acting as local sink for cAMP (Jurevicius et al., 2003;
Rochais et al., 2004, 2006).
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11.5.2 Pharmacological inhibition of phosphodiesterases
Family selective PDE inhibitors play an essential role as a research tool to help understand
functional and regulatory roles of PDEs, as well as cyclic nucleotide signaling pathways.
Selective PDE inhibitors are also used for treatment of a broad range of diseases with high
selectivity and limited side effects as compared to non-selective generation of PDE inhibitors
such as caffeine or other xanthine derivatives (Maurice et al., 2014). Selective inhibitors of

PDE families are presented in Table 3.

Family Specificities Inhibitors 1Cs0
PDE1 Ca’*/calmodulin-stimulated Vinpocetine 14 uM
1C224 80 nM
SCH51866 13-100 nM
PDE2 cGMP-stimulated EHNA 1uM
Bay 60-7550 4,7 nM
PDP 0,6 nM
1C933 4nM
PDE3 CAMP-selective Cilostamide 20 nM
cGMP-inhibited Milrinone 150 nM
Cilostazol 200 nM
OPC-33540 0.3-1.5nM
PDE4 CAMP-specific Rolipram 1uM
Ro 20-1724 2 uM
Roflumilast 0.8nM
Cilomilast 120 nM
PDES cGMP-specific Sildenafil 10 nM
Vardenafil 1nM
Tadalafil 10 nM
PDE7 Rolipram-insensitive BRL50481 260 nM
1C242 370 nM
PDES IBMX-insensitive PF-04957325 0.2-0.7 nM
Rolipram-insensitive
PDE9 IBMX-insensitive Bay 73-6691 55 nM
PF-04447943 2.8-18 nM

Table 3: Pharmacology of PDE family-selective inhibitors (inspired by (Bender & Beavo,
2006; Hutson et al., 2011; Keravis & Lugnier, 2012).
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Inhibition of PDE1 was shown to improve behavioral functions and leads to increase in
striatal dopamine levels. In addition, PDEL inhibition exerts anti-inflammatory effects and
plays beneficial role in Parkinson disease (Sharma et al., 2013). Inhibition of PDE2 leads to
increase in cGMP and cAMP impacting cAMP and cGMP signaling pathways. PDE2
inhibitors are investigated for precognitive and anxiolytic actions (Francis et al., 2011).
Inhibitors of PDE3 are used in HF but chronic administration of PDE3 inhibitors results in
mortality related to occurrence of arrhythmias. PDE3 inhibition exerts anti-inflammatory
effects and reduces apoptotic signaling in patients with severe HF (Lanfear et al., 2009).
PDE4 inhibitors are used in anti-depressive therapy and for the treatment of respiratory
diseases- asthma and chronic obstructive pulmonary disease (COPD) (Keravis & Lugnier,
2012). PDES inhibitors are mainly used to improve erectile functions and for the treatment of
pulmonary hypertension. PDE5 inhibitors are also used in therapy of pulmonary disease-
asthma, chronic bronchitis, emphysema and COPD (Lugnier, 2011; Maurice et al., 2014).
Inhibitors of PDE7 can be used in inflammation, asthma and COPD. PDES inhibition is
involved in regulation of basal rates of steroid production in rodent adrenal cells (Maurice et
al., 2014).

11.5.3 CAMP compartmentation
It was considered for a long time that second messengers can diffuse freely in the cytosol of
cardiomyocytes. But observations of multiple physiological effects mediated by various
external stimuli activating the same second messenger (CAMP) led to the assumpation that
these effects were the result of different pools of cCAMP with different dynamics depending on
their subcellular location (Perera & Nikolaev, 2013). First evidence of intracellular cAMP
compartmentation was formulated more than 30 years ago. It was shown that different
agonists activating the cAMP signaling pathway via B;1-ARs and prostaglandin E; receptor
(PGE;-R) induce different effects. Isoproterenol, a non-selective B-AR agonist, induces an
increase in CAMP mainly in microsomal fraction leading to activation of soluble and
particulate PKA and enhancement in the force of contraction, while PGE; activation promotes
an increase in CAMP in the cytosolic fraction and an activation of soluble PKA without any
changes in contractile activity (Hayes et al., 1982; Buxton & Brunton, 1983). Later, a study
based on LTCC current recording in frog ventricular myocytes with the whole-cell patch
clamp combined with a double microperfusion showed that cAMP activated by p2-AR
stimulation does not diffuse throughout the cytoplasm except when PDEs are inhibited

(Jurevicius & Fischmeister, 1996) suggesting the formation of discrete pools of intracellular
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cAMP. More recently, new techniques such as real-time fluorescent imaging techniques
allowed to study intracellular cAMP changes and distribution in intact cardiomyocytes
(Goaillard et al., 2001). A study using genetically encoded fluorescence resonance energy
transfer (FRET)-based cAMP probes showed that in cardiac myocytes B-AR stimulation
induces a specific response leading to an increase in intracellular cCAMP that is spatially
limited and activation of a selected subset of PKA. cAMP in the restricted pools show a range
of action as small as 1 micrometer and free diffusion is limited by PDEs that play a major role
in shaping cAMP microdomains (Zaccolo & Pozzan, 2002; Zaccolo, 2006). Several
observations suggest that various components of CAMP signaling pathway are localized in
discrete regions of plasma membrane such as caveolae and T-tubules allowing for rapid
modulation and production of cAMP (Fischmeister et al., 2006). In caveolae, f1-ARs were
shown to be colocalized with AC6, hence providing a rapid and specific signal transduction in
cardiac myocytes (Ostrom et al., 2000). B,-ARs are exclusively localized within caveolae
where they regulate LTCCs and augment contractile function (Rybin et al., 2003). As B,-ARS
were shown to activate not only Gs-dependent but also Gi-dependent pathway, the latter might
be responsible for confining the cAMP/PKA-dependent signal to the surface membrane
(Steinberg, 1999). In T-tubules, LTCCs are present together with Na*/Ca®>" exchanger and
other components of cAMP signaling pathway such as ACs and Gs proteins (Brette and
Orchard 2003).

It has been shown that PDEs play an important role in cAMP diffusional restriction. In
addition, PDEs can be targeted to subcellular compartments of plasma membrane, form
multiprotein signaling complexes (Figure 16) and have ability to terminate the cAMP signal
in a spatially restricted manner (Baillie et al., 2005; Lissandron & Zaccolo, 2006). PDEZ2,
PDE3 and PDE4 have been shown to be important players in modulating cCAMP signals in a

specific manner in response to various Gs-coupled receptors (Rochais et al., 2006).
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Figure 16: Distribution of PDE isoforms in cyclic nucleotide compartmentation.
Intracellular distribution of PDE isoforms and macromolecular complexes involving PDE
activity in cyclic nucleotide compartmentation in cardiac myocytes (Bedioune et al., 2016).
PDE2 has been shown to be localized preferentially in microsomal fractions associated with
membrane structure such as plasma membrane, sarcoplasmic reticulum, Golgi and nuclear
envelope (Lugnier, 2006). It has been shown that PDE2 highly controls the activity of LTCCs
(Fischmeister et al., 2005). The involvement of PDE2 in cAMP compartmentation was
originally studied in frog cardiac myocytes. Dittrich et al. showed that stimulation of soluble
guanylyl cyclase by NO leads to a strong local decrease in CAMP level in the proximity of
LTCCs due to PDE2 activation, but causes only a marginal decrease in cCAMP level in the rest
of the cell (Dittrich et al., 2001). PDEZ2 is also involved in regulation of cGMP compartments
(Castro et al., 2006).

PDE3 is a cGMP-inhibited PDE, thus cGMP signaling is involved in shaping cAMP
compartments resulting in increase in CAMP level (Stangherlin et al., 2011). PDE3 is found in
cytosolic and membrane fraction and its localization is species and tissue dependent (Lugnier,
2006). In dog heart, PDE3 is associated with the SR membrane (Lugnier et al., 1993) and
PDE3 inhibition results in increase in local cAMP level, PKA activation and PLB
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phosphorylation (Kerfant et al., 2007), while in guinea pig and rat, PDE3 is present mainly in
cytosolic fraction and exerts a minor effect in cAMP compartmentation (Weishaar et al.,
1987).

PDE4 has no effect on basal CAMP levels, but controls cAMP concentration and PKA
phosphorylation of key proteins involved in ECC such as LTCCs, RyR2 and PLB upon B-AR
stimulation (Mika et al., 2012). Study with a cardiac contraction rate assay showed that PDE4
attenuates the adrenergic signaling of cCAMP/PKA for enhancing contraction response (Xiang,
2011). Perinuclear PDE4 is also involved in regulation of CAMP pool near the nucleus and
controls import of the catalytic subunits of PKA into the nucleus and hence gene regulation
(Dodge et al., 2001). PDE4D3 may form macromolecular complexes with PKA, mAKAP,
Epacl and kinase Erk5. Interestingly, these three enzymes (PKA, PDE4D3, Epacl) respond to
cAMP in different concentration spectrum. Whereas PKA responds to nanomolar
concentration, PDE4D3 and Epacl are activated at micromolar concentration of cAMP
(Dodge-Kafka et al., 2005).

I11. Cyclic GMP signaling in the heart

111.1 Cyclic GMP production

Cyclic guanosine monophosphate (cGMP) is a cyclic nucleotide and first time was purified
and identified in rat urine in 1963 by Ashman and colleagues (Ashman et al., 1963). cGMP
acts as a second messenger like cAMP. cGMP is a main regulator of ion channel conductance,
cell growth, apoptosis, cell mobility and contractility. In the cardiovascular system, cGMP
plays an important role in regulation of endothelial and vascular smooth muscle and cardiac
myocytes function (Tsai & Kass, 2009). In the heart, intracellular cGMP level is regulated by
guanylate cyclases, responsible for cGMP synthesis and PDEs hydrolyzing cGMP (Hammond
& Balligand, 2012).

In animal cells, cGMP is synthesized by two classes of guanylyl cyclases (GC): soluble GC
(sGC) activated by nitric oxide (NO) and particulate GC (pGC) activated by natriuretic
peptides, atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP) and C-type
natriuretic peptide (CNP). Then, cGMP activates downstream effectors of cGMP signaling
such as cGMP-dependent protein kinase and phosphodiesterases (Gileadi, 2014).
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111.1.1 Soluble guanylyl cyclase
Soluble GCs are found in almost all tissues, but the highest expression is observed in brain,
kidney and vascular tissue (Potter, 2011). Soluble GC is a off heterodimer with a molecular
weight of 72 kDa (Poulos, 2006). In human, two types of each subunit exist: o and ay for the
o subunit and B; and B, for the B subunit and they are encoded by four different genes:
GUCY1A3, GUCY1A2, GUCY1B3, GUCY1B2, respectively (Wobst et al., 2015). Both o
and 1 subunits are rather ubiquitous, while the a2 subunit is mainly expressed in the brain,
lung, colon, heart, spleen, uterus and placenta (Derbyshire & Marletta, 2012). o and P
subunits form heterodimers and each subunit is divided into three domains: N-terminal
domain, central domain, which contains a dimerization region and C-terminal domain, which
recognizes substrate and has a catalytic activity of sGC. The N-terminal part of sGC is critical
for sGC activity and binds heme, which is a receptor for ligands such as NO and CO. The
central domain of sGC is responsible for heterodimer formation. The catalytic part contains
the active site located between two catalytic domains of o and B subunits (Pyriochou &

Papapetropoulos, 2005).

sGC is part of a regulatory cascade initiated by NO synthase (NOS) activation responsible for
oxidation of L-arginine to NO and L-citrulline (Padayatti et al., 2004a; Poulos, 2006). NO
then binds to sGC and increases it activity by 100 to 300-fold. Upon activation, sGC converts
GTP to cGMP and then cGMP can activate downstream effectors (Figure 17). NOS occurs in
three isozymes: neuronal NOS (nNOS), inducible NOS (iNOS) and endothelial NOS (eNOS).
eNOS and nNOS are activated by Ca**/calmodulin, while iNOS is Ca®*-independent and is
activated by inflammatory stimuli. eNOS is found mainly in endothelial cells and nNOS in
neurons and skeletal muscle. All three isozymes of NOS are expressed in cardiac myocytes
(Takimoto, 2012).
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Figure 17: Soluble GC/NO signaling pathway.

Ca”" enters the cell and binds to calmodulin resulting in NOS activation and NO production
which activates soluble guanylyl cyclase (sGC). sGC produces cGMP which activates protein
kinase G (PKG) resulting in phosphorylation of key components critical to cell signaling
processes (Poulos, 2006).

111.1.2 Particulate guanylyl cyclase
Particulate or membrane form of guanylyl cyclases (pGC) are found in almost all tissue, but
their distribution and main functions are isoform specific. Seven different isoform of pGCs
were identified (GC-A to GC-G) in mammalian cells and their characteristic is presented in
Table 4. GC-A is the best known guanylyl cyclase and is the most widely expressed
throughout mammalian body in different cell types of the nervous system, immune system,

kidney, lung, intestine, testis and heart (Kobiatka & Gorczyca, 2000).

Particulate GCs are composed of an extracellular ligand-binding domain (ECD), which
consists of 500 amino acids, a transmembrane domain (TD) of about 50-70 amino acids, an
inactive kinase homology domain (KHD) and a GC catalytic domain (CD) of about 250
amino acids (Padayatti et al., 2004b; Freihat et al., 2014). Peptide hormones bind to an
extracellular domains of GC-A, GC-B and GC-C. Intracellular domains of pGC are
responsible for interactions with proteins such as kinases and phosphatases that regulate the
activity of the enzyme. Enzyme can be activated by extracellular ligand binding,
phosphorylation of KHD domain or interactions with Ca?*-binding proteins. The
transmembrane domain is responsible for oligomerization/dimerization, obligatory for the
enzyme activation (Kobiatka & Gorczyca, 2000). The kinase homology domain of GCs is

responsible for regulation the activity of the catalytic domain (Jaleel et al., 2006).
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In addition, particulate GCs can be homologously desensitized after chronic exposure to

hormone peptides through cGMP-independent mechanism (Hamad et al., 2003).

Receptor Ligands Other regulators of Localization Function
activity
GC-A ANP>BNP ATP Lung, kidney, brain, thymus, | Decrease in arterial blood
smooth muscle, retina, pressure, decrease in blood
macrophages, neutrophils, volume, inhibition of
thymocytes, T lymphocytes cardiomyocyte growth
GC-B CNP ATP Lung, kidney, brain, thymus, | Endochondral ossification,
smooth muscle, retina vascular regeneration
GC-C Guanylin ATP, PKC Epithelial cells of Increased intestinal and
Uroguanylin gastrointestinal tract, kidney, renal water transport,
liver, uterus epithelial cell growth and
differentiation
GC-D Unknown Unknown Olfactory cell Odor recognition (?)
GC-E Unknown Ca®*/neurocalcin Retina, pineal glands Vision, survival of cones
Ca**/GCAP1-3
ATP
GC-F Unknown Ca”"/GCAP2-3 Retina Vision (?)
Ca”'/GCAP1 (?)
ATP (?)
GC-G Unknown Unknown Lung, intestine, skeletal Unknown
muscle

Table 4: Ligands, activators, localization and main functions of the various mammalian
particulate guanylyl cyclase receptors.

GCAP: guanylyl cyclase-activating protein, PKC- protein kinase C (inspired by (Kobiatka &
Gorczyca, 2000; Kuhn, 2003)).

111.2 cGMP targets in cardiac myocytes
cGMP exerts effect on three main groups of cellular targets including cGMP-dependent
protein kinase G (PKG), cGMP-gated ion channels and PDEs.

111.2.1 Protein kinase G
In 1969, Kuo and Greengard discovered that protein kinase from lobster tail was activated by
CAMP and cGMP in a histone phosphorylation assay (Kuo & Greengard, 1969; Kots et al.,
2009). PKG exists in two isoforms PKGI and PKGII and is encoded by two genes prkgl and
prkg2, respectively. PKGI is expressed in two isoforms PKGla and PKGIp, encoded by two
alternatively spliced exons in the amino terminus (Surks, 2007). PKGI occurs in smooth
muscles, platelets, cerebellum, hippocampus, dorsal root ganglia, neuromuscular endplate and
kidney at high concentration (>0.1 puM). At low concentration, PKGI isoform is present in
cardiac muscle, vascular endothelium, granulocytes, chondrocytes and osteoclasts. PKGla is

mainly expressed in lung, heart, dorsal root ganglia and cerebellum. PKGIfB isoform is
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expressed in smooth muscle such as uterus, vessels, intestine and trachea (Hofmann, 2005).
PKG is a serine/threonine specific kinase phosphorylating various protein targets. PKG is
composed of an N-terminal domain with a leucine-isoleucine zipper, responsible for
homodimerization and intracellular localization, an autoinhibitory domain, a regulatory
domain, which contains two allosteric cGMP-binding sites, an ATP binding domain and a
catalytic domain (Schlossmann & Hofmann, 2005). In the absence of cGMP, the
autoinhibitory domain covers the active site of PKG. cGMP binding induces conformational
changes that move the autoinhibitory domain away from the active site. It was also shown,
that PKG is endogenously activated by phosphorylation of threonine 517 located in the

catalytic loop.
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Figure 18: PKG signaling pathway in cardiac myocytes.

GPCR: G-protein coupled receptor, B3-AR: Ps-adrenergic receptor, NPR: natriuretic peptide
receptor, TRPC: transient receptor potential canonical, LTCC: L-type Ca®* channels, pGC:
particulate guanylyl cyclase, NOS: nitric oxide synthase, NO: nitric oxide, sGC: soluble
guanylyl cyclase, RGS: regulator of G protein signaling, GSK-3p: glycogen synthase kinase
3B, MAPK: mitogen-activated protein kinase, TGFf: transforming growth factor B, Cn:
calcineurin, NFAT: nuclear factor of activated T cells, MyBP-C: myosin binding protein C,
Tnl: troponin | (from (Kirk et al., 2016)).
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In the heart, when PKG is activated by cGMP binding, PKG phosphorylates protein target on
the serine/threonine residues. The protein targets can be divided into four groups: 1)
intracellular Ca?* regulation and signaling, 2) sarcomere myofilament proteins, 3)
transforming growth factor  (TGFp) and fibrosis factors, and 4) activation of other survival
pathways (Figure 18) (Kirk et al., 2016).

As mentioned before, PKG phosphorylates protein targets involved in ECC including LTCCs,
Tnland PLB.

111.2.1.1 LTCCs

PKG was shown to phosphorylate LTCCs (Jiang et al., 2000; Yang et al., 2007). A number of
studies showed that cGMP/PKG mediated phosphorylation leads to inhibition of LTCCs
(Méry et al., 1991). In rabbit cardiomyocytes, LTCC has two potential PKG phosphorylation
sites, on serine 533 and serine 1371. PKG-dependent phosphorylation on serine 533 leads to
inhibition of LTCCs (van der Heyden et al., 2005). Two different mechanisms for LTCC
inhibition have been reported: direct phosphorylation of LTCCs by PKG and PKG-dependent
activation of a phosphatase, resulting in channels dephosphorylation (Keef et al., 2001). PKG-
mediated inhibition of LTCCs is in line with results obtained with transgenic mice
overexpressing PKG-1, which augments NO/cGMP inhibition of single LTCC activity
(Schroder et al., 2003).

111.2.1.2 Troponin |

PKG phosphorylates Tnl at the same phosphorylation sites as PKA on serine 23 and 24
(Blumenthal et al., 1978; Lincoln & Corbin, 1978), but with much less efficiency than PKA
(Lincoln & Corbin, 1978). PKG phosphorylation of Tnl leads to reduction in myofilament
Ca®" responsiveness (Layland et al., 2002) with additional effects such as reduction of LTCC
current or increased SR Ca** uptake (Layland et al., 2005). These effects were absent under
pharmacological inhibition of PKG (Kaye et al., 1999) and in PKG-I knockout mice
(Wegener et al.,, 2002). In addition, cardiac specific overexpression of PKG-I results in
increase in cardiac relaxation and confirming the role of PKG phosphorylation in the

regulation of cardiac function (Wollert et al., 2003).
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111.2.1.3 Phospholamban

PKG phosphorylates PLB on serine 16 (Kranias & Hajjar, 2012). PKG-dependent
phosphorylation plays an essential role in the modulation of smooth muscle contraction and is
also involved in a positive inotropic and lusitropic effect in mammalian heart (Mattiazi et al
2005). It has been also suggested that pharmacological activation of PKG with the cGMP
analogue 8-bromo-cGMP leads to an increase in phosphorylation of PLB and activation of
SERCA, resulting in reduction in the cytosolic Ca®* oscillations and preventing excessive
myofibril activation during reperfusion (Inserte et al., 2014). PLB once phosphorylated by
PKG reduces intracellular Ca** concentration by dissociating from SERCA. Then, SERCA is
ready to pump Ca”" ions back into the SR (Kranias & Hajjar, 2012).

111.2.2 Cyclic nucleotide phosphodiesterase
In addition to cGMP synthesis, cGMP is degraded by PDEs that control intracellular cGMP
levels. Five PDEs are responsible for cGMP hydrolysis- PDE1, PDE2, PDE3, PDE5 and
PDE9, but the activity of only three of them is regulated by cGMP. PDE2 and PDES are
stimulated by cGMP and PDE3 is inhibited by cGMP (Figure 19) (Zhang & Kass, 2011).

PDES5 is encoded by a single gene pde5a and is expressed as three isoforms, PDESAL,
PDE5A2 and PDE5SAS that differ in their N-termini. The highest expression of PDE5A is
observed in vascular smooth muscle, lung and corpus cavernosum and low expression of
PDESA was found in systemic arteries and in the heart (Kass, 2012). PDE5 is phosphorylated
by PKG-I on serine 102 in human and serine 92 in mouse, and also by PKA (Corbin et al.,
2000). Phosphorylation of PDE5 occurs when cGMP is bound to the regulatory domains
(Turko et al., 1998). PKG-mediated phosphorylation of PDES5 leads to increase in enzyme
activity and represents a feedback mechanism to limit amplitude and duration of a cGMP
signal in cells that express PDE5 (Mullershausen et al., 2003). PDE5 contains two highly
homologous GAF domains (GAF-A and GAF-B). It was shown that high-affinity cGMP
binding occurs only to the GAF-A domain. cGMP binding is stabilized by PKG-dependent
phosphorylation of a nearby serine (Kass et al., 2007). In cardiac myocytes, PDE5 is localized
in a striated banding pattern, colocalized with a-actinin in the Z-disk (Kass, 2012). It was
demonstrated that in this localization, PDE5 controls the cGMP pool produced by sGC, while
cGMP produced via pGC is under the control of PDE2 (Castro et al., 2006). Chronic NOS
activity was shown to be required for PDES5 localization to Z-band region in the proximity of

B-AR-complex signaling proteins (Takimoto et al., 2005a).
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Figure 19: cGMP signaling pathway.

cGMP is produced by particulate (pGC) and soluble (sGC) guanylyl cyclases upon natriuretic
peptide and nitric oxide activation. cGMP then activates (green arrow) or inhibits (red arrow
bar) various PDE isoforms (modified from (Tsai & Kass, 2009)).

PDE3 structure, localization and splice variants were described in the chapter 811.6.1:
Structure, localization and regulation of PDEs. PDE3 is a PDE isoform inhibited by cGMP.
PDE3 does not have allosteric cGMP-binding domains such as PDE2 and PDE5. PDE3
catalytic sites have high affinity for both cAMP and cGMP, but the V. is 4-10 times higher
for cAMP than for cGMP. Thus, cGMP regulates PDE3 catalytic activity through competition
with cAMP at the catalytic sites (Rybalkin et al., 2003). Cyclic GMP-dependent inhibition of

PDE3 results in increase in CAMP and activation of PKA (Degerman et al., 1997a).

PDEZ2 is a dual substrate enzyme, hydrolyzing both cAMP and cGMP. PDE2 has a property
for being stimulated by cGMP. This cGMP-dependent stimulation is due to the presence of
two GAF domains (GAF-A and GAF-B). In contrast to PDE5, cGMP binds with high affinity
to PDE2 GAF-B domain (Wu et al., 2004), while GAF-A domain is involved in enzyme
dimerization (Martinez et al., 2002b). cGMP binding to GAF-B domain leads to decrease in
the apparent K., for cAMP, resulting in activation of the cCAMP-hydrolyzing activity of the
enzyme (Martinez et al., 2002a). More detailed regulation of PDE2 is described in the last
chapter V1.2: Regulation of expression and activity of PDE2.
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PDE1 is a dual-specificity enzyme that hydrolyzes cAMP and cGMP in a competitive
manner. PDE1 is encoded by three PDE1 genes, PDE1A, PDE1B and PDE1C. PDE1A and
PDE1B isoforms have higher affinity for cGMP, while PDE1C isoform has similar affinity
both substrates. The majority of cGMP-hydrolytic activity is attributable to PDE1, together
with PDE3, in normal and failing human hearts. PDELC is the predominant PDE1 isoform
expressed in human myocardium. Susceptibility of PDE1 to competitive inhibition by cAMP
and cGMP suggests that PDE1 may have a role in the integration of cCAMP and cGMP
signaling pathways (Vandeput et al., 2007, 2009).

PDE9A was for the first time cloned and characterized in 1998 (Fisher et al., 1998; Soderling
et al., 1998). PDE9A has the highest affinity and selectivity for cGMP. PDE9A is mainly
expressed in the brain, gut and kidney, however mRNA is also detectable in the heart. Basal
gene expression is low in neonatal myocytes but increases with agonist or mechanical

stimulation.

Opposite to PDE5, PDE9A regulates cGMP pool coupled to NPs, but not NO-stimulated
cGMP. It can be related to intracellular localization and co-localization with t-tubular
membranes. PDE9A protein expression is increased in LV myocardium from human with HF
or LV hypertrophy. Selective pharmacological or genetic inhibition of PDE9 protects the
heart against pathological neurohormonal response (Lee et al., 2015).

111.3 cGMP signaling in cardiac hypertrophy

Cardiac hypertrophy is the enlargement of the heart in response to chronic pressure or volume
overload caused by different disease conditions such as hypertension, coronary artery disease
or valvular heart (Opie et al., 2006; Weeks & McMullen, 2011; Hou & Kang, 2012). At the
cellular level, hypertrophy is characterized by increase in cell size, protein synthesis and
heightened organization of the sarcomere (Frey et al., 2004). Cardiac hypertrophy eventually
leads to contractile dysfunction, ventricular dilation and finally to heart failure (Mann, 1999;
Frey & Olson, 2003). One of the molecular mechanisms of hypertrophy involves
calcineurin/NFAT signaling pathway. Calcineurin is activated by an increase in intracellular
concentration of Ca®*. Once activated calcineurin dephosphorylates its downstream effectors
including nuclear factor of activated T cells (NFAT) within the cytoplasm. Dephosphorylated
NFAT translocates to the nucleus and is involved in Ca®*-inducible gene expression with
other transcription factors. Ca?*-calcineurin-NFAT pathway can interact with other pathway

such as PKC and mitogen-activated protein kinases (MAPK), resulting in hypertrophic
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response (Molkentin, 2004). Cardiac hypertrophy is controlled also by counter regulatory
signaling pathway including cGMP production by nitric oxide (NO) and natriuretic peptides
(NPs) (Calderone et al., 1998). It was shown that anti-hypertrophic effect of NO is via
activation of soluble guanylyl cyclase and cGMP synthesis (Wollert et al., 2003). NO and
cGMP, acting via PKGI, inhibit calcineurin/NFAT pathway and prevent NFAT nuclear
translocation and transcriptional activity (Fiedler & Wollert, 2004). The second anti-
hypertrophic mechanism involves the action of natriuretic peptides. As discussed above, NPs
are hormones responsible for regulation of salt-water balance and blood pressure by
promoting renal sodium and water excretion (Song et al., 2015). The plasma concentration of
ANP and BNP is increased in patients with HF and cardiac hypertrophy suggesting their
compensatory role in HF because of their diuretic, natriuretic and vasodilating actions
(Nishikimi et al., 2006). Consequently, ANP and BNP are used as prognostic biomarkers in
cardiovascular events. Elevated ANP and BNP levels were positively and significantly
correlated with cardiovascular mortality and adverse cardiovascular outcomes (Gupta &
Wang, 2015). Studies with ANP and BNP deficiency in mice confirmed the anti-hypertrophic
effect of NPs. Mice lacking ANP developed chronic hypertension and cardiac hypertrophy
(Lopez et al., 1995; Knowles et al., 2001). In contrast to ANP-deficient mice, mice lacking
BNP did not develop hypertrophy, but interstitial cardiac fibrosis, responsible for abnormal
myocardial stiffness and ventricular dysfunction (Tamura et al., 2000). These results suggest

that ANP and BNP play distinct roles in cardiovascular system.

IVV. cAMP and cGMP signaling crosstalk

In the mammalian heart, ;CAMP and cGMP are essential second messengers that mediate the
activity of several neurotransmitters. The B-adrenergic and NO/cGMP/PKG pathways have
opposite physiological effects on cardiac function. cCAMP is responsible for increasing force
and frequency of cardiac contraction via PKA activation, while cGMP regulates
vasorelaxation and decreases cardiac contractility via PKG activation (Stangherlin & Zaccolo,
2012). PDEs play an important role in the compartmentation of both cyclic nucleotides and in
the crosstalk of cCAMP and cGMP signaling pathways. PDEs are also under the control of
cAMP and cGMP which exert a feedback regulation of the rate of degradation of these two

second messengers (Figure 20) (Fischmeister et al., 2006).
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Thirty years ago, cGMP was shown to exert an opposite effect to CAMP on I¢c, in frog
cardiomyocytes via activation of a PDE (Hartzell & Fischmeister, 1986; Fischmeister &
Hartzell, 1987). Since then, PDE2 was shown to mediate the inhibitory effect of NO on lc,
upon B-AR stimulation in various species, including human (Méry et al., 1993b; Kirstein et
al., 1995; Méry et al., 1995; Rivet-Bastide et al., 1997). cGMP was also shown to modulate
CAMP signal in rabbit atrioventricular nodal (AV) cells (Han et al., 1996). In this study,
PDE2 activated by NO/cGMP was proposed to be involved in the muscarinic cholinergic
attenuation of lc, | upon activation by isoproterenol. In rat neonatal cardiomyocytes, B3-ARS
were shown to activate NO generation, resulting in sGC activation and production of cGMP
that activates PDE2 and reduces cAMP concentration (Mongillo et al., 2006). In contrast,
PDES inhibition results in increase in cytosolic cGMP and PKG activation, but not whole-cell
B-AR response (Zhao et al., 2016). Other studies showed involvement of PDE3 in cAMP-
cGMP crosstalk. PDE3 is a cGMP-inhibited PDE and cGMP acts as competitive inhibitor of
PDE3 (Degerman et al., 1997b). In human atrial cells, cGMP-dependent inhibition of PDE3
induces an increase in lc, at low concentrations of cGMP but this effect is overcome by
cGMP-activation of PDE2 at higher cGMP concentrations, leading to a decrease in lca.
(Vandecasteele G, Verde I, Rucker-Martin C, Donzeau-Gouge P, Fischmeister R. Cyclic
GMP regulation of the L-type Ca** channel current in human atrial myocytes. J Physiol.
2001;533:329-340).In guinea pig cardiac sinoatrial cells, cGMP-dependent inhibition of
PDE3 leads to an increase in the delayed rectifier K* currents through an elevation of

intracellular cAMP levels and subsequent activation of PKA (Shimizu et al., 2002).
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Figure 20: cAMP and cGMP signaling pathways in cardiomyocytes.

The diagram illustrates the enzymes involved in cAMP and cGMP synthesis and degradation
and the complex interactions between the 2 signaling pathways in cardiomyocytes (in red for
cAMP, in blue for cGMP) (adapted from Fischmeister et al., 2006).

Studies on cGMP signals on the cAMP response to ISO in rat ventricular myocytes showed
that cGMP signal do not change the whole cellular cAMP response, but alter the cCAMP
signals locally. Increase in cGMP results in increase in the cCAMP pool activated by PKAI-RI
and in decrease in the cAMP pool activated by PKA-RII. This effect is associated with local
PDE2 and PDES3 activities. PDE2 activity is rather coupled to the PKA-RII compartment,
while PDE3 is preferentially localized in the proximity of the PKA-RI compartment in which
cGMP-dependent activation of PDE2 and cGMP-mediated inhibition of PDE3 exert opposing

effects of cGMP on local cCAMP signals (Stangherlin et al., 2011).

It was also demonstrated that cCAMP-mediated signaling is affected by natriuretic peptides
(ANP, BNP, CNP) and their receptors (NPR-A and NPR-B). BNP acting through NPR-A and
CNP acting through NPR-B lead to increase in ;-AR signaling in failing rat ventricles via
cGMP-dependent PDE3 inhibition (Qvigstad et al., 2010; Levy, 2013). NPR-B stimulation
leads to increase in total cAMP concentration, inotropic responses, apoptosis mediated
through B:-ARs and also results in increased phosphorylation of PLB and Tnl. These effects
were comparable with those of a selective PDE3 inhibition with cilostamide. cGMP-mediated
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inhibition of PDE3 overcomes the ability of PKG to attenuate PKA-mediated effects on
cardiac function (Qvigstad et al., 2010).

V. Heart failure

Heart failure (HF) is one of the most common causes of mortality and morbidity around the
world. Each year, approximately 500 000 new cases are diagnosed in the United States and
two million of new cases worldwide, leading to a prevalence of over 22 million across the
globe. HF affects 10 people per 1000 over the age of 65. 78% of patients have at least two
hospitalization per year, leading to an annual cost of 10-38 billion dollars (Kemp & Conte,
2012).

V.1 Pathophysiology of heart failure

Heart failure is a disease in which the heart is unable to pump blood sufficiently to meet the
body’s needs. HF is associated with risk factors such as hypertension, diabetes, coronary
artery disease, obesity, sleep apnea, valvular heart disease, myocardial infarction and
amyloidosis. There are two types of HF, HF with decreased ejection fraction (less than 45%)
caused by systolic dysfunctions, destruction of cardiac myocytes or their molecular
components, characterized by reduction in cardiac contractility. The second type of HF is HF
with preserved ejection fraction, caused by diastolic dysfunctions and leading to impaired
cardiac relaxation and abnormal ventricular filling (Kanwar et al., 2016).

In human HF, cardiac B-AR dysfunctions is observed, characterized at the molecular level by
selective decrease in P;-AR density at the plasma membrane and by uncoupling of the
membrane B;1-ARs and B,-ARs from G proteins (Lymperopoulos et al., 2013). Perturbations at
the cellular level in human HF include impaired Ca*-handling, extracellular matrix
modifications, myofilament dysfunctions, reduction in SERCA2 expression and reduction in
phosphorylation of PLB by PKA (ElI-Armouche & Eschenhagen, 2009). Modifications of the
extracellular matrix are characterized by an increased stiffness caused by abundance of

collagen type I (van der Velden, 2011).

Myocardial systolic dysfunctions are associated with neurohormonal hyperactivity, acting as a
compensatory mechanism, to maintain cardiac output during decrease of cardiac function.
This mechanism includes increase in secretion and in circulating level of certain

catecholamines, mainly epinephrine and norepinephrine released by cardiac nerve terminals.
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Elevation in catecholamine levels results in chronically elevated stimulation of the cardiac -
AR system and exert detrimental effects on the failing hearts (EI-Armouche & Eschenhagen,
2009). Hyperactive neurohormonal system was reported to be cardiotoxic and causes
interstitial fibrosis, reduction in B-AR mediated inotropic responses, promotes cardiac
apoptosis and induces contractile dysfunction through left ventricular dilation
(Lymperopoulos et al.,, 2013). During compensated hypertrophy, the Frank-Starling
mechanism leads to increase in cardiac output by increasing ventricular volume and wall
thickness through ventricular remodeling. This helps to maintain tissue perfusion with
augmented mean arterial pressure through activation of neurohormonal system (Kemp &
Conte, 2012).

V.2 Treatment of heart failure

The aim of pharmacological therapy of HF is to relieve symptoms and signs, improve quality
of live, prevent hospitalization and improve survival. First-line therapy for people with HF
can include treatment with beta-blockers, inhibitors of phosphodiesterases, nitrovasodilators,
Ca®* channel blockers, angiotensin receptor blockers, diuretics, ivabradine, digoxin or a new
medical agent with a double action, LCZ 696 (Gu et al., 2010).

V.2.1 p-blockers
B-blockers were first time used in 1973 when a single bolus injection was administered to a
59-year old woman with tachycardia to reduce the heart rate. In 1975, seven patients were
treated with B-blockers in first clinical studies. All seven patients had an improvement of
cardiac functions shortly after starting treatment. In 1980, Bristow et al demonstrated that the
adenylyl cyclase response to B-AR blockade was attenuated in patients with HF compared
with controls (Bristow et al., 1986; Swedberg, 1998). It was shown that chronic sympathetic
activation acts as inotropic and chronotropic support to the failing hearts, but has also
deleterious effects such as direct cardiotoxic effects of catecholamines on myocardium,
activation of the renin-angiotensin-aldosterone system and elevation in myocardial oxygen
demand and B-blockade can be beneficial in the treatment of chronic HF (Denbow, 2000). -
blockers can be divided into three generations that differ in their receptor selectivity,
vasodilating properties and metabolism (Gorre & Vandekerckhove, 2010). First generation of
B-blockers competitively block both the B1-ARs and B,-ARs (propranolol, nadolol, timolol).
Second generation has higher affinity for Bi-ARs than B,-ARs (atenolol, metoprolol,

bisoprolol). The third generation can be subtype-selective (celiprolol, nebivolol) and non-

67



selective (bucindolol, carvedilol, labetalol). Non-selective third generation of B-blockers
block also a;-ARs resulting in peripheral vasodilation (Lymperopoulos et al., 2013). Chronic
therapy with B-blockers showed beneficial effects including amelioration of symptoms,
reverse cardiac remodeling, improvement in left ventricular systolic functions and coronary
blood flow to the heart, reduction in risk of arrhythmias, protection of the heart against
cardiotoxic overstimulation by catecholamines and improvement of survival (Zafrir & Amir,

2012; Lymperopoulos et al., 2013).

V.2.2 Inhibitors of PDEs

In acute HF, inotropes such as B-AR agonists (dobutamine, dopamine) or inhibitors of
phosphodiesterase 3 (milrinone) seem to improve clinical symptoms and hemodynamics.
Treatment with inotropes results in increase in intracellular cAMP level and increase in
cardiac output and have been used as a short-term bridge to other forms of therapy, e.g.
transplantation or in patients with chronic advanced HF (Parissis et al., 2007). More recently,
inhibitors of PDES5 have been used as a cGMP-raising agents in vascular smooth muscle and a
lot of studies focus on inhibitors of PDES as potential therapeutic strategy in HF (Movsesian
et al., 2009; Kass, 2012).

In 1980, Milrinone was approved for short-term intravenous use. Milrinone is a bipyridine
derivative, which leads to increase in intracellular cAMP level, resulting in increase in
intracellular Ca®* concentration and contractility and myocardial relaxation. Increased cCAMP
exerts a vasodilatory effect in arterial and venous circulation leading to decrease in systemic
and pulmonary vascular resistance, decrease in left and right ventricular filling pressure and
increase in cardiac output (Bayram et al., 2005). However, milrinone treatment was
associated with acceleration of disease progression and development of serious ventricular
arrhythmias (Packer et al., 1991). Milrinone increases also myocardial oxygen demand and

may lead to myocardial ischemia (Petersen & Felker, 2008).

PDES5 inhibition (Sildenafil, Vardenafil, Tadalafil) increases cGMP bioavailability and
improves heart functions (Wang et al., 2015). Takimoto et al showed that chronic treatment
with sildenafil significantly attenuated the left ventricular hypertrophy in mice with transverse
aortic constriction. Treatment with sildenafil decreased chronic pressure overload in LV
chamber, myocyte hypertrophy and improved cardiac function (Takimoto et al., 2005b). In
experimental models of myocardial disease, elevated PDE5 expression and activity were
observed and related to oxidative stress. It was also shown that PDES5 is upregulated in human

failing hearts and hypertrophy (Kass, 2012). Preclinical studies showed beneficial effects of
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PDES5 inhibition by blocking adrenergic, hypertrophy and pro-apoptotic signaling. Chronic
treatment with PDES5 inhibitors has also favorable effect on lung diffusion capacity and
exercise performance. In addition, clinical trials showed the safety, efficacy and tolerability of
PDES5 inhibitors on morbidity and mortality in patients with systolic or diastolic HF (Kanwar
et al., 2016). Currently, three PDE5 inhibitors are used for treatment of erectile dysfunction
and sildenafil and tadalafil are used in therapy of pulmonary arterial hypertension (Das et al.,
2015).

V.2.3 Vasodilators
Vasodilators that are nitrates (nitroglycerin, isosorbide mononitrate, isosorbide dinitrate and
sodium nitroprusside) are a first-line agents for acute HF (Singh et al., 2016). Acute HF is
characterized by increased left ventricular filling pressure and high or normal blood pressure.
In this case, treatment with vasodilators can improve both hemodynamics and symptoms
(Hollenberg, 2007).

Nitrovasodilators can be divided into two groups: first group of agents that release NO
spontaneously (sodium nitroprusside) and the second group of agents that need an enzymatic
process to form NO (isosorbide mononitrate, isosorbide dinitrate and nitroglycerine). NO
activates SGC and leads to production of cGMP. Then, intracellular cGMP inhibits Ca?* entry
into the cell resulting in decrease in intracellular Ca®* concentration and in smooth muscle
relaxation. NO can also activate K channels causing hyperpolarization and relaxation.
Finally, NO acting via cGMP can activate PKG which activates myosin light chain phosphate
resulting in relaxation and dilation. Nitrates at low doses promote only venous dilation, but at
higher doses induce arteries (including the coronary arteries) dilation. Thus, nitrates cause
balanced vasodilation and reduce elevated left ventricular filling pressures (Piper &
McDonagh, 2014).

V.2.4 Ca*" channel blockers
The Ca?* channel blockers are a heterogeneous group of agents (nifedipine, nicardipine,
nimodipine, felodipine, isradipine, amlodipine, dilitiazem, bepridil, mibefradil) with various
effects on heart muscle, sinus node function, atrioventricular conduction, peripheral blood
vessels and coronary circulation. The Ca®* channel blockers are used for treatment of
congestive HF. This group of agents have a strong arteriolar dilator effect resulting in

reduction in systemic vascular resistance and left ventricular afterload. Combination of Ca®*
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channel blockers with vasodilators improve exercise tolerance and ejection fraction and
survival in patients with mild-to-moderate HF. This group of drugs has also anti-ischemic
effect and can be used in treatment of myocardial ischemia (Elkayam et al., 1993; Elkayam,
1998).

V.2.5 ACE inhibitors and angiotensin receptor blockers

The renin-angiotensin-aldosterone system (RAAS) acts as a compensatory mechanism in HF.
In early phase of HF, RAAS activation induces water and salt retention resulting in
vasoconstriction in peripheral arteries, myocardial contractility and keeps cardiac output
within normal limits. Chronic activation of RAAS has adverse effects on the cardiovascular
system including heart remodeling and progression of HF. Renin converts angiotensinogen,
synthesized in tissue and liver to angiotensin | and then angiotensin-converting enzyme
(ACE) converts angiotensin | to angiotensin 1, biologically active form. Angiotensin exerts
its effect by binding to two receptors, angiotensin type | and angiotensin type Il, both are
found in heart tissue. Current RAAS inhibition includes use of ACE inhibitors (e.g. Captopril,
Perindopril, Enalapril, Ramipril) and angiotensin type Il blockers (e.g. Losartan, Olmesartan,
Valsartan, Fimosartan, Eprosartan, Irbesartan, Telmisartan). Inhibition of ACE also leads to
an increase in bradykinin which stimulates the production and secretion of NO. This leads to
vasodilation by decreasing vascular resistance, improve the hemodynamics and systolic
function by reverse remodeling and increase the exercise capacity (Kiligkiran Avci et al.,
2014; Arumugam et al., 2016).

V.2.6 LCZ 696
The natriuretic peptides (NPs) ANP, BNP and CNP play an essential role in cardiovascular
health, they promote vasodilation and oppose acute effects of volume overload by suppressing
the sympathetic and RAAS activity. Neprilysin (NEP) is an enzyme that degrades NPs. NEP
belongs to a neutral endopeptidase family and is expressed mostly in kidneys. It degrades also
other vasoactive peptides (e.g. bradykinin) and vasoconstrictors (endothelin-1 and angiotensin
I1). Thus, physiological effect of NEP depends on the balance between its actions on
vasodilating and vasoconstricting peptides (Andersen et al., 2016). It was shown that
combination of NEP inhibition with ACE inhibition leads to greater inhibition of bradykinin
and higher increase in bradykinin level than with NEP or ACE inhibition alone. Recently, a

novel pharmacological agent (LCZ696, Novartis) with a dual action as angiotensin receptor
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inhibitor and NEP inhibitor has been developed. LCZ696 increases RAAS blockade and leads
to beneficial effects of NPS without increasing side effects (Volpe et al., 2016).

V1. Phosphodiesterase type 2

V1.1 Structure, function and subcellular localization of PDE2

PDEZ2 is an enzyme that hydrolyzes both cAMP and cGMP with similar Kinetic constants (30
UM for cAMP and 10 uM for cGMP) and with a maximal hydrolysis velocity (Vmax) of ~120
pmol/min/mg protein. However, the rate of CAMP hydrolysis is increased up to 30-fold by
low concentrations of cGMP (Beavo et al., 1971; Terasaki & Appleman, 1975; Erneux et al.,
1980; Martins et al., 1982). Therefore, PDE2 has also been termed cGMP-dependent
phosphodiesterase or cGMP-stimulated PDE. PDE2 is a homodimer of two monomers (103
kDa each) composed of a regulatory segment with two GAF domains (GAF-A and GAF-B)
and a catalytic domain (Figure 21) (Martinez et al., 2002b). The N-terminal regulatory
domain of PDE2 is a place for alternative splicing resulting in three different isoforms of
PDE2 that differ in their subcellular localization. The GAF-B domain is responsible for
cGMP binding with high affinity resulting in allosteric activation of PDE2 (Stroop et al.,
1989; Charbonneau et al., 1990; Wu et al., 2004). cAMP binds to GAF-B domain as well but
with very low affinity without significant changes in catalytic activity (Beavo et al., 1971; Wu
et al., 2004). In the GAF-A domain, the key cGMP binding sites are poorly conserved
suggesting that GAF-A domain cannot bind cyclic nucleotides and is involved only in
dimerization of PDE2 (Martinez et al., 2002b). In contrast, a recent study on solved crystal
structure of an almost full length PDE2 shows that tandem of GAF-A and GAF-B domains is

involved in dimerization of holoenzyme, not only GAF-A domain (Pandit et al., 2009).

The catalytic domain of PDE2 shares the common structure with all PDEs and is composed of
the helices that form an active site with two divalent metal ions (Zn** and Mg*) (Iffland et
al., 2005). A glutamine residue (GIn 859 in the human PDEZ2) in the catalytic site plays an
important role in determining nucleotide specificity of PDEs in general. In PDEs that
degrades only cAMP, GIn residue adopts arrangement that favors hydrogen bonding to the
adenine base. In cGMP-specific PDEs, the orientation of glutamine residues allows the
formation of hydrogen bonds with the guanine-base. In PDE2, the glutamine residue can

occur in two orientations, because of dual specificity to the enzyme (Zhang et al., 2004).
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Figure 21: cGMP-induced activation of PDE2.

In the inactive state, the arrangement of the two C domains (green) in the dimer blocks
substrate access to the catalytic sites. cGMP binding to GAF-B in each subunit results in a
conformational change that leads to the disruption of the dimer interface in the C domain.
Then substrate can reach easily the catalytic pocket (Francis et al., 2011).

PDEZ2 is mainly expressed in brain, where it is mainly responsible for regulation of cGMP and
CAMP levels (Juilfs et al., 1997; Wykes et al., 2002; Lin et al., 2010) and is involved in
regulation of memory and emotion formation processes (Boess et al., 2004). PDE2 expressed
in the heart is implicated in ECC and attenuation of B-adrenergic signaling in cardiac
myocytes (Hartzell & Fischmeister, 1986; Vandecasteele et al., 2001). PDE2 is also present in
adrenal glands and controls aldosterone secretion (MacFarland et al., 1991; Nikolaev et al.,
2005). PDE2 is less expressed in peripheral tissues, however it is involved in thrombin-
dependent activation of platelets (Dickinson et al., 1997) and proliferation of vascular

endothelial cells and in angiogenesis (Favot et al., 2003; Diebold et al., 2009).

PDE2 is encoded by a single gene pde2a but exists in three isoforms: PDE2A1, PDE2A2,
PDE2AS3 that differ in their N-terminal regulatory domain and subcellular localization.
PDE2AL is localized in the cytoplasm, while PDE2A2 and PDE2A3 are associated with
membrane structures (Sonnenburg et al., 1991; Rosman et al., 1997). In brain,

immunostaining for PDE2A shows that PDE2 is mainly detected in limbic system such as
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cortical areas, hippocampus, amygdale, olfactory bulb, the adrenal cortex and at lipid rafts in
neurons (Omori & Kotera, 2007). In cardiomyocytes, PDE2 is confined to membrane
compartment with the sarcomeric Z-lines (Lugnier et al., 1999; Mongillo et al., 2006; Omori
& Kotera, 2007). In addition, it has been shown that PDE2A mRNA transcription and activity
differ between right and left ventricle and are significantly lower in RV compared to LV
(Soler et al., 2015). In the liver, PDEZ2 is associated with Golgi-endosomal fractions (Geoffroy
et al., 1999). PDEZ2 is also localized in mitochondrial matrix in brain and liver tissue (Acin-
Perez et al., 2011).

V1.2 Regulation of expression and activity of PDE2

So far, the regulation of PDE2 gene expression is not well known. It has been shown that
PDE2A expression is induced by macrophage colony, a stimulating factor in human
monocytes differentiating into peritoneal macrophages (Bender et al., 2004). It was also
demonstrated that expression of PDE2A gene is regulated exclusively by tumor necrosis
factor-o. (TNF-a) in a p53 MAPK-dependent manner in human umbilical vein endothelial
cells (HUVEC). TNF-a rapidly increases PDE2A activity resulting in a decrease in cyclic
nucleotide accumulation (Seybold et al., 2005). Vascular endothelial growth factor (VEGF)
plays also an important role in regulation of PDE2A expression in HUVEC. Treatment of
HUVEC with VEGF leads to significant increase in PDE2A expression by 47% (Favot et al.,
2003). Study on obese rats with a missense mutation in the leptin receptor gene shows a
transcriptionally upregulated PDE2 level in brown adipose tissue of these animals. However,
the relation between PDE2 upregulation and the leptin receptor mutation remains unknown
(Coudray et al., 1999).

PDEZ2 activity is regulated by cGMP at low concentrations via binding to the GAF-B domain.
cGMP binding increases cAMP hydrolysis by 5 to 30 fold. A study on the Xx-ray
crystallographic structure of dimerized PDE2 construct composed of GAF-A/B tandem and
catalytic domain shows the mechanism of PDE2 activation. In the absence of cyclic
nucleotides, catalytic domain occurs in a closed conformation in which the substrate binding
pocket of catalytic domain is occluded by the H-loop. cGMP binding to the GAF-B domain
causes movement and H-loop swings out of the substrate binding pocket to allow substrate
access (Pandit et al., 2009).

It has been shown that Ca?*/phospholipid-dependent protein kinase (PKC) stimulates PDE2
activity in a liver Golgi-endosomal fraction. Treatment with 4B-phorbol 12-myristate 13
acetate, which is activator of PKC, stimulates PDE2 activity via serine/threonine
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phosphorylation but it has not yet been established directly (Geoffroy et al., 1999). Another
study shows that nerve growth factor (NGF) inhibits PDE2 activity in PC12 cells resulting in
over 50% loss of PDE2 activity. Moreover, NGF leads to an increase in PDE2 associated

phosphoproteins at concentrations producing a loss of PDE2 activity (Bentley et al., 2001).

So far, there is no direct evidence that PDE2 activity is regulated by post-translational
modifications. However, some studies show an increase in PDE2 activity in a model of
hypertrophy without any changes in PDE2 mRNA levels, suggesting a post-translational
modifications or reduction in PDE2 protein degradation (Yanaka et al., 2003; Mokni et al.,
2010).

There are known inhibitors of PDE2A activity which are useful tools for determining its
cellular functions. IBMX, which is a non-specific, broad spectrum inhibitor of PDEs, inhibits
PDE2 with a Ki in the range of 8-18 uM in the presence of cGMP (Erneux et al., 1982). The
first specific PDE2 inhibitor found is EHNA (erythro-9-(2-hydroxyl-3-nonyl) adenine) which
has an 1Csq of ~0.8 uM for human PDE2 and more than 100 uM for other PDEs (Méry et al.,
1995; Podzuweit et al., 1995). Recently, a large number of highly specific and selective PDE2
inhibitors has been developed including oxinodol with 1Csq of 40 nM (Chambers et al., 2006),
PDP (9-(6-Phenyl-2-oxohex-3-yl)-2-(3,4-dimethoxybenzyl)-purine-6-one with 1Csq of 0.6 nM
(Seybold et al., 2005). An inhibitor that is commercially available is Bay 60-7550 (2-[(3,4-
dimethoxyphenyl)methyl)]-7-[(1R)-1-hydroxyethyl]-4-phenylbutyl]-5-methyl-imidazol[5,1-
f][1,2,4]triazin-4(1H)-one] with ICsy of 5 nM for recombinant human PDE2A (Boess et al.,
2004).

V1.3 PDE2 as potential target in heart failure

PDEZ2 is stimulated by cGMP to increase hydrolysis of cAMP and this plays an important role
as a feedback mechanism restoring the basal level of the cyclic nucleotide upon hormonal
stimulation (MacFarland et al., 1991; Lugnier, 2006). PDE2 is expressed in both ventricular
and atrial myocytes, from frog to human (Bender & Beavo, 2006). It was shown in frog
ventricular myocytes (Dittrich et al., 2001) and human atrial myocytes (Rivet-Bastide et al.,
1997) that PDE2 stimulated by cGMP depletes cCAMP in the vicinity of LTCCs resulting in
inhibition of Ic,.. Real time measurements of cyclic nucleotide concentrations in intact
cardiomyocytes showed that PDE2 is involved in maintaining compartmentalized pools of
cyclic nucleotides and shapes the cCAMP response to catecholamines via the B3-AR/NO/cGMP
pathway to suppress myocyte inotropy (Mongillo et al., 2006; Bender & Beavo, 2006). In
adult rat ventricular myocytes, PDE2 also controls cGMP concentrations: it exclusively
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controls pool of cGMP generated by pGC activation at the sarcolemmal membrane and
participates in the control of the pool of cGMP generated by sGC, together with PDE5 (Castro
et al., 2006).

PDE2 seems to be important in cardiac pathologies, which are accompanied by severe
neurohormonal dysregulation. Published studies showed that PDE2 is upregulated in a rat
model of induced hypertrophy in response to pressure overload (Yanaka et al., 2003; Mokni
et al., 2010). More recently, Mehel et al showed that PDE2 mRNA and protein level is
upregulated in patients with end-stage dilated cardiomyopathy or ischemic cardiomyopathy
(Mehel et al., 2013). PDE2 abundance, activity and transcript levels were also upregulated in
animal models of HF. Using the chronic isoprenaline infusion model (EI-Armouche A, Gocht
F, Jaeckel E, Wittkopper K, Peeck M, Eschenhagen T. Longterm beta-adrenergic stimulation
leads to downregulation of protein phosphatase inhibitor-1 in the heart. European journal of
heart failure 2007;9:1077-80), they showed that pathological B-AR overstimulation alone is
sufficient to induce higher PDE2 abundance and activity to a similar extent as observed in
human end-stage HF, clearly indicating that PDE2 upregulation is a consequence of
pathological B-AR overstimulation.. The same authors showed that adenoviral overexpression
of PDE2 dramatically blunted B-AR inotropic responses, cellular hypertrophy and
arrhythmogenic events in isolated ventricular myocytes , yet without affecting basal
contractility (Mehel et al., 2013).

These studies suggest that PDE2 may play a protective role in myocardial remodeling during
hypertrophy as well as in decompensated stages of HF. The observed increased expression
and activity of PDE2 in the failing heart is likely to play a role in the desensitization
machinery of the B-AR signaling pathway. They postulated that this constitutes a potentially
important defense mechanism during cardiac stress, in particular, during excessive B-AR

drive.
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CAMP is an essential second messenger in neurohormonal regulation of cardiac function.
Heart failure is characterized by disruption of cAMP signaling pathway due to chronic
activation of the adrenergic pathway, leading to B-adrenergic receptor desensitization. So far,
heart failure caused by damage to the heart that has developed over time cannot be cured. It
can only be treated to improve symptoms. Nowadays, the treatment that increases CAMP level
such as milrinone improves short-term cardiac performance but increases mortality because of
a Ca”" overload that leads to arrhythmias and sudden death. Treatment with B-blockers
reduces the action of catecholamines on cAMP level and reduces mortality, but is effective in
only 40-50% of patients with HF and is unable to improve the ability to exercise resulting in a

reduction in a quality of life.

PDEZ2 is the only PDE being activated by cGMP to increase CAMP hydrolysis and it was
demonstrated that PDE2 is upregulated in HF suggesting its potential role in cardiac
pathology. To explore the pathophysiological consequences of enhanced PDE2 activity and
its potential therapeutic value in HF, we created for the first time a transgenic mouse with a
heart specific overexpression of the PDE2A3 isoform in collaboration with Prof. Ali El-
Armouche (Institute of Pharmacology, University of Technology, Dresden, Germany). The
animal model was validated by checking the overexpression of the transcript by gRT-PCR,
increased protein level by Western Blot and elevated PDE2 activity by the radioenzymatic
assay. The hypothesis of my thesis is that the activation of PDE2 may be beneficial to cardiac

function.

The first objective of my thesis was to evaluate the role of PDE2 overexpression on cardiac
function in vivo and ex vivo. In collaboration with Prof. Ali EI-Armouche, the effect of PDE2
overexpression on heart rate and cardiac function was studied using echocardiography and
telemetry (subcutaneously implanted ECG transmitters) that allows to record parameters over
24 h. The exercise capacity of mouse was tested using graded treadmill exercise protocol.
Then, we tested effect of PDE2 overexpression on cardiac function upon chronic
isoproterenol administration (subcutaneously implanted osmotic minipumps) using
echocardiography. Here, for the first time we showed that PDE2 transgenic (TG) mice have a
lower heart rate and increased heart contractility than their WT littermates. To determine,
whether higher contractility is due to lower heart rate, we performed experiments using
Langendorff perfused heart technique. The hearts isolated from PDE2 TG and WT mice were
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electrically paced at the same rate (450 beats per min) and contractility (developed pressure)

was measured.

The second objective of my thesis was to determine the role of PDE2 overexpression on
cellular level, in vitro. We evaluated the role of PDE2 overexpression on overall cCAMP
signaling and ECC using electrophysiology techniques. In isolated adult mouse
cardiomyocytes, we measured intracellular cAMP concentration using a Forster resonance
energy transfer (FRET)-based sensor. We also measured the sarcomere shortening and Ca**
transient using a Ca** sensor (Fura-2-AM) and the lonOptix system. We quantified a number
of spontaneous arrhythmic events and we evaluated SR Ca*" leak and SR Ca®" load with
tetracaine and caffeine, respectively using lonOptix system. The L-type Ca®* current was

recorded with patch-clamp technique.
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Materials and methods
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. Animal model

1.1 Transgenic mice with PDE2 overexpression

PDE2 TG mice were generated by using a plasmid containing the murine sequence of the
splice variant PDE2A3 (NM_001008548.3). Expression was set under the control of the
human a-myosin heavy chain promoter to ensure cardiac specificity (Subramaniam et al.,
1991). Transgenesis was achieved by pronucleus injection of linearized plasmids into isolated
zygotes of a FVB/N donor strain. Successful transformation of the offspring was assessed by
PCR and PDEZ2 protein level was determined by immunoblot analysis. Resulting founder lines
were crossed into a C57BI/6 background. Handling and genotyping of mice were realized in
the Animal core facility, University of Paris Sud, UMS-IPSIT.

All experiments were carried out according to the European Community guiding principles in
the care and use of animals (2010/63/UE, 22 September 2010), the local Ethics Committee
(CREEA lle-de-France Sud) guidelines and the French decree n°2013-118, 1% February 2013
on the protection of animals used for scientific purposes (JORF n°0032, 7 February 2013
p2199, text n°24). Authorizations were obtained from Ministére Frangais de 1’ Agriculture, de

I’ Agroalimentaire et de la Forét (agreement N° B 92-019-01).

1.2 Experimental model of hypertrophy

Cardiac hypertrophy was induced in mice by chronic administration of the B-AR agonist-
isoproterenol (1ISO). Implantation of ISO-minipumps was done in the platform ANIMEX in
Chatenay-Malabry.

WT and PDE2 TG mice (10 weeks old, 25g) were divided into two groups. One group
received 1SO with a daily dose of 60 mg/kg, while the control group obtained physiological
serum (NaCl 0.9%). Two groups were treated during 14 days. Treatments were administrated
with mean flow of 0.76 pl per hour using osmotic minipumps Alzet® (Model 2001 Alza
Corporation, Paolo Alto, USA). The minipumps offer constant administration of drugs. Mice
were anaesthetized with isoflurane (3% induction and 2% maintenance delivered through a
mask). Mouse was fixed on the operating table, skin was shaved and disinfection of the skin
was done. Then, a 1 cm incision between the scapulae was done. Using blunt scissors, a
subcutaneous pocket was prepared and was approximately 1 cm longer than the pump. The

pump’s outlet was introduced into the forward direction of the subcutaneous pocket to avoid
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interactions between the administered drug and wound healing. The subcutaneous pocket was

closed by two interrupted sutures.

All minipumps were weighed before implantation and after sacrifice at the end of the
treatment protocol to be sure that minipumps were functional and the drug was successfully

delivered.

Echocardiography was performed before, 2 and 4 weeks after minipumps implantation. 5
weeks after implantation, mice were sacrificed. Body, heart, lungs weight and tibia length

were measured.

I1. Exercise capacity test

To measure exercise capacity in WT and PDE2 TG mice, mice were subjected to forced
treadmill activity. Before the start of experiment, all mice were acclimatized to the treadmill
running exercise by 12 min activity in the treadmill apparatus. The training started 4 days
before the day of experiment and mice ran 2 min at 10 m/min, then 4 min at 13 m/min, 2 min
at 15 m/min, 2 min at 16.5 m/min and 2 min at 18 m/min at a 4% slope. Next, the mice had
training 3 days before the day of experiment as follows: running 2 min at 13 m/min, 2 min at
16 m/min, 2 min at 18 m/min, 4 min at 20 m/min and 2 min at 22 m/min at a 4% slope.
During training and experiments, pressurized air, triggered at the end of each running

sequence was used to maintain the running motivation.

On the day of experiment, all mice were warmed up by running 6 min at 10 m/min. Then, to
measure the maximal aerobic running performance, the mice were exercised until they were
no longer able to maintain the increasing speed of treadmill. The speed was increased by 3.3
m/min every 1.5 min to reach the speed of 30 m/min at a 4% slope. Then, the treadmill speed

was increased by 3.3 m/min every 1 min at a 4% slope.

At the end of experiment, maximal running distance was calculated for each mouse.

81



I11. Langendorff perfused heart

I11.1 Principle

The isolated mammalian heart preparation was described first time by Oscar Langendorff in
1898 (Langendorff, 1898). This technique allows the examination of cardiac contractile
strength and heart rate including the role of temperature, oxygen and Ca®* ions. A general
principal of the method is to deliver physiological solutions or pharmacological agents into
the heart through a cannula inserted in the ascending aorta. The backwards pressure closes the
aortic valve, preventing the perfusion fluid to enter into the left ventricle. As a consequence,

the total perfusate enters to coronary arteries (Skrzypiec-Spring et al., 2007).

111.2 Experimental set-up

Isolated adult mouse heart was perfused at constant pressure (75 mmHg). The key component
of the system is a compliance chamber, that keeps a constant pressure. The compliance
chamber is warmed to 37°C and filled with a perfusate oxygenated via a glass tube gas
disperser with a gas mixture of 95% O, - 5% CO,. The perfusate level in the compliance
chamber is maintained by controlling the emptying and filling column with a solution. The
solution enters the compliance chamber using high-fidelity peristaltic pump (Figure 22). Once
the heart is cannulated, the coronary flow can be measured by probe connected to the
perfusion cannula (Transonic Systems, Ithaca, NY). The cannulated heart was placed in a
water-jacketed bath and warmed to 37°C. Isovolumic pressure in the mouse heart was
achieved by insertion of a small latex balloon in the left ventricle. The heart was electrically
stimulated at 450 and 650 beats per min using stimulating platinum filament placed on the
surface of the right ventricle. The experimental set-up of Langendorff perfused heart method
is presented in Figure 22. All parameters were registered using acquisition system (software
10X, Emka Technologies).
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Figure 22: Experimental set-up of Langendorff perfused heart.
95%0,-5%CO, tank (A), gas dispersion tube (B), perfusion solution (C), peristaltic pump
(D), compliance chamber (E), balloon (F), (modified from (Liao et al., 2012)).

111.3 Experimental protocol

Mice were anaesthetised with the intraperitoneal injection of pentobarbital (CEVA Santé
Animale, 150 mg/kg). The heart was quickly removed after thoracotomy and placed into a
solution for dissection containing (in mM): NaCl 116, D-glucose 15, NaHCO3 25, KCI 4.7,
KH,PO,4 1.2, MgSO, 1.2, CaCl, 0.4, at 4°C, oxygenated (95% O,-5% CO,). Solution for
dissection and KREBS solution were prepared freshly before each experiment with ultra pure
water and filtered through membrane with pores of 0.45 um. Then, the aorta was cannulated
as quickly as possible (to minimize time of ischemia) and perfused in retrograde manner by
Langendorff method with Krebs solution containing (in mM): NaCl 116, D-glucose 11,
NaHCO; 25, KCI 4.7, KH,PO,4 1.2, MgSQO, 1.2, CaCl, 1.2, Pyruvate 2, EDTA 0.1, warmed to
37.0+0.5°C.

The latex balloon filled with water and ethanol (90/10) connected to a pressure transducer
(Statham gauge Ohmeda, Bilthoven, The Netherlands) was introduced into the left ventricle
after crossing the mitral valve. The signal obtained by this device allows to measure force
developed by left ventricle over time. The pressure inside the balloon was progressively
increased using a micro syringe to find optimal conditions for cardiac muscle to contract more

forcefully (Frank-Starling mechanism). 10 min after stabilization of cardiac parameters, the
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heart was electrically stimulated using platinum electrode at 450 beats per min (bpm) placed
on the surface of the right ventricle. When cardiac functions were recorded, electrical
stimulation was stopped and after stabilization of cardiac parameters, the heart was perfused
with 1SO at increasing concentrations: 0.03, 0.1, 0.3, 1, 3, 10, 30 and 100 nM.

Different 1SO solutions were diluted in KREBS and I1SO was infused to the heart using an
electric syringe pump (Harvard Apparatus pump 11) with flow representing 5% of aortic
flow. Each of ISO solution was prepared at a concentration 20 times higher than the test
solution to correct for the dilution factor. During perfusion of the heart with the last
concentration of 1ISO (100 nM), when all parameters reached steady state, the heart was
electrically stimulated at 650 bpm and then, the electrical stimulation was stopped to obtain
the maximal pressure developed by left ventricle and the maximal heart rate.

V. Isolation of adult mouse ventricular cardiomyocytes

Male mice 10 to 14-week-old were anesthetized by intraperitoneal injection of pentothal (150
mg/kg) and the heart was quickly removed and placed into a cold Ca®* free Tyrode’s solution
containing (in mM): NaCl 113, KCI 4.7, MgSO, 4, KH,PO, 0.6, NaH,PO, 0.6, BDM 10,
NaHCOg3 1.6, HEPES 10, Taurine 30, D-glucose 20, adjusted to pH 7.4. The ascending aorta
was cannulated and the heart was perfused with oxygenated Ca?* free Tyrode’s solution at
37°C during 4 min using retrograde Langendorff perfusion apparatus. Enzymatic dissociation
was realized by perfusion with Ca?* free Tyrode’s solution containing liberase TM research
grade (Roche Diagnostics) for 10 min at 37°C. Then, the heart was removed and placed into a
dish containing Tyrode’s solution supplemented with 0.2 mM CaCl, and 5 mg/ml BSA
(Sigma-Aldrich). Then, the ventricles were separated from the atria, cut into small pieces, and
triturated with a pipette to disperse the myocytes. The supernatant was removed and the cells
were suspended in Tyrode’s solution containing 0.5 mM CaCl, and 5 mg/ml BSA. The
procedure was repeated once and the cells were suspended in Tyrode’s solution supplemented
with 1 mM CacCl; for lonOptix and patch clamp experiments or in medium | (Table 5) for
FRET experiments. Freshly isolated ventricular myocytes were plated in 35 mm culture
dishes coated with laminin (10 pg/ml) and stored at room temperature until use. All

experiments were done in room temperature within 6 hours after cardiomyocytes isolation.

Medium | Medium |1
Medium MEM (51200, | Yes Yes
Gibco)
BDM (2,3-butanedione | 10 mM 10 mM
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monoxime)

BSA 1 mg/mi -
L-Glutamine 2 mM 2mM
ITS (1X)

Insulin 10 mg/L 10 mg/L
Transferrin 5.5 mg/L 5.5 mg/L
Selenium 5 pg/L 5 ug/L
Penicillin-Streptomycine 2% 2%

SVF 5% -

pH at 21°C 7.6 7.6

Table 5: Composition of culture medium | and Il used for adult mice ventricular
cardiomyocytes.

V. Sarcomere shortening and Ca** transient measurements

V.1 Principle

Photometric system lonOptix (lonOptix, Milton, MA, USA) was used for combined
measurement of fluorescence and contraction with a CCD camera (cooled charge coupled,
lonOptix, Myocam CCD100M) and photomultiplier tubes. This system allows to measure

simultaneously sarcomere length and changes in intracellular Ca®* level.

V.2 Fluorescent Ca** indicator Fura-2-AM

Isolated mouse ventricular myocytes were loaded with Ca®* indicator Fura-2-AM (Fura-2-
acetoxymethyl ester,) at concentration of 3 UM during 15 min. Then, the cells were washed
with physiological Ringer K* solution (Table 6). Fura-2-AM crosses the plasma membrane
and intracellular esterases cleave the ester group to release Fura-2-free acid, that binds to free
intracellular Ca®*. Fura-2 is excited at 340 and 380 nm light and the emission ratio measured
at 512 nm is directly related to the intracellular concentration of Ca*. Dissociation constant of
Fura-2 for Ca?* is 0.14 uM.
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Solutions (in mM)
Ringer K* | Ringer Ringer ONa*/0Ca”* + | Ringer ONa*/0Ca”* +
ONa‘/0Ca** tetracaine caffeine
HEPES 10 10 10 10
NaCl 121.6 - - -
LiCl - 121.6 121.6 121.6
Glucose 5 5 5 5
Na pyruvate |5 - - -
Li pyruvate - 5 5 5
NaHCO; 4.013 - - -
Li,COg3 - 4.013 4.013 4.013
Na;HPO,4 0.8 - - -
LiH,PO, - 0.8 0.8 0.8
KCI 5.4 54 54 54
CaCl, 1.0 - - -
MgCl, 1.8 1.8 1.8 1.8
pH at 21°C | 7.4 (NaOH) | 7.4 (LiOH) 7.4 (LiOH) 7.4 (LiOH)
Tetracaine - - 1 -
Caffeine - - - 10

Table 6: Composition of Ringer solutions used for measurements of Ca”* transient, cell
shortening, SR Ca®" leak and load.

Ringer K* solution was used to measure Ca®" transient and cell shortening, the three other
Ringer solutions were used to assess SR Ca** leak and load.

V.3 Experimental set-up

Observation of the sample was done using epifluorescence microscope (Nikon DIAPHOT
300). Cardiomyocytes showed clear striation observed with microscope (40x oil objective).
Under the light microscope, sarcomere length corresponds to the distance from the middle of
one light band to the middle of the next. Cardiomyocytes were electrically stimulated with
biphasic field pulses (5V, 4 ms) at a frequency of 0.5 Hz. A CCD camera connected to the
microscope allows to follow fast morphological changes of a single cell. The illumination
system (Xenon lamp, Xenon Short Arc lamp, Ushio, Saint-Ouen-L’Aumone, France) is
equipped with an dichroic mirror («HyperSwitch») that offers two excitation light sources at
340 and 380 nm. A dichroic mirror splits Fura-2 emission (<585 nm) to a photomultiplier and
incidents red light (>585 nm) to the camera (Figure 23). Software lon Wizard 6.0 was used to

record experiments.
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Figure 23: Experimental set-up to measure simultaneously sarcomere shortening and
Ca?* transient.

V.4 Experimental protocols
All experiments on adult mouse ventricular myocytes were done at controlled room

temperature (22+2°C).

Isolated cardiomyocytes were washed with Ringer K* (Table 6) after loading with Fura-2-
AM. Then, the cells were paced by field stimulation at 0.5 Hz in Ringer K* solution for few
minutes until cellular Ca®* transients reached a steady state. ISO at concentration of 3 nM,
followed by concentration of 10 and 100 nM was applied through a system of external
infusion. A perfusion system composed of 8 capillaries was placed in the proximity of the

experimental set-up. Each capillary contained a different test solution and could be turned on
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manually to allow solution to flow by gravity onto the cell. All solutions were prepared with
Ringer K* supplemented with 1 mM Ca*". Presence of spontaneous Ca®* waves was assessed

during the application of successive concentrations of ISO.

The effect of PDE2 inhibition was tested with the selective PDE2 inhibitor, Bay 60-7550
added on the top of ISO at a concentration of 100 nM.

SR Ca*" leak and load were measured according to a dedicated protocol (Shannon et al.,
2002). Fura-2 loaded cardiomyocytes were stimulated at 0.5 Hz in normal Ringer K* for few
minutes. Then, Ringer K* was replaced for 30 s by a 0 Na*/0 Ca** Ringer supplemented with
10 mM EGTA. This condition allows to measure intracellular Ca** levels in a closed system
without trans-sarcolemmal Ca?* fluxes. Then, after 30 seconds, the cell was perfused again
with normal Ringer K* and paced at 0.5 Hz until Ca®* transient amplitude and sarcomere
shortening reached steady-state. Then, the electrically stimulation was stopped and the cell
was perfused with a 0 Na*/0 Ca** solution supplemented with the RyR2 blocker, tetracaine at
a concentration of 10 mM. Tetracaine was then washed out for at least 1 min and caffeine at a

concentration of 10 mM was applied to evaluate the total SR Ca** content.

V.5 Data processing

The lon Wizard software allows to measure sarcomere shortening. The sarcomere length was
measured from a user-defined region of interest (ROI). All the calculations were performed
on a density trace derived from the ROI. Each pixel in the image represents a value that
indicates its brightness (0 for black, and 255 for white). As a consequence of alternating dark
and light A and | bands, the density trace has a sinusoidal appearance. Using periodic signal,
the frequency can be evaluated, by a mathematical function called a Fourier Transform. In the
frequency domain, the wavelength is represented by a peak, that shifts to a higher frequency,
when the cell contracts. The mean sarcomere length in the ROl is determined every 1/240™
second (camera’s speed). Increase in Ca®" concentration in the cell results in an increase in
fluorescence emitted by the Fura-2 at 512 nm in response to excitation at 340 nm (Fs40) and in
decrease of fluorescence emitted at the same wavelength in response to excitation at 380 nm
(Fss0). The ratio of emitted fluorescence intensities at 340 and 380 nm excitation is used to

assess the intracellular changes in Ca®* concentration.

V.6 Data analysis
Averages of 5 to 10 contractions and Ca?* transients were determined using lonWizard
software for each experimental condition. For each mean trace, the amplitude and Kinetic

parameters were measured with software (Figure 24). Ca** transient amplitude (AR) was
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measured by the twitch amplitude (difference between the end-diastolic and the peak systolic
ratios) divided by the end-diastolic ratio, corresponding to the percentage of variation in the
Fura-2 ratio. Sarcomere shortening (AL) was assessed by its percentage of variation, which is
obtained by dividing the twitch amplitude (difference between the systolic and the diastolic
sarcomere length) by the end-diastolic sarcomere length. For both parameters, the kinetics of

relaxation were assessed by measuring the time-to-50% relaxation from the time to peak.
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Figure 24: Determination of amplitude and kinetic parameters calculated for Ca?*
transients and sarcomere shortening.

V1. Fluorescence resonance energy transfer (FRET) imaging

V1.1 Principle

Fluorescence (or Forster) resonance energy transfer (FRET) was described first time by
Forster in 1948. It is a process where energy is transferred nonradiativly from excited
molecular fluorophore (donor) to another fluorophore (acceptor). The second concept of
FRET is treating an excited fluorophore as an oscillating dipole that can undergo an energy
exchange with a second dipole which has a similar resonance frequency. FRET depends on
the distance between the two fluorophores. The distance depends on the spectral

characteristics of the fluorophores, but generally the distance over which energy can be
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transferred is in the range of 10-100 A. FRET is used mainly to determine the structure,
conformational changes and interactions between molecules, but also as in our case, to

measure concentrations of small molecules or enzyme activity.

V1.2 Experimental set-up

The cells in Ringer K* (Table 6) are visualized using an inverted microscopy (Nikon TE) with
a 40x oil objective and connected to a software (Metafluor, Molecular Devices, Sunnyvale,
CA, USA) controlling camera CCD (Cooled charge coupled, Sensicam PE; PCO, Kelheim,
Germany). A fluorescent cell is selected and the tip of the perfusion system is placed in the
close proximity of the cell. CFP is excited during 300 msec with a Xenon lamp (100 W,
Nikon, Champigny sur Marne, France) using a filter 440/20BP (band pass) and dichroic
mirror 455LP (long pass). An image separator (Optosplit Il emission splitter; Cairn Research,
Faversham, UK) equipped with a dichroic mirror 495LP and 2 filters: BP 470/30 (for CFP)
and 535/30 (for YFP) allow to separate CFP and YFP images. Image acquisition is done by

the camera every 5 seconds.

V1.3 FRET sensor — H187

The H187 FRET sensor is a recombinant protein containing a cAMP binding domain from the
protein Epac localised between two different fluorophores: mTurquoise2 (CFP) and 2 Venus
(YFP) (Klarenbeek et al., 2011, 2015).

Figure 25: Functioning of the H187 cAMP-FRET sensor.

In conditions of low cAMP concentration, the donor (D) is in close proximity of the acceptor
(A) and FRET is maximal. When cAMP rises, the second messenger binds to Epac, inducing
a conformational change that disrupts FRET (Klarenbeek et al., 2011).

The cAMP binding domain has a Q270E mutation, which leads to an increase in affinity for
CAMP in comparison with other commonly used Epac2-camp probes. In addition, the
turquoise-Venus-Venus combination provides a fluorescence emission with higher intensity
than standard CFP/YFP combination. In the absence of cCAMP, FRET occurs between two
fluorophores. When cAMP concentration increases in the proximity of the probe, CAMP

binding to the probe causes conformational changes of the probe, leading to decrease in FRET
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that is proportional to the increase in cAMP (Figure 25). CAMP concentration is directly
proportional to the equation CFP/[YFP-(0.6*CFP)].

V1.4 Adenoviral infection

The cells were infected with adenovirus suspended in medium Il (Table 5). The number of
active virus particles per cell is defined by MOI (multiplicity of infection). Adult mouse
ventricular myocytes isolated from WT and PDE2 TG mice were infected with MOI 1000
(expression during 24 h). Ventricular myocytes were kept in culture medium in the absence of
serum to minimize the effect of cellular dedifferentiation. After adenoviral infection, cells had

still their typical appearance and clearly visible striations.

V1.5 Experimental protocol

After 24 h of infection with H187 adenovirus, the cells were washed once and kept in Ringer
K" solution. ISO at concentration of 30 nM was applied briefly (15 second) in the absence or
presence of PDE2 inhibitor.

V1.6 Data analysis

Mean fluorescence intensity was measured in a region of interest of defined cell. Background
noise was subtracted from intensity of CFP and YFP. CFP/YFP ratio was calculated as % of
increase over basal level. Image ratio was obtained using Image J 1.44a software (NIH, USA).

VI1I. L type Ca** current measurement — the patch clamp
technique

VI1.1 Principle

The patch clamp technique was described first time by Neher and Sakmann in 1976, who
received the Nobel Prize of medicine and physiology in 1991. This technique allows to detect
the current that passes through ion channels in different cell types. The tip of a fire-polished
glass micropipette is pressed against a cell in order to electrically isolate a small patch of
membrane. Applying suction to the interior of micropipette results in occurrence of a very
high-resistance seal (“gigaohm seal”) between the pipette and the membrane. The first
possible configuration of patch clamp is named “cell-attached” configuration. The second
configuration called “inside-out” can be used to study the effects of cytoplasmic constituents
on channel activity. The third configuration, used in my experiments, is known as “whole-
cell”, it allows to measure channel current in the entire cell membrane. The last configuration
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is “outside out”. The pipette in whole cell configuration can be withdrawn slowly from the
cell, this stretches the membrane between the pipette and the cell until it finally breaks. Then
the membrane seals at the tip of the pipette forming a membrane vesivle with its extracellular
surface facing the bathing medium. This configuration allows to study effects on channels of

agents that can act on the extracellular surface.

VI11.2 Solutions
Three different solutions were used to record the L-type Ca®" current lc,, with the whole-
celle patch clamp technique (Table 7). The osmolarity of these solutions was between 300 and

310 mosm.

Concentrations (in mM)

Intracellular 0 Ca® 1.8 mM Ca**
solution extracellular solution | extracellular solution

NaCl - 140 140
KCI 130 4 4
HEPES 10 10 10
EGTA 0.05 - -
Glucose - 10 10
MgCl, 4,013 1.1 1.1
CaC|2 - - 1.8
Na,- 5 ) )
phosphocreatine
Na,-ATP 3.075 - -
Na-GTP 0.416 - -
pH at 21°C 7.3 (KOH) 7.4 (NaOH) 7.4 (NaOH)

Table 7: Compositions of the solutions used in whole-cell patch clamp experiments in
adult mouse ventricular myocytes.

VI11.3 Experimental setup

The patch-clamp setup is a combination of mechanical equipment: inverted microscope
(Olympus, model IMT-2), micromanipulators (model P-30, Sutter Instruments, Novato, CA,
USA) allowing the tip of patch clamp pipette to make a contact with the cell membrane, and
electrical equipment: amplifier (model Axopatch 200B, Axon Instruments, USA),
oscilloscope (Axon Instruments, USA), computer interface which allows to digitize and
record the traces of the ionic currents flowing through ion channels in the cell membrane.
Glass pipette were made of borosilicate glass (model 1-000-1000, external diameter 1.44 mm
and internal diameter 1.05 mm, Drummond Scientific, Broomall, PA, USA). They were fire-

poloshed before use and had typically a resistance of 1 to 2 MQ when filled with intracellular
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solution (Table 7). A metal electrode in contact with the intracellular solution conducts the
electrical changes to a voltage clamp amplifier. All experiments were done at room
temperature. Experimental data were recorded with P-clamp software (Clampex, version 10.2,
Axon Instruments, USA). Then, the results were analyzed using Clampfit software (version
10.2, Axon Instruments, USA).

VI11.4 Experimental protocol

The cells were placed in dishes with external solution without CaCl,. All experiments were
performed at room temperature (22+2°C). When the whole-cell configuration was obtained,
external solution supplemented with 1.8 mM CaCl, was applied by the perfusion system and
the membrane capacitance (Cr,) was measured. To record Ic, ., the cell was depolarized every
8 seconds from -50 mV holding potential to 0 mV during 400 ms. At -50 mV sodium currents
are inactivated and potassium currents were blocked by replacing potassium ions by cesium in
the extracellular and intracellular solutions. 1ISO at a concentration of 30 nM was added
briefly (15 second) in the presence or absence of PDE?2 inhibitor Bay 60-7550. The maximal
amplitude of I, was measured as the difference between peak inward current and the current

at the end of the voltage pulse. Average data are presented as mean + SEM.

VI1II. Biochemical methods

VI11.1 Genotyping of WT and PDE2 TG mice

Genotyping is the process of determining differences in genotype of animals by examining the
individual’s DNA sequence using biological assays. In order to identify mice genetically
modified (PDE2 TG), DNA analysis was done from tail biopsy. For tail isolation, a 3 mm
segment of the distal part of the tail was obtained from WT and PDE2 TG mice and used for
nucleic acid extraction. Tails were placed in eppendorf tubes with 400 pL of digestion buffer
containing (in mM) NaOH 25 and EDTA 0.2. Samples were incubated during 80 min at 95°C
to digest the tails. After incubation time, tubes with tails were placed on ice during 2 min to
stop the digestion. Then, 550 uL of neutralization buffer containing (in mM) Tris-HCI 40 was
added to each sample and the tubes were delicately inverted to avoid DNA damage. Samples
were centrifuged for 3 min at 4000 rpm. The upper, water phase contains double-stranded

DNA. The concentration of DNA was verified by measurement of absorbance at 260 nm.

From the DNA extracts, 2 pL of each samples was used for PCR amplifications. The PCR
cocktail (50 pL) contained dNTP mixture at 0.2 mM, 1 pL of each of the primer sets, 0.25
units Tag DNA polymerase and 10x DreamTag Green Buffer with MgCl, 20 mM
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(Fermentas). The PCR conditions were: incubation at 94°C for 8 min followed by 35 cycles at
94°C for 45 sec, 59°C for 30 sec and 72°C for 30 sec. Cycling was followed by a final
extension step at 72°C for 10 min. The PCR primers for PDE2 were: 5’
AGTGCTGGGAGAAGAGGTCA (sense), 5 TCATCAGTCGAGCCACTGAC (anti-sense).
Amplified products were analyzed on 1% agarose gel (25ul of PCR product/lane). PCR
primers were used to amplify a 1000 bp fragment of PDE2.

VI11.2 Extraction of proteins from cardiac tissue

Cardiac tissue was transferred to a tube with ceramic balls and 400-600 pL of lysis buffer
containing (in mM): NaCl 150, HEPES 20 (pH 7.4), EDTA 2, glycerol 10%, NP-40
(detergent) 0.5%, microcystin-LR 1uM and cocktail of inhibitors of protease (Roche, Basel,
Switzerland) for radioenzymatic assay or with lysis buffer for Western Blot containing (in
mM): HEPES 50 (pH 7.4), NaCl 400 mM, Triton X-100 1%, glycerol 10%, EGTA 1, sodium
pyrophosphate 10, sodium fluoride 100 (inhibitor of protein phosphatase), sodium
orthovanadate 1 (inhibitor of protein phosphatase) and cocktail of inhibitors of protease
(Roche, Basel, Switzerland). Cardiac tissue was homogenized using a whipper Precellys 24
(Bertin, France). The heart extracts were transferred to eppendorf tubes and left on ice for 10
min and then, samples were centrifuged for 12 min at 12000 rpm at 4°C and the upper, water

phase was directly used or kept in -80°C.

VI111.3 Protein assay

Concentration of proteins was measured by BCA (bicinchoninic acid) assay (Smith et al.,
1985). Under alkaline conditions, the peptide bonds reduce Cu®* ions from the copper (I1)
sulphate to Cu®. BCA has a property to bind Cu® ions and form purple-colour complex,
proportional to the amount of proteins present in solution that can be quantified by

spectrophotometry at the wavelength of 562 nm.

VI11.4 Western Blot

The phosphorylation level of proteins involved in ECC and total protein level of different
isoforms of PDEs were measured with Western Blot. This technique allows to detect specific
proteins in a sample of tissue homogenate. Western Blot includes gel electrophoresis to
separate denaturated proteins by the length of polypeptides, protein transfer from gel to
membrane where they are stained with antibodies specific to the target proteins and, finally,

detection step.
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VI111.4.1 Polyacrylamide gel electrophoresis (SDS-PAGE)
Proteins are separated according to their molecular weight with denaturating polyacrylamide
gel electrophoresis. The samples are diluted in Laemmli loading buffer containing
bromophenol blue 0.1%, Tris 30 mM (pH 6.8), B-mercaptoethanol 2.5%, sodium dodecyl
sulphate (SDS) 1%, glycerol 10% and incubated 5 min at 95°C. Proteins are denaturated and
charged negatively by SDS and B-mercaptoethanol. The samples are loaded on the
electrophoresis gel consisting of a first concentration gel of 5% of acrylamide (5% acrylamide
(acrylamide/bisacrylamide 30/0.8), Tris-HCI 0.125 mM (pH 6.8), SDS 0.1%, ammonium
persulfate 0.1%, Temed 0.001%) and a second separation gel of 8% (MyBP-C, P-MyBP-C,
PDE4A, PDE4B, PDE4D), 10% (PDE3A, PDE3B) of acrylamide (8-15% polyacrylamide,
Tris-HCI 375 mM (pH 8,8), SDS 0.1%, ammonium persulfate 0.05%, Temed 0.001%). The
samples are concentrated in the first gel under the action of an electrical field of 80 V for 30
min and then separated in the second gel under the action of an electrical field of 120 V
during 60 min in a migration buffer (25 mM Tris, 200 mM glycine, 0.1% SDS). A molecular

weight marker migrates at the same time with samples.

VI111.4.2 Protein transfer onto the membrane
At the end of electrophoresis, proteins within the gel are transferred onto the membrane made
of polyvinylididene difluoride (PVDF, Hybond-P (Amersham Pharmacia Biotech, Orsay,
France)) that acts as a support for immunostaining. First, the membrane is dehydrated with
ethanol and equilibrated with a transfer buffer (40 mM Glycine, 25 mM Tris, 20% methanol).
The positively charged membrane is in contact with the gel and retains the negatively charged
proteins. The transfer occurs at 120 V for 1 hour 30 min at 4°C. To verify the quality of the
sample loading, the membrane is stained with Ponceau S Red (B6008, Sigma, Saint-Louis,
MO, USA) dissolved in 3% of trichloroacetic acid.

VI111.4.3 Immunostaining and revelation
The membrane is blocked of non-specific binding with 5% milk dissolved in TBS-Tween
buffer (Tris-HCI 50 mM (pH 7.4), NaCl 0.15 M, Tween 20 0.1%). Then, the membrane is
incubated overnight at 4°C with primary antibodies specifically directed against proteins of
interest. After several washing of the membrane with TBS-Tween buffer, the membrane is
incubated for 1 hour at room temperature with appropriate secondary antibodies coupled to
horseradish peroxidise (HRP). The membrane is incubated in the dark for 5 min with the
substrate for horseradish peroxydase (Kit ECL, Amersham Pharma biotechnologies). The

reaction product produced luminescence in proportion to the amount of proteins.
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Then, the membrane is dehybridized with Re-blot Plus solution (Millipore, Saint Quentin-en-
Yvelines, France) to eliminate hooked antibodies. After a new step of membrane saturation,
the membrane is incubated with new primary antibodies directed against calsequestrin (CSQ)
or Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which are reference proteins. The
next steps are the same as described before: incubation with the primary antibodies and

revelation.

VI11.4.4 Analysis and quantification
The intensity of the various bands is quantified using Image J 1.44a (NIH). The ratio of the
intensity of protein of interest/CSQ or GAPDH is calculated for samples from WT and PDE2
TG mice. At least three heart samples of each group were used for Western Blot and results

are presented as mean + SEM.

VI11.4.5 Antibodies
Primary antibodies directed against proteins involved in ECC and different isoforms of PDEs

are listed below:

e Anti-myosin binding protein C (MyBP-C): polyclonal antibodies produced in a goat,
diluted 1/2000 in a blocking solution (Santa Cruz Biotechnology, Santa Cruz, CA,
USA).

e Anti-phospho-myosin binding protein C (P-MyBP-C): polyclonal antibodies
produced in a rabbit, directed against phosphorylated serine 282 of MyBP-C, diluted
1/2000 in a blocking solution (Alexis Biochemicals, San Diego, CA, USA).

e Anti-phosphodiesterase type 2 (PDE2): polyclonal antibodies produced in a goat,
diluted 1/500 in a blocking solution (Santa Cruz Biotechnology, Santa Cruz, CA,
USA).

e Anti-phosphodiesterase type 3A (PDE3A): polyclonal antibodies produced in a
rabbit, diluted 1/10000 in a blocking solution, generously provided by Dr Chen Yan
(University of Rochester Medical Center, Rochester, New York, USA).

e Anti-phosphodiesterase type 3B (PDE3B): polyclonal antibodies produced in a rabbit,
diluted 1/1000 in a blocking solution, generously provided by Dr Alessandra Ghigo
(University of Torino, Torino, Italy) (Perino et al., 2011).

e Anti-phosphodiesterase type 4A (PDE4A). polyclonal antibodies produced in a
rabbit, diluted 1/5000 in a blocking solution, generously provided by Prof. Marco
Conti (University of California San Francisco, San Francisco, USA).
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e Anti-phosphodiesterase type 4B (PDE4B): polyclonal antibodies produced in a rabbit,
diluted 1/1000 in a blocking solution, generously provided by Prof. Marco Conti
(University of California San Francisco, San Francisco, USA).

e Anti-phosphodiesterase type 4D (PDE4D): polyclonal antibodies produced in a
mouse, diluted 1/10000 in a blocking solution, generously provided by Prof. Marco
Conti (University of California San Francisco, San Francisco, USA).

e Anti-calsequestrin (CSQ): polyclonal antibodies produced in a rabbit, diluted 1/2500
in a blocking solution (Affinity Bioreagents, Golden, CO, USA).

e Anti- glyceraldehyde 3-phosphate dehydrogenase (GAPDH): polyclonal antibodies
produced in a rabbit, diluted 1/1000 in a blocking solution (Cell signaling, Danvers,
MA, USA).

e Secondary antibody anti-rabbit coupled with HRP: diluted 1/10000 in TBS-Tween
buffer (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

e Secondary antibody anti-goat coupled with HRP: diluted 1/10000 in TBS-Tween
buffer (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

e Secondary antibody anti-mouse coupled with HRP: diluted 1/10000 in TBS-Tween
buffer (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

VI11.5 cAMP and cGMP measurements by radioenzymatic assay

The hydrolytic cAMP or cGMP PDE2 hydrolytic activity was measured with radioenzymatic
assay described by Thompson and Appleman (Thompson & Appleman, 1971). The method is
based on the hydrolysis of H3-labelled 3°5°cAMP or 3°5°cGMP by PDEs present in heart
extract and then, conversion of nucleotides to nucleosides by 5’-nucleotidase from snake
venom. After that, samples are passed over an anion exchange columns to separate reaction
products of unhydrolyzed substrate. Then radioactivity is measured and is proportional to
PDE activity.

CAMP or cGMP-hydrolytic activity was measured in heart extracts. Heart extract is incubated
in a reaction buffer containing (in mM): Tris-HCI 10 (pH 8) 10 mM, MgCl, 10 mM, B-
mercaptoethanol 5, CAMP 1 uM (or cGMP 5 uM), and 10° cpm [°H]-cAMP or [*H]-cGMP,
for 25 min at 33°C. Then, the reaction is stopped with a solution, containing (in mM) Tris-
HCI 200 (pH 8.6), EDTA 100 (pH 8), followed by an incubation of samples in a boiling water
bath for 1 min. The reaction product (5’-AMP or 5’-GMP) is incubated with snake venom
(crotalus atrox) for 20 min at 33°C. The adenosine or guanosine was separated on anion

exchange columns using 2 ml of resine AG1-X8 (Biorad, Hercules, CA, USA) and
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recuperated in vials containing scintillation liquid. The measurement of labelled adenosine or

guanosine was done with a 3-counter.

Two series of tubes without heart extract were prepared: one for calculating “total
radioactivity” (the radioactivity was measured directly on the reaction product without
separating samples on anion exchange columns) and the second to determine the “blanc”

(radioactivity was measured after separation on anion exchange columns).

The amount of proteins used in the assay was determined by the percentage of nucleotide
hydrolysis (it should be between 7 and 20%), in the absence of inhibitor, according to the
equation:

% hydrolysis = [(X-blank)/(total radioactivity-blank)x100],
where X = radioactivity of control sample.

To evaluate activity due to PDEZ2, the experiment is carried out in the absence or presence of
selective PDE2 inhibitor, Bay 60-7550 (100 nM). The difference between the total activity
and the residual hydrolytic activity observed in the presence of Bay 60-7550 corresponds to
the PDE2-cAMP or cGMP-hydrolytic activity (Figure 26).
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Figure 26: Determination of PDE2-cAMP-cGMP hydrolytic activity.
Activity of PDE2 was calculated as difference between total activity and the activity in the
presence of PDE2 inhibitor Bay 60-7550.

VI111.6 Measurement of genes expression by quantitative RT-PCR
This technique based on polymerase chain reaction allows to quantify the level of gene
expression of the considered genes using a complementary DNA (cDNA). In our study, we

measured gene expression of two hypertrophy markers, ANP and BNP.
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VI11.6.1 Extraction of RNA

Measurement of the level of gene expression in WT and PDE2 TG mice required an
extraction of total RNA from ventricular tissue removed during sacrifice. About 30 mg of
tissue is homogenised in 1 mL of Trizol solution (Gibco BRL, USA) at 4°C using a whipper
Precellys 24 (Bertin, France). This solution containing phenol and guanidine isothiocyanate is
used for lysis of cell membrane, conserving nucleic acid intact. The heart homogenate is
treated with 200 pL of chloroform and then centrifuged for 15 min at 4°C at 10,000 G to
separate RNA that is in water phase from proteins present in organic phase. Water phase is
treated with isopropyl alcohol overnight at -20°C to precipitate RNA, then centrifuged for 15
min at 4°C at 12,000 G to obtain a RNA pellet. Then, supernatant is removed and pellet is
washed with ethanol 75%, dried and dissolved in 20 pL of pure water (DNAse and RNAse
free) and stored in -80°C.

The total RNA concentration is determined by measurement of absorbance at 260 nm with a
NanoDrop 2000c apparatus (Thermo Fisher Scientific). It was established that 1 unit of
absorbance at 260 nm is equivalent to 40 pg/ml of RNA. An additional measurement of
absorbance at 280 nm was used to determine the purity of RNA content. The
Absorbance,go/ Absorbancesgy is a good indicator of the purity of the samples, since all values

lower than 1.5 and greater than 2 indicates contamination with proteins or nucleic acids.

VI111.6.2 Inverse transcription
Quantitative PCR technique requires a preliminary step, inverse transcription, resulting in the
production of cDNA from RNA. This step was done using a modified reverse trancriptase
from Moloney Murine Leukemia Virus (MMLYV). Initiation of reaction requires also primers
type “random” that hybridize randomly with mRNAs present in the reaction buffer. In
addition, the presence of RNAse inhibitor in the buffer limits degradation of RNA.

The reverse transcription reaction was performed in a volume of 25 pL per well containing 5
ML reaction buffer, 1.25 pL of enzyme and 18.75 pL of H,O. The reaction MIX was prepared
for all the wells. After 5 min of incubation at 25°C, the reaction was carried out by incubation
for 30 min at 42°C (optimal temperature for enzyme, reverse transcriptase). Finally, the
enzyme was deactivated by incubation for 5 min at 85°C.

The reaction was done on 96-well plates using a thermo cycler CFX 96 (Biorad) that allows to

define a program with different desired temperature ranges.
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VI111.6.3 Quantitative PCR using technology « SYBR Green »
The quantitative PCR technology is based on the same rules as conventional PCR but gives an
advantage to monitor real-time amplification of a target gene. The quantification depends on
fluorescent intercalator, in this case « SYBR Green » that is incorporated between the bases of
double-strained DNA. This incorporation translates results in fluorescence emission. Thus, for
each new formed molecule of DNA, the signal of fluorescence increases. The level of
fluorescence is directly proportional to the number of new formed DNA molecules and refers
to the level of mMRNA expression. The specific amplifications depend on primers. The primers
used in this method were designed with software Primer 3 and verified with software BLAST.
The “sense” and ‘“anti-sense” primers were chosen in two different exons to detect

contamination with genomic DNA.

PCR reaction was performed on 96-well plates, total volume of reaction was 15 pL composed
of 12.5 ng cDNA, 0.5 pM of each primer and SYBR-Green master mix containing dNTPs
(mixture of four deoxyribonucleotides), SYBR-Green buffer and Tag-polymerase using a
CFX-96 real-time PCR machine (BioRad). First step was enzyme activation (30 sec at 95°C),
followed by 50 cycles. Each cycle included first step-denaturation (30 sec at 95°C) and
second step-hybridization-elongation (20 sec at 60-62°C depending on genes). Negative
controls were done without cDNA to check the exogenous contamination. At the end of
protocol, the melting curve of formed product was performed to verify the specificity of PCR

reaction.

VI111.6.4 Analysis
Quantification of gene expression level was done by calculating the “threshold cycle” (Ct)
corresponding to the number of cycles required for detecting the SYBR-Green fluorescence.
C: is inversely proportional to the logarithm of the cDNA concentration presents in the
sample. For each sample, RNA concentration was determined according to its C; and a linear

standard curve (6 points from 50 ng to 1.5625 ng of each samples for each gene).

In order to overcome errors between different samples, these values were normalized to the

expression of stable reference genes. Results are presented as mean+SEM.

IX. Statistics

Results are presented as mean+SEM. Data sets were compared by Student’s t-test, one-way

ANOVA followed by Newman Keuls multiple comparison, or Fisher’s exact test according to

the experimental setting. P values of less than 0.05 were considered statistically significant.
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Cyclic AMP and cGMP are critical second messengers involved in the regulation of cardiac
function. Intracellular level of cAMP and cGMP is controlled by opposite actions of different
families of enzymes: ACs and GCs responsible for production of cAMP and cGMP and PDEs

that degrade these second messengers.

Among the PDE superfamily expressed in the heart, PDE2 is a dual substrate enzyme,
hydrolysing both cAMP and cGMP and has the unique property to be activated by cGMP to
stimulate cAMP hydrolysis (Beavo et al., 1971; Martinez et al., 2002b). Thus, PDE2 is
involved in cAMP/cGMP crosstalk. It has been demonstrated that myocardial PDE2 is
upregulated in human and experimental HF and this upregulation is a direct consequence of
chronic B-AR overstimulation and B-AR desensitization (Mehel et al., 2013). However, the
pathophysiological consequences of elevated PDE2 activity on cardiac functions remain

unclear.

In our study, in collaboration with Prof. Ali EI-Armouche, we offer for the first time
characterization of a cardiac PDE2 TG mouse line to determine short and long term effects of

PDEZ2 upregulation in the heart.

First aim of our studies was to evaluate the consequences of pharmacological PDE2 inhibition
and to test the effect of PDE2 overexpression on heart rate and cardiac functions in vivo.
Then, we studied the effect of PDE2 overexpression under acute B-AR stress, in vivo, and
animals were monitored for arrhythmic events such as ventricular extra systoles (VES), salvos
and ventricular tachycardia (VT). The last aim of our studies was to determine how PDE2
overexpression affects intracellular cAMP levels, Ca?* cycling and Ca”* handling proteins.
Then we studied the cellular mechanisms involved in antiarrhythmic action of PDE2 in the

ventricular myocardium.

The results of our work are presented in the article:

I. Article: Cyclic nucleotide phosphodiesterase 2 protects against
catecholamine-induced arrhythmias and preserves contractile
function after myocardial infarction

This article is in revision in Circulation Research.
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Rationale: Phosphodiesterase 2 (PDE2) is a dual substrate esterase, which has the unique
property to be stimulated by cGMP, but primarily hydrolyses cAMP. Myocardial PDE2 is
upregulated in human heart failure (HF), but its role in the heart is unknown.

Objective: To explore the role of PDE2 in cardiac function and heart disease.

Methods and Results: Pharmacological inhibition of PDE2 (BAY 60-7550, BAY) led to a
significant positive chronotropic effect on top of maximal -adrenoceptor (3-AR) activation in
healthy mice. Under pathological conditions induced by chronic catecholamine infusions,
BAY reversed both the attenuated B-AR mediated inotropy and chronotropy. Conversely,
ECG telemetry in heart specific PDE2 transgenic mice (TG) showed a marked reduction in
resting as well as in maximal heart rate, while cardiac output was completely preserved due
to greater cardiac contraction. This well tolerated phenotype persisted in elderly TG with no
indications of cardiac pathology or premature death. Molecular studies on the cardiomyocyte
level showed lower B-AR stimulation of contractility, Ca®" transients and L-Type Ca*" current.
During arrhythmia provocation induced by catecholamine injections, TG animals were
resistant to triggered ventricular arrhythmias. Accordingly, Ca®*-spark analysis in isolated TG
cardiomyocytes revealed remarkably reduced Ca**-leakage and lower basal phosphorylation
levels of Ca?'-cycling proteins including ryanodine receptor type 2. Moreover, TG
demonstrated attenuated ventricular dysfunction and a strong trend toward prolonged
survival after myocardial infarction.

Conclusion: Endogenous PDE2 contributes to heart rate regulation. Greater PDE2
abundance protects against arrhythmias and improves contraction force after severe cardiac
insult. Activating myocardial PDE2 may thus represent a novel intracellular anti-adrenergic
therapeutic strategy protecting the heart from arrhythmia and contractile dysfunction.

Key words: cyclic nucleotide phosphodiesterase, -adrenoceptors, heart rate, arrhythmia
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Nonstandard Abbreviations and Acronyms

AR
BAY
BPs
BPd
bpm
BW
cAMP
cGMP
CO
CSQ
DOBU
FAS
HF
HR
ICa,L
ISO
IVA
LAD
LTCC
LVW
METO
M
NCX
NO
NP
PDE
PLB
RYR2
SCaw
SR
TG
VT
WT

adrenoceptor

PDE2-inhibitor BAY 60-7550
systolic blood pressure

diastolic blood pressure

beats per minute

body weight

cyclic adenosine monophosphate
cyclic guanosine monophosphate
cardiac output

calsequestrin

dobutamine

fractional area shortening

heart failure

heart rate

L-type Ca*" channel current
isoproterenol

ivabradine

left anterior descending coronary artery
L-type Ca®" channel

left ventricular weight

metoprolol

myocardial infarction
sodium-calcium exchanger

nitric oxide

natriuretic peptide

cyclic nucleotide phosphodiesterase
phospholamban

ryanodine receptor type 2
spontaneous Ca®" waves
sarcoplasmic reticulum
PDE2-transgenic

ventricular tachycardia

wildtype
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Heart failure (HF) is among the most common causes of morbidity and mortality worldwide. A
characteristic feature of this pathophysiological condition is a chronic activation of the
sympathetic nervous system®. Although initially aimed to maintain cardiac output, constant
stimulation of B-adrenoceptors (B-ARs) results in molecular and structural changes, such as
hypertrophy, cardiac fibrosis, and electromechanical dysfunction. This process creates a
setting for lethal cardiac arrhythmias, which may account for approximate 40% of deaths in
patients with HF* 2. Moreover, increased resting heart rate and lower heart rate variability are
significant prognostic risk factors for mortality and cardiovascular outcome® °. The
sympathetically stressed heart responds with desensitization mechanisms which involve the
reduction of functional B;-AR and the redistribution B,-AR at the plasma membrane® ’, but
also a modulation in abundance and/or activity of intracellular key effectors, downstream of
receptor activation® °. Even though B-AR desensitization may further compromise contractile
performance, it nevertheless appears to be a protective adaptation against catecholamine
toxicity'®. Accordingly, pharmacological blockade of receptor activation by B-blockers to date
is a central strategy in attenuating HF progression™. In this context, the extent of heart rate
reduction by B-blockers appears to be of particular importance for the clinical outcome in
HF'2. However, not all patients receive or tolerate the necessary dose to substantially
improve prognosis®.

In contrast to B-AR signaling, which is mainly mediated by the second messenger cyclic
adenosine monophosphate (CAMP), the actions of cyclic guanosine monophosphate (cGMP)
generated by either natriuretic peptides (NP) or nitric oxide (NO) are considered to be
beneficial in HF partially because they may oppose cAMP-induced stress remodeling™™*’.
Both cAMP and cGMP are regulated in level and subcellular distribution by cyclic nucleotide
hydrolyzing phosphodiesterases (PDEs). Their degradation is a highly compartmentalized
process, allowing the distinction of different extracellular stimuli to maintain the specificity of
downstream target activation'®. Among the PDE families expressed in the heart, PDE2 has
the unique property to be activated by cGMP via binding of the nucleotide to a regulatory
GAF-B domain located at its N-terminus®® ?°. The conformational change induced by this
allosteric mechanism increases cAMP hydrolysis 10- to 30-fold thus staging PDE2 in the
center of a negative cGMP/cCAMP crosstalk®*. Evidence for such a crosstalk regarding the
cardiovascular system includes the cGMP-mediated decrease in ventricular and atrial L-type
Ca** channel current (Ic,,) in various species including man® %, B;-AR-dependent regulation
of protein kinase A in cardiomyocytes®, and the ANP-mediated reduction in aldosterone
production in adrenal glomerulosa cells®. Unlike the described downregulation of cAMP-
degrading PDE3 and some isoforms of PDE4** %', myocardial PDE2 is upregulated in human
HF. We showed that the upregulation of ventricular PDE2 is a direct consequence of chronic
B-AR overstimulation and part of the B-AR desensitization machinery”®. However, the
consequences of higher abundance and activity of PDE2 on cardiac function are largely
unknown.

In the present study, we show that in healthy hearts, PDE2 tonically reduces heart rate, but
controls both B-AR chronotropic and inotropic responsiveness under stressed conditions in
vivo. Moreover, we generated a cardiac PDE2-transgenic (TG) mouse line to evaluate short
and long term effects of chronically increased PDE2 activity in the heart. Our study reveals
that greater PDE2 abundance lowers heart rate without impairment of cardiac contractility in
vivo and protects against ventricular arrhythmias by preventing Ca®'-leakage from the
sarcoplasmic reticulum (SR). In experimental myocardial infarction, higher PDE2 abundance
improved ventricular function and may even prolong survival.
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Methods

For a detailed description of methods including surgical procedures see Online Supplement
Material.

Chronic isoproterenol administration: Isoproterenol (ISO, 30 ug/g/d, Sigma-Aldrich) was
delivered to mice by subcutaneously implanted osmotic minipumps (Alzet, model 2002).

Application of dobutamine, BAY 60-7550 and metoprolol for echocardiographic
experiments: Anesthetized mice were analyzed by echocardiography first under basal
conditions and then 5 min after the injection of dobutamine (DOBU, i.p., 10 mg/kg). When
indicated, BAY (i.p., 3 mg/kg) was applied 10 min post DOBU injection, and after an
additional period of 10 min cardiac function was again echocardiographically monitored. For
metoprolol studies, doses from 1 to 100 mg/kg (i.p.) were cumulatively applied with 10 min
intervals between injections and echocardiographic measurements.

Generation of PDE2 transgenic mice: PDE2-TG mice were generated by using a plasmid
containing the murine sequence of the splice variant PDE2A3 (NM_001008548.3).
Expression was set under the control of the human a-myosin heavy chain promoter to
ensure cardiac specificity®®. Transgenesis was achieved by pronucleus injection of linearized
plasmids into isolated zygotes of a FVB/N donor strain. Successful transformation of the
offspring was assessed by PCR and overexpression levels were determined by immunoblot
analysis. Resulting founder lines were crossed into a C57BI/6 background.

ECG-telemetry recordings and arrhythmia provocation: ECGs were recorded in freely
moving unrestrained mice. Arrhythmia provocation was performed by double injections of
isoproterenol (ISO, i.p. 2 mg/kg) separated by an interval of 30 min; analysis was performed
for 90 min after the first injection.

Isolation of adult mouse ventricular myocytes: Adult mouse ventricular myocytes were
isolated by Langendorff perfusion using a Ca**-free Tyrode’s solution containing liberase as
described previously*.

cAMP measurements by FRET: Adult mouse ventricular myocytes mice were infected with
an adenovirus encoding the Epac-S"®” cAMP FRET probe for 24 h®. Changes in cAMP
levels were assessed by YFP/CFP emission ratios.

Patch-Clamp studies: L-type Ca”** currents (Ica.) were recorded in the whole-cell
configuration of the patch-clamp technique®.

Ca” spark analysis: Ca* spark measurements were performed on a laser scanning
confocal microscope (LSM 5 Pascal, Zeiss). Fluorescence images of Fluo-3 AM (10 pmol/L,
Molecular Probes) loaded ventricular myocytes were recorded in the line-scan mode.

Measurement of Ca’®" transients, sarcomere shortening, SR Ca* leak and load: Isolated
mouse ventricular cardiomyocytes were loaded with 3 pmol/L Fura-2 AM (Invitrogen).
Sarcomere shortening and Fura-2 ratio (measured at 512 nm upon excitation at 340 and 380
nm) were simultaneously recorded using spectrofluorimeter coupled with a video detection
system (lonOptix) as previously described®. Myocytes were electrically stimulated at a
frequency of 0.5 Hz.

Immunoblot analysis: Protein samples were prepared from pulverized ventricular
myocardium and lyzed in a buffer containing 30 mmol/L Tris/HCI (pH 8.8), 5 mmol/L EDTA,
30 mmol/L NaF, 3% SDS, and 10% glycerol. Samples were separated in denaturizing
acrylamide gels and subsequently transferred onto nitrocellulose or PYDF membranes. After
blocking the membranes with Roti®-block (Carl Roth) for 1 h, the incubation with anti-
calsequestrin (1:1,000, ThermoScientific), anti-SERCA2a, anti-PDE2 (each 1:200, Santa
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Cruz), anti-pPLB-S16, anti-pPLB-T17, anti-PLB, anti-pRYR2-S2808, anti-pRYR2-S2814
(each 1:5,000, Badrilla), and anti-RYR2 (1:2,000, Sigma-Aldrich) was carried out over night
at 4°C. After incubation with appropriate secondary antibodies for 1 h, proteins were
visualized by enhanced chemoluminescence (VersaDoc, Biorad) and quantified with Quantity
One software (Biorad).

Ligation of the anterior descending artery

At the age of 10-14 weeks, mice were subjected to permanent ligation of the left anterior
descending coronary artery (LAD) to induce myocardial infarction. After anesthesia was
induced using 10% ketamine/ 2% xylazine i.p., the chest was opened between the third and
the fourth rib. A 8-0 silk suture was used to occlude the LAD. Animals received
buprenorphine (0.05-0.1 mg/kg, s.c.) for post-operative analgesia. ECG-telemetry recordings
were performed for 2 weeks after LAD ligation.

Statistics: Results are presented as meantSEM. Data sets were compared by Student’s t-
test, one-way ANOVA followed by Newman Keuls multiple comparison test, two-way
ANOVA, Fisher’s exact test or Pearson correlation according to the experimental setting. P
values of less than 0.05 were considered statistically significant.
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Results
Consequences of pharmacological PDE2 inhibition on cardiac function in vivo

To characterize the contribution of PDE2 to cardiac function under chronic B-AR stimulation
in vivo, we subjected mice to ISO infusions (30 mg/kg/d for 7d) or NaCl (0.9%) as control. As
expected, 1SO treated animals developed prominent cardiac hypertrophy, indicated by an
increase in left ventricular weight to body weight ratio from 3.6+0.2 to 4.7+0.1 mg/g (p<0.05,
Suppl. Fig. 1). After chronic ISO treatment, the positive chronotropic and ionotropic effects of
DOBU were abrogated, indicating desensitization of the B-ARs (Fig. 1). This was completely
reversed by inhibition of PDE2 with BAY (3 mg/kg), restoring B-AR responsiveness to the
level observed in the control group (Fig. 1). Interestingly, PDEZ2 inhibition also had an effect
on control mice, almost doubling the impact of 3-AR stimulation on heart rate (HR) over the
average basal HR of 424+18 bpm from 95429 to 170+23 bpm (Fig. 1B). The dosage of 3
mg/kg was chosen according to recent publications regarding in vivo experiments in
rodents® and unpublished pharmacokinetic studies provided by BAYER. This restriction of
PDE2 to chronotropic regulation under physiological conditions was supported by a study on
beagle dogs treated with increasing doses of BAY (3, 10, and 30 mg/kg). In line with the
murine model, the inhibition of PDE2 predominantly resulted in acceleration of HR (10 mg/kg:
+20%; 30 mg/kg: +28%, Suppl. Fig. 2A), while stroke volume (SV), cardiac output (CO) and
systolic (BPs) as well as diastolic blood pressures (BPd) remained largely unchanged (Suppl.
Fig. 2B). Taken together, the role of PDE2 seems restricted to HR regulation under
physiological conditions, while its stress-induced upregulation contributes to the
desensitization of both B-AR-induced increases in HR and contraction force.

Effect of PDE2 overexpression on heart rate and cardiac function

To gain insight into the consequences of higher cardiac PDE2 levels, we generated
transgenic (TG) mouse lines which overexpress PDE2 about 6- to 15-fold specifically in
cardiomyocytes (Fig. 2H; Suppl. Fig. 3, 4). The low expressing (6-fold) line TG-4808 did not
show any overt phenotype (Suppl. Fig. 3). In contrast, the ~10-fold overexpressing line TG-
4320 (Fig. 2H) analyzed at 2 months displayed a substantial lower basal and dobutamine
(DOBU)-stimulated maximal HR compared to wildtype (WT) with an average difference of
77+17 and 98+14 bpm, respectively (Fig. 2B). Basal contraction force measured as fractional
area shortening (FAS) was higher in TG-4320 than in WT (37+1% vs. 32+1%), while maximal
DOBU-stimulated contractility remained unaffected (80+3% in WT and 77+2% in PDE2-TG,
Fig. 2A). In line with this, the lower HR combined with higher basal contraction produced a
cardiac output virtually identical to that of WT controls (Fig. 2C). The higher contraction force
in TG-4320 was not associated with cardiac hypertrophy as left ventricular weight to body
weight ratio or heart weight to tibia length did not differ between WT and PDE2-TG mice (Fig.
2G, 3C). PDE2-TG displayed preserved susceptibility to B-AR blockade by metoprolol
regarding the decrease both in HR and FAS with ICs, values that paralleled WT controls (Fig.
2D-F, Suppl. Fig. 5). Interestingly, while maximal doses of metoprolol (100 mg/kg) reduced
HR to a similar extent in WT and PDE2-TG (332+15 and 3068 bpm, respectively), FAS of
PDE2-TG was higher under B—AR blockade compared to WT controls (31+2% in WT vs.
44+2% in PDE2-TG, Fig. 2D, F). The specific phenotype of lower HR with preserved cardiac
performance was confirmed in a second independent transgenic line (TG-4811) with even
higher overexpression levels (15-fold, Suppl. Fig. 4) excluding possible insertion artefacts. In
accordance with recently published guidelines for transgenic mice®* the lower expressing TG-
4320 was chosen for the following experiments and will hence be referred to as PDE2-TG or
TG.

Next, we analyzed the effects of PDE2 abundance on cardiac morphology and performance
throughout most of the animals’ life span including elderly mice. Notably, during 18 months of
serial echocardiography, low HR and higher cardiac performance were preserved with no
indication of functional decline, maladaptive remodeling or premature death (Fig. 3). The
prominent impact on basal HR prompted us to investigate the effect of PDE2 on HR
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regulation by telemetric ECG recordings in unrestrained, freely moving mice. Circadian
analysis over the course of 24 h confirmed significantly lower HR in PDE2-TG animals during
low activity daytime (A105+17 bpm) as well as high activity nighttime (A90+£24 bpm, Fig. 4A,
B and Suppl. Fig. 6A, B). Accordingly, analysis of the respective RR intervals recorded for 24
h showed longer average intervals in PDE2-TG demonstrated by a rightward shift of the
Gaussian distribution curve (Fig. 4C). The difference in RR pattern was further confirmed by
Poincaré analysis (Suppl. Fig. 6C, D). Notably, the broadening of the RR distribution as well
as the significantly higher standard deviation from average RR-intervals indicate higher HR
variability in PDE2-TG compared to WT animals (Fig. 4D). Thus, overexpression of PDE2
recapitulates the classical shift in sympathetic/parasympathetic balance as observed during
an increased parasympathetic control of HR regulation®. However, PDE2-TG displayed the
same relation of HR and physical activity as WT littermates, indicating preserved
chronotropic competence (Fig. 4E). Basal heart rate reduction with maintained autonomic
control has been allocated to a decrease in hyperpolarization-activated cyclic nucleotide-
gated (HCN) channels activity®*®. Therefore we investigated the impact of HCN-blocker
ivabradine (IVA; i.p. 5 pug/g) on heart beat frequency (Fig. 4F, Suppl. Fig. 6E). WT and TG
animals showed similar susceptibility to IVA treatment displaying no significant difference in
either lowest HR (348+23 and 319+17 bpm, respectively) or average HR reduction (158+10
bpm for WT and 128+14 for TG).

Impact of PDE2 overexpression on cAMP levels and Ca* cycling

To study the cellular mechanisms involved in PDE2 action, we investigated how PDE2
overexpression affects intracellular cAMP levels ([cAMP]). For that, we assessed real time
changes in B-AR-induced [cAMP]; by FRET measurements in isolated ventricular myocytes
infected with an adenovirus expressing the FRET-based cAMP probe Epac-S™# 3. The
response to a 15 s application of ISO (30 nmol/L) was markedly blunted in PDE2-TG
myocytes which showed an average change over basal of 17% compared to an average of
120% displayed by WT animals (Fig. 5A).

Next, we analyzed the consequences of the reduced accumulation of [cCAMP]; on cellular
Ca®* handling in PDE2-TG mice. In line with previous publications, PDE2 overexpression
markedly attenuated the B-AR induced increase in lc,. from 35% in WT to 8% in PDE2-TG
(Fig. 5B), while basal Ic,, amplitude remained unaffected (data not shown). This effect was
fully reversed by PDE2 inhibition with BAY (Fig. 5C). Accordingly, Ca®* transient and
contractility analysis in field stimulated isolated ventricular myocytes revealed an attenuation
of the B-AR response to 1SO, while basal contractility and Ca®** transients were similar
between WT and PDE2-TG mice (Suppl. Fig. 7). SR Ca®" load and fractional release were
evaluated during the SR leak protocol (see below) by rapid application of 10 mmol/L caffeine.
As expected, SR Ca** load as well as the fraction of released Ca** from the SR during
systole significantly increased in WT derived ventricular myocytes after B-AR stimulation. In
contrast, the 1SO-induced increase in fractional SR Ca®* release was absent in PDE2-TG,
while SR Ca** content was not affected neither under basal nor stimulated conditions (Fig.
5D, E). This observation is in line with the lower B-AR response of systolic Ca** amplitude
and force development measured in myocytes from PDE2-TG (Suppl. Fig. 7).

Arrhythmia provocation

To test the effect of greater PDE2 abundance under acute ($-AR stress, animals received two
injections of 1SO (2 mg/kg) separated by an interval of 30 min*’. As expected from
echocardiographic analysis (Fig. 2B) and HR/activity correlation (Fig. 4E), PDE2-TG
displayed a lower maximal HR upon B-AR stimulation (69319 bpm in WT vs. 6105 bpm in
PDE2-TG), while chronotropic adaptation, i.e. absolute increase over basal HR, was
maintained (157+18 bpm and 154+11 bpm, respectively, Fig. 6A, B). ECG was monitored for
arrhythmic events such as ventricular extra systoles (VES), salvos and ventricular
tachycardia (VT) over a period of 90 min after the first injection. All animals tested developed
VES with frequency of occurrence increasing starting approximately 15 min after the second
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injection of ISO (Suppl. Fig. 8A). The total number of VES was significantly lower in PDE2-
TG (73£12 in WT vs. 3049 in PDE2-TG, Fig. 5C). Importantly, only 1 out of 7 TG animals
displayed severe arrhythmic events in form of VTs, while VTs were common incidents in WT
animals where 6 out of 7 animals were affected (Fig. 6D, E). This finding was further
confirmed in vitro where isolated WT ventricular myocytes exposed to ISO showed frequent
occurrences of spontaneous Ca®* waves (sCaW) which were abrogated in myocytes isolated
from PDE2-TG mice (Fig. 6F, G).

Ca’leak and Ca** handling proteins

Since ISO-induced arrhythmias are to a large extent caused by an increased diastolic Ca?*
leak from the sarcoplasmic reticulum (SR) via the ryanodine receptor (RYR2)%*“°, analysis of
Ca®* sparks was conducted to estimate Ca** leakage. PDE2-TG animals revealed a trend to
a lower number of sparks under basal conditions and a complete abrogation of the increase
in spark frequency after application of 1SO, indicating the likely underlying cause of the
reduced arrhythmia burden of PDE2-TG mice after 1SO injection (Fig. 7A, B). This was
further confirmed by assessing the SR Ca* leak as the difference between the Fura-2 ratio
with and without RYR2 blocker tetracaine (1 mmol/L), using a ONa*/0Ca*" solution to prevent
Ca?" extrusion by the Na‘/Ca?" exchanger (Suppl. Fig. 9).

To explore the molecular mechanisms of a reduced Ca®" leak, we performed immunoblot
analysis of key Ca®* handling proteins (Fig. 7C-G). Consistent with the preserved SR Ca?'
load in PDE2-TG mice (Fig. 5D), we did not find differences between WT and PDE2-TG mice
in regard to the expression of SERCA2a, PLB or RYR2. PLB phosphorylation was
significantly reduced at S16 and milder also at T17. Most strikingly, we found a reduction of
RYR2 receptor phosphorylation at the described Ca*/calmodulin-dependent kinase |
(CaMKII) phosphorylation site, S2814, which has been linked to diastolic Ca*" leakage, but
not at the putative PKA site S2808.

Arrhythmia development and cardiac function after myocardial infarction

To induce myocardial infarction (MI), mice were subjected to ligation of the left anterior
descending artery (LAD). While infarct size was similar in both groups (Fig. 8C), PDE2-TG
were markedly protected against ventricular failure with an ejection fraction of 47+5%
compared to 31+4% in WT (Fig. 8A, B) at 14d after MI. The overall VT incidence was only
slightly and not significantly lower in PDE2 TG than in WT: 62.5% of the WT and 53.3% of
PDE2-TG developed VTs in the first 40 h following MI (Fig. 8E). However, only 30% of WT
with VTs survived the first 7d, whereas none of the PDE2-TG with VTs suffered from an early
death (Fig. 8F). Moreover, all early WT deaths were preceded by VTs, while PDE2-TG did
not show this correlation (Fig. 8G). Further analysis of WT and PDE2-TG VT quality
suggested a tendency towards long VTs (>20s) in WT animals with early deaths (3 out of 7),
which occurred neither in WT survivors nor in PDE2-TG (Suppl. Fig. 10, Fig. 8H). Overall,
over 86% of PDE2-TG survived the early phase post MI, while only 56% of WT animals
endured more than 7d (Fig. 8D, p=0.06). No further deaths occurred in either group between
day 8 and day 14 (endpoint of intervention).
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Discussion

Myocardial PDE2 is upregulated in human as well as in experimental HF but its physiological
and pathological role in the heart remained unknown. Here, we show that heart rate
regulation is the predominant physiological role of PDE2. Specific inhibition of PDE2 in dogs
and mice led to an exclusive increase in HR, while overexpression of PDE2 resulted in its
decrease. Under chronic B-AR activation, however, PDE2 contributes to myocardial $-AR
desensitization, protecting the heart from excessive sympathetic stress. Moreover, under
acute B-adrenergic stress, higher PDE2 abundance effectively protects against ventricular
arrhythmia without compromising contractile performance in vivo. In the setting of MI, PDE2
TG showed improved ventricular function compared to WT.

Role of PDEZ2 in heart rate regulation

The modern concept of heartbeat initiation is based on the mutual interplay between ion
channels of the cell membrane (“membrane clock”) and cellular Ca** cycling (“Ca** clock”)*"
*2 The most prominent targets of sympathetic HR modulation are the funny current (Iy),
mediated by cAMP-dependent regulation of HCN channels and PKA-dependent
phosphorylation of L-type Ca®* channels (LTCC) as well as of SR Ca** cycling proteins®. So
far, PDE2 has been shown to contribute to myocardial Ca** cycling by modulating Ic., not
only in ventricular, but also in atrial and sinoatrial nodal cells?* ?* **. These findings are
consistent with the attenuated B-AR responsiveness regarding lc,. and SR Ca** release
observed in PDE2-TG derived ventricular myocytes. Moreover, the close interplay between
lcar, RYR2-mediated Ca®* release and SERCA/PLB-dependent filling of the SR suggests that
PDE2 is involved in the regulation of the Ca?" clock®. However, while in the ventricular
myocardium in vivo contraction force was unaffected in PDE2-TG, PDE2-TG exhibited lower
basal as well as maximal heart rates, but retained B-AR induced control of pacemaker
activity. This particular chronotropic phenotype has remarkable parallels with a cardiac
cAMP-binding deficient HCN4 mutation analyzed in mice and humans®> *. Notably, while
HCN-blockade with IVA had no effect in mice expressing the mutated channel®®, PDE2-TG
mice were still sensitive to IVA treatment indicating a remaining contribution of I; to basal
heart rate regulation. This study shows for the first time, that PDE2 is a major player in HR
regulation in vivo, most likely by affecting both membrane and Ca?* clock.

Role of PDE2 in propensity to arrhythmia and in contractility

There is substantial evidence that generation of delayed afterdepolarizations due to
increased diastolic Ca** leak from the SR via RYR2 and the subsequent depolarizing activity
of the Na'/Ca** exchanger (NCX) is the main underlying mechanism for triggered
arrhythmias®®. A central role in this dysfunction of Ca*" cycling has been attributed to the
phosphorylation of RYR2 at the CaMKII site S2814 and the associated facilitation of diastolic
Ca**-release® “* ', Our conclusion that PDE2-TG are less susceptible to arrhythmia
provocation induced by acute B-AR stimulation due to a significantly lower Ca**-spark
frequency as well as lower RYR2-S2814 phosphorylation fits well to this model. At the
cardiomyocyte level, efficacy of B-AR-induced increase in sarcomere shortening was
significantly attenuated, as were efficacy and potency of B-AR-induced stimulation of Ca?*-
transients. Notably, at baseline and at low ISO concentrations, contractile parameters were
normal (Suppl. Fig. 8). However, the in vitro findings regarding force development did not
entirely recapitulate the actual phenotype of PDE2-TG mice. Our in vivo data clearly
demonstrate that PDE2 overexpression was associated with a normal contractile reserve and
rather improved contraction force. This was even maintained when HR was reduced to an
identical level (332+15 vs. 306+£8 bpm) induced by acute B-blockade (Fig. 2 D-F) indicating
that the lower basal HR per se e.g. via augmented filling in diastole cannot completely
explain the hypercontractile phenotype. Despite lower PLB-phosphorylation, SR load did not
appear affected in PDE2-TG. Longer diastolic intervals and the reduced Ca®* leak may
therefore be sufficient for maintaining adequate SR Ca*" filing and preservation of cardiac
function in vivo, even in the presence of reduced SERCA activity"’. In summary, PDE2
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overexpression offers a potential of dual protection by limiting HR without affecting
chronotropic adaptation and by attenuating ventricular SR Ca?*-release with the benefit of
lower arrhythmia susceptibility. The effect of PDE2 overexpression is therefore similar to 8-
blocker treatment but without depression of contractile performance.

PDE2 in cardiac remodeling

A very recent publication proposed that in context of cardiac remodeling processes, chronic
inhibition of PDE2 leads to a reduction of pathological hypertrophic growth*®. While this
contradicts our earlier findings that adenoviral overexpression of PDE2 antagonizes 3-AR
induced cellular hypertrophy (Mehel et al., 2013; Wagner et al. 2016, Naunyn-
Schmiedeberg's archives of pharmacology), we observed a small but not significant increase
in cardiac size in PDE2-TG mice as compared to WT (Fig. 2G, 3C). Therefore, we cannot
completely rule out a minor increase of heart size due to PDE2 overexpression. Consistently,
heart weight was also ~10% higher in PDE2-TG mice after Ml compared to WT (Suppl. Fig.
11). However, preservation of cardiac function and size up to an advanced age (Fig. 3)
strongly argues against pathological hypertrophy. Moreover, we offer proof that high
abundance of PDE2 significantly protects against acute and chronic B-AR stress and
maintains contractile function after MI.

Potential limitations

A general limitation of transgenic “overexpressors” is potential spill over within subcellular
compartments, where the protein of interest may be not physiologically located. This is even
more critical when examining PDEs, which control highly compartmentalized cAMP pools
and redistribution phenomena under pathological conditions have been reported** *°. Despite
designing our experiments following general recommendations for state-of-the-art
phenotyping of transgenic mice®**, we are not able to fully exclude artificial compartmentation
effects. However, the specificity of the phenotype and its striking similarities to in vivo studies
of endogenous PDE2 from mice and larger animals offers a valid approach for analyzing the
pathophysiological role of PDE2 in heart function. A second limitation is that the role played
by each PDE isoform varies among mammalian species®" ** and accordingly, our results may
not recapitulate the situation in humans in all details.

Clinical perspective: PDE2 as a downstream target of cGMP pools

The current therapeutic strategies for HF and prevention of sudden cardiac death are only
moderately effective. Despite all efforts, a lack of understanding of the pathophysiological
mechanisms underlying HF and arrhythmias has hindered the development of more
effective, rational therapeutic approaches. Recently, the publication of the PARADIGM-HF
trial, which demonstrated the successful introduction of the compound LCZ696 (a
combination of a standard Angiotesin-lI-receptor-1 blocker and an inhibitor of the NP-
degrading enzyme neprilysin), has once again shifted the enhancement of cGMP-signaling
into the focus of HF therapy. One remarkable result of the study was a significant protection
from sudden cardiac death® >*. The importance of the NP signaling pathway was further
emphasized in a study by the Kass group showing that the inhibition of cGMP-degrading
PDE9 protects against HF progression by specifically targeting the ANP/BNP-coupled cGMP
pool™ *°. PDE2 is a central component of the cGMP/CAMP crosstalk and as our study
demonstrates effectively protects against ventricular arrhythmia during excessive
sympathetic stress and improved ventricular function after a severe cardiac insult. It may
therefore constitute an up to now unconsidered link between ANP/BNP-coupled cGMP
enhancement and the protection against toxic sympathetic effects by acting as a cGMP
controlled intracellular sympathetic blockade. Thus, PDE2 is worth being considered a key
element in recent encouraging therapeutic approaches and accordingly its direct activation
may offer an alternative strategy in a promising new field of HF therapy.
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Figure 1. PDE2 regulates heart rate and blunts B-AR-induced inotropy in animals chronically
treated with 1SO. Effect of PDE2 inhibition in mice exposed to chronic I1SO infusions for 7 d
(30 mg/kg*d) or treated with vehicle (0.9% NaCl). Animals were anaesthetized and monitored
by echocardiography under basal conditions, 2-7 min after dobutamine (10 mg/kg i.p.,
DOBU) injection and 10 min after application of the PDE2 inhibitor BAY 60-7550 (3 mg/kg
i.p., BAY) on top of DOBU (DOBU+BAY). (A) Fractional area shortening (FAS). (B) Heart
rate (HR); n=7-8 for each group. Statistical significance was determined by one-way ANOVA
followed by Newman-Keuls multiple comparison test. *p<0.05 vs. NaCl, *p<0.05 vs.

respective basal, and $p<0.05 vs. DOBU.
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Figure 2. Higher basal contractility and lower heart rate in PDE2-TG. Echocardiographic
determination of fractional area shortening (FAS, A), heart rate cardiac (HR, B) and output
(CO, C), and in anaesthetized 2 month old mice. Animals were treated with 10 mg/kg
dobutamine (DOBU, i.p.) 2 min prior to measurements when indicated; n=7-9 for each group.
Effect of metoprolol (100 mg/kg, i.p.) on (D) FAS and (E) HR in anaesthetized animals. (G)
Correlation between the reduction of FAS and HR in the presence of increasing metoprolol
doses (METO 0, 1, 3, 10, 30 and 100 mg/kg); n=5 for each group. (G) Left ventricular weight
(LVW) calculated from the echocardiographic data and normalized to tibia length. (H)
Lysates prepared from ventricular myocardium were analyzed by immunoblot with the
indicated specific antibodies. PDE2 expression was normalized to calsequestrin (CSQ) and
given relative to WT. (E) Representative immunoblots and (F) quantification; n=7-9 for each
group. Statistical significance was determined by One-way ANOVA followed by Newman-
Keuls multiple comparison test (A, B, D, E) and Student’s t-test to compare the two
genotypes on basal level (A-E, G,H). *p<0.05 vs. WT, *p<0.05 vs. respective basal.
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Figure 3. Preserved phenotype of higher basal contractility and lower heart rate in elderly
PDE2-TG. Echocardiographic determination of fractional area shortening (FAS, A), and heart
rate (HR, B) in anaesthetized 3-18 month old mice. (C) Left ventricular weight (LVW) was
calculated from the echocardiographic data and normalized to body weight (BW); n=6 for
each group. Statistical significance was determined by Two-way ANOVA. *p<0.05 vs. WT.
(D) Longevity study of WT (n=12) and PDE2-TG (n=16). The study was terminated after 38
months. Average life span of WT=24 and PDE2-TG=29 months.
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Figure 4. PDE2 transgenic mice show higher heart rate variability and normal chronotropic
adaptation. Animals (n=4-5 per genotype) were monitored by ECG-telemetry for a period of
72 h to calculate average changes in heart rate (HR) and heart rate variability of a 24 h cycle.
Frequencies and activity were tracked as averages of 1 min intervals. (A) Average circadian
changes in heart rate over a period of 24 h. (B) Average heart rate during day and night
periods. (C) Heart rate variability given as occurrence of RR-intervals during one 24 h
recording with Gaussian distribution curve calculated for each group. (D) Standard derivation
of average RR-intervals (SDNN). (E) Correlation between heart rate and activity. (F) Average
HR over a period of 20 min prior (0-20 min) and after ivabradine (IVA, 5 mg/kg, i.p.) injection
(10-30 min). Statistical significance was determined by one-way ANOVA followed by
Newman-Keuls multiple comparison test and Student’s t-test to compare the two genotypes
(D). *p<0.05 vs. WT, *p<0.05 vs. day (B) or respective basal (F).
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Figure 5. Ventricular myocytes from PDE2-TG mice show reduced B-AR-response, but
normal SR Ca?* load. (A) Normalized average time course of [CAMP]; in response to a 15 s
application of 1SO (30 nmol/L) in WT and PDE2-TG ventricular myocytes infected with an
adenovirus expressing the FRET-based cAMP probe Epac-S™#'; n=3 animals/genotype with
11-13 cell in each group. (B, C) Normalized average time course of Ic,, amplitude following
ISO pulse stimulation (30 nmol/L, 15 s) in the absence (B) or presence (C) of PDE2 inhibitor
BAY 60-7550 (100 nmol/L). The cells were depolarized every 8 s from -50 to 0 mV during
400 ms; n=3 animals/genotype with 10-19 cell in each group. (D) Mean amplitude of SR Ca**
load in the presence or absence of ISO measured as the change in Fura-2 ratio after rapid
application of caffeine (10 mmol/L). (E, F) SR Ca* load and fractional release measured in
Fura-2 loaded adult mouse ventricular myocytes paced at 1 Hz, in the presence or absence
of ISO (100 nmol/L) (E) Mean fractional Ca®* release in control or ISO calculated as the ratio
of Ca?* transient amplitude divided by caffeine-induced response; n=2-3 animals/genotype
with 7-11 cells in each group. Statistical significance was determined by One-way ANOVA
followed by Newman-Keuls multiple comparison test. *p<0.05 vs. WT, *p<0.05 vs. respective
basal.
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Figure 6. PDE2 transgenic mice show the same absolute increase in heart rate after f-AR
stimulation, but lower susceptibility to arrhythmic events. Heart rate was monitored after
double ISO injection (2 mg/kg, i.p.; time interval between injections: 30 min) and analyzed for
ventricular extra systoles (VES), salvos and ventricular tachycardia (VT) over a period of 90
min after the first application; n=7. (A) ISO-induced increase in heat rate (HR) calculated as
an average of 5 s intervals. (B) Absolute increase over basal heart rate. (C) Total number of
VES per animal. (D) Number of animals with VTs; n=7. (E) Representative trace of a WT
animal showing VTs; with bigeminy (alternations of sinus beat and VES) before onset of VT.
(F, G) Effect of PDE2 overexpression on spontaneous Ca®* waves (sCaW) in mouse
ventricular cells. (F) Representative traces of Ca®* transients in Fura-2 loaded mouse
ventricular cells isolated from WT or PDE2-TG mice paced at 0.5 Hz in the presence of 100
nmol/L 1SO. (G) Percent of cells with sCaW in WT and PDE2-TG mice after ISO-treatment;
n=3-4 animals/genotype with a total of 16-22 cells in each group. Statistical significance was
determined by One-way ANOVA followed by Newman-Keuls multiple comparison test (A),
Student’s t-test to compare the two genotypes (B, C) and Fisher’'s exact test (D, G) to
compare occurrence of events. *p<0.05 vs. WT, *p<0.05 vs. respective basal.
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Figure 7. PDE2 transgenic mice show reduction in Ca®* leak and phosphorylation of Ca?
handling SR proteins in ventricular myocardium. (A, B) Ventricular myocytes were loaded
with Fluo-3 AM and monitored for Ca?*-sparks by laser scanning confocal microscopy under
basal conditions and after stimulation with 100 nmol/L 1SO. (A) Quantification of Ca**-spark
frequency (CaSpF) normalized to cell width and scan rate. (B) Representative original
recordings, n=4 animals/genotype. (C-G) Lysates prepared from ventricular myocardium
were analyzed by immunoblot with the indicated specific antibodies. Protein phosphorylation
was normalized to the respective total protein. (C-F) Quantification and (G) representative
immunoblots showing additionally the expression levels of sarcolemma Ca** ATPase 2a
(SERCA2a) and calsequestrin (CSQ); n=7-8 for each group. Statistical significance was
determined by One-way ANOVA followed by Newman-Keuls multiple comparison test and
Student’s t-test to compare the two genotypes. *p<0.05 vs. WT, “p<0.05 vs. respective basal.
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Figure 8. PDE2-TG are protected from early death, sustained arrhythmias and decline of
heart function after myocardial infarct (MI). (A) Ejection fraction -calculated from
echocardiographic analysis prior Ml (baseline) and at day 14 post MI. (B) Representative M-
Mode trace from infarcted area taken 14 d post MI. (C) Left panel: Representative Sirius Red
staining of heart sections prepared from surviving animals at day 14; right panel:
quantification of infarct size given as % of total tissue area. (D) % of surviving animals. Study
was terminated 14 d post MI. (E, F, G) Analysis of ventricular tachycardia (VT) during the first
40 h post Ml and association with early death events. (F) Representative ECG-traces
showing a 17 s lasting VT in WT and 4 s in TG animals. Statistical significance was
determined by One-way ANOVA followed by Newman-Keuls multiple comparison test (A),
Long rank test (B), and Fischer’s exact test (F, G). *p<0.05 vs. WT, “p<0.05 vs. respective
baseline.
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Detailed Methods

All experiments were carried out according to the European Community guiding principles in
the care and use of animals (2010/63/UE, 22 september 2010), the local Ethics Committee
(CREEA lle-de-France Sud) guidelines and the French decree n° 2013-118, 1st February
2013 on the protection of animals used for scientific purposes (JORF n°0032, 7 February
2013 p2199, text n° 24). Authorizations were obtained from the Niederséchsisches
Landesamt fur Verbraucherschutz und Lebensmittelsicherheit (Germany) and Ministere
Francais de I'Agriculture, de I'’Agroalimentaire et de la Forét (agreement N°B 92-019-01).

Application of BAY 60-7550 for cardiovascular analysis, canine animal model
Evaluation of hemodynamic parameters was performed in beagle dogs according to GLP
requirements using a dog model described earlier*. Both male and female animals were used
at an age of 1 to 5.5 years and 9.5 to 16 kg body weight. Briefly, 12 Beagle dogs were
subjected to general neuroleptic anesthesia (droperidol + fentanyl) and mechanical
ventilation with nitrous oxide/oxygen (1:3). Administration formulations of BAY 60-7550
(BAY) were prepared in ethanol/polyethylene glycol 400 (1:9 v/v) and administered
intraduodenally (i.d.) with an administration volume of 1-2 ml/kg in a dose range of 3, 10, and
30 mg/kg (n=3 dogs per group). Three control animals received the vehicle only. Dogs were
instrumented with a Millar tip catheter placed into the abdominal aorta for measurement of
systemic arterial blood pressure. A second Millar catheter equipped with a pressure and a
velocity sensor was introduced into the heart via the left carotid artery. The pressure sensor
was located within the left ventricle, the velocity sensor located in the ascending aorta to
allow the measurement of stroke volume, left ventricular pressure (LVP) and the
determination of left ventricular pressure rise (LV dP/dt), a surrogate for heart contractility.
Heart rate was determined by ECG. Cardiac output (CO) and total peripheral resistance were
calculated from stroke volume, heart rate and mean arterial blood pressure. At predefined
time points at baseline and up to 240 min after administration, cardiovascular parameters
were collected, stored and evaluated using P3 Plus Ponemah software (DSI).

Chronic isoproterenol administration

Isoproterenol (ISO, Sigma-Aldrich) was delivered to mice by subcutaneously implanted
osmotic minipumps (Alzet, model 2002) that released ISO solved in 0.9% NacCl at a dose of
30 pg/g/d®. Anesthesia was performed with isoflurane (1.5% v/v). After 7 days, cardiac
function was monitored by echocardiography. The mice used for this study were 2 month old
littermates with a FVB/N background. Groups were age and sex matched.

Echocardiography

Animals were kept under light temperature and ECG-controlled anesthesia (isoflurane, 1.5%
viv or pentobarbital 35 mg/kg body weight (i.p.)) during the whole procedure.
Echocardiography images (Vevo 770® System or 2100® System (MI), Visual Sonics Inc.)
were obtained in a parasternal long and a short axis view at midpapillary and apical
(representative M-mode pictures, MI) muscle level at a frame rate of 60 Hz. Long axis
images were used to measure left ventricle length (L) during end-diastole (d) and end-systole
(s). The thickness of the anterior (AWTh) and posterior wall (PWTh), the left ventricular
diameter (LVD), the epicardial (EpiA) and endocardial (EndoA) area of the left ventricular
cavity were obtained in the short axis or long axis (MI) view during d and s stages.
Parameters were calculated as follows: %Fractional area shortening (%FAS) = (EndoAd —
EndAs)/EndAd x 100; systolic volume (SV) = 5/6 x (EndoAd x Ld — EndoAs x Ls); cardiac
output CO=SV x HR/1000; left ventricular weight (LVW) = 1.05 x 5/6 x [EpiAs X (Ls + (AWThs
+ PWThs)/2)) — EndoAs x Ls], where 1.05 is the specific gravity of muscle. %Ejection fraction
=100* ((7.0 / (2.4 + average diastolic diameter)* (average diastolic diameter)®) — (7.0 / (2.4 +
average systolic diameter) * (average systolic diameter)®) / ((7.0 / (2.4 + average diastolic
diameter )* (average diastolic diameter)®). In MI, measurements were performed before and
two weeks after left anterior descending coronary artery ligation.
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Longevity study

Animals were kept under standard housing conditions until either natural death or any severe
illness occurred (e.g. tumor growth, colic, age related decay etc.). Animals, which fell sick
during the study were euthanized according to animal care guidelines to avoid unnecessary
pain and counted as a naturally death event. The study was terminated after 38 months with
3 still living individuals. Groups were age and sex matched.

Implantation of ECG transmitters

Mice were anaesthetized with isoflurane (2% v/v) via mask ventilation and placed on a
warming plate (37°). After the skin of the anterior thoracic region was depilated and
disinfected, a 2 cm long median incision of the thoracic skin was made. The underlying tissue
was prepared in order to create subcutaneous space for the ECG-transmitter (Data Sciences
International, ETA-F10) and the electrodes. Afterwards, the ECG-transmitter was placed
subcutaneously to the back of the mouse, the negative electrode was fixed to the right
pectoralis fascia and the positive electrode was fixed 1 cm left to the xiphoid. The wound was
closed using resorbable sutures. Alternatively, the transmitters were implanted into the
peritoneal cavity. Buprenorphine 0.05 mg/kg s.c. once before starting the surgical procedure
and metamizol 300 mg/kg p.o. from 2 days before to 7 days after the surgical procedure
were used for intra- and postoperative analgesia. Recordings were started after a recovery
time of at least two weeks post subcutaneous implantation of the telemetric transmitter).
Recording and analysis parameters were set according to the manufacturer’s instructions
using P3 Plus software (DSI) or LabChart software (Chart 5.4, AD Instruments) and to
conventional arrhythmia/frequency analysis guidelines®®. Heart rate, activity and RR-intervals
are given as either an average of 1 min or of 5 s intervals. Details are specified in the
respective figure legends.

Isolation of adult mouse cardiomyocytes

Ventricular myocytes were obtained from 10 to 14 week old male mice. Animals were
anesthetized by intraperitoneal injection of pentothal (150 mg/kg), and the heart was quickly
removed and placed into cold Ca*-free Tyrode’s solution containing (in mmol/L): NaCl 113,
KCl 4.7, MgSO, 4, KH,PO, 0.6, NaH,PO, 0.6, BDM 10, NaHCO; 1.6, HEPES 10, Taurine 30,
D-glucose 20, adjusted to pH 7.4. The ascending aorta was cannulated and the heart was
perfused with oxygenated Ca**-free Tyrode’s solution at 37°C during 4 min. For enzymatic
dissociation, the heart was perfused with Ca®*-free Tyrode’s solution containing liberase TM
research grade (Roche Diagnostics) for 10 min at 37°C. Then the heart was removed and
placed into a dish containing Tyrode’s solution supplemented with 0.2 mmol/L CaCl, and 5
mg/ml BSA (Sigma-Aldrich). The ventricles were separated from the atria, cut into small
pieces, and triturated with a pipette to disperse the myocytes. Ventricular myocytes were
filtered on gauze and allowed to sediment by gravity for 10 min. The supernatant was
removed and cells were suspended in Tyrode’s solution supplemented with 0.5 mmol/L
CaCl, and 5 mg/ml BSA. The procedure was repeated once and cells were suspended in
Tyrode’s solution with 1 mmol/L CaCl,. Freshly isolated ventricular myocytes were plated in
35 mm culture dishes coated with laminin (10 pg/ml) and stored at room temperature until

use®.

CAMP measurements by FRET

Adult mouse ventricular myocytes isolated from WT or PDE2-TG mice were infected with an
adenovirus encoding the Epac-S"*®” cAMP FRET probe for 24 h (kindly provided by Dr. Kees
Jalink, Cancer Institute, Amsterdam, The Netherlands)’. Thereafter, the cells were washed
once and maintained in a physiological buffer containing (in mmol/L): NaCl 144, KCI 5.4,
CaCl, 1.8, MgCl, 1.8, and HEPES 20, pH 7.4 at room temperature. Images were captured
every 5 s using the x40 oil immersion objective of an inverted microscope (Nikon) connected
to a Cool SNAP HQ2 camera (Photometrics) controlled by the Metafluor software (Molecular
Devices). Cyan Fluorescent Protein (CFP) was excited for 300 ms by a Xenon lamp (Nikon)
using a 440/20BP filter and a 455LP dichroic mirror. Dual-emission imaging of CFP and
Yellow Fluorescent Protein (YFP) was performed using a Dual-View emission splitter
equipped with a 510 LP dichroic mirror and BP filters 480/30 and 535/25 nm, respectively.
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The YFP/CFP emission ratio upon 436 nm excitation (filters YFP 535 + 15 nm, CFP 480 £ 20
nm) was measured. After each measurement, emission values were corrected for
bleedthrough of CFP into the YFP channel. The imaging data was analyzed with Excel. All
experiments were performed at room temperature.

lcaL Measurements

The whole-cell configuration of the patch-clamp technique was used to record Ic,,. Pipette
resistance was between 1-2 MQ when filled with internal solution containing (in mmol/L):
CsCl 118, EGTA 5, MgCl, 4, sodium phosphocreatine 5, Na,ATP 3.1, Na,GTP 0.42, CaCl,
0.062 (pCa 8.5), HEPES 10, adjusted to pH 7.3 with CsOH. Extracellular Cs*-Ringer solution
contained (in mmol/L): CaCl, 1.8, MgCl, 1.8, NaCl 107.1, CsCl 20, NaHCOs; 4, NaH,PO, 0.8,
D-glucose 5, sodium pyruvate 5, HEPES 10, adjusted to pH 7.4 with NaOH. For lca.
measurement, the cells were depolarized every 8 s from -50 to 0 mV for 400 ms and the
maximal amplitude of whole-cell Ic,; was measured as previously described®. The use of -50
mV as holding potential allowed the inactivation of voltage dependent sodium currents. K*
currents were blocked by replacing all K* ions with external and internal Cs®. Currents were
not compensated for capacitance and leak currents. All experiments were performed at room
temperature.

Measurements of Ca?" transients, sarcomere shortening, SR Ca?' leak and load

All experiments were performed at room temperature within 6 h after cell isolation. Isolated
mouse ventricular cardiomyocytes were loaded with 3 umol/L Fura-2 AM (Invitrogen) for 15
min in Ringer’s solution containing (in mmol/L): KCI 5.4; NaCl 121.6; Na-pyruvate 5; NaHCO;
4.013; NaH,PO, 0.8; CaCl, 1.0; MgCl, 1.8; glucose 5 and HEPES 10 (pH 7,4 with NaOH).
Sarcomere shortening and Fura-2 ratio (measured at 512 nm upon excitation at 340 and 380
nm) were simultaneously recorded in Ringer's solution, using a double excitation
spectrofluorimeter coupled with a video detection system (lonOptix, Milton, MA, USA).
Myocytes were electrically stimulated with biphasic field pulses (5 V, 4 ms) at a frequency of
0.5 Hz as previously described®. Because arrhythmias depend on the initial quality of cells,
cardiomyocytes exhibiting spontaneous Ca** waves (sCaW) when perfused with control
Ringer solution were discarded.

SR Ca*" leak and load were measured according to a dedicated protocol®. Fura-2 loaded
ventricular myocytes were paced by field stimulation at 0.5 Hz in normal Ringer's for few
minutes until cellular Ca** transients reached a steady state. Directly after the last pulse,
normal Ringer’s was substituted for 30 s by a ONa*/0Ca** Ringer’s in which Na* was replaced
by Li* and supplemented with 10 mmol/L EGTA. This condition allowed measuring
intracellular Ca** levels in a closed system without trans-sarcolemmal Ca** fluxes. Then, the
cell was switched back to normal Ringer’'s and paced at 0.5 Hz until Ca®* transient amplitude
and sarcomere shortening reached steady-state. Again, following the last pulse, cells were
perfused for 30 s with a ONa‘*/0Ca*" solution including 1 mmol/L of the RyR2 inhibitor
tetracaine. As a consequence, SR Ca* leak into the cytoplasm was prevented. SR Ca®* leak
was estimated as the difference between the Fura-2 ratio recorded at the end of the
ONa'/0Ca** Ringer’s perfusion with and without tetracaine. At the end of this protocol,
tetracaine was washed out for at least 60 seconds and 10 mmol/L caffeine was applied to
evaluate the total SR Ca®* content.

Ca®" transient amplitude was measured by dividing the twitch amplitude (difference between
the end-diastolic and the peak systolic ratios) by the end-diastolic ratio, thus corresponding
to the percentage of variation in the Fura-2 ratio. Similarly, sarcomere shortening was
assessed by its percentage of variation, which is obtained by dividing the twitch amplitude
(difference between the end-diastolic and the peak systolic sarcomere length) by the end-
diastolic sarcomere length. Relaxation was assessed by measuring the time-to-50%
relaxation from the time to peak shortening, and the Ca** transient decay was evaluated by
measuring the time-to-50% decay of the Fura-2 ratio from the time to peak ratio. SR Ca**
leak was measured by subtracting the ratio of fluorescence recorded in steady-state in
ONa’/0Ca*" Ringer's with tetracaine from the ratio recorded in steady-state in ONa‘/0Ca*
Ringer’'s without tetracaine. SR Ca?" load was estimated by dividing the amplitude of the
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caffeine-induced twitch (difference between the peak ratio obtained with caffeine and the
diastolic ratio measured before tetracaine treatment) by the diastolic ratio. Fractional release
was calculated by dividing the Ca®* transient amplitude by the caffeine-induced twitch
amplitude, thus corresponds to the fraction of Ca** released from the SR during a twitch. All
parameters were calculated offline using lonWizard 6 (lonOptix).

Ca®" spark analysis

Mice were sacrificed under isoflurane anesthesia (5% v/v) by cervical dislocation. 100 |.U.
heparin was administered by intraperitoneal injection prior to isolation, to ensure sufficient
perfusion of myocardium. Explanted hearts were retrogradely perfused on a Langendorff
system, first with a Ca?* free solution containing (in mmol/L) NaCl 113, KCI 4.7, KH,PO, 0.6,
Na,HPO4x2H,0 0.6, MgSO4x7H,0 1.2, NaHCO; 12, KHCO; 10, HEPES 10, taurine 30, BDM
10, glucose 5.5, phenol-red 0.032 (37°C, pH 7.4), followed by the addition of 7.5 mg/ml
liberase 1 (Roche diagnostics) and trypsin 0.6% (Life Technologies) as well as 0.125 mmol/L
CaCl,. Upon becoming flaccid, ventricular and atrial myocardium were separated. Ventricular
myocardium was cut into small pieces and dispersed in solution. Ca?* concentration was
increased in steps every 7 min until desired concentration was reached. Cells were plated on
laminin-coated recording chambers and left to settle for 20 min.

Isolated mouse ventricular cardiac myocytes were incubated for 15 min at room temperature
with a Fluo-3 AM loading buffer (10 pmol/L, Molecular Probes). Experimental solution
contained (in mmol/L): KCI 4, NaCl 140, MgCl, 1, HEPES 5, glucose 10, CaCl, 2 (pH 7.4,
NaOH, room temperature) plus isoproterenol (ISO) 100 nmol/L for the ISO experiments.
Myocytes were superfused with experimental solution for 5-10 min before experiments
commenced and during experiments to remove excess indicator and to allow time for
complete deesterification of Fluo-3 AM. Ca*" spark measurements were carried out on a
laser scanning confocal microscope (LSM 5 Pascal, Zeiss) with a 40x oil-immersion
objective. Fluo-3 was excited by an argon ion laser (488 nm). Emitted fluorescence was
collected through a 505 nm long-pass emission filter. Fluorescence images were recorded in
the line-scan mode (width of scan line: 38.4 uym, 512 pixels per line, pixel time: 0.64 s,
number of unidirectional line scans: 10,000, measurement period: 7.68 s). Confocal line
scans were performed at rest after a brief period of field stimulation to load the SR (10
pulses, 1 Hz, 20 V). Ca** sparks were analyzed in SparkMaster for ImageJ. Mean spark
frequency (CaSpF) was normalized to cell width and scan rate (100 pm™*s™).

Immunoblot analysis

Protein samples were prepared from pulverized ventricular myocardium and lyzed in buffer
containing 30 mmol/L Tris/HCI (pH 8.8), 5 mmol/L EDTA, 30 mmol/L NaF, 3% SDS, and
10% glycerol. Samples were separated in denaturizing acrylamide gels and subsequently
transferred onto nitrocellulose or PVDF membranes. After blocking the membranes with
Roti®-block (Carl Roth) for 1 h, the incubation with anti-PDE2 (1:1,000, FabGennix), anti-
calsequestrin (1:1,000, ThermoScientific), and anti-a-tubulin (1:2,000, Sigma-Aldrich) was
carried out over night at 4°C. After incubation with appropriate secondary antibodies for 1 h,
proteins were visualized by enhanced chemoluminescence and quantified with Quantity One
software (Biorad).

Measurement of infarct size

Hearts were fixed in 4% (m/V) paraformaldehyde and embedded in paraffin. Hearts were
sliced transversely (2 um). Sections of the midpapillary region were stained with Sirius Red
as described previously™. For the determination of the infarct size, the epicardial and
endocardial infarct length and circumference was measured. Infarct size was calculated as
follows: [(epicardial infarct length/ epicardial circumference) + (endocardial infarct
length/endocardial circumference)/2] * 100 *2.
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Supplemental Figures
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Suppl. Figure 1. ISO infusion induces left ventricular hypertrophy. Relative left
ventricular weight (LVW) to body weight (BW) ratio in mice subjected to chronic ISO
infusions (30 mg/kg/d for 7d) or NaCl (0.9%) as control; n=7-9. Statistical significance was
determined by Student’s t-test. *p<0.05 vs. NaCl.
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Suppl. Figure 2. Effect of PDE2-specific inhibitor BAY 60-7550 on hemodynamic

parameters in beagle dogs. Effect of PDE2 inhibition in dogs exposed to the indicated
doses of BAY 60-7550 (i.d.). Animals were anaesthetized, equipped with catheters
(abdominal aorta, left ventricle and ascending aorta) and monitored by echocardiography
over a period of 240 min post application. (A) Maximal increase in heart rate (HR) given as %
over respective basal HR. (B) Table with assessed hemodynamic parameters at the time
point of maximal increase in heart rate (HR): systolic and diastolic blood pressure (BPs,
BPd), left ventricular pressure (LVP), cardiac output (CO), stroke volume (SV). Average of
n=3 for each group. Statistical significance was determined by one-way ANOVA. *p<0.05 for

linear trend.
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Suppl. Figure 3. Characterization of the lower expressing transgenic mouse line TG-
4808. Echocardiographic determination of fractional area shortening (FAS, A), cardiac output
(CO, B), and heart rate (HR, C) in anaesthetized 2-18 month old mice. Animals were treated
with 10 mg/kg dobutamine (DOBU, i.p.) 2 min prior to measurements when indicated. (D)
Left ventricular weight (LVW) calculated from the echocardiographic data and normalized to
tibia length; n=12-14 for each group. (E, F) Lysates prepared from ventricular myocardium
were analyzed by immunoblot with the indicated specific antibodies. PDE2 expression was
normalized to tubulin and given relative to WT. (E) Immunoblots and (F) quantification; n=2
for each group Statistical significance was determined by one-way ANOVA followed by
Newman-Keuls multiple comparison Test (A, C) and by Student’s t-test (B, D). “p<0.05 vs.
respective basal.
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Suppl. Figure 4. Characterization of the higher expressing transgenic mouse line TG-
4811. Echocardiographic determination of fractional area shortening (FAS, A), cardiac output
(CO, B), and heart rate (HR, C) in anaesthetized 2-18 month old mice. Animals were
additionally treated with 10 mg/kg dobutamine (DOBU, i.p.) 2 min prior to measurements
when indicated. (D) Left ventricular weight (LVW) calculated from the echocardiographic data
and normalized to body weight (BW); n=6-8 for each group. (E, F) Lysates prepared from
ventricular myocardium were analyzed by immunoblot with the indicated specific antibodies.
PDE2 expression was normalized to tubulin and given relative to WT. (E) Immunoblots and
(F) quantification; n=2 for each group. Statistical significance was determined by one-way
ANOVA followed by Newman-Keuls multiple comparison test (A, C) and by Student’s t-test
(B, D). *p<0.05 vs. WT, “p<0.05 vs. respective basal.

137



5
8

-l- PDE2 -TG )
% | = 100- E___ |
E 4001 T
Y -
a e 60+
[1'd =
I 3504 @
By E 20-
S = WT
3004 204 & PDE2-TG
basal basal 0 1 2
log Metoprolol i.p. (mg!kg) log Metoprolol i.p. (mg/kg)
Cc D
50 [ 140-
&
1004
3 %1 % <
g~ w
@ S 60
< N
w404 TEu
s 201 5 wr
z
354 -.— PDE2.TG g0] W PDEZ-TC
basal basal 0 1 2
log Metoprolol i.p. (mg!kg) log Metoprolol i.p. (mg/kg)

Suppl. Figure 5. Metoprolol reduced heart rate to a similar extent in WT and PDE2-TG,
while basal hypercontractility of PDE2-TG was independent of B-AR activity.
Echocardiographic determination of heart rate (HR, A) and fractional area shortening (FAS,
C) in anaesthetized mice in the presence of increasing metoprolol doses (1, 3, 10, 30, 100
mg/kg, i.p.). (B, D) Normalization of (A, C) to compare loglCs, values with lowest values
equal 0% and highest values equal 100%. Calculated ICs, for HR: 5 mg/kg and FAS: 10
mg/kg metoprolol.
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Suppl. Figure 6. ECG-Telemetry: Activity pattern and Poincaré plots of RR intervals
documented over a period of 24 h. Application of HCN-Blocker Ivabradine (IVA).
Animals (n=4 per genotype) were monitored by ECG-telemetry for a period of 72 h to
calculate average changes in activity of a 24 h cycle. Activity was tracked as an average of 1
min intervals. (A) Average circadian changes in activity. (B) Average activity during day and
night periods. Statistical significance was determined by one-way ANOVA followed by
Newman-Keuls multiple comparison test. “p<0.05 vs. respective basal. (C, D) Representative
Poincaré plot of a WT an TG animal regarding the distribution of daily RR intervals. Sinus
arrest and AV block were excluded. (E) Average traces of IVA-application 45 min prior and 2
h after ivabradine (IVA) injection (5 mg/kg, i.p.). Frequencies were tracked as average of 5 s
intervals; n=5.
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Suppl. Figure 7. PDE2 overexpression attenuates B-AR stimulation of Ca?* transients
and sarcomere shortening in cardiomyocytes. Adult ventricular myocytes isolated from
WT or PDE2-TG mice were loaded with Fura-2 and stimulated at a frequency of 0.5 Hz in the
absence or presence of increasing concentrations of ISO. Sarcomere length and Fura-2 ratio
were recorded using an lonOptix System. Concentration-response relationship was
extrapolated for WT cardiomyocytes under the assumption that 100 nmol/L ISO is sufficient
for maximal responsivness. (A) Average amplitudes of sarcomere shortening. (B)
Normalization of (A) to compare logECs, values with lowest values equal 0% and highest
values equal 100%. (C) Average amplitudes of Ca?* transients. (D) Normalization of (C) to
compare logECs, values with lowest values equal 0% and highest values equal 100%. (E).
Average amplitudes of half-time relaxation of sarcomere shortening (ti, of). (F) Average
amplitudes of half-time relaxation of Ca®" transients (ty, o). N=3-6 animals/genotype with 6-
20 cells in each group. Data sets were subjected to comparison of fit regarding top values
(efficacy) or logECs, (potency). *p<0.05 vs. WT.
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Suppl. Figure 8. Arrhythmia study in healthy mice. Heart rate was monitored after double
ISO injection (2 mg/kg, i.p.; time intervall between injections 30 min) and analyzed for
arrhythmic events such as ventricular extra systoles, bigeminy, salvos and VTs over a period
of 90 min; n=7. (A) Average ISO-induced ventricular extra systoles (VES including salvos
and ventricular tachycardia) per minute. Regular occurence of VES 15 min after the second
injection of 1ISO in all animals. (B) Occurrence of bigemeny (BG) and (C) salvos in addition to
main Fig. 4. Statistical significance was determined by Fisher's exact test to compare
occurrence of events.
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Suppl. Figure 9. SR Ca*" leak (A) Representative traces of Ca”" transients, sarcoplasmic
reticulum (SR) Ca?" leak and load measured in Fura-2 loaded adult mouse ventricular myocytes
from WT (left) or PDE2-TG mouse (right) paced at 1 Hz, upon ISO (100 nmol/L) application.
Tetracaine (1 mmol/L) was used to estimate SR Ca?* leak, caffeine (10 mmol/L) to measure SR
Ca®" load. (B) Mean amplitude of the SR Ca®" leak recorded in control or 1SO. n=3
animals/genotype with 7-10 cells in each group. Statistical significance was determined by one-
way ANOVA followed by Newman-Keuls multiple comparison test. *p<0.05 vs. WT, *p<0.05 vs.
respective basal.
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surviving WT with VT, n=

ventricular fibrillation.

Figure 10. Arrhythmic events post MI.
tachycardia (VT) during the first 40 h post MI. For VT frequency and length calculations the
highest frequency and longest VT of each individual animal was taken into account (n=3 for
8 for surviving PDE2-TG with VT, n=7 for early death WT with VT). (C)
Examples of arrhythmic events. VES, ventricular extra systoles; TDP, torsade de pointes; VF,
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Suppl. Figure 11. Echocardiographic parameters and heat weights after Ml
Echocardiographic analysis 14 d post MI of (A) heart rate, (B) stroke volume, (C) left ventricular
inner end-diastolic diameter and (D) left ventricular posterior wall end-diastolic diameter.
Biometric data included determination of (E) heart weight (HW) to tibia length ratios, (F) lung
weight (LW) to tibia length ratios, (G) body weight (BW) and (H) tibia length. Statistical
significance was determined by Student’s t-test. *p<0.05 vs. WT.
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1. Conclusions

In our study, we showed that in mice exposed to chronic ISO infusion, the positive chronotropic
and inotropic effects of dobutamine were abrogated, suggesting desensitization of the B-ARS.
These effects were reversed upon inhibition of PDE2 with Bay 60-7550 (Bay), restoring B-AR
responsiveness. Inhibition of PDE2 with Bay had also an effect on control mice, doubling the

impact of B-AR stimulation on heart rate.

These results suggest that the role of PDE2 seems to be restricted to heart rate regulation under

physiological conditions.

Then, we showed that PDE2 overexpression displayed a significant decrease in basal heart rate
and B-AR stimulated maximal heart rate and increase in basal contraction measured as fractional

area shortening.

Next, we showed that PDE2 overexpression affects intracellular cCAMP levels, the response to a
short application of ISO was markedly blunted in PDE2 TG myocytes. PDE2 overexpression
markedly attenuated the B-AR induced increase in Icy L, Ca?* transient and contractility in isolated
cardiomyocytes from PDE2 TG mice. Then we showed that expression of SERCA2a, PLB and
RyR2 remains unchanged in PDE2 TG mice, but PLB phosphorylation at S16 and T17 was
significantly reduced. We also observed a reduction of RyR2 phosphorylation at CaMKII

phosphorylation site.

The results of our studies let us assume that PDE2 upregulation in the heart can be an important
defence mechanism by antagonizing B-AR/CAMP mediated cardiac toxicity. We think that PDE2

overexpression in the heart may represent a new, potential therapeutic strategy in HF.

The additional studies showing the effect of PDE2 overexpression on exercise capacity, heart
remodelling (fibrosis measurements), cardiac hypertrophy are presented in the next chapter
(Additional results).
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I11. Additional results

111.1 cAMP- and cGMP-hydrolytic activity of PDE2
Overexpression of PDE2 in the heart was confirmed with PDE2 assay. We measured CAMP- and

cGMP-hydrolytic activity.
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Figure 27: PDE2 activity in heart extracts from WT and PDE2 TG mice.

Specific PDE2 hydrolysis activity (A, B) was measured in heart extracts with radioenzymatic
assay with 1 uM of cAMP (A) and 5 pM of cGMP (B) as substrate. Data are shown as
meantSEM, N=5 hearts for each group. Statistical significance was determined with Student’s t-

test, ***p<0.001 vs. WT.

Conclusion: cAMP- and cGMP-PDE2 hydrolytic activity is strongly increased in PDE2 TG mice

as compared to WT mice.
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111.2 Effect of PDE2 overexpression on exercise capacity

PDE2 overexpression exerts an effect similar to 3-blockers on the heart. One of the limitations of
B-blockers is a reduction in the exercise capacity resulting in a poor quality of life. To determine
whether PDE2 overexpression decreases exercise capacity, we subjected mice to a forced

treadmill activity and we calculated a maximal running distance.
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Figure 28: Similar training capacity of WT and PDE2 TG mice.

Forced treadmill activity is expressed as means of maximal running distance. Values are
meanst=SEM, N=4 animals for each group. Statistical significance were determined by Student’s
t-test.

Conclusion: PDE2 overexpression does not change training capacity.
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111.3 Effect of PDE2 overexpression on heart rate and developed pressure in isolated hearts
To determine whether higher contraction force in PDE2 TG mice is due to lower heart rate, hearts
from WT and PDE2 TG mice were isolated and perfused using the Langendorff system. Hearts
from WT and PDE2 TG mice were electrically paced at the same heart rate (450 bpm) and we

measured left ventricular developed pressure (LVDP).
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Figure 29: The higher contractility in PDE2 TG mice is due to lower heart rate.

Hearts from WT and PDE2 TG mice were isolated and perfused using the Langendorff system.
Left ventricular developed pressure (LVDP) (A, B) and heart rate (HR) (C, D) were determined
without (A, C) or with electrically pacing at 450 bpm (B, D). Data are shown as mean + SEM,
N=4 animals for each group. Statistical significance was determined by Student’s t-test: * p<0.05,
** n<0.01 vs. WT.

Conclusion: The higher contractility of PDE2 TG vs. WT mice is observed in spontaneously
beating hearts (Figure 29A) but not anymore when comparing LVDP between WT and PDE2 TG
hearts paced at the same frequency (Figure 29B). We can thus conclude that the higher
contractility in PDE2 TG mice is due to the lower heart rate observed in these animals (Figure
29C).
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Then, we determined the effect of PDE2 overexpression on heart rate and contractility under -

AR stimulation (using increasing concentration of 1SO).
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Figure 30: Contractility of Langendorff perfused hearts from WT and PDE2 TG mice
during B-AR stimulation.

Hearts from WT and PDE2 TG mice were isolated and perfused with increasing concentrations
of isoprenaline (ISO) using the Langendorff system. LV developed pressure (LVDP) was
recorded. Data are shown as mean * SEM, N=4-9 hearts for each condition. Statistical
significance was determined by Student’s t-test: **p<0.01 vs. WT.
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Figure 31: Lower heart rate in Langendorff perfused hearts from PDE2 TG vs. WT mice

during B-AR stimulation.
Hearts from WT and PDE2 TG mice were isolated and perfused with increasing concentrations
of isoprenaline (ISO) using the Langendorff system. Heart rate (HR) was recorded. Data are
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shown as mean = SEM, N=4-9 hearts for each condition. Statistical significance was determined
by Student’s t-test: *p<0.05, **p<0.01 vs. WT. Same set of experiments as in Figure 30.

Next, to determine the myocardial workload, we calculated the rate pressure product (RPP). This
index is a direct indication of the energy demand of the heart, thus is a good measure of the

energy consumption of the heart.
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Figure 32: Rate pressure product in Langendorff perfused hearts from WT and PDE2 TG
mice during B-AR stimulation.

Hearts from WT and PDE2 TG mice were isolated and perfused with increasing concentrations
of isoprenaline (ISO) using the Langendorff system. Rate pressure product (RPP) was calculated
as the product of LVDP (from data in Figure 30) and HR (from data in Figure 31). Data are
shown as mean = SEM, N=4-9 hearts for each condition. The differences were not statistically
significance (Student’s t-test).

Conclusion: 1SO resulted in a stimulatory effect on the HR. HR was significantly lower in hearts
isolated from PDE2 TG mice as compared to WT (Figure 31) at all concentration of ISO. ISO
had the expected positive inotropic effect at all concentration. The contractile responses of
isolated hearts from PDE2 TG and WT mice to ISO were not significantly different (Figure 30).
However there is a tendency toward higher LVDP in PDE2 TG hearts. Similarly, there was no
significant difference in changes of RPP in response to ISO (Figure 32) but with a tendency
toward lower RPP in PDE2 TG hearts suggesting a lower myocardial oxygen consumptions by
PDE2 TG hearts.
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111.4 Effects of PDE2 overexpression on cardiac remodeling

To determine the long-term effects of PDE2 overexpression on cardiac morphology and to see
whether higher contraction force in PDE2 TG mice is associated with cardiac hypertrophy, we
measured heart-weight-to-body-weight ratio in WT and PDE2 TG mice at different ages: 10, 54
and 104 weeks.
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Figure 33: Heart weight to body weight ratio.

Heart weight to body weight ratio was measured in WT and PDE2 TG mice at different ages: 10,
54 and 104 weeks. Weight of the heart was determined after isolation at sacrifice and the ratio to
animal’s body weight was calculated. Data are shown as mean+SEM, N=6-14 animals per each
group. Statistical significance was determined by Two way ANOVA followed by Sidak’s test,
*p<0.05 PDE2, ***p<0.001 TG vs. WT, *p<0.05, **p<0.001 WT vs. HW/BW ratio at age of 10
weeks.

Conclusion: Ageing is classically associated with a development of cardiac hypertrophy in mice
(Elias et al., 1977; Loffredo et al., 2013). While we confirmed this observation and found an
increase in the relative cardiac mass with age in WT animals, we found that heart-weight-to-
body-weight ratio did not increase in PDE2 TG mice. Thus, PDE2 overexpression protects the
heart against age-dependent hypertrophic growth. Also, these results demonstrate that the higher

contraction force is not due to increased cardiac mass.
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To determine whether PDE2 overexpression has an impact on myocardial remodeling, we
measured left ventricular interstitial fibrosis determined as the collagen volume fraction of

myocardial tissue.
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Figure 34: Left ventricular interstitial fibrosis by Masson’s Trichrome Staining.
Representative images of hematoxylin and Masson’s trichrome staining in WT and PDE2 TG
mice. Blue color in A and white colour in B indicate the interstitial collagen fibril deposition. C,
Data are shown as mean+SEM, N=4 animals for each group. There was no statistically
significant difference between the two mouse models (Student’s t-test).

Conclusion: PDE2 overexpression does not increase left ventricular interstitial fibrosis.

155



Then, we measured gene expression level of hypertrophic markers, ANP and BNP, in WT and

PDE2 TG mice. We determined also the level of circulating BNP in blood serum in WT and
PDE2 TG mice.
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Figure 35: ANP and BNP quantification.

MRNA quantification of ANP and BNP from heart tissue (A, B) and circulating BNP level
measured in serum (C). Data are presented as mean+=SEM, n=4 animals for each group. Statistical
significance was determined with Student’s t-test: **p<0.01, ***p<0.001 vs. WT.

Conclusion: ANP and BNP expression levels are increased in PDE2 TG mice, even though this
IS not associated with cardiac hypertrophy.
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I11.5 Effect of PDE2 overexpression on the cardiac hypertrophy induced by a chronic
isoproterenol infusion

To characterize the contribution of PDE2 to cardiac function under chronic B-AR stimulation,
WT and PDE2 TG mice were exposed to a chronic ISO infusions (subcutaneously implanted

minipumps, 60 mg/kg/d for 14 days) or NaCl (0.9%) as control.
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Figure 36: Lower heart rate in PDE2 TG mice chronically treated with 1SO.

Effect of PDE2 overexpression in mice exposed to chronic ISO infusions for 14 days (60
mg/kg/day) or treated with a vehicle (0.9% NaCl). Animals were anaesthetized and monitored by
echocardiography before implantation of minipumps, and 2 and 4 weeks after implantation. A:
heart rate (HR), B: fractional area shortening (FAS), C: left ventricle (LV) weight, D: weight of
the heart was determined after isolation at sacrifice and the ratio to animal’s body weight was
calculated. Data are shown as mean+SEM, n=3-8 animals per each group. Statistical significance
was determined by Two-way ANOVA with Sidak’s multiple comparison test: * p<0.05 TG ISO
vs. WT ISO.
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Then, we measured collagen volume fraction in myocardial tissue to evaluate the amount of

interstitial fibrosis.
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Figure 37: Left ventricular interstitial fibrosis determined by Masson’s Trichrome
Staining.

Representative images of hematoxylin and Masson’s trichrome staining in WT and PDE2 TG
mice exposed to chronic isoprenaline (ISO) infusion (Minipumps). Blue colour in A and white
colour in B indicate the interstitial collagen fibril deposition. C, Data are shown as meant SEM ,
N=3-4 animals for each group. Statistical significance was determined by one-way ANOVA
followed by Newman-Keuls multiple comparison: * p<0.05 1SO vs. NaCl, # p<0.05 WT ISO vs.
TG ISO.

Conclusion: When WT and PDE2 TG mice were challenged by a chronic (2-week) 1SO

stimulation, there was no real difference in fractional area shortening (FAS), LV weight, or heart-
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weight-to-body-weight ratio. The only functional difference was a lower heart rate in PDE2 TG
mice even during I1SO stimulation. Interestingly, in this experimental model of chronic B-AR
stimulation, PDE2 TG mice were less prone to fibrosis than WT mice, which suggests that PDE2

overexpression protects the heart from myocardial cell death.

111.6 Effect of PDE2 overexpression on expression level of other PDE isoforms

High PDE2 overexpression can lead to compensation of other PDE isoforms. To measure
expression level of other PDE isoforms, we performed Western Blot using specific antibodies for
PDE4A, B and D isoforms and PDE3A and PDE3B isoforms.
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Figure 38: PDE4 isoform expression in heart extracts from WT and PDE2 TG mice.

PDE2 TG mice show a higher expression of PDE4A isoform. Lysates prepared from ventricular
myocardium were analyzed by immunoblot with the indicated specific antibodies. Protein
expression was normalized to GAPDH. Representative immunoblots (A) and quantification of
protein level (B-D). Data are presented as mean£SEM, n=3 animals for each group. Statistical
significance was determined with Student’s t-test: **p<0.01 vs. WT.
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Conclusion: PDE2 overexpression does not modify the level of PDE4B and PDE4D protein
expression but increases ~2.5-fold PDE4A expression level.
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Figure 39: PDE3 isoform expression level in heart extracts from WT and PDE2 TG mice.
PDE2 TG mice show a lower expression of PDE3A 98 kDa isoform. Lysates prepared from
ventricular myocardium were analyzed by immunoblot with the indicated specific antibodies.
Protein expression was normalized to GAPDH. Representative immunoblots (A) and
quantification of protein level (B-C). Data are presented as mean+SEM, n=3 animals for each
group. Statistical significance was determined with Student’s t-test: *p<0.05 vs. WT.

Conclusion: PDE2 overexpression does not modify the level of PDE3B protein expression but
reduces ~2-fold PDE3A 98 kDa isoform expression level without differences in PDE3A 118

kDa. It can be due to subcellular localization of these two isoforms of PDE3A (Yan et al.,
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2007a). Studies on human myocardium showed that PDE3A 118 kDa isoform is present in both
the microsomal and cytosolic fraction, while PDE3A 94 kDa isoform absolutely in the cytosolic
fraction of human myocardium (Smith et al., 1993; Wechsler et al., 2002; Movsesian et al.,
2009). Most of PDEs are expressed as a multiple variants because of use of different promoters
and alternative splicing which explains the presence of multiple immunoreactive bands detected
in Western Blot (Abi-Gerges et al., 2009).

111.7 Effect of PDE2 overexpression on phosphorylation level of MyBP-C

Phosphorylation of MyBP-C, predominantly by PKA, plays an essential role in modulating
contractility in response to B-AR stimulation. We determine the level of phosphorylation of
MyBP-C in heart extracts from WT and PDE2 TG mice by Western Blot.
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Figure 40: Phosphorylation level of MyBP-C in heart extracts from WT and PDE2 TG
mice.

Lysates prepared from ventricular myocardium were analyzed by immunoblots (A) and
quantification of phosphorylation level (B). Data are presented as mean£SEM, n=3 animals for
each group. Statistical significance was determined with Student’s t-test: ** p<0.01 vs. WT.
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Conclusion: Phosphorylation level of MyBP-C is decreased in heart extracts from PDE2 TG
mice.
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Discussion and perspectives
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I. Discussion

Among the seven families of PDEs expressed in the heart, the role of PDE3 and PDE4 in cCAMP
signaling was largely studied, as well as the role of PDE5 in cGMP signaling. Some studies
showed altered PDE expression and activity in a number of cardiovascular diseases including
heart failure (Abi-Gerges et al., 2009). Moreover, inhibitors of PDE3 and PDE5 are used as
therapeutic agents in cardiovascular diseases. Inhibitors of PDE3 are positive inotropes and
vasodilators and have been used in acute heart failure. PDE5 controls degradation of cGMP in
vascular smooth muscle cells and inhibitors are used to treat pulmonary hypertension and erectile

dysfunction.

PDE2 that degrades cCAMP and cGMP and is activated by cGMP is less studied. Yet, recent
studies showed that expression and activity of PDE2 were increased in left ventricular
myocardium from patients with terminal HF (Mehel et al., 2013) and in a model of cardiac
hypertrophy in rat (Mokni et al.,, 2010). The pathophysiological consequences of PDE2

upregulation remain unclear.

To determine the pathophysiological consequences of PDE2 upregulation, we generated, in
collaboration with Prof. Ali EI-Armouche, a transgenic mouse with cardiac specific

overexpression of PDE2.
Effect of PDE2 overexpression on cardiac function

To determine the effect of PDE2 overexpression on cardiac function, we performed experiments
in vivo. Heart weight and contractility were studied using echocardiography. We showed that
PDE2 TG mice displayed a decrease in basal and B-AR maximal stimulated heart rate. Basal
contraction force measured as fractional area shortening was increased in PDE2 TG mice, but we
did not observe difference between PDE2 TG and WT mice in maximal contractility.
Experiments performed on isolated heart using Langendorff setup showed that, when hearts
isolated from PDE2 TG and WT mice were paced at the same heart rate, developed pressure
remained unchanged, suggesting that the higher contractility in PDE2 TG mice is due to lower
heart rate. This can be explained by Frank-Starling law. Increase in cavity volume in the heart
during ventricular filling generates more wall tension to produce the same pressure inside the

cavity (Bollensdorff et al., 2011). It has been also demonstrated that PDE2 is present in central
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sinoatrial node tissue and may play a role in shaping the heart rate response via cGMP signaling
pathway (Herring et al., 2001). In addition, PDE2 has been showed to modulate Ic,| in human
atrial cells (Rivet-Bastide et al., 1997; Vandecasteele et al., 2001).

We showed also that higher contraction force in PDE2 TG mice was not related to cardiac
hypertrophy. Left ventricular weight-to-body-weight-ratio and heart-weight-to-body-weight ratio
(Additional results, Figure 33) did not differ between PDE2 TG and WT mice at the age of 10

weeks and were lower in elderly PDE2 TG mice as compared to WT.

Recently, Zoccarato et al. showed that PDE2 emerges as a key regulator of cardiac hypertrophy
in vitro and in vivo and overexpression of PDE2 is sufficient per se to induce hypertrophy. They
showed also that specific inhibition of PDE2 can counteract cardiac hypertrophic growth
(Zoccarato et al., 2015).

In our study, we did not observe negative short and long-term effects of PDE2 overexpression on
functional and morphological parameters. In the publication of Zoccarato et al, there is a lack of
echocardiographic data on heart rate and contraction force that would make an easier comparison
between the two studies. In addition, inhibition of PDE2 with Bay 60-7550 at a concentration of
10 uM as used in their study (compared to 100 nM in our study) can inhibit also other PDE
isoforms besides PDE2.

Our results are in line with the study published by Mehel et al., who showed beneficial effects of

PDE2 upregulation in pathological hypertrophy (Mehel et al., 2013).

We analyzed also the effect of PDE2 overexpression on cardiac function including in elderly
mice. We showed that the lower heart rate and the higher basal contractility were preserved in
elderly PDE2 TG mice without any indication of hypertrophy.

Next, we determined the effect of PDE2 overexpression under acute B-adrenergic stimulation.
Echocardiographic analysis showed a lower maximal heart rate in PDE2 TG mice compared to
WT, also in mice exposed to chronic ISO infusions (Additional results, Figure 36A). We
analyzed also occurrence of arrhythmic events upon B-AR stimulation and the total number of

arrhythmias was significantly lower in PDE2 TG mice.
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Effect of PDE2 overexpression on cAMP level, Ca** cycling and Ca?* handling proteins

To determine the impact of PDE2 overexpression on cAMP/PKA signaling pathway, we

performed experiments in vitro on isolated adult mouse ventricular myocytes.

We measured real time changes in B-AR induced cCAMP level by FRET technique. The response
to a short application of 1ISO was markedly blunted in cardiomyocytes isolated from PDE2 TG

mice.

Then, we studied the consequences of reduced cAMP level on cellular Ca** handling. We
measured the L-type Ca®* current with the patch-clamp technique. We showed that PDE2
overexpression markedly blunted the B-AR induced increase in lc, in PDE2 TG mice. This
finding is in line with data published by Mehel et al. (Mehel et al., 2013). It has been also
demonstrated that PDE2 controls ¢, in frog ventricular myocytes and human atrial myocytes
(Hartzell & Fischmeister, 1986; Méry et al., 1993a; Rivet-Bastide et al., 1997).

Then, we measured simultaneously sarcomere shortening and Ca®* transients in electrically
stimulated cardiomyocytes using the lonOptix system. Accordingly, the response of Ca®*
transient and contractility to increasing concentrations of 1SO were markedly blunted in PDE2

TG mice.

Next, we determined diastolic Ca** leak from SR via RyR2 and performed analysis of key Ca?*
handling proteins. We found that SR Ca?* leak is reduced in PDE2 TG mice. We did not observe
differences between PDE2 TG and WT mice in expression of SERCA2a, PLB or RyR2. In
agreement with the observed reduction in SR Ca** leak in PDE2 TG mice, we found a decrease in
RyR2 phosphorylation at the CaMKII phosphorylation site, but not at PKA site. PLB
phosphorylation was significantly reduced at both S16 and T17 sites. We also found a reduction
in the phosphorylation level of MyBP-C in PDE2 TG mice (Additional results, Figure 40).

It has been shown that increase in SR Ca*" leak results in reduction of systolic functions and
contributes to diastolic dysfunctions. Ca** waves can cause delayed and afterdepolarizations and
trigger arrhythmias (Bers, 2014). CaMKII is implicated in the induction of SR Ca”* leak and
ventricular arrhythmias (Anderson, 2005). CaMKII has been shown to bind and phosphorylate

RyR2 at a unique residue (S%

). CaMKII-dependent phosphorylation of RyR2 increases the
open probability of RyR2 at the single channel level (Wehrens et al., 2004). It has been also

demonstrated that overexpression of CaMKII in cardiac myocytes leads to an increase in the
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frequency of Ca®* sparks (Maier et al., 2003). Thus, the anti-arrhythmic effect of PDE2
overexpression is likely related to the reduced phosphorylation of RyR2 by CaMKII and
reduction in SR Ca®* leak.

PDE2 overexpression as potential therapeutic strategy in HF

In our study, we showed that the effect of PDE2 is similar to a B-blocker treatment and increase
in myocardial PDE2 levels may constitute an important defense mechanism by antagonizing 3-
AR/cAMP mediated cardiac toxicity. B-AR blockade is one of the most effective therapy in HF.
However, the use of B-blockers in patients decreases contractility acutely in normal and failing
hearts (Reiken et al., 2003) and has deleterious effect on exercise capacity (Provencher et al.,
2006). In our study, we did not observe initial depression of contractile performance and negative
influence on exercise capacity (Additional results, Figure 28). Thus, our study opens an

interesting hypothesis that PDE2 activation may have therapeutical application in HF.
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I1. Perspectives

Effect of PDE2 overexpression on heart rate

In our study, we showed for the first time that cardiac specific overexpression of PDE2 leads to a
decrease in basal as well as B-AR stimulated heart rate. However, we did not explain the

underlying mechanisms of this finding.

Physiological heart beating is generated in in pacemaker cells located in the sinoatrial node
(SAN). cCAMP leads to increase in sinoatrial membrane currents directly or indirectly via PKA
(DiFrancesco & Tortora, 1991). The high activity of adenylyl cyclase in SAN results in a
considerable amount of cAMP. This cAMP is hydrolyzed by PDEs, thus preventing a high
sinoatrial beating (Vinogradova et al., 2008). It has been shown that PDE2 is expressed in SAN
of mice (Hua et al, 2012). Study on SAN and atrial myocytes using specific PDE2 inhibitor
(EHNA 10 uM) showed that PDE2 inhibition resulted in increase in spontaneous action potential
(AP) frequency in mouse SAN myocytes, suggesting that PDE2 contributes to the regulation of
AP properties under basal conditions. It has also been demonstrated that inhibition of PDE2 in
mouse atrial myocytes increased AP duration, indicating that PDE?2 regulates atrial AP properties
(Huaet al., 2012).

Based on these results, it would be interesting to determine the effect of PDE2 overexpression on
AP in SAN and atrial myocytes, to understand better the effect of PDE2 upregulation on heart

rate.

Recently, PDE2 has been shown to be upregulated in cardiac stellate ganglia in prehypertensive
SHR rats (Li et al., 2015). It has been also shown that the action of BNP in cardiac neurons is
regulated by PDE2A family. BNP binds to NPR-A resulting in pGC stimulation. Newly
synthesized cGMP activates PDE2 to hydrolyze cGMP and limit the increase in PKG activity. In
addition, PKG inhibits Ca*" current through phosphorylation of voltage-gated Ca** channels
resulting in decrease in the intracellular Ca®* transient. This leads to decrease in norepinephrine
release from synaptic vesicles and reduces the heart rate response to sympathetic stimulation (Li
etal., 2015).

This study gives new insights into a putative role for PDE2 in heart rate regulation. However, in

our PDE2 TG mouse model, the transgene is under the control of the tMHC promoter, which is a
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cardiac promoter and makes it thus very unlikely that PDE2 is also overexpressed in cardiac
neurons. Moreover, PDE2 overexpression in cardiac neurons would increase the release of
norepinephrine and hence increase heart rate, which is quite opposite to what we observe in the
PDE2 TG mice.

Effect of PDE2 overexpression on cGMP signaling pathway

PDE2 is a critical component of the cGMP/CAMP crosstalk. We demonstrated that PDE2
overexpression has protective effect against ventricular arrhythmia during excessive sympathetic
stress. It may therefore constitute an up to now unconsidered link between ANP/BNP coupled
cGMP enhancement and the protection against toxic sympathetic effects by acting as cGMP
controlled intracellular sympathetic blockade.

In our study, we showed an elevated expression of ANP and BNP (Additional results, Figure 35).
Natriuretic peptides (NPs) have been shown to be cardioprotective because of their
antihypertrophic effect and beneficial action on neurohormonal control (Wada et al., 1994,
Rosenkranz et al., 2003). The physiological effects of NPs occur via binding to pGC-coupled
natriuretic peptide receptors, leading to PKG and PDE modulation (Omori & Kotera, 2007;
Castro et al., 2010) that leads to the regulation of intracellular Ca** level. Upregulation of NPs is
a compensatory mechanism to improve hemodynamic and myocardial function as well as to
inhibit cardiac sympathetic nervous system to slow the progression of hypertrophy and HF
(Molkentin, 2003).

While we observed an increase in ANP and BNP gene expression in PDE2 TG, this was not
associated with cardiac hypertrophy or adverse cardiac remodeling. However, it is necessary to
study the effect of PDE2 overexpression on cGMP signaling pathway including measurement of
cGMP levels in cardiac tissue and/or in cardiomyocytes isolated from WT and PDE2 TG mice,
measurement of expression level of key components of cGMP signaling pathway and expression

level of natriuretic peptide receptors.
Effect of PDE2 and PDE4 overexpression on cardiac function

In our laboratory, we generated a mouse model with cardiac specific overexpression of PDE4B
(PDE4B TG mouse). Recently, it has been found that PDE4B expression is decreased in
pathological cardiac hypertrophy (Abi-Gerges et al., 2009). Moreover, PDE4B is colocalized
with the LTCC and PDE4B KO mice have a higher response of Ica. to ISO and a higher
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sensitivity to catecholamine-induced arrhythmias (Leroy et al., 2011). This suggests that the
decreased PDE4B observed in pathological hypertrophy may participate in the dysregulation of

intracellular Ca** homeostasis and lead to cardiac arrhythmias in HF.

When comparing PDE2 TG and PDE4B TG mice, we found a similar inhibitory effect on the B-
AR stimulation of contractility, Ca** transients, CAMP and Ic,, at the cellular level, but PDE4B
TG mice had no change in heart rate and, unlike PDE2 TG mice, developed hypertrophy under

basal conditions.

It would thus be interesting to determine why PDE2 and PDE4B overexpression exert different

effect on cardiac function.

It has been shown that PDE4B are colocalized along T-tubule membrane in adult mouse
ventricular myocytes and regulate L-type Ca** current in this compartment (Leroy et al., 2011),
whereas PDE2 is mainly associated with membrane structures: plasma membrane, sarcoplasmic
reticulum, Golgi and nuclear envelope (Lugnier, 2006). Different subcellular localization of these
two enzymes could thus explain why their cardiac overexpression leads to different functional

effects.

To test this hypothesis, we could compare basal and B-AR stimulated conditions in cells from
PDE2 TG and PDE4B TG mice which have been detubulated, e.g. with formamide (Brette et al.,
2002). It can be also interesting to compare the effect of PDE2 and PDE4 overexpression in mice
subjected to transaortic constriction (animal model of HF). HF is characterized by remodeling of

cardiomyocyte structure including loss of T-tubules and Z-grooves (Gorelik et al., 2013).
Cardiac specific PDE2 overexpression as potential new therapy in HF

Our study demonstrates that higher PDE2 abundance protects the heart against ventricular
arrhythmias and exerts anti-adrenergic effect similar to beta-blockers and could constitute a
defense mechanism antagonizing the cellular toxicity linked to over-activation of the B-
AR/cAMP cascade. PDE2 overexpression may thus be a potential therapy to prevent HF

progression and associated arrhythmias.

However, studies on large animals are necessary. The role of each PDE isoform can vary among

mammalian species and our results may not recapitulate in humans in all details.
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The critical point of this study is to find a way to upregulate PDE2 in the human heart. One of the
therapeutic strategy is to target PDE2 with specific activators. An in silico high throughput
screening based on the binding of molecules on the GAF-B domain of PDE2 has been performed
on a large library of molecules. Then hits were tested with a PDE2 activity assay and the efficacy
of potential activators was compared to 5 uM cGMP (C. Nicolas, unpublished). This project was
supported by LabEx LERMIT. So far, we do not have any confirmed hits.

The second therapeutic strategy is to develop gene therapy with cardiac targeted overexpression
of PDE2. In our laboratory, we have a project focused on cardiac gene therapy performed with
adeno-associated virus (AAV) encoding PDE2A (J.-P. Margaria). AAV is a small, nonpathogenic
human virus, belonging to the Parvovirus family and characterized by its high efficiency of

transduction of cardiac tissue (Zacchigna et al., 2014).

Preliminary results from experiments performed in C57BL/6 mice tail-injected with AAV9-
PDEZ2A showed a two-fold increase of PDE2 expression in heart tissue. Moreover, injected mice
were subjected to a chronic infusion of isoproterenol (60 mg/kg/day) for 2 weeks and PDE2
overexpression was able to improve both morphometric and functional cardiac parameters (J-P.
Margaria, unpublished). These premilinary results need to be confirmed but are already

promising.
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