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Abstract

Cardiac hypertrophy often develops to ca@mgate for hemodynamic overload and
thereforein its early stagedypertrophy is considered to be ataptiveresponse.
Nonetheless,plongedexposure to aypertroplc stimulusis associated with heart
failure.

In the heart, the compartmentalisatiortted cCAMP/ PKA signalling pathway plays a
critical role to achieve the specificity of respomas®l maintains igular cardiac function.
Alterations in this signalling pathway have been linked to the pathophysiology of cardiac
hypertrophyPhosphodiesterases (PDpsyvide the only means bfydrolysingcAMP
and therefore are essential components in the spatialrapdra control othe cAMP
responseBy restricing the diffusion of CAMPPDEs preventinspecific activation of
PKA and phospdrylation of downstream targets. PD&® therefore able tegulate the

kineticsof cCAMP signaling dynamics

In this study, ain vitro model ofchronic catecholaminmducedcardiac hypertrophy of
adult rat ventricular myocytd®\RVM) was utilised This model allowed the investigation
of thefunctionof PDEs inregulatingcompartmentalisedAMP signas in cardiac
hypertrophyUsing FRETbasedcAMP sensor Epacl_camfissed to the unique
dimerisation/docking domain sequences taathorsPKAZRI and PKARII subunitsto
AKAPs, this studydemonstrated that, similar to neonatal rat ventricular myocytes
(NRVM), adult myocytes also difgy restricted cAMP diffusion. These cAMP
microdomains are regulated by different families of PDEs. In particular, PRIER23 and
PDE4appear to control the pbof cCAMP generateth the PKARI compartment, whereas
only PDE2 and PDE4 were foundriwodulatecAMP in the PKARII compartment in
ARVM.

In thein vitro cardiac hypertrophy model, a reduction in CAMP generation was detected
uponb-adrenergic stimulation and altered PB@ivity was visualised using FREdGased
imaging.This investigation showed that PDE2 adinis significantly increased in the
PKA-RII compartmenbf hypertrophic cardiac myocytewhile an overall reduction in
PDES3 activity was detected. Immunofluorescence experiments revealed altered PDE4
localisation in hypertrophic myocytes.



Advances in cyclic nucleotide signallingsearchin particular of the activity and

regulation of PDEs, have showmat an interactiobetween theAMP and cGMP

signalling pathways existintegration between these two pathwayséeliatecby the
modulation of cAMBXlegrading PDEs by cGMRllosteric bindingof cGMP to theGAF
domainsof PDE2enhancegs activity, whereaxGMP reduces the activity of PDE3 by
acting as a competitive inhibitdPDE2 and PDES3 therefore may astaconnection

between these two signallj cascades and it is possible to predict the existence of distinct
signalling unitsn vivoin which cGMP, by acting on PDE2 or PDE3, can selectively

modulate cAMP levels.

Intracellular cGMP generated by stimulation of the particulate GC (pGC) by atrial
natriuretic peptide (ANP) or stimulation of the soluble GC (sGC) by the NO dondPSN

Is compartmentalised into discrete microdoma8tgnulation of the pGC had no effect on
CAMP signalling in the PKARII compartmentActivationof sGCgenerated a pool of

cGMP which lead to a reduction in CAMP response inthe Al compart ment
AR stimulation Both GCs generated cGMP in the P&RAcompartment which lead to an
increase in cCAMP respondeurther investigation revealed that cGMP is ablmtalulate

CAMP signalling in the PKARI compartment by PDE3 and by PDE2 in the PRA
compartment.

It was hypothesised that the observed differences in cAMP signalling and PDE
contribution in hypertrophic myocytes in the PK: and PKARII subcellular

compartments mabe due to variations in the pools of cGMP. Employgegetically
encoded~-RET-based biosensors for cGM&rgeted tAPKARI and PKARII

compartments, basal levels of cGMP were found to be significantly increased in both
compartments of hypertrophic myocytes which could explain the altered PDE2 and PDE3
activity in hypertrophic ARVM.

Finally, this studyshows that PDE?2 actiity is necessary to achieve full development of the
catecholaminenducedhypertrophic responsehBrmacological inhibition of PDE2 with

Bay 607550prevents NEinduced cardiomyocytlypertrophy Overexpression of

PDE2A2 was found tonduce hypertrophigrowth, even in the absence of increased
adrenergic drive, thus indicating that PDE2 activity promotes development of
cardiomyocytes hypertrophi?DE2 localisation is vital for its regulation of hypertrophic
growth. Displacement of endogenously active PErgeh its specific intracellular

localisation using a catalytically inactive PDE2A®as sufficient to counteract



catecholaminenduced hypertrophic growths PDEZ2is a dual specific PDHt was
important to establistvhether the ardinypertrophic effectef PDE2 inhibitionwere
mediated by activation of the cGMPKG or cAMP/PKA signalling pathways. The data
presented here, show that the effects of pharmacological inhibitlBDE2is PKA
dependent

Togetherthese findings confirm the involvement of BERin the progression of
hypertrophy in cardiomyocytes and inden®#®E2 specifically coupled to the PKRII
compartmentas a possible novel target the development of therapeutic treatment for
hypertrophy.
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b-A R =adrénergic receptor
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PKG = cGMRdependent protein kinase

PKI = Protein Kinase Inhibitor
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Chapter 17 Introduction

1 Introduction

1.1 Signal transduction by cyclic nucleotides

(concept of second messenger).

Signd transduction is the pcess byvhich information, provided externally to the cell in

the form of hormones, ions, and other signalling molecules, is converted into intracellular
information that regulates the internal function of the cell. This external stimulus acts as
thesfifmessenger 06, whereas an intermediat e
receptor to target i nsi danyseeondoredsénger i s t |
molecules are small and therefore diffuse rapidly throughyttoplasm enablingsignals

to move quickly throughout the ceBy binding and activating protein kinases, channels or
other proteins, second messengers mediate specific intracellular respbesesst

studed secondine s senger s are cyclic nucleotides,
monophosphate (cAMP) and 36, 506 c3%ahdi c g
phosphatidylinositol derivatives, such as phosphatidylinesigphosphate (PIP3),
diacylglycerol (DAG) and inositetriphosphate (IP3), controlling the release of

intracellular C4" stores.

cAMP was first discovered by Dr. Earl W. Sutherland while studgimgsphorylase, the
enzyme responsible for the conversion of glycogen to glucose. Thigyaatithis enzyme
was increased by hormones, suclglasagon and norepinephri(®utherland and Cori
1951). While purifying phosphorylase from dog liver extracts, Sutherlanddanother
enzyme which catalgs the inactivation of phosphorylasater this inactivating enzyme
was confirme as a phosphatag&/osilat and Sutherland 1936~urther studietead to the
discovery that the activation/ inactivation of the phosphorylsesearesult of an
enzymetatalygd phosphorylatiafiiephosphorylation reaction that required ATP and

Mgz+. The way in which AMP promoted phosphorylase activation was eventually elucidated
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when Krebs and Fisher discovered phosphorylase kinase, an enzyme that phosphorylates
phosphoylase(Krebs and Fischer 1956

Sutherland and colleagues continued studtiegeffect of hormones on glycogen
breakdown. Fractionation of the cells revealed this pragasanediated by a heat stable
factorwhich could activate phosphoryladgerthet et al. 1957 This factor was identified
asan adeine ribonucleotide that could be produced from ATP by the partidudation
from different tissues, including liver, heart, skeletal muscle and (Raithand Sutherland
1958. The structure of this compound was reported by Lipkin et al. as adenosine

3 & dnonophosphate (cyclic AMP or cAMR)ipkin 1959. By the early 1960s, cAMP,
the synthetic activitygdenylyl cyclaspand the degrading activity (phosphodiesterase
(PDE)) had been describedoreove, the hormone receptors and adenylyl cyclase activity
were found to be confined to membra@@all and Sutherland 1958utherland and Rall
1958 Beavo and Brunton 2002

Sutherland was awarded the 1971 Nobel PrizéHr discovery concerning the
mechani sm of t he awhichiwouldpravé to belihe fatlofdive Idabal e s 0
Prizes recogniag research on teimolecule. cCAMP is now recoges as a universal

regulator of cellular function.

1.2 cAMP signalling pathway

Cyclic adenosine monophosphate (CAMP) is a ubiquitous second messengesibdspo
for a huge number of cellular processes, includiggnory formation, cardiac frequency
and strength of contraction,differentiation and gene transcription, cell growth and
tumour genesis

The generation of cCAMP begins when an extracelliilsir messenge(neurotransmitter,
hormone, chemokine, lipid mediator, or drug) binds to a G protipled receptor
(GPCR)on the plasma membrane. GPCRs are coupladstonulatory G protein (Gs) and
ligand binding produces and exchange of GDP for GTP on tlpedisin resulting in the
dissociatioro f t he al p h As sBowrbinFiguretl-1, thex€leage of the G
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subunitstimulates adenylyl cyclase (AC) to catalyse the cyclisation of ATP to generate
cAMP and pyrophosphate (PPi)

ATP cAMP
NH2
N =
NH; </ | N
N XN )
4 N
v § 3 AL :
OZT_O_FI)_O_E,\O N Adenylyl Cyclase o (I?
coe 8 | g =
Tl ?
OH -
HO OH o/ O*T—O
O-
pyrophosphate

Figure 1-1. The cyclisation of ATP to form cAMP.

The intracellular level of cAMP depends on the balance between synthesis and
degradation, thereby results from the activities of adenylyl cyclases (AC), the only
enzymes that can genera®\P, and phosphodiesterases (PDES), the only enzymes
capable of degrading cCAMP inteAVIP.

CAMP exerts its effects by the activation of a limited number of effectors. These are the
cAMP-dependent protein kinase (PKA), the exchange proteins directlytactivg cCAMP
(Epacl and Epac?2) and the cAMjBted ion channels (CNG).

1.3 cAMP synthesis: Adenylyl Cyclases

Adenylyl cyclasesACs) are ATEpyrophosphate lyases that synthesise ATP to cAMP and

pyrophosphate. To date there are 10 known AC isoforms thaifi@retially expressed

in various cell types nine membran®ound isoforms (ACZAC9) and one soluble form

(sAC). Membranéound AC isoforms are large proteins of approximaté 120 kDa that

share a common secondary structure comprising of an intrace\érminus, that retains

the regulatory properties of ACs, two repeats of a module composed of six transmembrane
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spans (Tm1 and Tm2) separated by two large cytoplasmic domains (C1 afigGe)
1-2). The overall similarity othe different adenylyl cyclases+$60% and C1 and C2
contain a region of approximately 2580 amino acids that are highly conserved (Cla
and C2a). On the contrary, the &hd Gterminal of C1 and C2 domains (C1b and C2b)
are the most variable portion§the enzyme for all the AC isofornfSunahara et al.
1996). Cla and C2a dimerisation constitutes, in fact, the-Bifing site. Within these
motifs two aspartic acid residues coordinate Mgs* metal ions necessary for catalytic
activity. These mediate the attachment of the ATP, promoting the cyclisdtioa cCAMP
and the release of PREooper 2008

TM1 TM2

Catalyticcore —

C2b

Figure 1-2. Schematic representation of adenylyl cyclase. Adapted from (Willoughby and
Cooper 2007).

Although AC isoformsshare a highly conserved secomnydstructure, these enzymes differ
in tissue distributiorfas shown imable1-1), as well as specific regulatioAC5 and AC6
are major isoforms in the heart, with AC5 being expressadult tissue and AC6 irefal
and adultcadiac tissueAC1 and AC8 are mainly expressed in the brain, whereas AC2,
AC4, AC7 and AC9 are widelgxpressed in multiple tissu@Befer et al. 2000
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Table 1-1. Tissue distribution of ACs. Adapted from (Sadana and Dessauer, 2009).

AC

Isoform Tissue expression

AC1 Brain, adrenal medulla

AC2 Brain, lung, skeletal muscle, heart

AC3 Olfactoryepithelium, pancreas, brain, heart, lung, testis, BAT
AC4 Widespread

AC5 Heart, striatum, kidney, liver, lung, testis, adrenal, BAT

AC6 Heart, kidney, liver, lung, brain, testis, skeletal muscle, adrenal, BAT
AC7 Widespread

AC8 Brain, lung, pancreas, testis, adrenal

AC9 Widesprad

SAC Testis and detected in all tissues

All ACs, with the exception of SAC, are stimulated bythe @TBund U ssubuni t
(Gs s which are released from inactive heterotrimeripi@tein complexes after the

agonist binds to the recept&C can also integrate signals from intracellular calgGitnom

other Gprotein subunits, such asg @nd the inhibitory Gand G, and from protein kinase

C (PKC).

PKC can also regulate the activity of AG&awabe etl. 1994 and AC6 (group I1I)
(Chewng et al. 200p PKA-mediated phosphorylation inhibits the activity of AC5 and AC6
(Beazely and Watts 2006

The key to regulation of AC is the interface between the C1 and C2 domains which forms
a sinde ATP-binding site Forskolin, a potent AC activator, stimulates ABC8 and

promotes the interaction between the two cytosolic domains (C1 and C2), resulting in
formation of an active catalytic si{Ehang et al. 1997Both forskolin and G increase

the affinity between the C1 and C2 domaindiy-fold (Sunahara et al. 199 #urther

studies suggest th&s @nd forskolin may induce a 7° rotation of the two doméhias

brings key catalytic elements from the two domains close to each other
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1.4 Cyclic nucleotide degradation:

phosphodiesterases

Phosphodiesterase (PDE) are a superfamily of phosphohydrolasesiéictively atalyse
the hydrolyGiscyolfi ¢ hph &S faklendSide nMormophdsphate
(cAMP) or3 6 ,Zgu&nésinanonophosphate (cGMR) produce the corresponding
5Hhucl eoAME e a AS8IB.5 6

To date, 21 genes encoding PDEséhbeen identified in mammals. These genes
transcribemultiple protein products by alternative splicing and/or the use of alternative
promoters and it is estimated thiais results irmore than 100 different mMRNA products,
most of which can be translateda different proteingBender and Beavo 206l hetable
below (Table1-2) shows th&1 genesvhich have been categorised into 11 distinct
families of PDEs (PDEL PDE11)based on their amino acid sequence, substrate
selectivity, regulatory and pharmacological properties, and kin@easvo 1995Bender
and Beavo 20060f the 11 PDE families, 3 selectively hydrolyse cAMP (PDEs 4, 7, and
8), 3 families are selectiveif cGMP (PDEs 5, 6, and 9), and 5 families hydrolyse both
cyclic nucleotide with varying efficiency (PDE 1, 2, 3, 10, and(Cbnti and Beavo

2007). PDEs 1, 2, 3and 4 are expressed in many tissues, whereas othensiare
restricted In most cells, PDE3 and PDE4 provide thajor portion of cAMFhydrolysng
activity (Francis et al. 201
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Table 1-2. The families of phosphodiesterases, detailing specificity for either cAMP or
cGMP. Adapted from (Mehats et al. 2002).

PDE Family Name cAMP K, (um) cGMP K, (um)
PDE1 Ca”"i CaM-stimulated 1i 30 3
PDE2 cGMP-stimulated 301 100 101 30
PDE3 cGMP-inhibited 0.1i 0.5 0.17 0.5
PDE4 cAMP-specific 0.514 >50
PDES cGMP-specific >40 15
PDEG6 Photoreceptor 2000 60
PDE7 CcAMP-high affinity 0.2 >1000
PDES cAMP-high affinity 0.7 >100
PDE9 cGMP-high affinity >100 0.07
PDE10 Dual substrate 0.5 3
PDE11 Dual substrate 1 0.5

The 11 families of mammalian PDEs all share a common struétigere 1-3), with a
conserved catalytic domafwith 18%46% sequence identifZhang et al. 2004 of
approximately 270 amino acids at fd¢erminus, andregulatory domain, placed between

the amino terminus and the catalytic domain.
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cAMP 5'-AMP
cGMP 5'-GMP

Protein-protein interaction u Phosphorylation

ey

Dimerisation

Phosphorylation

T

Small molecule —

binding

NH,

COOH

Targeting

Figure 1-3. Schematic representation of phosphodiesterase structure. Adapted from
(Mehats et al. 2002).

1.4.1 The catalytic domain

The functional structure of the catalytic domain, which constitutes the core of the PDE, is
highly conserved in all PDEs, where the sequence of any catalytic domain family express
between 25 to 51% amino acid sequence identity avithother (Francis et al. 20)1The

x-ray crystallographic structure of the catalytic domaii ninefamilies of PDEshas been
resolved. The at al yt i ¢ d o ma i-hefical atdictupetonsistingod I8lp7a cd
helices which can be divided into three sdbmains These domaindefine a deep
bindingpocket where the substrates (CAMP or cGMP) or inhibitors afreimcis et al.

2011). Below this bindingpocketare two divalent metal binding sité&n" and Md¢™). The

metal bindiig site that binds zinc has two histidine and two aspartic acid residues that are
absolutely conserved among all PDEs and@sponsible for interaction Wi the cyclic
nucleotide purine. Structural studies have revealed that the cyclic nucleotide gp&dific

the catalytic site depends largely on one particular invariant glutamine. This glutamine
functions as the key specificity deter mi.]
stabilises the binding of the purine ring in the binding pocket througtogdbonds that

form with either cAMP or cGMP or both, depending on the orientation of the glutamine
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(Zhang et al. 2004 In one orientation the hydrogen bond4pind) network supports
guanine binding leading to cGMP selectivity and in the other orientation the network
supports adeninending resulting in selectivityoward cAMP.In dualspecific PDEs a
key histidine residue may enable the invariant glutamineggle between cAMP and
cGMP (Zhang et al. 2004

1.4.2 The Regulatory domain

Unlike the catalytic domain, the-términus regulatory domain is highly variable betwe

PDEs, resulting in the unigwharacteristics of each PDE famif the several domains
mapped to the N terminus, three types are present in multiple PDE families. These include
domains for ligand binding, oligomerisation, kinase recogniptasphoriation, and

regions that autnhibit the catalytic domairDocking domains are also present atihe

terminus

Numerous types of protein domains providgulatory control over the caydic domains.
PDE2, PDE5, PDE6, PDE10 and PDE11 include at thearMinal regulatory region two
tandem protein domains named GAF (GARnd GAFB). The acronym GAF is derived
from cGMP-activated PDEsadenylyl cyclase, anBh1A, enzymes where they were first
documentedseeFigurel-4). GAF donmains are known to function as regulatory elements
that bind nucleotides or other small molecules. Studies investigating the crystal structure of
the region of PDE2 containing its tandem GAF domains, have indicated thaAGAF
likely involved in dimerisabn, whereas GA is involved in cGMP bindingMartinez et
al. 2002. In PDE5 and PDE6, cGMP binds to the GARlomain. PDE1 contains a €A
calmodulin (CaM)binding site Binding of C&*/ calmodulin to PDE1 induces a-f6ld
increase in the enzymenk without affecting affinity for the substra(€onti and Beavo
2007). PDE4 has upstream conserved regions (UCRs), UCR1 and UCR2. UCR2
corresponds to an adtohibitory domain that negatively regulates PDE catalytic activity,
while phosphorylation sites have been identified in the UCR1 ré§iette and Conti

1996 Houslay and Adams 2093

PDES8 has a response regulator receiver (REC) domain antaargiesim (PAS) domain.

Like GAF domains, PAS domains are involved in ligand binding and pfptetein
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interactions, and they share some structural simila(ii&zeng et al. 2008 PDE3 PDE7
and PDE9 have navailable data on their oligomerisation state, although some indicate
that they too exist as dimefiduai et al. 2004Scapin et al. 2004

The other conserved types of regulatory domain at therfRinus are phosphorylation

sites. PDE1 isoforms A, B anddan be phosphorylatdéry PKA or CaMkinase II

(CaMKIl), at the Nterminus Thesephosphorylations decrease the binding and calmodulin
induced activatiom vitro (Florio et al. 1994 It has been reported that PDE2A can be
phosphorylated by tgsine kinas€Bentley et al. 200/l PDE3 has an aminA@rminal
transmembrane domain that contains six hydrophobic helices and numerous PKA and PKE
phosphorylatn sites; PKEtnediated phosphorylation of PDE3B increases the catalytic
activity of the enzym¢Kitamura et al. 199¥mudaTrzebiatowska et al. 20D6At the
NZerminus of UCRL1 of allong formsof PDEA4 there is a highly conserved motif

(RRESF) that can be phosphorylated by PlWAd thudeading to increased catalytic

acivity of the enzymgSette and Conti 1996cGMP bindingto the GAF domainof
PDEDS5,increases the accessibility of the Ser 92/102 residue and promotemediéed
phosphorylation. This phosphdayion then activates the catalytic domain and decreases
the Ky, for the substratéBessay et al. 2007

Some PDEs possess also auto inhibitory domains, PDE&&émnple has an inhibitory
subunit (P2) whose affinity for the enzy]
GAF domaingCote 2004 PDE7 and PDE9 have no méied specific protein domains.
Phosphorylation or prenylation sites have been described agrenidal domains of

some PDEs; howevemnpthing is yet knowmbout the function of tlee C4erminal regios

of PDEs(Conti and Beavo 2007
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Figure 1-4. Schematic representation of the structures of the mammalian
phosphodiesterase (PDE) families. Adapted from (Conti and Beavo 2007).
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1.5 Effectors of cyclic nucleotides

1.5.1 PKA

Protein kinase A (PKA) was the first effector of CAMP to be identified. It was originally
isolated in théaboratory of Ed Krebs in 1968, and is considered to be the principal cellular
receptor for CAMRWalsh et al. 1968 Under basal condition®KA is a heterotetramer
composed btwo catalytic (C) subunits necovalently bound to a regulatory (R) subunit
dimer. cAMP binds cooperatively to two sites, termed A and B, on each R subunit
however inPKAs inactive form, only the B site is availaldtar binding. When site B is
occupied by cAMP, the binding of cCAMP to the A site is enhanBedling of four cAMP
molecules, two to each R subunit, leads to a conformational change and dissociation into
an Rsubunit dimer with four cAMP molecules bound and two C mononietsve

catalytic subunits are then free to phosphorylate Serine and Threonine residues in target
proteins(Krebs and Beavo 197%aylor et al. 1990Smith et al. 1999Taylor et al. 1999
Kopperud et al. 200Z'asken and Aandahl 2004

The C subunit isoformé CU,  C B haeerindisti@uaishable kinetic and biochemical
propertiegBuechler and Taylor 1990 aylor et al. 199]. In contrast, the two classes of R
subunits (type I|I: isoforms RIU, RIb, and
functional and biochemical propertié®dA holoenzymes are classified as either type | or
type 1l, depending on the Btype of regulatory subunit present. PKA tylde more readily
dissociated by cAMP then PKA typk(showing a kctof 50-100 nM and 20100 nM,
respectivelyYDostmann et al. 199@ummings et al. 1996R isoforms are differentially
expressed in tissues and their subcellular distribution also appears to be @ik&l|

is predominatelyassociated wh cellular structures and organelles as it has the ability to
bind toA kinase anchoring proteins (AKAPs) (Wong & Scott 2004aditionally, PKA-

RI wasthought to be mainly cytosoli€orbin and Keely 1977However, it has been
shown thaPKA-RI alsobinds to AKAPsalthough with a lower affinitthanPKA-RII
(Colledge and Scott 199PDual specificAKAPs have been describéduang et al. 1997

as well as Rkdective AKAPs(Angelo and Rubin 1998

Intracellular localisation of PKA is mediated by th&dMminal dimerisation/ docking

(D/D) domain of the Bsubunits. ieFigure below Figurel-5) illustrates the regulatory
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subunits of PKA with a D/D domaifpllowed by a PKA inhibitor site and two tandem
cAMP binding domains (CBDgHeller et al. 200 Structural studies have indicated that
the RII subunits dimerise at the NH2 terminus in anpaitallel fashion forming a four
helix bundle motif which is necessary for both AKAP binding and dimesiséiewlon et
al. 1999 Newlon et al. 2001 The first 23 amino acids in the D/D domain sequence of the
RII subunit are reported to be involved in AKAding Deletion of the 45 sequence in
PKA-RII abolishes the AKAP binding without interfering with the dimer formation
(Hausdorff et al. 199Mausken et al. 1994Anchoring of PKA occurs through an
amphipathic helical motif of 4.8 amino acid residues present in the AKAP and a
hydrophobic grove formednatop of the NHterminal helices at the D/D domgiNewlon

et al. 1999. ThePKA-RI D/D domain contains a similar helix bundle formatibowever
the dimerisabn motif of Rl is shiftedurther from the NHterminus and involveamino
acids 12 to 61. It is thought that tNé&i, terminus in Rl is helicadnd foldsback onto the
four-helix bundleand has & -like shape as opposed to thdike shape of the RIl mdti

and thus magontribute to differences in AKAP binding specific{yanky et al. 1998
Banky et al. 2000

Dimerisation/ Inhibitor

Docking Domain Sequence CAMP Binding Domain

1 61 94 99 123 260 379
Ria  —JRend  Domain-A —

1 45 108112 158 277 426
Rilo [ - DomanA i

1 45 92 96 135 256 400
Rilp [ —DomainA i

AKAPs C-subunit

Active site

Figure 1-5. Regulatory subunits of protein kinase A (PKA).
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Subunits present a dimerisation/docking domain (D/D) (responsible for binding to A-Kinase
Anchoring Proteins (AKAPS)), an inhibitory site (IS) and two cAMP binding domains
(Domain A and Domain B). Adapted from (Taylor et al. 2008).

1.5.2 Epac

The exchange proteins activated by cAMP (Epacs) were first discovered in 1#98des
Rooij and colleagues showed that the small GTPase Rapl could be activated by cAMP
independently oPKA. They discovered a neprotein containing a cAMInding site and
similar to that ofGEFs (guanin@éucleotideexchange factor) for Ras and Rgp#& Rooij

et al. 1993.

The small G protein Rap, which is part of the larger Ras family, switches between the
inactiveguanosine diphosphat&DP),bound statand the active guanosine triphosphate
(GTP) bound state. cAMBependent activation of Epac promotes the exchange of GDP
for GTP, hence switching on the Rap GTPaEgsc represents a crucial intracellular
effector for cAMP and is responsible for many afeffects from cardiac contraction
through regulation of some calcium channels in cardiomyocytes and permeability of
vascular epithelium to insulin secretion in pancreatic beta (@&uls 2003 Ruiz-Hurtado et

al. 2013. In cardiac myocytes, Epatnalling increases Cx43 (connexin43) recruitment at
celli cell contact and enhances adherens junctions formatiich is a prerequisite for gap
junction (GJ) assembly which mediates electrical excitgtmmekawa et al. 20D5

Fol | owiRn-gdfebergic receptorjsi mul ati on, a Epac/ Rap/F
(C&*/calmodulindependent protein kinase 1) signalling pathway regulates SR
(sarcoplasmic reticulum) Garelease in mouse cardiac myocy@®streich et al. 2007

In rat ventricular myocytes, acute stimulation with Eppecific CAMP analogue-BCPT-

2 -BfMe-cAMP induces a decrease in the {Qaransient amplitude and this is correlated
with an increase in cardiacymcyte contraction via PLCPKG and CaMKItdependent
phosphorylation of sarcomeric proteins such as cardiac mbposiing protein C (MBFC)
and troponinPeréra et al. 2007Cazorla et al. 2009

Two variants of Epac have been identified, Epacl and EgsaeEigurel-6), which are
present in most tissues with varying levedigxpression. Epacl and Epac2, are encoded by

two distinct genes, RAPGEF3 and RAPGHE4 Rooij et al. 199&awasaki et al. 1998
34



Chapter 17 Introduction

and contairan N-terminal regulatorglomainthat has one (Epacl) or two (Epacg¢lic
nucleotidebinding domain CNB) domains and a DEP (Dishevelled, Bdl, and
Pleckstrin)region, known to be involved in membrane localisafie Rooij et al. 2000
The relevance of the additional CNB domain in Epac?2 is unkndhis.domain does bind
cAMP, but with lower affinity thanthe otherCNB domain.Moreover, its deletiodoes not
affectautadnhibition or the binding of cAMP to thetherCNB domain(de Rooij et al.
2000.

The (Zerminalcatalytic region activates RaplIhis regionis comprisel of the enzymatic
GEF domainCDC25homology domain (HD) and the Ras exchange motif (REM), which
is requiredfor stability of the GEF domain additional Rasassociation domain (RA)

lies between REM and CDC23D domaingde Rooij et al. 1998le Rooij et al. 2000

The regulatory region at the-fdrminal domain of Epac is an atitthibitory domain that
blocks GEF activityIn the inactive conformation, Epac is folded and the regulatory
domain inhibits the Rap association to the catalytic site preventing Rap binding to the
CDC25HD. Binding of cAMP to Epac inducessconformational changes, unfolding the
protan and releasing the awphibitory effect of theregulatoryregion,exposing the

catalytic domain resulting iRap activatior{fRehmann et al. 2006
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Figure 1-6. The multi domain structure of Epac.

(A) Domain structure of Epacl and Epac2, signifying the regulatory region with the cyclic
nucleotide-binding domain(s) (CNB) and the catalytic region with the CDC25-homology
domain (CDC25HD) responsible for the guanine-nucleotide-exchange activity. The
Desheveled-Egl-10-Pleckstrin (DEP) domain is involved in membrane localisation, the Ras
exchange motif (REM) stabilises the catalytic helix of CDC25HD and the Ras-association
(RA) domain is a protein-interaction motif. (B) Schematic activation of Epac2 by cAMP
results in a conformational change and enables the interaction with Rap and, consequently,
the conversion of RapGDP to RapGTP. Adapted from (Bos 2006).

1.5.3 CNG

Cyclic nucleotidegated channels (CNG) are ion channels, belonging to the superfamily of
voltagegated ion channels, which are activated by cAMP or cGMP binding. Cyclic
nucleotides reguta the opening of these channels by binding directly to a conserved
cyclic nucleotidebinding (CNB) domain on the chanr{®u et al. 200%. Binding induces

a conformational change that serves to open the channel pore. CNG channels are cation

channels, and allow the flow of N&K* and C&" ions across membranes, thus converting
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cyclic nucleotide signals into charggem membrane potential and intracellular calcium

levels.

CNG channels were first identified in cone photorecegtdaynes and Yau 198

olfactory sensory neurons (OSNBJakamura and Gold 198@nd in the pineal gland

(Dryer and Henderson 199 CNG channels are also present at high levels in the sino
atrial node and conduction system of the heart, where they are involved in the control of

cardiac automaticityBaruscotti et al. 2010

1.6 cAMP signalling in the heart

cAMP/ PKA signalling mediates the sympathetic control of excitatmmtraction

coupling (ECC) in cardiomyocytes. ECC is the process in whadtredal excitation of the
cardiomyocytes is coupled to contraction and relaxation of the (B=ag 2008.

Calcium (C4&") is a key mediator of the ECC proceBsiring the cardiac action potential
(AP) and membrane depolarisatj@e " entry through Ltype C&"* channels (ETCC)
triggers theCa'induced C&'release (CICR) from the sarcoplasmic reticulum (SR), a
specialised intracellular Gastore. Increasing-}via L-TCC leads to a local increase in
Cd" in a region where the SR is in close proximity to the sarcolemma and where
ryanodine reeptors (RyR) are localised. The local rise ii*@ancentration triggers the
release of large concentrations of stored"@am the SR into the cytosol via RyR.
C&influx and release lead to an increaséhefintracellulaCa concentration, allowing
C&" to bind to the myofilament prein troponin C (TnC), resulting in cardiac contraction
(Bers 2008. In order for the bound &4to dissociate from TnC and the cardiac muscle to
relax (lusitropy) the cytosolic concentration offCaust decline. This is mainly achieved
by the SR Ca ATPagSERCA), which pump&&™* back into SR, anthe sarcolemmal
Na'/ C&* exchangdNCX), which remove£a " from the myocytéBersand Guo 2006

Regulation of cAMP/ PKA signalling is crucial for the appropriate
catecholamingnediated modulation of cardiac contractiliBers 2008. As shown in
Figurel-7, b-ARs stimulation activates AGe generate AMP; cCAMP in turnactivates

PKA. PKA then phosphorylates sevepabteins involved in the ECC process suchas L
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TCC, RyR troponinl (Tnl), myosin binding protein (MBP-C) and phospholamban
(PLB).

PKA mediateghe phosphorylation of CCs and RyRsncreasing th@penprobability

of the channels and thus increasing @#lux into the cell. PKA phosphorylation of these
targetsincreases the amouot C&* releasedrom the SR, and as a result, a larger amount
of C&*ions are available for sarcomere contraction at sy&Bsles and Guo 2005

The lusitropic effecbccurs upon PKA phephorylation offnl, PLB and MBRC.
Phosphorylation of Trleduces the sertiiity of the sarcomeric myofilments to C& and
encourages the rapid dissociation of Geom the myofilament§Zhang et al. 1995Both

Tnl and MCBP play an imperative role in modulating the crossbridge cycling in heart
muscle(Winegrad 1999 PLB exhibits an inhibitory effect on the transporCat* by the
SERCA pumpWhen PLB is closely associated with SERCA, the rate &f@msport is
reduced. P phosphorylation of PLB dissociates it from SERCA, blocking the inhibitory
effect of PLB(Verboomen et al. 1992resulting in anore efficientCa* re-uptake in the

SR andresults in relaxation
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Sarcolemma

Figure1-7.Act i v at tadrenergi€ redeptors triggers the PKA-mediated phosphorylation
of several targets involved in the excitation-contraction coupling (ECC) process.

(AC, adenylyl cyclase; ACh, acetylcholine; AKAP, A kinase anchoring protein; b-AR, b -
adrenergic receptor; M,-Rec, M,-muscarinic receptor; PLB, phospholamban; Reg, PKA

regulatory subunit; SR, sarcoplasmic reticulum). Adapted from (Bers 2002).

It has also been demonstrated that cAMflvated PKA contralthe frequency of
contractionby phosphoryldon of ryanodine receptors and otherGaycling proteins in
thesino-atrial node(SAN), leading to altered calcium cycles and increased diastolic
currents through N&Ca*exchangerg¢Lakatta et al. 2010

Pacemaker activity in the heariginates in the SANMyocytesin the SANproduce
spontaneous action potentials; these propagate, through specialised corsysttios,
first to the atria and then to the ventriglaad thus drive cardiac rhythmic contractitin.
has been shown that spontaneous diastolic depolarisation of SAN cells initiate action
potentials to set the rhythm of the heattis mechanism of spontaneodspolarigtion has
traditionally been attributeto a "voltage clock" mechanism, mediated by voksejesitive
membrane currents, such as the hyperpsaldon-activated pacemaker curreid (
regulated by cyclic adenosine monophosphate (CABR)wn et al. 1979. This current is
also referred to as a "funny" current because, unlike the majority of wsiéagdive
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currentsjt is activated by hyperpolaasion rather than depolaation. The funny channel
becomes activated at the end of the agbiotential (at voltages fror#t0-50 mV to-100F
110 mV), which corresponds to the range in which diastolic depatiam occursThe
funny channel then depolarises the membrane to a level at vtygie C&* channels open to
initiate theupstrokein the SA node actiopotental. | is amixed Na-K* inward current
activated by hyperpolaation and modulately the autonomic nervous system
(DiFrancesco 198®iFrancesco et al. 1986

The fchannels are encoded by the hyperpsdéion-activated, cglic nucleotidegated
(HCN) channel gene familythese are intermembrapeoteinsthatserve amon-selective
ligand-gatedcationchannelsn theplasma membraned heartcells. Of the four known
HCN subunits, HCN4 is the most highly exmed in the mammalian SAQshii et al.
1999 Liu et al. 2007. cAMP exerts its modulatory effeats the | currentby directly
binding to HCN chanels(DiFrancesco and Tortora 199Thisis more likely to occur
when channels arae the open stat@ndbinding of AMP to the channel stabibs ths
open configurationThismechanisnresults in a shifof the l; activation curved more
positive voltagesaccelerateactivation and slog/deactivatiorkinetics Point mutations of
HCN4 are associated with baseline sinus bradycatigiaighthe maximum heart rate
achieved during exercise is norn(liof et al. 200Y. This impliesthatl; is not the only
mechanism of SAN automaticity, especially during sympathetic activation

Recently, spontaneous €aelease from the sarcoplasmic reticulum (SR) has been
suggested toodulae sinus rhythm(Vinogradova et al. 2005When the SR is full, the
probability of pontaneous Carelease increaseBecause the SR Eaontent is

controlled in part by the membrane voltage, it is important to resegimat the activation

of the C&" clock and the membrane ionic clock are interdependent. Lakattapetbsed
thatthe C&* clock is manifested by spontaneous, but precisely timed, rhythmic, lotal Ca
releases from sarcoplasmic reticulum (SR) that appear shortly before firing of the next AP
(Bogdanov et al. 20Q¥inogradova et al. 2002/inogradova et al. 2006The elevated

Ca activates NCX inward currérausingdiastolic depolagation, which ceordinately
regulates the sinus rate along with the voltage clB&l&-dependent phosphorylation of
proteins that regulate cell €zalance and spontaneous SR'@gcling, ie, PLB and L

TCC, controls the phasend size of SR Garelease, NCX current and thus is crucial for

pacemaker functiofVinogradova et al. 2006
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ThereforecAMP regulation of ECC results an increase in contractile force and
frequencyof the heartn response tacutecatecholamine exposurndowever, prolonged
catecholamine stimulatioof the cAMP pathway results in detrimental effects such as
cardiac remodelling, cardiac hypertrophy anel development of heart failuvehichis
accompanied by a marked downe g u | a t-AR@xpressibn abd thassignificant
desensitet i on of t he -dderergit stimubatiofFowdet erab 1P86c b
Engelhardt et al. 1992@0hse et al. 20QBarry et al. 2008

B ot ;ha rbd-ARs are expressed in cardiac myocytes and mediate an increase in
contractility via G-dependent coupling to adenylyl cyclase to generate cHd and

Lakatta 1998 H o w e-ARs can aldo couple to signalling pathways independent of
CcAMP or G and, in particular, to a pertussis toxin (PT3@nsitive pathway mediated by

Gi. Overexpression di,-AR in trarsgenic mice resulted in a limited contractile response
due to Gsignalling (se€..10.1.3, which inhibits adenylyl cyclag@lilano & al. 1994.

Only when Gproteins were inactivated BT X treatment did thesanimals with

oV er e x pAARsdullyestimulbte contractilityXiao and Lakatta 1993In addition to

this, activaton of G has the potential to coupbg-ARs to other important signalling

pathways, such as the MAP kinagPsaka et al. 1997

It has been reported thsetlective stimulation dransgenic overexpe s s i ,0AR o f b
coupled to cAMP, does not lead to hypertrophy, cardiomyocyte apoptosis and heart failure
(Milano et al. 1994Communal et al. 1999Communal and colleagues measured

apoptosis using flow cytometry and terminal deoxynucleotidyl transferasei (hddjated

nick endlabelling(TUNEL) staining in isolated adult rat ventricular myocytes (ARVM)

andf ound-ARiIBai mbl ated apopt os;iARiseleetisge abol i st
antagoni st but waRisqeotiveeantagoneit heed ebfys-ARchbs obf
found to be mediated by@nd t he aut hsARstimslationgnayseven beh a t
protective (Communal et al. 1999 A number of other studies have confirmed protective
and antiapoptoticeffect ofb,-AR stimulationvia G (Ahmet et al. 2004Ahmet et al.
20059.Chesl ey et al ,-ARd activateasPi3Kdapenelent, geraussis foxin
sensitive ginalling pathway in neonatal rat cardiac myocytes that is required for protection

from apoptosisnducing stimuli(Chesley et al. 2000

CAMP signalling via Epaseems to be one of the key factors downstream of chronic
catecholamine stimulation 6f-ARs, which mediates the development of cardiac
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hypertrophy via the activation of the phgpertrophiagenetranscription and via the
activationof CaMKII (seel.10.]) (Metrich et al. 2008Breckler et al. 201)1 Metrich aml
co-workers demonstrated thBpacl expression is increased in the hearisarbcic aortic
constriction (TAC) treated rats. ARVM isolated from these animals displayed exaggerated
cellular growth in response to Epac activation. This response involved the small GTPase
Ras, the phosphatase calcineurin, antf/€amodulindependent protein kinase Il rather
than its classic effector, Rap1.5.2 (Metrich et al. 2008 Although these effects were
shown to be PKAndependent, PKA does play a major role in a number of hypertrophy
models associated with chronic catecholamine stinmand activation of the cAMP
pathway (discussed in detail1n10.1.4.

In cardiac myocytes, a variety of proteins other than those involved in the ECC process,
are also affected by cAMP and PKA phosphorylation. These psoitetlude metabolic
enzymes and transcription fact@iuller et al. 2001 Sheridan et al. 2002Moreover, b-

ARs are not the only receptors that signal via cAMP and activation of PKA; many other
GPCRs whose activation leads to CAMP protiucare expressed in cardiomyocytes. The
result is that an overabundance of chemical signals will propagate responselsaarth
some of which will lead tthe generation of CAMP and activation of PKFis raisesthe
guestion of how myocytesantranslate thenultiple signals generated in response to
individual extracellular stimuli appropriately, so to achieve the reddinectional

outcome, while avoiding offarget phosphorylation and unwanted effects.

1.7 Compartmentalisation of cAMP/ PKA signalling

in cardiomyocytes.

The cAMP/PKA pathwaymediates a large number of extracellular signalsi&nd

responsible for &arge \ariety of physiological effect€AMP is a small and hydrophilic
molecule and has been definedaas 6 | ong r an g e dKasaeaodBetetsenme s s €
1994 as it has the potential to quickly diffuse within the intracellular environriéiis

property of cAMP, however, raises the question of how a second messenger that can
rapidly fill the entire cell can avoid neselective activation of athe PKA subsets present

in the cell and maintain fidelity of responges cells can respond specifically to different
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extracellular stimuli that signal via cAMMhdreforethere must be some mechanism to
maintain specificity of CAMP/ PKA signalling andgwent phosphorylation of unsuitable
targets upon GPCR stimulation. A number of studies conducted over recent years have
proposed that accuracy of signalling in this pathway is due to compartmentalisation of
cAMP andof the other moleculasomponentsnvolved in signal propagatiafiKasai and
Petersen 1994ischmeister et al. 2006issandron and Zaccolo 2008andecasteele et al.
2006 Zaccolo et al. 200&Zaccolo 2009 This concept is based on tideathat cAMPis
generatedh different and distinct compartments, thus making the cyclic nucleotide
available for activation of only a limited subset of PKA enzymes, with the subsequent
phosphorylation of only a defined number of substrates

The first evidencén support of the hypothesis of compartmentalisation of cCAMP
signalling came from experiments performed more than 30 yealsyadganton and co
workersin isolated perfused heaif®runton et al. 1978and in primary ventricular
myocytes(Buxton and Brunton 1983They observethatisoproterenol (ISO) specific
agonisto f -adbenergic recepts, and prostaglandin E1 (PGE1) elevated intracellular
CAMP to comparable levels, yet the two stimuli cau$edactivation of different pools of
PKA in cardiomyocytes. PGE1 activated PKA present in the soluble fraction of the cells,
whereadSO activated subsets of PKA in both the soluble and particulate fractions
(Brunton et al. 1979Buxton and Brunton 1983Further investigation demonstrated that
ISO caused phosphorylation of phosphorylase kifiésely 1977, Tnl (Brunton et al.

1979 and several other PKA phosphorylation targets, whereas no changes in these
substrates was observed upon PGE1lwgttion (Hayeset al. 1979. Based on these
observations, it was postulated that not only PKA is targeted to specific locations within

the myocyte, but also that different pools of cCAMP must coexist within the cell.

More recently, Jurevicius and colleagues combinedletell patchclamp recordings and

a double capillary for extracellular microperfusion to study subceltalarpartmentation

u p o-AR diimulation of the ETCC currents. The authors inserted the two capillaries at
two positions, separated by a 5um thin wall, in a sealed frog ventricular myocyte. They
reported that a local application of a saturating concentration of ISO (taued local
activation of ¢, (non-maximal increase was detected), whereas local application of 30uM
forskolin (anonselectiveAC activator) caused maximal activation gf throughout the

cell (Jurevicius and Fischmeister 199Bb0se response curves indicated that 1ISO iedwac
40-fold, higher cAMP concentration close to the?Gzhannels, in the part of the cell
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exposed to the stimuli, than it did in the rest of the wedibreadorskolin only induced a
4-fold increase. cCAMP compartmentalisation was disrupted upon addft@isobutyt
methylxanthine (IBMX), a noiselective PDE inhibitor. Jurevicius and Fischmeister

c oncl ud-ARs are furecttonalty coupled to nearby’Cehannels via local elevations
of cCAMP and that PDE activity may be responsible for limiting tee af cAMP.

1.7.1 Compartmentalisation of PKA by A-kinase

anchoring proteins

It has been established that the specificity of CAMP signal transduction is achieved, in part,
by spatial control of its main effector PKA. If PKA is in close proximity of its terdgieere

is a greater chance of phosphorylation of the intended prategndentificationof A-

kinase anchoring proteins (AKAPs) has confirmed thatspatial control of PKA is an
important factor in the compartmentalisation of the cAMP signalling pathAKAPSs are

a large family of structurally unrelated proteins that have in common the ability to bind to
PKA and thereby tether it to a specific location within the @&tbhng and Scott 2004
Table1-3 details AKAPs which have been identified thus fiad #he tissue and subcellular
localisation of each.

Microtubuleassociated proteid (MAP2) was the first AKAP to be characterised amit
purifies withPKA-RII isolated from brain extracttohmann et al. 1984 Since then, the
AKAP family has grown to over 50 members that are classified by their abilityporify

with PKA catalytic activity from tissues. Although structurally diverse, all AKAPs share
severbcommon features including Pkanchoring, unique localisations and the ability to

form complexes with other signalling molecules.
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Table 1-3. A kinase anchoring proteins (AKAPSs) distribution and properties. Adapted from
(Pidoux and Tasken 2010).

AKAP (gene Tissue Subcellular Properties
nomenclature localisation

committee name)

S-AKAP84/ DAKAP1/ | Testis, thyroid, heart, | Outer mitochondrial Duatspecific AKAP.

AKAP121/ AKAP149
(AKAP1)

lung, liver, skeletal

muscle, and kidney

membrane/endoplasmic

reticulum/nuclear

envelope/sperm midpiece

Binds lamin B and PP1

AKAP -KL (AKAP2)

Kidney, lung, thymus,

and cerebellum

Actin cytoskeleton/apical

membrane of epithelial

Multiple splice variants

cells
AKAP110 (AKAP3) Testis Axoneme Binds GU
AKAP82/ FSC1 Testis Fibrous sheath of sperm | Dualspecific AKAP
(AKAP4) tail
AKAP75/79/150 Bovine/human/rat Plasma metorane/post Binds PKC, calcineurin
(AKAP5) orthologs synaptic density ( PP 2 BR,SAH97,

and PSB95

MAKAP (AKAP6) Heart ( mAK A Nuclear membrane Binds PDE4D3, Epac,

shorter), skeletal muscl
and brain (

longer)

MEKK/MEKS5/E RK5
and PDK1 (only
mMAKAPU)

AKAP15/ 4810
(AKAP7)

Brain, skeletal muscle,

pancreas, and heart

Basol ater al

(b)) pl asma n
cytoplasm (9
vesicles (U)

AKAP95 (AKAPS)

Heart, liver, skeletal

muscle, kidney, and

Nuclear matrix

Binds Eg7/condensin

Zinc-finger motif. Binds

pancreas PDE7A
AKAP450/AKAP350/ | Brain, pancreas, kidney| Postsynaptic Binds PDE4D3, PP1,
Yotiao/CG- heart, skeletal muscle, | density/neuromuscular PP2A, PKN,ad PK
NAP/Hyperion thymus, spleen, junction/centrosomes/
(AKAP9) placenta, lung, and livey Golgi
D-AKAP2 (AKAP10 Liver, lung, spleen, and Duatspecific AKAP
brain
AKAP220/hAKAP220 | Testis and brain Vesicles/peroxisomes/cen| Binds PP1. Dual
(AKAP1Y) osome specific AKAP
Gravin (AKAP12 Endothelium Actin Binds PKRBR a

cytoskeleton/cytoplasm

Xgravin-like (Xgl) is
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also a putative AKAP

AKAP -Lbc/Ht31/Rt31 | Ubiquitous Cytoplasm Ht31 RIl-binding site
(AKAP13 used in peptides to
disrupt PKA anchoring.
Rho-GEF that couples
G B to Rho
MAP2B Ubiquitous Microtubules Binds tubulin.
Modulation of L-type
Ce* channels
Ezrin/AKAP78 Secretory epithelia Actin cytoskeleton Dualspecific AKAP
T-AKAP80 Testis Fibrous sheath of sperm
tail
AKAP80/MAP2D Ovarian granulosa cells FSHregulated protein,
identified as MAP2D
SSeCKS (Sre Testis and elongating | Actin remodelling Gravirtlike
supressed C kinase spermatids
substrate)
Pericentrin Ubiquitous Centrosome Binds dynein and-
tubulin
WAVE -1/Scar Brain Actin cytoskeleton Binds Abl and Wrp
Myosin VIIA Ubigitous Cytoskeleton Binds RI
PAP7 Steroidproducing cells | Mitochondria Binds RI
(adrenal gland and
gonads)
Neurobeachin Brain Golgi apparatus
AKAP28 Primary airway cells Ciliary axonemes
Myeloid translocation | Lymphocytes Golgi apparatus Binds PDE7A
gene (MTG) 8 and
16b
AKAP140 Granulosa cells and
meiotic oocytes
AKAP85 Lymphocytes Golgi apparatus
BIG2 (Brefeldin A- Cytosol and Golgi Binds RIU/R
inhibited guanine apparatus RI'ITU/RII B t
nucleotide-exchange separate PKAinding
protein 2) domains
Rab32 Mitochondria Binds RI
Synemin Heart ntercalated discs, PKAI RIl-binding

sarcolemma, IFs, and-Z

lines

AKAP Is increased

significantly in failing
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hearts
Myospryn Muscle specific The costamere of striated | Harbors three bona fide
muscle PKA-anchoring domains

t hat bind t

Alpha4 integrins Plasma membrane Binds PKA type |
Sphingosine kinase Heart Ventricular tissue Shows a partly similar
type l-interacting seqence to AKAP11
protein (SKIP)

MyRIP (myosin Vai Perinuclear region Homolog to zebrafish
Rab27ainteracting Ze-AKAP2 PKAI RII-
protein) binding AKAP
SFRS17A (splicing Nucleus and sliceosome | Dual specific AKAP

factor, argininei

serinerich 17A)

Anchoring of PKA to AKAR is achieved by binding the-fdrminal D/D domain of the R
subunit of PKA to an amphipathic helix ofiIB residues within the AKARCarr et al.

1991). This bindnhg motif of AKAPs isarranged to form five turns of an amphipathic helix
which exposes a hydrophobic face on one side and charged residues along the other side,
thereby allowing extensive hydrophobic interactions between the two pr@tiendon et

al. 1999 Newlon et al. 20011 To date, the majority of AKAPs identified bind to tAKA-

RII regulatory domainfoPKA (Wong and Scott 20Q4although several Rdpecific

AKAPs have now been discover@ingelo and Rubin 19980ne example of AKAP

which anchor$KA-RI exclusively is sphingosine kinagnteracting protein (SKIP), which

has been found to be expressed in mitochondria in the(Msaihs et al. 20)1The

structural differences were investigatet it was discovered that@oring ofPKA-RII

to AKAPs occurs when t-Helxinlhg AKABR lghaorbssthe s i d
four helix bundle formed by tHeKA-RII D/D (Newlon et al., 2001). Whereas, the extreme
N-terminus of RI subunit is belied to be helical. This additional helix folds back on the

four helix bundle causing a steric hindrance for high affinity anchoring to AKB&sky

et al. 2000. Duataffinity AKAPs have also been identified. These include for exaple
AKAP1 andD-AKAP2, which can anchor both of the PKAdRbunits(Huang et al. 1997

Wang et al. 2001 Dualtaffinity AKAPs containan additional binding motif, RIS (Rl

specific region) at the fferminus of the conserved helix, which enhances the affinity of
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AKAPs for PKA-RI by providing an additional site of contact for the AKAR®Pinteraction
(Jarnaess et al. 2008

The importance of AKAP tethering of PKA was emphasised in studies utilising disrupter
peptides tampair the PKA-AKAP interaction TheHuman thyroid PKA anchoring protein
(Ht31) was the first PKAAKAP disruptor peptide generaté@arr et al. 199R Fink and
colleagues have shown that in cardiac myocytes anchoring of FKR&XBPS is crucial
for appr opr iZdterergic €imyaban seeauthors uséithe Ht31peptide
which binds the PKA regulatory subunit type Il (RIl) with high affinity. This peptide
competes with endogenous AKAPs RIKA-RII binding.As a resultcardiomyocytes
exhibited an increased rate and amplitude of cell shortening and relaxadionSO
stimulationand PKA-dependent phosphorylation ©hl and MBRC onlISO stimulation
was significantly reduced in Ht3dxpressing celldue to a delocalisath of PKARII

(Fink et al. 2001 A number of other peptides have now been develtpspecifically
disrupt interactions between PKRI-AKAPs or PKARII-AKAPs. Thesedisruptor
peptidessuch asSuperAKARIS (Gold et al. 200band the Rlanchoring disruptor (RIAD)
(Carlson et al. 20Q6avefurther elucidatedhe individual contribution of anchordkKA-
RIlI or PKA-RI in mediating different cellular respong& Benedetto et al. 200&Roder

et al. 2009.

I n cardiac tissue several AKAPs have beel
AKAP18uUu, AKAP79, AKAP250, Yoti aldg, muscl e
AKAP220, D-AKAP1 and-2, AKAP95, MAP2, Brefeldin Ainhibited guanine nucleotide
exchange protein 2, ezrin, sphingosine kinase tyip¢etacting protein (SKIP), gravin,
synemin, myospryn, troponin T, and the phosphoinositiei 3n a s e(Diyahi t@lo

2011).

AKAP18U (also called AKAP15) is a membrane associated anchoring protein that directs
PKA to the L-TCC through a direct interaction between thte@ninal region and the
cytoplasmic domain of the chann&lh e r e-AR stireulation generates a pool of cAMP
which activates PKA held in close proximity of theTlCC. Thus rapid and efficient
phosphorylation of the channel is achieved, leading to an increase in its open probability
(Fraser et al. 199&ray et al. 1998
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The L-TCC also forms a complex wihk AP79/150 (AKAP79, human form; and
AKAP150, murine form)Recent investigations in adult mice cardiomyocytes haslezl/ea
that AKAP79/150 forms a macromolecular signalling complex containing tAR,
adenylyl cyclase 5 and 6, PKA, calcineurin, cave8limnd a subset of LCC specifically
phosphorylated in response to sympathetic stimuldhlachols et al. 2010 Nicols and ce
workers showed that in a knockout model of AKAP st PKA-mediated
phosphorylation of RyReeceptors and PLB was also inhibitétddvas proposed #t
generation of cCAMP microdomains by AKAP150 recruitment &5%and AC6,
encourages PKA mediated regulation efCC, PLB and RyRs located in cavee8n
associated -Tubule/SR junctiongNichols et al. 2010

AKAP18udU, another variant of the AKAP18 g
reticulum C&2ATPase ( SERCA2) and medi Zdesesgicc ar di
stimulationAK AP 1 8 0 a c &ciivigy byefavouting thesPKAnediated

phosphorylation of PLB, thus promoting cardiomyocytes relaxation via SERGARated

Cd"* reuptake into th&R. Disruption of the AKAPLBPLB complex h cardiomyocytes

with Ht31 or -dawhAvBslsiBown td imgir b-AR-induced C4 reuptake

from the cytosol and inhibits lusitropic effe¢ts/gren et al. 200)

Another AKAP present in cardiac tissue is mMAKAP. mAKARan example of an AKAP
which, apart from itrimary function of anchoringna targeting PKA, also acte multi-
scaffold proteins, linking upstream activators with their downstream targets and allowing
for specificity of transduction as well as for intatjon and linear relay of multiple

signalling pathways (Bauman et al., 2006). mAKi&Peported to form a complex with
RyR2channel, PKA, FKBP12.G(protein that binds and modulates dr2 by

stabilising a closed conformation of the chajnglotein hosphatase PP1 and PP2A, and
PDE4D3(Marx et al. 2000Dodge et al. 20Q1Carlisle Michel et al. 2004 PKA
phosphorylation events are controlled by a negative feedback loop within this signalling
complex. Under normal basal cond i on s, PKA is inacti-ARe at
stimulation increases cAMP levels causing the release of the catalytic subunit of mAKAP
anchored PKA and consequent phosphorylation of Ser54 on PDE4D3. Thisireau#ts

to 3-fold increase of PDE4D@atalytic activity(Sette and Conti 199¢eading to a

reduction in local cAMP concentration in the vicinity of the RyR where mAKAP anchors
PDE4D3. Marx and cadlagues havproposedhat mAKAPbinding results ilPKA-

mediated phosphorylation of Ser2809 on RyR2, thereby decreasing the binding affinity for
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FKBP12.6 and resulting in an increased open probability of thér€laase channéMarx

et al. 2000, Excessive PKAmediatep hosphor yl ati on ofCaRyR2 |
channel in heart failurpatients andesulsin cardiac dysfunction and arrhythmias

(Lehnat et al. 200% The proposed model is that PDE4D3 anchored to mAKAP would
ensure the generation of a local negative feedback loop at the RyR2, preventing
hyperphosphorylation of the chanrfeehnart et al. 2005The authors found that in the

failing heart, the complex between PDE4D2 and RyR2 is reduced. Using mice models
containing anutant where RyR2ould not bé?KA phosphorylatedthey showed a
suppressiomwf cardiac arrhythmias and dysfunctisile PDE4D/- micepresat a
progressiveardiomyopathy, and exercigaduced arrhythmias despite normal global

cAMP signalling(Lehnart et al. 2005

MAKAP has also been shown to organise another macromolecular complex composed of
PKA, PDE4D3, Epacl and extracellular signegulated kinase 5 (ERK5) and by

anchoring Epacl and ERKS5 via their direct interaction with PDEADSKAP creates a
second negative feedback lo@@podgeKafka et al. 200p mAKAP-associated ERK5

kinase module suppresses PDE4D3 activity thus producimgphihcrease in CAMP,

which sequentially activates Epacl. Epacl can activate the small GTPase Rapl, which in
turn inhibits the MAP/ERK kinaskinase thus releasing the inhibition of PDE4D3 by

ERKS5 (DodgeKafka et al. 200p

Yatiao (AKAP9) is another AKAP which has been suggested to be an important regulator
of cardiac function. Marx and colleagues showed that Yatio forms a complegraféin
phosphatase (PP1), the RIl and the-8ubunit of PKA and to thed channel subunit
hKCNQ1 (humarsubunit of theslowly activatingcardiac K channe) (Marx et al.

2002. The KCNQ1 channel mediates repolarisation of the cardiomyocytes plasma
membrane and is vital for the regulation of the cardiac action potential (AP) duration.
Mutations have been identified in the KCN®@ibding region of Yotiao (S1570L(Chen et
al. 2007 and in the Yotiaebinding region of KCNQ1 (G589 Fodstad et al. 2G) in
patients with long QT syndrome (LQT.$) 2009, PDE4D3 was also discovered to be an
important component of this complékerrenoire et al. 2009PDE4D3 contributes to
finely tune local cAMP levels regulation of thg kchannel activity resulting in anothe
negative feedback loop wherebAR stimulation leads to active PKA which
phosphorylates PDE4D3 increasing its activity and terminating the local cAMP signal
(Terrenoire et al. 2009
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1.7.2GPCR and AC compartmentalisation

The signalling components upstream of PKA signalling have also been rejpdneed t
compartmentalised. cCAMP is generated in response to hormone or neurotransmitter
binding to a specific rotein coupled receptor (GPCR) leading to a release of a Gs
protein which activates an adenylyl cyclase (AC) to convert ATP to cAMP. If AC and
GPRC were able to move freelyithin the plasmamembrane, then there would be a-hon
specific activation of all PKA subsets and therefore superseding the advantages of having
PKA tethered in close proximity of its targets. GPCiRsludingbZdrenergic receptors

and serotonin receptofisave been shown to localise in two related membrane
microdomains, lipid rafts and caveol@atel eal. 2008. Lipid rafts are regions in the

lipid bilayer of the plasma membrane rich in cholesterol and bfhés ard caveolae are a
subset of lipierafts forming invaginations of the plasma membrane and enriched in the
protein caveolir(Patel et al. 2008 Calaghan and eworkers have demonstrated that

adult rat ventricular myocytes, caveolmmmodulateexcitatiorcontraction coupling ah

b,-AR signalling by regulating the efficiency 6&f*-induced C&' releasdrom the
sarcoplasmic reticulurfCalaghan and White 20p& he same authors havecently

published data showintaveolae play a direct role in the compartmentalisation of CAMP
by r es p-ARcCAMPIsigngls tb thearcolemmal compartment in adult myocytes
(Calaghan et al. 2008They showedusing FRET based biosensors for cANtRjt

disruption ofcaveolae resulteid n,-AR cAMP signals in the PKARII compartment and
promotel selective PKAmediated phosphorylation of PL{®lacdougall et al. 2012

Nikolaev and colleagues hastsos h own, usi ng F RAERSarelotaligedn g ,
in T-tubulesin adult rat myocytes w h ei;fARsaare morevenly spread throughout the
plasma membran@ikolaev et al. 2010 The authorgrovided evidence than a rat

model ofchronic heart failurCHF), bo-ARs are redistributed from the-flibules to the

cell crestmaking theb,-AR cAMP signal morepropagatingNikolaev et al. 2010
Redistribution of the receptoray result on a loss f -AR 2ignallingwhich normally has
cardioprotective properties a-ARresponse, thus q u |

contributing to the heart failure phenotype.

Additionally, diverse ACs isoforms habeenshown to locase in different locations on
the plasma membraneh@ C&"sensitive isoforms of ACs (AC1, A;AC5, AC5, AC8)
but not the C&-insensitive isoforms (AC2, AC4, AT have been detected ipitl-rafts
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membrane structurégVilloughby and Cooper 200Q7Interestingly,as discussed above,
adenylyl cyclases have also been found to form complexes with AK2é¢xsauer 2009

AC5 has been shown to associate with the AKAP79 complex in the heart as well as brain
extracts. AC5 cyclase activity is inhibited by PiRAosphorylation, thus AKAP79 binding
creates a PKAlependent negative feedback regulation of cCAMP syntligaisman et al.
2006. In cardiac myocytes, AC5 al$orms a complex with mAKAPs and in brain tissue,
AC1, AC2, AC3 and AC9 are associated with Yoti{Bessauer 2009

1.7.3 Compartmentalisation of cAMP

34 56cyclic adenosine monophosphate (CAMP) is a hydrophilic molewitle a

diffusion constant in the range of 2708 0 %< (Kasai and Petersen, 19943,

mentioned aboveaf cAMP were free to diffuse in the celigand binding to any GPCRs

would generate a global rise in CAMP levels and subse@uatimation of all PKA absets,
whatever their subcellular localisation, resulting in phosphorylation of all PKA targets
within the cell. This would abolish any specificity in the response to cAMP elevation.
Recent evidence suggetiisit the cCAMP signal is itself compartmentadige restrict

diffusion and to prevent the unsuitable activation of effec®ish and colleaguassedan
adenovirus encoding the U subunit of the
mutations C460W and E583M, to monitor cCAMP levels near the surface membrane in both
human embryonic kidney (HEK)ell populations and single cellBotal CAMP

accumulatia in cell populations byneasuring the conversion of [3H]ATP into

[BH]JcAMP. They reported that prostaglandin @IGE1)stimulation of human embryonic
kidney cells caused a transient increase in cCAMP concentration near the membrane while
the total cellulacAMP rose to a steady levélretreatmenivith phosphodiesteras@DE)
inhibitors blocked the decline in cAMP levels near the memb(aioh et al. 2001a

DiPilato and ceworkers utilised FRET based fluorescent indicators to report intracellular
cAMP dynamics through its effectors & in HEK cells. They generated a cCAMP FRET
based sensor targeted to the plasma membrane by inserting a sequence to the C terminus
the cytosolic sensor. This study revealed a faster CAMP response at the membrane than in
the cytoplasm and mitochondripanbi AR stimulation(DiPilato et al. 200% Mongillo et

al. used a similar method to study cAMP signalling dynamics in neonatal rat ventricular
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myocytes (NRVM) ad the compartmentalisation of PDEs. The authors reported
compartmentalised cAMP signalling in this cell type using fluorescent FRET based
indicators fused to the regulatory and catalytic subunits of PKA:tRealFRET imaging
and selective PDE inhibitorevealed that PDE4, rather than PDE3, appears to be
responsible for modulating the amplitude and duration of the cCAMP respoinsetmists.
Immunocytochemistry established that these PDE families are localised to distinct

compartments in cardiomyocytédongillo et al. 2004

Several lgpotheses have been put forward to explain the mechanism sgahel

restriction of CAMP One such mechanissuggests that CAMP is restricted doyphysical
barrier,formed byelements of the endoplasmic reticulum underneath the plasma
membrane, limiting AMP diffusion inside the cytos@Rich et al. 200D The authors use
adenoviruexpressed cyclic nucleotiggated channels as sensors for CAMPEK cells

They find that upon forskolistimulation the endogenous adenylyl cyclase ir2B86

glioma cells produced high concentrations of cCAMP near the channels, yet the global
cAMP concentration remained loWhe authorsuggesta 3D barrier to cAMP diffusion

in addtion to a 2D colocalisation of membrane proteifigich et al. 200D Another

hypot hesis proposed is APKA mediated buf |
subunit of PKA reduces the diffusion rgfaucerman et al. 20p&aucerman et al.

employed théA-kinase activity reporter 2 (AKAR2preaktime indicato of PKA-

mediated phosphorylatioto study cAMP/ PKA signalling in rat neonatal cardiomyocytes.
This sensor revealed that PGE1 stimulated higher PKA activity in the cytosol than at the
sarcolemma, whereas ISO caused similar increases in emission |levmthfoytosolic

and membranéagged PKA sensors but triggered faster sarcolemmal responses than
cytosolic. The authors propose that PKA
heterogeneous and asynchronous phdJphoryl
photolysis of Acagedo c-médidtedtphosphbagyatioe d gr a ¢
enhanced by phosphodiesterase activity and Atedliated buffering of CAMP

(Saucerman et al. 20D6

There are different hypothesis on how spatial propagation of cAMP is regulated but the

majority of the available data point to an important role played by PDEs which are thought

to limit diffusion of cAMP within the cell
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1.7.4 Compartmentalisation of cAMP by PDEs

The first indication that PDE activity may control cAMBmpartmentalisation came from
the study performed by Jurevicius andveorkers,as previously mentioned (s&e).

Briefly, the authorsnvestigaedC&* transients in two physically isolated portion of an
isolated frog ventricular myocy{@durevicius and Fischmeister 1926ing whole cell

patch clamp recordings and found tlsaproterenoktimulation resulteeh activation of
Icalocalised at the site ofimulus application, whereas naelective ACs activator

forskolin results in activation ot} both at local and distant sites. Interestingly, they found
that after the addition of-Bobutyl1-methylxanthine (IBMX), a noselective PDE

inhibitor, CAMP canpartmentation was greatly redudddrevicius and Fischmeister

199, suggesting PDEs play a major role in
cAMP gradients.

Utilising advances in redime imaging techniques, such as fluorescersenancenergy
transfer (FRETpase imaging, Zaccolo and Pozzan established that, in rat neonatal
myocytes (NRVM)p-AR stimulation causes a local increase of CAMP, providing the first
direct visualisation of microdomains of cAMPRaccolo and Pozzan 2002Jpon addition

of IBMX, cAMP was found to be free to diffuse in the cytosol and subsequent loss of
specificity of signalZaccolo and Pozzan 2002gain indicating that PDEs playkay role

in limiting the spatial propagation of the cAMsignal

Further investigation of cCAMP dynamics in cardiomyocytes showed that different PDE
isoforms are localised in defined intracellular compartments and confirmed their role in
shaping cAMP grdients. Mongillo and colleagues revealed, usingtiea imaging in

neonatal rat ventricular myocytddRVM), t hat t he ¢ AARRtinglationer at
is controlled mainly by PDE4 whereas PDE3, although representing about 30% of the total
PDE activity,exerts only a marginal effe(Wongillo et al. 2004. Interestingly,

immunostaining experiments showed that PDE3 and PDE4 localise in distinct
compartments witin cardiac myocytewhich may account for the different effect of their
inhibition seen upob-AR activation(Mongillo et al. 2003. More recently, the same

author discovered that PDE2 also plays a significant role iodimpartmentalised

signalling ofcAMP in cardiomyocytegMongillo et al. 200%. PDE2 was shown to
significantl y bl u-AR stimuefdR, alihcughit epresents onfy €% b
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of thetotal PDEs activity in cardiac myocytes and was again shown to have a unique
localisation, corresponding to cell to cell junctions and sarcomdiieZ in NRVM
(Mongillo et al. 2008.

In the same year, Terrin et al. published further evidence confirming the importance of the
intracellular localisation of individual PDE isoforms using a dominant negative approach
(Terrin et al. 2006 This technique exploits a catalytically inactive PDE isoftmat, when
overexpressed in a celill displace the endogenous PDE enzyoyeéemoving itfrom

any intracellular site wheiit may be anchoregthus exerting a dominanegative effect

locally andeffectively abolishing the enzymatic activity at that specific (Btllie et al.

2003. Displacement of endogenous PDE4D isoforms stasvn to be sufficient to disrupt

the cCAMP gradients between the bulk cytosol and plasma membrane upon PGE1
stimulationin HEK293 cellgTerrin et al. 200% Thesame paper also proposed the idea
that rather than creating a physical bar |
discrete locations and thus kéaggpthe concentratioof CAMP low to protect effectors

from inappropriate phosphorylation, thus ensuring the specificity of the shduakiiple

PDE families are expressed in the same cell and each may include multiple genes and
several splice variants, therefore, the number of isoforms expmegbhada cel may be
substantial all with unique functional roles due to their intracellular localisation and
regulatory mechanism3he activity of different PDEs that are uniquely regulated and
localised within the cell thugsults in multiple and simultaneodemans with varying

CAMP concentrations irrespective of their distance from the AC that generated the cAMP
(Terrin et al. 200B
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1.8 cAMP hydrolysing PDE families expressed in
the heart

In the heart several PDE families have been identifredudingPDE1, PDE2, PDE3,
PDE4, and PDE8Lugnier 2006. In recen years, advances in molecular biology
techniques, such as dominarggative, knociddown or knockout models and the use of
selective PDE inhibitors has allowed fobater understanding of how each individual
PDE enzyme contributes to the compartmerdtibs of CAMP signalling pathways in

cardiomyocytes.

1.8.1 PDE2

PDE2 is a duaspecific enzyme with the ability to hydrolyse both cAMP and cGMP

(Martins et al. 198 PDEZ2, originally referred to as cGMfamulated PDE (cG®DE),

was first recognised by Beavo and colleagues in {B&avo et al. 1971 They reported

that cGMP increased the rate of cCAMP hydrolysis when added to both soluble and
particulate PDE preparations in a number of different tissues from an adult rat, including
liver, brain, kidney, heart, andymus(Beavo et al. 1971 Further investigation lead to the
discovery that PDE&egrades both cAMP and cGMP, with K al ues o ffor30 ¢en
cAMP and 10 emol /L for cofektvey foabotthcydic spl ay:
nucleotidegErneux et al. 1981IMartins et al. 198R Martins et al. also reportedat in the
presence obw levels ofcGMP, the rate of PDERydrolysis of cCAMPis increasedby
almost6-fold (Martins et al. 198p

The crystal structure of the PDE2A was determined by Martinez and colleagues, who
revealedhe regulatory region of PDEntaingwo tandem GAF dmains (GAFA and

GAF-B) (Martinez et al. 2002 The results of this study indicated tkiae first GAF

domain (residues 21366, GAFA) i s f ol |l owttidndp yhal fxdnhre.
398), a short linker (residues 3992), and the second GAF domain (residuesz&i3

GAF B). GAFA is involved in dimerisation, whereas GAF-domain binds cGMP with

high affinity and selectivityMartinez et al. 2002Martinez et al. 2006
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More recently, Pandit et al. analyshe X-ray crystal structure of human PDE2A. PDE2A

is a protein of 941 amino acids, organised in four domains: N terminR§4), GAFA

(215 372), GAFB (393 541), and catalyti¢&579 941)which functions as a homodimer
(Pandit et al. 2009 They produced a constreDE?2 (residues 21900), which

crystallised, whilestill maintaining the essential characteristics of thel@rigth protein.
PDE2A (21%900) shows a linear extended orgation of theGAF-A, GAF-B and

catalytic domainsywhich werec o n n e ¢ t e ehelibeg. Comparigpn di this construct
with that of tiefull length PDE2structure suggests that cGMP binding induces a
conformationathange in GARB and the adjoining linker that connects it to the catalytic
domain(Figure1-8). They described that the catalytic domain of PDE2#sents an
Afopeno and a Aclosedod conformati on;loopvhi c |
(residues 70 2 3 ) . I n the #Acl oleop @ folded imta theoactimessitei o n
thereby completely occluding the substrabeding site. For theatalytic site to adopt the
Afopeno conf doopnhastta swimg out, lalwirtd the substrate to get access to
the binding pockePandit et al. 2009 Panditand colleagues report that that cGMP

binding to GAFB domain of PDEZauses a conformational changéhat linker region of

the catalytic domain, freeingeH-loops from the dimer interface, wheradopts the

iopeno toalowsabstate acce@@andit et al. 2009
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Inactive Active

cGMP

H-Loop Catalytic Site H-Loop Catalytic Site

Figure 1-8. Schematic representation of cGMP-induced conformational changes of PDE2

resulting in activation. Adapted from (Francis et al. 2011).

PDEZ2, as with other PDEs, ésnfinedin discrete regios or cell types within tissues.
PDE2 has been found to localesethe Golg(Geoffroy ¢ al. 1999the nuclear envelope
(Lugnier et al. 1999 sarcoplasmic reticulurfiLugnier and Komas 1993 Z-bands of
neonatal rat ventricular cardiomyocy{@4ongillo et al. 200%and at lipid rafts of brain
cells(Noyama and Maekawa 2003 he specific localisation of PDEZ2 is responsible for
the compartmentalisaggulation of determined cellular functions depagdin cyclic
nucleotide levelsin endothelial cellsunde basal conditions, PDE2i& present in veins
and capillariesn cardiac and renal tissugut not in larger vessels, iaterial endothelial
cells(Sadhu et al. 1999

PDEZ2 is encoded by a single gene (PDE2A), and currently three variants of this enzyme
have leen identified (PDE2A1, PDE2A2 and PDE2A3), which are all identical, except for
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the Nterminalregion (17- 24 amino acids)Sonnenburg et al. 199Rosman et al. 1997
This unique Nterminal sequence is thought to be responsible for the diffes@mce
intracellular localisationPDE2AL1 lacks the aminterminal targeting sequence and is
thereforemainly soluble(Bender and Beavo 20R6There are no known differences in
kinetic behaviar between the PDE2A varian&sll PDE2 isoforms have been identified in
cardiac tissue, including both atrial and ventricular myocytes of a number of different
speciegMiller and Yan 201D

A uniquefunctonof PDE2 is its abalkdbybéobweedi ahe
cGMP signallingpathwaysas PDE?2 hydrolysis of cCAMBnd cGMPs enhanced by

binding of iGMP to its GAFB domain. This is best exemplified by the atrial natriuretic
peptide (ANPJmediated control of blood pressurehere in adrenal glomerulosa cells,
stimulation of cGMP by ANP activated PDE2 and resulted in a reduction of CAMP levels
within the cell(MacFarland et al. 1991When administered acutely, ANP elicits pdten

and shorlastingsystemic hypotension in a wide variety of mammalian and non

mammalian specig8renner et b 1990 due to cGMP synthesis and subsequent activation
of PDEZ2.In platelets, high levels of nitric oxide (NO) stimulate the production of cGMP,
which activates PDE2 and reduces intracellular cAMP concentrgfdacisnson et al.

1997. Numerous studies have i#tal&&at bettwean
cyclic nucleotide pathways is crucial for normal hearcfiom (Mery et al. 1995Rivet

Bastide et al. 1997andecasteele et al. 20ischmeister et al. 200Mongillo et al.

2006 Stangherlin et al. 20)1

In myocytes, PDE2 has been exposed as being a major regulator of cyclic nucleotide
signalling and to modulate tl&CC process. For example, at thd CC, PDE2 was found
to mediate the cGMihduced inhibition of thech in both human atrial myocytgRivet-
Bastide et al. 1997and frog ventricular myocytd8/ery et al. 199% In adult rat cardiac
fibroblasts, NO attenuates cAMP accumulation via 8G&&EMPADE?2 stimulation
(Gustafsson and Brunton 2003imilarly,in pacemaker cellghe effect of NO on heart
rate is mediatedly inhibition of L-type C&*currentvia a signalling pathway involvinthe
synthesis of cGMP and stimulationDE2(Han et al. 199h

In addition, cGMP activation of PDE2 was shown to regulatee ¢ AMP r-ARB p o n

stimulation in rat neonatal ventricular myocyt&tongillo et al. 2008 Using a FRET
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based imaging approach, Mongillo and colleaglesaonstrated that activation of soluble
guanylyl cyclasg¢sGC)by sodium nitroprussidéSNP)leads to activation of PDE2 and a
50% reduction in the amplitude of the cAMP responsetepinephrine (NE)Although
PDE2 could not block the rise in cAMP leselfter the addition of adenylyl cyclase
activator forskolin, PDE2 effectively blocks the increase in cAMP concentration induced
by sti mul aan cadfenerfic recepw(®bngillo et al. 200§. The authors
found that the mechanism by which NE treatment activates PDE2 to hydrolyse cAMP
involvesa c t i v a4AR®and asdbse§uent activation of endothelial nitric oxide
synthase (eNOSyvhichgenerate®O and in turncGMP via activation of sGEMongillo

et al. 200% Recently Stangherlin et al. published experiments performed in NRMMg
targeted FREIasedsensors that allow monitoring of cCAMP or cGMP ifided

subcellular compartmen(Stangherlin et al. 20)1These FREIased sensors for CAMP
were targeted to either Rir Rll-selective AKAPsThis paper indicated thaGMP can
regulatelocalised cAMP responsés cardiac myocyds. The authors reported that PDE2
activity appears to be mainly coupled to the PRA compartment, whereas PDE3 activity
is coupled to the PKARI compartment. Stimulation of sGC increases the cCAMP response
to isoproterenotelectively in the PKARI compatment via inhibition of PDE3, whereas

the CAMP response is reduced in PARA compartment via cGMitediated activation of
PDE2(Stangherlin et al. 20)1Activation of pGC by atrial natriuretic peptide (ANP)
showed an effect selectively in the PKAI compartment, where the rise cGMP

reduced cAMP via activation of PDE2 upon catecholamine stimulation. The cAMP
response in the PK:RI compartment was unaffected. Thels¢a demonstrate theGMP
signals are also compartmentalised and the effects of cGMP in regulating cAMP signalling

are related to the source of cGMP.

PDE2 family members are also referred to as c&iiiAulated PDEs as cGMP binding to
the Niterminal GAF domains of the enzyme stimulates its catalytic activity markedly.
Mostfunctional data published on the PDE2 fammlgs gathered using the PDEZ2 inhibitor,
erythra9-(2-hydroxy-3-nonyl) adenine (EHNA). However, this compound may generate
artefacts as it is known to inhibit adenosine deaminase therefore increasing extracellular
adenosine levels which may increase intdatal cAMP upon binding to Gs coupled
receptorgMiller and Yan 201D Recently new, more selective inhibitdrave been
developed, thesaclude 9(6-phenyt2-oxohex3-yl)-2-(3, 4-dimethoxybenzyPpurin-6one
(PDP), and BAY66r550and have been successfully used in a number of functional
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studieg(Diebold et al. 2009Stangherlin et al. 20)1PDE2 is selectively inhibited by
Bay607550 with a Kvalue of ~ 3.8 nMMasood et al. 2009

1.8.2 PDES

The PDE3 family contains two variants, PDE3A and PDE3B. PDE3 isoforms bind both
cAMP and cGMP with a similar affinitycAMP (Km ~ 80 nnol/L) and cGMP (Km ~ 20
nmol/L), which act as mtually competitive substrateBue tothe higher catalytic rate for
cAMP, PDE3 isnhibited by cGMRADegerman et al. 199.7/PDE3 is selectively inhibited
by a number of nonglycosidic cardiotonic agents (e.g., cilostamide, amrinone and
milrinone) (Osadchii 200Y. PDE3 is selectively inhibited by cilostamide with avilue of
~11.5 pM(Yamamoto et al. 1993

Cardiac myocytegxpress3 isoformsof PDE3A,PDE3A1, PDE3A2 and PDE3A3 which
all share an identical sequence except for differences in the lengths ofdhmiNal

region, which is involved in intracellular localisation and contains phosphorylation sites.
PDE3Alcontains 2 intreellular localsing domains, NHR1 and NHR2. NHR1 consists of
hydrophobic loops that insert into intracellular membranes, whereas NHR2 appears to
localise the enzyme through protéprotein interactionand sites for PKA and PKB
phosphorylationPDE3A2 has similar structuréo PDE3AL but lacks the NHR1 and the
PKB phosphorylatiorsite. PDE3A3 is primarily cytosolic and lacks the NHR1, NHR2,
domains and the 3 phosphorylation s{tdambleton et al. 2005

PDE3A is downregulated in heart failure and this leads to the induction of the pro
apoptotic transcriptional repressor ICER (Inducible Cyclic AMP Early Reprg&oih

et al. 197). Elevated ICER represses aapoptotic proteins such as Btland the PDE3A
gene, thus creating a positive feedback Ifioipg et al. 200h

Recently, Patreco and ceworkers established that PDE3B accounts for ~30% of the total
PDE3 cAMRhydrolysing activity in mouse heaiBatrucco et al. 2004PDE3B is
asso@tedwith phosphoinositide-B i nase o (Pl1 3Ko2) and Epacl
complex at the level of the sarcolemmal membrane which is critical for controlling local
cAMP homeostasis and may play an important role in regulating cardiac function
(Patrucco et al. 2004Perino etals h o we d t-dnehbredfPKAlLaGtivates PDE3B
thusenhancing cAMP degradation and phosphor
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However these results are controversial,
not PDE3 activity in subcellular compartments containing the SRAEPase and not

RyR2 or L-TCCs(Kerfant et al. 200)f Furthermore, a number of different authors were

not able to detect PDE3B expression in mouse cardiac mydeygdgsant et al. 2007

Osadchii 200y.

Inhibition of PDES activity in cardiomyocytes isolated from a number oéwbfit species
was shown to increase €aurrentat the [-TCC and thus enhance the rate and magnitude
of developed contraction and relaxatiMandecasteelet al. 200)L These inotropic

effects lead to the development and clinical use of PDES inhibitors for the acute treatment
of congestive heart failur€€HF). By inhibiting cCAMP hydrolysis in cardiac muscle, PDE3
inhibitors should overcome the reductionntracellular cAMP content thereby increasing
myocardial contractility. However, despite shtatm inotropic effects, adverse effects

such as increased mortality due to arrhythmias and sudden death were commonly found in
several clinical trials usingME3 inhibitors such as milrinonan heart failurepatients
(Movsesian and Alharethi 200RIovsesiarand Kukreja 201)L The concept of
compartmentalised cAMP signalling has been invoked to explain these unexpected long
term deleterious effectt. has been suggested that leegm use of PDE3 inhibitors results
in an increase in the phosphorylation d&ige number of PKA substratesith both

beneficial and adverse effects on the heestcAMP signalling is compartmentalised, the
idea of selectively increasing CAMP concentration in certain subcellular compartments
rather than increasing the total cdédir cCAMP, might prove to be more effective

(Movsesian 200R

Again PDES allows for cAMP and cGMP arplay as cGMP binding to PDE3 results in an
inhibition of the enzymand increased levels of CAMP. At a concentration of <50 nM,
cGMP inhibits PDE3; at concentrat®between 200 and 500 nM, cGMP activates PDE2
(Zaccolo and Movsesian 200As already discussetMery and collegues identified that

low concentrations of cGMP increased théyhe C&"* current via PDE3 inhibition,

whereas a higher concentration of cGMP strongly redue€@C current via activation of
PDEZ2 in frog ventricular myocyté®ery et al. 199% More recently, it has been reported
that, in adult rat cardiac myocyts®lated from failing hearts, treatment with natriuretic
peptide C (CNP) rzrRsmedidted contractile respdmse nia RD&E3 b 1
inhibition (Qvigstad et al. 2000
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1.8.3 PDEA4

In contrast to PDE2 an@dDE3, PE4 is cGMRindependentin human ventricular tissye
theKm valuesof PDE4for cAMP were shown to be about-&d lower as compared to
Km valuesfor cGMP, indicating high specificity for CAMP hydrolyqiReevest al.

1987. In murine ventricular myocytes, the PDE4 family is the major regulator of the
cAMPincreasgg e ner at e d -ARmstimulatiorpMonglle et & 2004 Xiang et al.
2005 and in regulating PKAnediated phosphorylation witally importantcomponents of
the ECC processincluding L-TCC, RyR2, and PLBLehnart et al. 200%Kerfant et al.
2007 De Arcangelis et al. 2008PDE4 activityis selectively inhibited by rolipram and Ro
20-1724with K;values of 3 ¢M (Osadchii 200Y.

The PDE4 family consists of four genes (PDE4A, PDE4B, PDE4C and PDE4DR)irgco
18 different enzyme isoform80% of te total PDE4 cAMPhydrolysng activity in rat
cardiomyocytes is provided by PDE4D and PDE4BIile only 10%of the activity is
formedby PDE4A and PDE4@Viongillo et al. 2004Rochais et al. 2006PDE4B and
PDE4D have unigue intracellular localisations due to their distinctiteriinal domains
and thus can regatle specific intracellular responsésneonatal rat cardiac myocytes
PDE4B is localised to the sarcomericlive, whereas PDE4E3 localisedto theZ-line of
sarcomeréMongillo et al. 2004 In mouse ventricular myocytel$ experiments revealed
that both PDE4B and PDE4D are anchaaethe L-TCCin adult rat ventricular myocytes
(ARVM) (Leroy et al. 201)L PDE4B seems to regulatetype Cag-currentd u r i-ARg b
stimulation buPDE4Ddoes not appear to have any effgaroy et al. 201)L Patchclamp
experimentsvere performed in AMVMs isolated fromice deficient in the corresponding
genesPde4bty’, andPde4d" mice). k4 potentiation by ISO remained unchanged for
Pde4d", while treatment with roliprarstrongly enhanced the effect of IS Ica,
suggesting that this isoforms does not modulate tAR stimulation of ¢4 . In contrastp-
AR stimulation was significantly enhanced in ventricular myocytes isolatedHuedb"
mice compared with that from WT miékeeroy et al. 2011

Among the PDE4D family, PDE4D3, PDE4D5, PDE4D8, and PDE4D9 have been
detected as active proteins in the h@faischmeister et al. 20p@ndthe PDE4D3 isoform
has beemeported to be an essential component of the ryanodine receptor (RyR)
macromolecular compleftehnart et al. 2005 PDE4D3 was food to be part of at least
two macromolecular complexes organised by Yotiao and mA(Ee1.7.7). In the

Yotiao complex, PDE4D® recruited at the KCNQ1/KCNEL1 potassium channel together
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with PKA and PP1. PDE4D3 regulates th€APmediated phosphorylation of the KCNQ1
subunit, which is involved in controlling the IKS current and the action potential (AP)
duration(Terrenoire et al. 2009In the mAKAP complex at the SR, PDE4D3 joins with
RyR2 channel, PKA, FKBP12.6, PP1 and PP2A to lygteigulate C&' cycling (Marx et

al. 2000

Additionally,ithas been shown that PDE4DD5-arresinn be
close proximity ob,-A R s . Upon agonARsduples o Gto gemetaieo n, b
cAMP, which aatates the AKAP7%nchored PKALynch et al. 200b PKA mediated
phosphorylation ob,-AR triggers a shift in receptaoupling for Gto G (Baillie etal.

2003. Recruiting PDE4DS5 to the plasma membrane specifically decreases {plasuia
membrane cAMP concentration inhibiting the subsequent-Ri€diated phosphorylation

of theb,-AR and rapidly terminates the PKA signalli(Baillie et al. 2003.

PDE4D8 and PDE4D9 have al sPMRsb evainestisbh own t
PDE4D8 f or ms a-AR anaddissoeiates uwpontagonidi binding to the recept
(Richter et al. 2008 RecentlyDe Arcangelisand colleagues establishiedh a-AR b

stimulation induces PDE4D?9 dissociation from the receptor and enceBgelD8

recruitmentDe Arcangelis et al. 20)0

Richterand col |l eagues recently publishedR evi
receptor inrHEK cells, activates a previously unreported signal at the cell membrane by
promoting the release of a PDEA4, resulting in a local increase in CAMP levels and
activation of PKA in the proximity of the recept@ichter et al. 201)3 The authors
reported that t p-ARsahtagenists, ineludihghalprenalol (AbPY, €GFb
20712A( CGP) , met opr ol ol (MET), proprangl ol
AR/PDE4 complex dissociation T r e a t;#R-Hek293cklls with PRO, ALP and

CAR triggered a significant increase in global cellular cAMP as measured by
radioimmunoassay (RIAJhis rise in cAMP occurs without stimulation of CAMP

synthesis by adenylyl cyclagRichter et al. 2013
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1.9 Real-time detection of cAMP

Thegreatest advancement in the study of temporal and spatial regulation of cCAMP signal
transduction came from the development of real time detection approaches to measure
cAMP in intact living cells Currently there are two methods for measuring cAMP in intact
living cells: biosensors based on cyclic nucleotide gé@@¢S) ion channels or biosensors
based on Fluorescence Resonance Energy Transfer (FRET). These methods have been
produced as classicapproaches, such as radioimmuno assays (Rl&)harantibody

based detection methods; provide information about cAMP dynamics that is averaged over
thewholecell population whereas information at the single cell level may be more

physiologically relevan

1.9.1 CNG based sensors

One method for studying cAMP signalling dynamics in intact living cells exjlogtever
expression of an olfactory CNG chanfRlich etal. 200Q Rich et al. 2001a CNGs are
directly opened by cyclic nucleotidék.5.3 and their activation can be measured by
electrophysiological recordings of €activaed chloridecurrents or C& imaging with a
Cd*Zndicator (e.g.Fur). WildZype CNG channels show several limitations. They
exhibit a lower &inity for cAMP than for cGMP(Rich et al. 2001aRich et al. 2001}

they can be idectly opened by nitric oxidéBroillet 2000 andthey are negatively

regulated byC&*-calmodulin binding via a feedback loop mechanisiu et al. 1994 To
overcome these issuesmutated and deleted viens of the CNG channetp6-1
90/C460W/E583M, was generatgrich et al. 2001)a This newsensor is almost

insensitive to cGMP and sensitive to low cAMP concentratibmaddition, the regulation

of thechannel by C&Zalmodulinhas been removed by deletion of residug®961

However there are still some problems with this detection method, for example, it can only
monitor cAMP dynamics at the plasma membrane and the increased calcium influx can
modulate the activityfoACs and calcium sensitivi@DESs. As a consequence, the cAMP

concentration that is detected by the sensor may not be physiological.
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1.9.2 FRET

Fluorescence resonance energy transfer (FRET), also calie@FH@sonance energy

transfer, was firstlescribed irL940 by Theodor F8ter(Forster 1948 Although the

technique itself is not new, it has found novel biological applicatiotisthe development

of recent fluorescent dyes and also new optical methods with higher spatial resolution
FRET is gphysicochemicabhenomenon that occurs between a donor fluorescent molecule
in the excited state and an acceptor fluorescent molecule in the ground state. The energy
transfer between donor and acceptor does not involve emission of photons therefore it is
defined as energyf resonanceVith FRET, the intensity of the donor's fluorescence

emission decreases and in parallel, there is an increase in the acceptor's emission intensity
In order for FRET to occuthe donogcceptor distance must be between 1 and 10 nm, the
two fluorophores must be appropriately oriented in space, and there must be a substantial
overlap (at | east 30%) between the donor
spectrum(Clegg 199%. FRET efficiency decreases with the sixth power of the distance
between donor and acceptor, and therefore a minimal perturbation of the spatial
relationship between the two fluorophores can drastically alter the efficiency of energy
transfer.These factors make FRET a sensitive technique for investigating a variety of

biological phenomena that produce changes in molecular proximity.

1.9.3 FRET-based cAMP indicators

A new generation of FREDased indicators provides a means of visualikinglised

cAMP fluctuations in intact living cell with high spatial resolution. hare two major
components of CAMP FREDbased indicators: there must be a sensor which consists of

two protein domains or a protein domain undergoing a conformational change upon cAMP

binding; and a donor and acceptor fluorophore pair which are fuseel sefisor.

The first FRETbased sensor that allowed the +@ae imaging of CAMP in living cells
was FICRhR/Adams et al. 1991 The authors produced a sensor based on PKA, where the
regulatory (R) and catalytic (C) subunits d¢A°were labelled with rhodamine and

fluoresceine, respectively. In the absence of cAMP, R and C subunits are associated to
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form a tetramer (R2C2) and the two dyes are close enough for FRET to occur. When
cAMP binds to the R subunits, the C subuditssocate and FRET is impairdddams et

al. 199). However this probe for cCAMP has some technical limitations and has therefore
not found wide application. These includlee requirement to microinject a large amount

of protein compleXuM) (procedure not applicable to all cetigpe the labelled subunits
generate aggregatdbe labelledsubunitsinteract norspecificallywith cellular structures
(Goaillard et al. 20011

To overcome these limitations, a new group of genetically encoledP-biosensors were
developedvhich could be introduced into cells by transfection. Zaccolo and colleagues
generated a sens®ZLFP/CYFP,wherd he regul atory (RI1Db) al
(CU) of PKA are fused to the cya(seeBigug t h
1-9) (Zaccolo et al. 2000 The sensor has been shown to have high sensitivity for CAMP

with EC5p = 0.3 uM and can therefore be used as a measurement for intracellular cAMP
(Mongillo et al. 2004 Furthermore,the Rl subunit of the probe
domain to endogenous AKAPs present in the adthwing detection of cCAMP fluctuations

in specific compartments. Transfection of cells with t@RP/CGY'FP has made it

possible to visualise microdomains of cAMPvarious cell types, including NRVM, to

clarify the role different PDEamilies playin shaping intracellular cAMP gradients

(Zaccolo et al. 200Mongillo et al. 2004

cAMP Binding Domains
- FG-!E Ih_ |—| I- R-CFP

— Catalytic Domain — vrP | C-YFP

Figure 1-9. Schematic representation of PKA-GFP based sensor.

There are, however, still some limitations with using this type of sensax&mple, since
the C and R subunits are expressed from two distinct plasmids, it is difficult to predict if

equal concentrations of C and R are present in transfected cells. Taylor et al. also showed
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that the cAMRlependent dissociation of R and C subsinccurs through a cooperative
mechanism and therefore the kinetics reported by the sensors may be slower than the actu
kinetics of CAMP(Taylor et al. 200p TheC subunit of the sensor is also catalytically

active and can therefore phosphorylate downstream targets of the cAMP/ PKA pathway

resulting in an alteration of CAMP dynamics.

1.9.4 Epac-based sensors

A new generation of udAnolecular indicators based on Epac proteins have been developed
that do not have the same issues which have been reported with PKA depaors.
undergoes a structural change upon cAMP binding and this mechanism has been used to
develop FRETbased indicatrs by fusing the Epacproteinto cyan and yellow GFP
variants(Nikolaev et al. 2004 When CFP is excited at 440 nm, FRET will occur and

result in YFP emission at 545 nm at the expenses of CFP emissionrah4B@wever,
when cAMP levels rise, cCAMP binds to Epacl resulting in a conformational change in the
structure of the FRET probe. The tfiorophores move further apart and there is a
reduction in FRET, where CFP excitation at 440 nm results in reduced emission of YFP at
545nm and an increase of CFP emission at 480 nm.

In the same yeatwo other groups used thdl length Epacl proteisandwiched between
cyan fluorescent protein (CFP) and the yellow florescent protein (YFP), forming the ICUE
sensol(DiPilato et al. 20041 and the CFEpacYFP sensofPonsioen et al. 2004This
sensor was localised to the nuclear envelope and to perinuclear compartments, so to obtail
a cytosolic indicator, the DEP domain (amino acits4B)was detectedVioreover, in
order to render the incitor catalytically dead, other mutations were introduced (T781A,
F782A) leading to the generation of GEPac (i D EGD)-YFP, also called H30
(Ponsioen et al. 200Z errin et al. 200K

More recently our lab generatetgeted cCAMP sensors based on the soluble Epacl camps
sensolNikolaev et al. 2004 RI_emc and RIl_epac were generalsdfusing the

NZerminus of Epactamps to the dimerisation and docking domain sequences of the PKA
regul atory subunit (X Bdiedettn et al.R0)8ABPKA-RIsapde ct i

PKA-RII display differensubcellular localisation, these sensors would localise to different
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compartments by AKAP binding (s&€7.1) once expressed in intact ceNghen

expressed in cardiac myocytésese pobes demonstrate a different distribution pattern,
with RI_epac showng a tight striated pattern overlaying with both tharl the M
sarcomeric lines whereas RII_epac shows a very strong localisation that corresponds to the
M line and a much weaker locsdition overlaying the Z lind'he two targeted reporters
show equal sensitivity to cCAMfDi Benedetto et al. 2008A study using RI_epac and
RIl_epac to detct cAMP dynamics in intact cardiac myocytesealed that stimulation of
different GPCR leads to the activation of specific PKA isoforms and, in turn, to specific
phosphorylation of downstream targets. The autbbtlsis studyalso demonstrated that
thepool of cCAMP generated in either the PKA or PKA-RII compartment, is regulated

by aunique subsets of CAMP degrading phosphodiesterases (PDES).

1.10 Cardiac Hypertrophy

Cardiovascular disease (CVD) is one of the leading caushsezfserelated mortality
worldwide, accounting for 17.3 million deaths per annum (WHO estimated in 2008
http://www.who.int/mediacentre/factsheets/fs317/en/). In many forms of CVD,

hypertrophic growth of the heart occurs in an attempt to manage the increased
hemodynamic demand caasby an excessive cardiac workload. This process, known as
hypertrophy, is classifiedsa ipat hol ogi cal 6 hypertrophy.
occurs in healthy individuals following exercisepregnancys characterised as

fiphysiolay i chypgerrophyandis not linkedto cardiac damagelthough the augmented

heart size during the early stages of pathological hypertropfonsdered an adaptive
response required to sustain cardiac output after increased biomechanical stress; prolonge
pathological hyprtrophy is associated with a significant increase in the risk for sudden
death or progression to heart failure, independent of the underlying cause of hypertrophy
(Levy et al. 1990Vakili et al. 200). During pathological hypertrophy, the heart remodels
and becomes less elliptical and more sphe(@aliglas et al. 1999With the

development of ventricular dilation comes a progressive decline in cardiac output despite
continuous activation of the hypertrophic program to adjust the pressure overload. The
latep h a eemoddingd process that | eads to failure

perturbations of cellular GahomeostasigBers 2002 and ionic currentgHill 2003),
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predisposing the heart to ventricular dysfunction and malignant arrhythmia. In addition to
this, morphological changes include increased rates of apofitiagiastetter and 1zumo
2000, fibrosis, and chamber dilatioBurrently there is no cure for heart failure, and long
term survival of heart failurpatients remains poor, with one third dying within one year of
diagnais (McMurray and Pfeffer 2005

Hypertrophic growth develops in two ways, eitbencentric hypertrophycaused by
chronic pressure overload in whitftrease in myocyte length is less than increase in
myocyte width leading to reduced left ventricular volume and increased wall thickDess.
eccentric hypertrophywhich occurs die to volume overload in whidheincrease in
myocyte length is greater than the increase in myocyte wahhing to dilatation and

thinning of the heart wa(Beltrami et al. 20011

Cardiac hypertrophy is defined as iacrease in the size, but not in the number, of

individual cardiac myocytedn addition to this, cardiomyocytes devekaphancegbrotein
contentand a Igher organisation of the sarcomé@hien et al. 1991Sugden and Clerk

1998. These processese dudo activation of the immediately early genegue, cfos,

c-myc) and the fetal genes [atrial natriurgteptide( ANP-my obi n heavy c¢h;
MHC) and skeletal alpha actin (SKAJhich areconsidered to be commanarkersof

cardiac hypertroph{Chien et al. 1991Komuro and Yazaki 1993These saalled fetal

genes are normally only expressed in the developing heart and are repressed in the adult
myocardium, however hypertrophic growth results in a reactivation of ¢fe®s in adult
hearts. Activation of the fetal gene program allowsminated synthesis of the proteins
needed to bring about increased cardiac myocyte size and adjustment to the increased

cardiac workloadBarry et al. 2008

A growing number of intracellular signalling pathways have been characterised as
important transducers of the hypertrophic respdiakentin and Dorn 2001 Some of

these pathways are required for successful adaptation to the inargadedd to the heart
whereas others have been classed as maladaptive, as they result in contractile dysfunction
leadingultimately to heart failuréLevy et al. B9G Vakili et al. 2001 Selvetella et al.

20049).
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1.10.1 Signalling pathways regulating cardiomyocyte
hypertrophy

A growing number of intracellutasignalling pathways have beeharacteriseds

important transducers of the hypertrophic respdasehown irFigurel-10). These

include specific Grotein isoforms, calcineurin and nuclear factor of activated!ls
(NFAT), protein kinase G (PKG), PhosphoinositidkiBase (PI3K) and Mitogen

Activated Protein Kinase (MAPK), to name but a f@wey and Olson 200Barry et al.
2008. These molecules operate in an orchestrated manner to generate interdependent
pathwaysand complex crostalking signalling networks and therefore the mechanisms
involved in cardiac hypertrophy are stilltrfally understoodHowever the more recent
development of genetically modified mouse models has greatly advanced our
understanding of the complexities that surround the cardiac growth response, and have
contributed to a greater understanding on the roiledividual signalling molecules

involved in cardiac hypertroph
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Figure 1-10. Signalling pathways involved in cardiac hypertrophy and the progression to
heart failure.

Proliferative signalling pathways that mediate cardiac hypertrophy. The PI3K/PIP3/Akt
pathway is activated when insulin, insulin growth factor (IGF), and growth hormone (GH)
bind to receptor tyrosine kinases (RTK). Phosphorylation of phosphatidylinositol tris
phosphate (PIP3) by phosphoi n o s i t+OHkimas&NPI3K) activates Akt, a protein kinase
that phosphorylates mammalian target of rapamycin (nTOR) and inhibits glycogen
synthetase kinase 3 (GSK-3). Neurohumoral mediator binding to G-proteini coupled
receptors (GPCR) activates adenylyl cyclase (AC) to form cAMP, which stimulates PKA. Gy 4
and Gy, ,activate phospholipase C (PLC) to form diacylglycerol (DAG) and inositol tris
phosphate (InsP3). DAG stimulates protein kinase C (PKC). Calcium released by InsP;
activates PK C and calcium/ calmodulin kinase (CAMK). Calcium also activates calcineurin,
a protein phosphatase that dephosphorylates nuclear factor of activated T cell (NFAT)
which activates transcription factors MEF2C and GATAA4. Peptide growth factor binding to
RTKs and cytoskeletal signalling pathways activate Ras which stimulates mitogen-activated
protein kinase (MAPK) pathways; the latter include extracellular receptor-mediated kinases
(ERK), c-Jun kinase (JNK), and p38 kinase (p38K). Activated cytokine receptors release an
inhibitor y effect of | aB Bon NFbdl) e arn df aauddiated aignallingp 1 3 0
pathways that stimulate janus kinase (Jak) to activate signal transducer and activator of
transcription (STAT) and MAP kinases. Pathways in red mediate mainly maladaptive
hypertrophy; those in blue, mainly adaptive hypertrophy. Cytokine-activated pathways
(black) can activate both adaptive and maladaptive growth. Adapted from (Katz 2008).

72



Chapter 17 Introduction

1.10.1.1 cGMP/ PKG

Onewell-described signalling pathwayvolved in the regulation diypertrophic
respons e scydlicguandsieenoBophosphate (cGMP)/ protein kinase G (PKG)
signalling pathway. Generation of cGMP by NO activation oftdelguanylyl cyclases

(sGQ wasshown to reduce the hypertrophic response to norepinephrind@sEerone

et al. 1998 or angiotensin Il (Ang Il) stimulatiofRitchie et al. 1998 Atrial and brain
natriuretic peptides (ANP and BNP) which, by activating the memHsanad particulate
guanylyl cyclases (sGC) stimuéathe production of cGMP, have also been found to exert
antihypertrophic effects vitro (Calderone et al. 199&o0senkranz et al. 20D3ANP and
BNP are found at high levels during embryonic development and in early neonates but are
absent in healthy adul(&ardner 2008 howeve in the hypertrophic heart the expression
levels of ANP and BNP are found to be significantly incregSdtderbach and Roberts

2007, Tremblay et al. 2002Volkentin 2003. In fact, expression of the genes encoding
ANP and BNP is one of the most reliable markers for activation of the hypertrophic
program in clinical states and experimental models associated with hypertrophy. Some
recent studies have reported that natriuretic peptides exert a regulatory influence over
cardiac hypertrophy. Neonatal rat ventricular myocytes (NRVM) stimulated with & AN
receptorantagonistead to increased protein syntheses and cell size as well as reactivation
of the fetal gene progrardaprinast, a cGMP analogue and an inhibitor for a cGMP
specific phosphodiesterase, suppressed the basal astthREated protein syheses

(Horio et al. 2000 Thus, ANP may play a role as an autocrine factor in the regulation of
cardiac myocyte growth. Another studgported that in NRVM andardiac fibroblasts,
treatment with ANP or the NO donofrfirosaN-acetylD, L- penicillamine (SNAP)
attenuated the effects of NEBduced hypertrophy. The authors suggest that this effect was
most likely by a cGMPmediated inhibition of NEtimulated C& influx (Calderone et al.
1998.

Recent studies using targeted gene deletion in mice have been particularly informative with
regard to the role of the NPsnmodulating cardiac hypertrophy. Deletion of tiprl gene
encoding the natriuretic peptide receptor A (NRRn mice resulted in moderate

elevations in blood pressure, with a disproportionate increase in cardiac weight (i.e.
hypertrophic growth) and intstitial fibrosis(Lopez et al. 199%0liver et al. 199Y.

Knowles and colleagues used transverse aortistaction (TAC) to induce pressure

overload in the Npr¥/- mice, which resulted in a #6ld increase in atrial natriuretic
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peptide (ANP) expression, a 55% increase in left ventricular weight/body weight
(LV/BW), dilatation of the LV, and significant diee in cardiac functioffKnowles et al.
2007). In TAC treatedvild-type mice the authors describeuohly a thregfold increase in

ANP expression, an 11% inase in LV/BW, a 0.2 mm decrease in LV end diastolic
dimension, and no change in fractional shorterfirgpwles et al. 2001 These results
suggest that the NRR system has dire@nti-hypertrophicactions in the heart

Failure of the natriuretic peptide system, at the ligand, receptor erguesitor level,

could account for the progression in cardiac dysfunction that accompanies longstanding
hypertrophy and dart failure.

The role of cGMP/ PKG effect in cardiac hypertrofiiag been described warious

knockout mice lacking elements of this signalling pathway. Holtwick and colleagues
showed that mice with a cardiomyocyte specific deletion of constituenie agtanylyl
cyclaseA (GC-A), which is normally activated by natriuretic peptides to produce cGMP,
exhibited mild cardiac hypertrophy and an increase in mMRNA expression of fetal genes
ANP ;s kg | et al -myosirt heavy chaim.dPregsure overload irdiioy transverse
aortic constriction (TAC) in this mouse model lead to an exaggerated hypertrophic
response as well as enhanced cardiac fibrosis and marked cardiac dys{itaitisick et

al. 2003. In the same year, Zahabi et al engineered transgenic mice that overexpressed a
catalytic fragment of the G& domain of the atrial natriuretic peptide receptor in a
cardiomyocytespecific manner. They found incred98GA attenuated the effects of both
ISO treatment and abdominal aortic constriction on cardiac wall thickness, cardiomyocyte
size and prevented the onset of the fetal gene expression praghafbi et al. 2003

Mice lacking eNOS and/or nNOS also develop cardiac hypertrophy, dysfunction and
increased premature mortalif@arouch et al. 2003.i et al. 2004 Flaherty et al. 2007
Conventional PK@& knockout mice die young and perhaps too early to develop any
cardia hypertrophy(Pfeifer et al. 1998 Wollert and colleagues showed tivat/itro

adenoviral overexpressionof PKGb i n neonat al rat cantrdi ac
hypertrophiceffect of NO in phenylephrinrstimulated cardiac myocyté€Biedler et al.

2002 Wollert et al. 2002 However, he significance of the PKG pathway in modulating
cardiac hypertrophy has been recently quastioLukowski and colleagueshowed that,

when compagd to wild type mice, the degree of cardiac hypertrophy induced either by
isoproterenol (ISO) infusion or by TAC was not changed in total PKG koatknice or

in mice lacking PKG specifically in cardiomyocytes, indicating that the development of
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cardiac lypertrophy is not amplified bthe absence of endogenous PH@kowski et al.
2010.

It has been reported that enhancement of the cGMP/ PKG pathway byimghitidE

mediated hydrolysis of cGMP reduces cardiac hypertrgpakimoto et al. 2008Miller et

al. 2009. Takimoto and colleagues showed that pharmacological inhibition of PDE5 with
Sildenafilreverses hypertrophy, suppresses remodelling and improves cardiac function in
mouse hearts subjected to thoracic aortic constriction (TAC). In addition, the authors
suggested that the aitypertrophic effects dbildenafilare mediated by the cGMP/PKG
signalling pathwayTakimoto et al. 20056 Miller et al published datavhich indicated that
PDEL1 inhibition with IC86340 is able to attenuate the hypertrophic response induced by
chronic isoproterenol infusion vivo (Miller et al.2009. The authors also showed that
expression levels of the dugphecific PDE1 are significantly eqggulated in various

vivo andin vitro models of hypertrophy. Results obtained with selective PKG or PKA
inhibitors, indicated that PDE1 seems to tatricardiac hypertrophy via modulation of
cGMP/PKG signalling pathway#iller et al. 2009. The role of PDES5 in regulating

cardiac hyprtrophy was also questied by Lukowski and caorkers,as endogenous

PDES5 could not be detected in cardiomyocytes from either wild type mice or mice lacking
cardiaespecific PKG(Lukowski et al. 201 Further studies are required to fully

understand the role of cGMP/ PKGcardiac hypertrophy.

1.10.1.2 Calcineurin/ NFAT

One of the most studied maladaptive pathways is the calcineurin pathway. Calcineurin is a
calcium/calmodulirregulated, srine/ threonine phosphatase that dephosphorylates
members of the NFAT transcription factor family, causing their nuclear translocation and
the activation of immune sponse genes such as interled«ki(Crabtree 1999 The

physiological role of calcineurin was initially elucidated wtélls where an increase in
cytoplasmic calcium concentrations promoted the association of calmodulin with

calcineurin and consegqut activation of the enzyn{®Ison and Williams 2000

Molkentin et al. have demonstrated the role of calcineurin in cardiac hypertrophy,
generating transgenimice that overexpressed aetigd forms of calcineurin or MH 3 in

the hear{Molkentin et al. 1998 These mice were shown to develop cardiac hypertrophy
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and heart failurdeforetwo monthsof age. Rarmacologial inhibition of calcineurin
activity with theimmunosuppressant drugs cyclosporin A (CsA) and FK &a®éch
inhibits calcineurin's ability to activate NKT transcriptionfactors,blockedthe
hypertrghic responsef isolatedcardiomyocytes to Ang knd PE. Furthermoy€sA
treatmenby subcutaneous injection prevedtardiac hypertrophy and associated

pathology in calcineurin transgenic mi¢®lolkentin et al. 1998 Theseaesults suggeshe

i nvol vement of calcineurin in a dédmal adap!
heart failure was acceleratédowever, the role of calcineurin in the proggi®n of cardiac
hypertrophy is still controversial mainly due to conflicting resultsafivo experiments

using the calcineurin inhibitors cyclosporine A (CsA) and FK506 to treat various rodent
models of hypertrophy. However, interpretationro¥ivoresults is difficult as the doses of
CsA required to inhibit calcineurin activity in the heart are abotfoltDhigher than those
required for immunosuppression and are associated with significant systemic toxicity. As
well as thiscalcineurin is not card-specific, therefore inhibition of its activity by CsA or
FK506 may modify the cardiac effects via systemic influeiiEesy and Olson 2003The
discovery of several endogenous calcineurin inhibitors, such as AKAP79/Caibinand
DSCR/MCIP has allowed for alternative methods of investiga@merexpression of the
calcineurinbinding domain of AKAP79 (sek.7.]) in neonatal rat cardiomyocytes

prevents PEnduced hypertrophgTaigen et al. 2000 AKAP79 interacts with calcineurin

as well as protein kinases A and C (3€&1), creating yet another point of integration

between hypertrophic signalling pathways.

1.10.1.3 G-protein coupled receptors
Another clear example of maladaptive mechanism is the signalling pathway associated to
activation of the Groteincoupledreceptor (GPCR). GPCR are crucial in normal
cardiovascularfunatin and i n mediating the fAfight o
catecholamines such as adrenaline, noradrenaline and angiotér@smost importan
myocardiaiGPCRs i nclude adrenergic (zmaphbi sed
adrenergic receptors) andustarinic receptors, which are coupled to three principal
classes of heterotrimeric GInding proteins, G Gy/G11, and G. G proteins consist of
the subunits Gand G , which upon receptor activation dissociate and independently
activate intracellulasignalling pathwaysG, is the target of Ang Il, ETL , and U
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adrenergic stimulation that have been demonstrated to determine hypertrophic responses i

cardiomyocytegSadoshima et al. 199Blicol et al. 2000Maruyama et al. 2002

Several studies have highlighted the involvementgdighalling inthe development of
hypertrophy and transition to heart failure. Sakata et al showed that transgenic mice
overexpressing gdevelop a pronounced hypertrophy that rapidly progresses to heart
failure in response to presstmeerload via aortic bandin@akata et al. 1998 suggesting
that excessive activation of the @athway is mainly deleterious. Transgenic mice with
inhibited G, signallingdeveloped significaty less ventricular hypertrophy than control
animals aftepressureoverload was induced kaortic stenosigAkhter et al. 1998
Furthermore, transgenic mitacking both Gand G in cardiomyocytes showed no
hypertrophy in response to pressokerioad induced bYAC (Wettschureck et al. 2091
The lack of hypertrophic responigeboth of these studigsoves that the g G;;-mediated

pathwayis essential for cardiac hypertrophy induced by pressure overload

Milano et al showed that overexpression of a constitutively t i \-aglrerigrgji@receptor
in the heart induced cardiac hypertrogMilano et al. 199%while mice lacking this
receptor failed to develop hypertrophy @sponse to chronic infusion of adrenergic
agonists but still displayed a hypertrophic response to pressure ov@fezaxdhione et al.
2002.

1.10.1.4 cAMP/ PKA signalling in cardiac hypertrophy

Stmul at i-mdcr eorf e Ibg i cARs) activatpstadenylkcyclade (AC), generating
36, 56 cyclic adeAWsandr resultsm posifpdnrorotppicat e (
inotropic, and lusitropic effects on the he@eérs 2008 . Catecholamines released from
the sympathetic nervous systemrésponse to stress or exercise rapidly increase the
cardiac output via this signalling pathways previously discussed.@), anumber of
publications have revealed that persistent stimulation by catecholamines leads to
hypetrophic growth, ventricular dysfunction and, in the long term, to heart faltlure.
cardiac myocytes, both- a n d-ARs have been reported to mediate an increase in
contractility via G-dependent coupling to adenylyl cyclase to generate cHd and

Lakatta 1993 Chronic catecholamine treatment results in a significant downregulation of
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b;-AR expressioronly, leading to desensitist i on of t he -ddemergit t o i
stimulation(Fowler et al. 1986Engelhardt et al. 199%0hse et al. 20QBarry et al.
2008.

The most abundant adr en e tABwhichis ®uledta® r i n
Ov er e x pr eARsin bearts offtranggenic mice initially increases contractile
function to isoproterenol, but eventually results in progressive cardiomyocyte hypertrophy
and fibrosis leading to heart failuf€ngelhardt et al. 1999Likewise,transgenic mice
overexpressing &also developed cardiac hypertrofgi@audin et al. 1993wase et al.

1996. Antos and colleagues demonstrated that transgenic mice overexpressing PKA
develop dilated cardiomyopathy associated with cardiomyocyte hypertrophy and fibrosis,
suggesting that PKA medi a{adrenerdiclsignallm@intasr s e
etal. 200). It has been suggested that AC may actually have cardioprotective effects.
Elevated cardiac adenylyl cyclase activity was shown to result inteongenhanced

function, and in transgenic mouse models that suffer from cardiac failure (dye to G

overexpression)

To investigate the hypothesis that increased AC6 would be cardioprotective, Roth and
colleagues crossbred mice with-@ssociated cardiomyopathy and those with cardiac
directed expression of AAJRoth et al. 2002 Survival was increased by cardidicected
expression of A6 and hypertrophic growth was abolishecheToverexpression of A&C
wasalsofound to improve contractilityRoth et al. 2002 Goa et al. also reported

transgenic mice with cardiatirected overexpression of AC6 demonstrate improved
contractile functio{Gao et al. 2002 Gao and colleagues latg#towed that AC6

overexpression increases calcium cycling in cardiomyocytes and enhances cardiac functior
by downregulating phospholamban, a sarcoplasmic reticulufft&&Pase inhibitoGao

et al. 2004. Another study found that AC6, but not AC5, mRNA is decreased in rats with
cardiachypertrophy after myocardial infarctigispinasse et al. 19p®verexpression of

AC5 was found to restore cyclic AMP sign:;
hypertrophic mice, however cardiac hypertrophy still develdpege and Liggett 1999
Okumura and colleagues demonstrated that decreasing AC5 expression may have a
protectiverole in mice where hypertrophy was induced by aortic ban@kgmura et al.

2003. Theauthors showed thatn comparison of AC5 knock o(AC5KO) mice and W
littermatesthe number of apoptotic myocytes was increased significantly in Waldq%

78



Chapter 17 Introduction

at both 1 and 3 weeks after TAC, and the number was significantly less in AC5KO (2
fold). More importantly, cardiac apoptosis was induced prior to cardiac dysfumnctit/T.

The same group also demonstrated that the disruption of AC5 results in more effective
desensitisatioafter chronic catecholamine stress and protects against the development of
myocyte apoptosis and deterioration of cardiac fundi@umura et al2009. The

findings suggest that, at least in adulfocytes AC5 may lead to cardiatysfunction and

its disruption may have a cardioprotective effect.

bo-adrenergic receptors couple tg @hibiting AC and thus directly opposing-G
dependent signallingn 1988, Neumann et al. published the first evidence; oG
regulation occurring in patients with heart failfdeumann et al. 1988This was later
confirmed by Bristow and colleagues who reportedithatyocardial tissue from patients
with heart failurehe G; content was increased b$0%, and basal AC activity was
depressed by70% (Hershberger et al. 1991G; is uprayulated in hypertensive
hypertrophy before the development of overt failiBehm et al. 199R indicating that G
up-regulation may precede decompensation. Mice genetically engineered to express a
conditional G-coupled receptor demonstrated a profound decrease in heart rate upon

stimulation resulting in cardiomyopathy and lethal arrhythr{iRedfern et al. 1999

Heart failureisa ¢ c o mp a ni e d -AR yunctiomihraughr betd a decreased number

of receptors and functdadnahewvgcauplRkeg:i o
or GRK), a kinase believed to mediate these processes, by overexpression of the inhibitory
peptd e-ARKct attenuates cardiomyopathy secondary to deficiency of the sarcomeric
protein MLP(Rockman et al. 1998 Mo r e-ARK@& overexpression significantly

blunts thedevelopment of cardiac hypertrophy and delays development of systolic
dysfunction in transgenic mice overexpressimg sarcoplasmic reticulum €abinding

protein, calsequestrin (CSQ). These ntiege a severe cardiomyopathy and markedly
shortened survival (9 weeks), whereas CBEXRKct mice exhibited a significant

increase in survival age (15 weeks) and displayed less cardiac diléksialing et al.

2001). This data again demonstrates the beneficial effedisAd®K inhibition of cardiac
hypertrophy

These data suggest-adreheagtc signallimppatmeayntaghavef t h
different consequences on cardiac hypertrophy and failure. One explanation for the
vari at i on-AR stimdatidn e artimboofiels fof cardiabypertrophy is that in
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cardiac myocytes cCAMP/PKA signalling is compartmentalise@!.7). It is therefore
possible that distinct and localised pools of cCAMP mediate different downstream

functional effectsn cardiomyocytes.

Current therapeutic treatment for dilated cardiomyopathy and heart failure are aimed at
improvingcardiac contractility by raising cAMP production throdgAR antagonists and
phosphodiesterase inhibitoSeveral PDES3 inhibitorisincluding, milrinone, amrinone,

and enoximoné& were developed as therapeutic agents for the treatment of ischaemic and
dilated cardiomyopathylhe use of thesinhibitors was shen to haveshortterm

beneficial effects on cardiovascular functiortreated patients in numerous studies,
howeverongterm use of such drugs resulted in negative side effects such as arrhythmias
andincreased mortalityMovsesian and Alharethi 200Rlovsesian and Kukreja 2011

These detrimental consequences of &g use of PDE3 inhibitors may bgplained by

the fact that norselectiveinhibition of PDE3would lead to a global activatiaf PKA, by
increasedntercellular cAMP. This would result in generalised phosphorylation of all
substrates of PKA, including those involved in mediating betielicial and adverse

effects. Based on this model, selective modulation of compartmentalised PDESs activity
may result in a more effective treatment without the negative side effects. A more detailed
description of the spatial orgamigon of the individuBcAMP/PKA signalling sub
compartments and of their specific regulation in cardiac myocytes would be required to
develop novel therapeutics able to treat cardiovascular disease. Importantly, a better
understanding of the regulation and function of indigideDE isoforms has in
cardiomyocytes is essential as very little is known about the role of compartmentalised
PDEs in regulating cAMP signalling in heart disedsdact, few have published data on

the role of PDEs in cardiac hypertrophy, and often tesuk conflicting

Abi-Gerges and colleagues studied the expression of PDEs and their regulation in single
hypertrophied cardiomyocytes isolated from Wistar rats exposed to pressul@ad by

surgical thoracic aortic banding (TAC). SubsarcolemoAdP signals were detected by
whole-cell patchclamp recordings of the associated cyclic nucleeg@aied (CNG) current

(Icng) and PDE activity and protein levels were assessed. They reported a decrease in botf
PDE3 and PDE4 cAM#Pydrolyzing activityin TAGan mal s, t oget her wi
adrenergic receptor desensitisation. Furthermore, western blot analysis revealed that
PDE3A, PDE4A and PDE4B, but not PDE4D, expression levels were decreased in
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hypertrophic myocytefAbi-Gerges et al. 2009In 2010, Mokni et al. investigated the
activities of various PDE isoforms in Wistar rats where hypertrophy was induced by
chronic infusion of angiotensin (Ang I1). It was rg@orted that the cAMP hydrolysing
activity of PDE4 is increased, whereas PDE1, PDE2 and PDE3 eddgRading activities
are unchangedutilising a realtime PCR approach, the same study shows a significant
decrease in mRNA levels of PDE4D and no change iBZ4) PDE3A, PDE3B, PDE4A,
PDE4B or PDE4C which is somewhat in contradiction of the PDE activity assay results
(Mokni et al. 201.

These studies show that, dgicardiac hypertrophy, alterations in PDE expression and
activity mayoccur. To fully understand compartmentalised cAMP signallingPdpid
regulation in cardiac hypertrophy and whether selective modulation of PDEs activity may
be exploited as a therapeutieatment, further investigation is necessagpreviously
mentioned 1.10.1.4, PDE inhibitors for several families have been used clinically or are
currently being investigated in clinical trials for treatmhfor a number of different
cardiovascular diseases. The PDE3 family have been used for a number of years to treat
chronic heart failure, althougheir longtermuse hagenerally been shown to increase
mortality (Packer et al. 199 Movsesian 2002Movsesian and Alharethi 20p2vViore

recently, PDESpecific inhibitors have been used to treat pulmonary hypertension by
reducing pulmonary vascular resistaiGalie et al. 2010 Somestudies have also

suggested that PDES5 ittiiors may be useful as a treatment for models of iscliemia
reperfusion, left and right ventricular hypertrophy, and congestive heart fiumear et

al. 2009. However there have been some suggestions that PDES5 inhibitors may have
limited effects on vascular tone in humans, which indirectly contribute to the
cardioprotective effects.

Dual PDE inhibitors inducing synergic potencies wébkder undesirable side effects have
been envisioned. Indeed, dual PDE3/4 inhibitors are now designed as therapeutic agents
for chronic obstructive pulmonary disease (COPD). By combining both inhibitions, these
compounds have additive and synergistic broddatory and antinflammatory effects
(Banner and Press 2009

Another approach to obtain efficiethierapeutic effect, without the negative side effects,
may be to specifically target the altered PDE family and in particular the akefednso

that all otheforms remain unalteredror this to occurit would be necessary to
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characterise thall PDEisozymes present in the studied model #rashidentify which

PDE isoforms are altered in the disebstte before selectively inhibiting the PDE of
interest The outcome of this type of treatment would be restoration of the altered PDEs
and associatecetiular function without changing the other raltered PDESSelective
pharmacological inhibition of individual PDE isoforms has proved difficult due to the fact
that existing inhibitors target the catalytic site and this domairgigyhconserved among
isoforms, and thugjoes not allow for discriminatiooetween isoform¥One alternative
approach is to displace the individual PDE isoform from its specific subcellular anchor
site This may be possible with the use of disruptor pep(i@esistian et al. 2011Sin et

al. 2012 or overexpression of catalytically inactive PDE isoforms (dominagiative
approactsee?.2.2 (Houslay et al. 20Q7Stangherlin et al. 20} 1although furthe

investigation is required to better develop these treatment strategies.
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2 Thesis Aims

In the heart, compartmentalised cCAMP/PKA signals play a key role in the regulation of
excitation contraction coupling (ECC). Recent studies have demonstratedghatrnent

of cCAMP/ PKA compartmentalisatidoy alteredPDE expression/ activity or AKAP
binding, can leatb the development dfeart disease. One such cardiovascular disease
where altered PDE activity and expression levels have been describedias c
hypertrophy. Uhderstanding théne control of cAMP and thesgulation and function of
individual PDE isoforms in normal and hypertrophied heantsyprovide new valuable
insight for the development of novel therapeutics for the treatment of cardiac bghegrtr

Previous data (unpublished)meonatal rat ventricular myocyteésansfected with Epael
camps FRET sensandicated PDE2 activity is significantly increased in hypertrophic
cardiac myocytes and pharmacological inhibition of PDE2 with Bay38D ounteracts
NE-induced cardiomyocytes hypertrophy.

Therefore the hypothesis that altered PDE2 activation induces hypertafignyexcessive
catecholamine stimulatiomwas tested imdult rat ventricular myocytedJtilising targeted
FRET-based biosensons anin vitro model of cardiomyocyte hypertrophy, the role of

cAMP phosphodiesterases in the development of cardiac hypertrophy was investigated.
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3 Materials and Methods

3.1 Materials

The chemicals used in this study were of analytical grade. All chemieatéssupplied by
SigmaAldrich unless otherwise indicated.

3.2 Cellular Biology

All tissue culture was performed in sterile conditions using biological safety class Il

vertical laminar flow cabinets. Cells were grown in 37°C incubators maintained at 5%
CO..

3.2.1 Primary Isolation Optimisation

The goal of a cell isolation procedure is to maximise the yield of functionally viable,
dissociated cells; however there are several parameters which may affect this outcome,

such as:

1. Type of tissue

2. Species of ogin

3. Age of the animal

4. Genetic modification(s) (knockouts, etc.)

5. Dissociation medium
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6. Enzyme(s)
7. Impurities in any crude enzyme preparation
8. Concentration(s) of enzyme(s)

9. Incubation times

Fromthe literature it is clear thgreatest &riation in dissociation protocols is the enzyme

used and the dissociation conditions (i.e. concentration of enzyme and incubation times).

3.2.1.1 Collagenase

Collagenases are endopeptidases that digest native collagen, the major fibrous component

of animal exracellular connective tissue and are widely used in cell dissociation protocols.

Due to the variation between batches of collagenase, Worthing Biochem offers a sampling
service in order to preest a particulabatchof enzyme. The customer is sertiéchesof
collagenase to test in their experiment and selecttis¢ effectiveof the group to order

in bulk.

3.2.2 Adult Rat Ventricular Myocytes (ARVM)

3.2.2.1 Isolation of ARVM

Primary adult cardiac ventricular myocytes were isolated from the hearts 6220§g
Wistar rats (Harlan Laboratories) with the following protocol.

Male Wistar rats were stunned by a blow to the head and killed by cervical dislocation.
The thoracic cavity was opened and the heart was quickly removed and placecbid ice
Krebs solutio (se€3.2.6for all media and buffer used for this protocol). The heart was
mounted and tied via the aorta on to the cannula of a Langendorff perfusion system and
perfused with Krebs solution at 37 for appraimately 5 minutes until all the blood had
been washed out from the coronagssels. Hearts were then perfused with an enzyme
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solution containing 0.66m collagenase type | (Worthington) and 0.04migrotease
type XIV in warm Krebs. Enzyme solution wesllected from the heart and-ceculated
once the initial solution had passed through the heart. The heart was kept warm by heating

the perfusate and using a heated jacket or lamp around the heart.

Figure 3-1.The Langendorff perfusion system used to perform isolations.

A. Buffer and enzyme are heated in a water bath and driven through the system by a
peristaltic pump. The cannula was attached to a glass reservoir which kept the enzyme
warm and also acted as a bubble trap. B. Image of a rat heart attached to the cannula during

retrograde perfusion with enzyme.

The heart was judged as being digestembdhe tissue felt soft to the touch and the colour

had becomg@aleand almost translucent (this toakound 911 minutes depending on the

size of heart). The perfusion was stopped, the heart was removed from the cannula and the
ventricles were finely chopped in a Krebs solution containing 0.5% BSA. The tissue was
gently triturated with a Pasteur pipettearder to dissociate the myocytes, and the
supernatant transferred intd.&ml tube The process was repeated until all the tissue was

dissolvedor there were no more living myocytes dissociating.

This whole process was conducted in calcium free solatial therefore the calcium

levels must be raised to physiological levels. The ga@icentration in the cell solution
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was gradually increased over time by addingmM CaCl every 20 minutes until a final
concentration of 1mM CagWwas obtained. Cellsave then allowed to settle by gravity for
20 minutes before removing supernatant and resuspending the pellet in supplemented
M199 medium. Cells wereounted using a haemocytometenlyorod shapeduiescent

cells were considered viable. Cells were seetl®&@,800 cells per 24mm lamintcoated

glassmicroscope coverslips and incubated at 37°C for at least 2 hours before infection.

Figure 3-2. Image of an adult rat ventricular myocyte (ARVM) isolation before counting and

seeding the cells, showing both healthy (rod shaped) myocytes and dead (round) myocytes.

3.2.2.2 Troubleshooting

There are various possible results for tissue dissociation and being able to correctly
recognise what these results are will helplentify the corrective actions to take next

time. For example ithe dissociation outcome is:

Low yield and low viability of cells: This is an ger/under digestion, cellular damage.
Change to less digestive type enzyme and/or decrease working commentead. from

trypsin to collagenase/ from Type 2 collagenase to Type 1).
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Low yield but high viability of cells: Suggests nder dissociation

Increase enzyme concentration and/or incubation time and monitor both yield and viability
response. If yield maains poor, evaluate a more digestive type enzyme and/or the addition
of secondary enzyme(s).

High yield but low viability of cells: Suggests this was @gd dissociation but there is
cellular damage

Enzyme is overly digestive and/or at too high a workiogcentration. Reduce

concentration and/or incubation time and monitor yield and viability response.

High yield and high viability : The ideal dissociation.

3.2.2.3 Preparation of Laminin-coated coverslips

Laminin (mouse purified, Millipore) was prepared to mfactureés specifications and
stored at 4ecC. L a mminnismpplemarged Mi99 mediendaddt o 2 0
mm cover glasses (VWR International) were sterilised witataar ethanasolution (1:1)

and set in a 6 wetlssue cultureTC) plate to albw them to dry. Each coverslip was

coated with 25@ bf laminin and incubated at 37°C for a minimum of 1 hour. Laminin

was removed by aspiration before use.

3.2.3 In-vitro hypertrophy protocol

For hypertrophy induction, ARVM were seeded onto laminin coatedrslips at 50,000
cells per slide and incubated at@7or 2 hours to allow living cells to attach to the glass.
After this time the medium was aspirated and replatedMnorepinephrin€NE) in

serum free mediurwas added to the hypertrophic myocyaesl an equal amount of
DMSO was added to control myocytes before viral infecwamich occurs on same day as

induction of hypertrophy)
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3.2.4 Infection of ARVM with adenovirus vectors carrying

FRET-based sensors

Isolated ARVM were infected with the desineuliltiplicity of infection (MOI) using the

following equation:

number of cells X desired MOI (1000 in this case)

= total PFU (plagque forming units)

After seeding the cells onto laminin coated coverslips and incubating for 2 hours as
mentioned above, the medium was aspirated to remove dead cells and fresh supplementec
M199 containing th calculated amount of virus was added. Cells were incubated at 37 °C

overnight (~18 hours) prior to use.

3.2.5 CHO culture and transfection

CHO-K1 cells from Hamster Chinese ovary cells were thawed in a water bath at 37°C and
added drop wise to il of prewarmed mediumgentrifugedfor 5 minutes aB00x g, re-
suspended in fresh medium and seeded in a 7$lask containing 16nl of the

appropriate medium. Cells were fed evet§ 8ays by changing medium, and split into

new flasks when 890% confluent.

CHO freezing

Cells were trypsinised with trypsiBDTA 0.05 % (Invitrogen)centrifugedfor 5 minutes
at2,700x gre-suspended in 3 volumes of FBS and 1 volume of freezing sol&idrg(
added drop wise. Csllwere then dispensed intar2 cryo vials and transferred t80°C

for 24h. Cells were then stored in liquid nitrogen tank.
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3.2.6 Media, Buffers and compounds for Cellular Biology

Krebds Solution

NaCl
Hepes
NaH,PO,
KCI
MgCl,
Taurine
Creatine
Glucose *

* glucoseadded prior to use

120 mM
20 mM
0.52 mM
5.4 mM
3.5mM
20 mM
10 mM
11.10 mM

Adjustedto pH 7.4 filter sterilisedand stord at 4°C.

Supplemented M199 medium (for ARVM)

MEM2199 (Invitrogen)

Taurine

L-Carnitine

Creatine

Pen/Strep

Filter sterilisedand stord at 4°C

Tyrode Solution
NacCl

Glucose

KCI

MgSO,
NaH,PO,
HEPES

500ml
5mM
2 mM
5mM
100i.u.ml" *

134 mM
11 mM
4 mM
1.2 mM
1.2 mM
10 mM

Adjustedto pH 7.34f{ilter sterilisedand stord at 4°C.
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Supplemented Hams F12 medium (for CHEK1 cells)

Ha m&-B2 (Ikvitrogen) 500ml
Glutamine (Iwitrogen) 2mM
Penicillin 1U/ml
Streptomycin 1 any /
FBS (Invitrogen) 10 %

Freezing Solution (for CHO-K1 cells)

DMEM
Glucose 12 %
DMSO 40 %

3.3 Molecular Biology

3.3.1 Agar plates

Agar plates were prepared by autoclavingddarbroth (1 % tryptone0.5 % yeast

extract, 170 mM NaCand 1.5% agdy cooling the mixture-45C, and therthe

appropriate antibiotic (ampicillin or kanamycin) for the plasmid antibiotic resistance gene
was addedbefore poung into 90 mm Petri dishesgar plates were storegtaled at 4°C

for up to one month.

3.3.2 Transformation of Chemically Competent Cells

Chemically competent TOP10 cells (Invitrogen) were storeE @& e C and t hawec
for 10 minutes immediately prior to use2% ng of plasmid DNA was added per&0

aliquot of competent cells on ice, and mixed gently. Tubes were incubated for 15 minutes
on ice, heat shocked at 42f@ 30 seconds, and returned to ice for a further 2 minutes.

450¢ bf prewarmed SOC media (Invitrogen) was aseptically added to the amtidubes
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were incubated at 37°C for 1 hour in a shaking incubate20®& bf the transformation
mix was spread onto prearmed agar plates containing the appropriate antibiotic. Plates
were incubated upside down at 37°C overnight. Colony growth itedicaiccessful

transformation of cells.

3.3.3 DNA extraction and purification

Single putative positive colonies were picked from agar plates using a sterile pipette tip,
and grown for approx. 8 hours imd3 of LB containing the appropriate antibiotic at’g7

in an orbital shaker set at 180 rpnmlLof the culture was used to check the plasmid

i solated using a Ql Aprep Spin Miniprep Ki
protocol for plasmid purification with a microcentrifuge. Plasmids were screened by
restriction digest or sequencing. The remaining positive starter culture was addeanio 500
LB in a 2 L flask and incubated in an orbital shaker overnight at 37°C and 180 rpm. The

bacterial cells weredrvested by centrifugation at 6700 kog 15 minutesat 4°C

The plasmid DNA was extracted from the bacteria using the HiSpeed Plasmid Maxi Kit
(QIAGEN). Briefly, the bacterial pellet was-seispended in 1@ of the lysis Buffer P1.

Buffer P1 contains Tris and EDTA. EDTA chelates divalent metals (priymagdignesium

and calcium). Removal of these cations destabilises the cell membrane, producing lysis of
the bacterial cells, and also inhibits DNasesml0f Buffer P2 was added, the solution

mixed thoroughly by inverting-8 times and incubated at roonmigerature for 5 minutes.
Buffer P2 contains sodium hydroxide and SDS. SDS is a detergent which creates holes in
the cell membranes and sodium hydroxide loosens the cell walls. This results in release of
plasmid DNA and sheared cellular DNA from the célledium hydroxide also denatures

the DNA, producing linearisation of cellular DNA and separatibtne strands. 1nl of

Buffer P3 was added (chilled to 4°C), the solution mixed thoroughly by invertihgres

and incubated on ice for 20 minutes. BulR& was a neutralisation buffer containing
potassium acetate and allows precipitation of genomic DNA, proteins, cell debris and KDS
(combination of acetate and SDS). The solution was then poured into the QIAfilter
cartridge and incubated for 10 minutes. iDgrthis time, HiSpeed Maxi tip was

equilibrated by addition of 1l Buffer QBT and emptied by gravity flow.
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The supernataritom the QIAfilterwas applied to the anieexchangédiSpeedip by
pressing on the plungand allowed to enter the resin by gtgflow where the plasmid
DNA selectively binds under logalt and pH conditions. THéiSpeedtip was then
washed witt60 ml Buffer QC, which was a mediwsalt wash to remove RNA, proteins,
metabolites and other lemolecularweight impurities. The plasmiDNA was then eluted
from theHiSpeedip by addition of 15ml| Buffer QF, a higksalt buffer. As DNA is
negatively charged, the addition of salt masks the charges and BIN#v$0 precipitate
10.5ml of isopropanol was added to the plasmid D{¢Ancentating the DNA and
removing salt) The eluate/ isopropanol mixture was passed througQtAprecipitator
Maxi Moduleand washed with gl 70%ethanol. The plasmid DNA was thelutedin 1
ml H,O before quantification of yield and stored2t0 ¢ C

3.3.4 Storage of plasmid DNA

For longterm plasmid storage,rl of overnight culture was mixed with 5@0I
autoclaved glycerol in a sterile cryovial. The glycerol stock was thenfsozgn on dry
ice and stored at8 0 e C.

Glycerol stocks could also be used to inoculate culture media by scraping the frozen stock
with a sterile pipette tip and then transferred intol2B media containing the correct

antibiotic.

3.3.5 Quantification of nucleic acids

Theconcentration of purified DNA was determined by Nanodrop 1000 spectrophotometer
(Thermo Scientific). Absorbance wavelength was set at 260 nm and 280 nm. The
A260:A280 ratio determines the purity of DNA where a value of 1.8 is indicative of highly
purified DNA. The DNA concentration was calculated using the Beenbert law, where
anA260 reading of 1.0 optical mldauldesttaryded( OD)

DNA
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3.3.6 DNA Sequencing

DNA sequencing was performed by the University of Dundee Sequencing Service,
http://www.dnaseq.co.ukDNA samples were supplied as per the welrisions, and
sequencing carried out using either standard or custom primers. Analysis of DNA

sequencing was performed using Genomics Workbench (CLC Bio)

3.3.7 Restriction enzymes and Ligation

All restriction enzyme were purchased by New England Biolalodigation reactions,
Rapid DNA Ligation Kit (Roche) was used. Plasmids were quantified by agarose gel

electrophoresis.

3.3.8 Agarose Gel Electrophoresis

Agarose gel electrophoresis was utilised to separate DNA molecules by size. This works
by moving negatiely charged DNA through an agarose matrix via the application of an
electrical charge. The BiRad SubCell GT electrophoresis system was used. A 1 %
agarose solution was prepared by dissolving agaroseTdmBxbuffer (40 mM TrisCl,

20mM glacial acetiacid, 1 mM EDTA) by heating in a microwave oven. The solution

was cooled to handling temperature, and 1:10 000 SYBR Safe DNA gel stain (Invitrogen)
added. The solution was then poured into a gel mould and allowed to cool and set. DNA
samples were preparéar loading using a 1:6 dilution of 6x DNA loading buffer (0.25%
bromophenol blue, 0.25 % xylene cyanol FF and 40% sucrose). 1 kb DNA ladder
(Promega) was used as a molecular size marker. The gel was run at 100 V for around 45
minutes. The gel was then rewed from the tank and visualised on an ultraviolet

transilluminator. DNA bands can be cut directly from the gel and purified.
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3.3.9 PCR and DNA purification

PCR products and digested DNA were purified using QlAquick P@®i¢ation Kit and
QIAquick GelExtraction Kit (both fromQl Agen) f ol l owing manuf a

3.3.10 Generation of FRET-based constructs

RI_epac and RIl_epac

The Epacicamps sensor for cAM@Nikolaev et al. 2004was kindly provided by

M.Lohse (Institute of Pharmacology and Toxicology, University of Wurzburg, Germany)
RI_epac and RIl_epac constructs were generated mnfasthe dimerisation and docking
domains (D/ D) of RI U (-&dninsafthe BpactapslAR7 ( 4 9
aa linker A (EAAAK)5A was inserted between thelDdndEpactcamps to avoid

inadequate interactions between the domains, allowing thevork independentl{Di
Benedetto et al. 2008

RI-Cygnet2.1 andRII -Cygnet-2.1

Cygret-2.1 was generously supplied by Wolfgang Dostmann, (Departroénts

Pharmacology and Molecular Physiology and Biophysics, University of Vermont,
Burlington). Targetedcygn& . 1 constructs were created |
aa) or RIIDb (49 aa) between the Nhel and

3.3.11 Generation of Ad5 recombinant vectors

In order for these FREBased constructs to be used in adult ventricular myocytes, they
first needed to be produced in an adenovirus. ABN2E2A2wtmCherry, AdV5PDE2A2
catalytically dead (D685A796A)mCherry, RICygnet and RHCygnet were produced

by Vector Biolabs.
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For RI_epac and RII_epac the AdEasy XL Adenoviral Vector Systems (Agilent
Technologies, California) was employed. Briefly, the constructs were inserted into the
MCS of pShuttle CMV and confirmed by rastion digest. DNA was purified and

linearised by digesting the vector wime land gel purifying. BJ5183D-1 cells were
transformed with the | inearised DNA by el
LB-kanamycin agar plates. The smaller wedllated colonies were picked and grown in a

3 ml LB-kanamycin broth. Colonies were screened for positive recombinants by digesting
10¢ bf miniprep DNA withPaclrestriction enzyme and running the digestion product on

a 0.8 % agarose TAE gé&aclrestridgion of a recombinant pAdEaslyvector should

appear as a large band at approximately 30 kb and a smaller band either at 3 kb or 4.5 kb
depending on where the recombination took place. Recombinant pAdEasy plasmids were
amplified in XL10-Gold ultracompetent e | | s f ol | owi ng t he manu
Purified recombinant adenovirus plasmid was digestedRatti enzyme to confirm

desired restriction pattern.

3.3.11.1 Adenovirus production in AD-293 Cells

Bet ween 50 €g and 100 e€g of viral pl as mi
Paclenzyme. The next day the digested DNA was ethanol precipitated by adding 2
volumes of ethanol and 0.3 volumes of sodium acetate and incuba2e@ & C f or 1
DNA was centrifuged at 2@00x g for 30 minutes, supernatant discarded and the pellet
washed in 70% ethanol and air dried for 5 minutes. The pellet was resuspendedih 20

sterile water.

AD-293 cells were seeded in a 6 well plate to a density of’el8 per well and grown
overnight. Two solutions containing the following were prepared:

Solution 1 450¢ bf OptiMEM (Invitrogen)and3 € g DNA per wel |
Solution 2 450¢ bf OptiMEM and 2.% Lipofectamid™ 2000 (Invitrogen) per well.

Solutions werdeft for 5 minutes at room temperature before mixing and incubating for a
further 20 minutes at room temperature. 90Bf the mixed solution was added drop wise
to the wells. Cells were incubated at 37°C and 5%1fG4 hours before replacing with

fresh culture medium (se23.11.4. Plaque formation normally occurred afted 8lays
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(but sometimes could take as long as 10 days). After the first plaques were seen the virus
was left for a further -3l days to dbw it to infect the rest of the cells before it was

harvested.

3.3.11.2 Harvest virus from AD293 cells

After 3-4 days the cytopathic effect of the vector caused the cells to detach from the tissue
culture dish or flask. In the initial transfection cells maysbeped from the well using a

cell scraper. The media containing the cells was collected and the cellsamezsted by
centrifugation at 78x g for 10 minutes at room temperature. The supernatant was
discarded and the pellet resuspendednm 8f PBS.An equal volume of
trichlorotrifluoroethane was added and after inversion of the falcon tube and gentle shaking
the solution was centrifuged &f700x g for 15 minutes at room temperature. The top
aqueous layer was removed and used to infect more AD293aamplify the virus or

stored at80°C until purification by CsCI gradient.

3.3.11.3 Amplification of Virus

AD293 cells were grown until 880% confluent in a T150 flask. To this &2 of fresh

medium and Inl of virus was added. Cells took around 8ays ¢ fully infect. Cells were
harvested as previously mentioned and used to infect 4 T150 flasks. This procedure was
repeated until 280 flasks were infected. The virus was then harvested and purified by
CsCl gradient.

3.3.11.4 Medium for AD293 cells

Culture M edium

DMEM i High glucose with sodium 500ml
pyruvate and tglutamine (Invitrogen)
FBS (heatnactive) (Invitrogen) 10 %
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Freezing Medium

DMEM 1 High glucose with sodium 50ml
pyruvate and tglutamine (Invitrogen)

FBS (heatinactive) (Invitrogen) 40 %
DMSO 10 %

3.3.11.5 Adenovirus purification

Centrifugation on CsCI density gradients was used to purify and concentrate crude
adenoviral stocks. Ultralear centrifuge tubes 16 mm x 102 mm (Beckman Coulter Ltd,
Buckinghamshire) were sterilised with 70% ethanol and W&shed with sterile water. A
CsCl gradient was produced by sequentially layering &f CsCl with a density of 1.45
g/cm3, 3ml of CsCl with a density of 1.32 g/érand 2ml 40% glycerol. The crude

adenoviral supernatant was then added drop wise tophaf the gradient so not to disturb
the layers and the remaining space was filled with PBS. The tube was loaded into a rotor
and centrifuged at12,490x gfor 1.5 hours at 4°C with maximum acceleration and zero
deceleration. Following centrifugationpand containing the complete adenovirus can be
seen between the two CsCl layers. This was removed by piercing the tube below the virus
band using a 21 gauge needle and removing the band in the minimum volume and taking
care to prevent disruption of the ettbands. Extracted virus was transferred to a 3ide
Lyzer Dialysis Cassette (molecular weight-offt of 10000) (Perbio Science UK Ltd) for
dialysis after hydration of the cassette for 1 minute in dialysis solution. The virus was
dialysed in 5L of 0.0M Tris pH 8 /0.001 M EDTA for 6 hours, after which the buffer

was changed and supplemented with 10 % glycerol and dialysis repeated overnight. The

virus was then removed from the cassette, aliquoted and stoBf @t

3.3.11.6 Titration by end-point dilution

The Adenovirus titre was determined by performing an@nidt dilution assay. Briefly,
AD293 cells were plated in 80 wells of a-@@ll plate at a 50 % confluence. Serial
dilutions of the adenovirus of interest were prepared in a range ®01to 1x 10™in

complete medium and 1@0 bf each adenovirus dilution was added to 10 wells each row.
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The first row was infected with the highest adenovirus dilution and in the last rogv LOO

of adenovirusree medium was added as a control. After 18 hoursitcuba n i n a 3
% CQ, incubator the medium containing the virus was replaced witle 20Dfresh

complete medium. Mediunvasthen changed every2days. After 8 days of incubation

the titre of the adenoviral stock was measured as Plaque FormingnU(FU/ml) by

counting the number of wells containing plagues and using the following formulas:

The proportionate distance = (% positive wells above 50 % — 50 %) +

(% positive wells above 50 % — % positive wells below 50 %)

For example if the titration gives 10/10 positive wells from10? to 1x 10° dilution,
8/10 positive wells at £ 10°, 3/10 positive wlls at 1x 10*° dilution and 0/10 in all the

remaining dilution rows, the proportionate distance would be:

The proportionate distance = (80- 50) + (80 - 30) = 0.6

and
logID50 (infectivity dose)

= log dilution above 50% + (proportionate distance x — 1) X

dilution factor

in this case would be:

logID50 = —9 + (0.6 x —1) X 10 = —9.6 x10

IDso= 10"*°

The tissue culture infectivity dose 50 equals the reciprocal f ID

TCID 5o/ ml = 10%%¢=3.98 x 18°
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According to the relation 1 TCID50 = 0.7 PRl

The final titre for this example expressed in PRWivould be:
Final Titre = 2.78 x 16°
The PFU/mI calculated for the virusassed are

Rl_epac: 2.8 x 18

RIl_epac: 2.8 x 18

Cygnet2.1:5.7 x 16°

RI-Cygnet2.1:3.8 x 16°

RII-Cygnet2.1:3.5 x 16°

AdV5-PDE2A2wtmcherry: 1.24 x 18
AdV5-PDE2A2cd (D685AD796A)mCherry 1.24 x 16*

3.4 Protein Analysis

3.4.1 Preparation of lysates and protein quantification

Adult rat cardiac myocys were seeded in a 6 well tissue culture plate, treated as indicated
and washed twice with ice cold PBS before adding2@@e lysis buffer (se.4.4).

To determine the protein concentration of cell lysageBradford Assay was carried out,

using bovine serum albumin (BSA) as the standard curve. In a clear, 96 well plate, known
BSA concentrations between 0 ande Witlh €g wi
distilled water. The protein samples were tditliin distilled water at a 1:10 ratio, to a final
volume of 5Ce |Bradford reagent from Bi®ad was diluted 1:5 with distilled water and

200¢ kdded to each well. Thigactioncauses a colour change from brown to blue, the
intensity of which is direcyl proportionate to the concentration of the protein. The 96 well
plate was read at 560 nm using a microplate reader, which provided protein concentrations
of each sample.
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3.4.2 SDS-PAGE

Sodium dodecysulphatepolyacrylamide gel electrophoresis (SP8GE) wa carried out

to separate proteins according to their molecular weight. In brief, equal concentration of
protein samples were denatured and reduced in 5xFSREE sample buffer followed by
heatingat 7 5 e C ute®After te@trifugation, protein samples were resolved on
precast polyacrylamide gels-12% NuPAGE Novex Bifris gel, Invitrogen) immersed

in MOPS SDS running buffer according to nature of the samples and different protein
separatia range. Pretained protein marker (BiBad) was loaded to the first well of the

gel while the protein samples were loaded to the subsequent wells. The gel was run for 30
minutes at 60 V then 1.5 hours at 160 V to allow adequate separation of the proteins

3.4.3 Western immunoblotting

Proteins were electrotransferred onto nitrocellulose membranes(@M5p or e, Pr ot
Whatman GmbH) using-Cell 1l blotting modular (Invitrogen) in NNPAGE transfer

buffer containing 10 % methanol at room temperature for 2 hours at 30 V or overnight at
4eC. Successful transfer wa sarwegitmarkars ed b
onto the nitrocellulose membrane. The membrane was then blocked in TBST with 5 %

milk (Marvel) for 1 hour at room temperature with gentle agitation. Membranes were then
probed with specific primary antibodies diluted in 1 % milk/TBST sofuand incubated
overnight at 4eC. The membruteseackinWBsStT e was|
before adding appropriate horseradish peroxidise (HRP) conjugatechemtnoglobulin

G (IgG) secondary antibody diluted again in 1 % milk/TBST solutiorerAfecondary

antibody incubation, membranes were washed and detected by ehhance
chemiluminescence (ECL) Western Blotting Substrate (Thermo Scientific) and
autoradiography. Chemiluminescent images of immunodetected bands were recorded on
blue-light sensitve autoradiography Xay films (Kodak BioMax MS) which were then
developed using the Kodak®®&mat Model 2000 processor.

Immunoblot intensities were quantitatively analysed using ImageJ, Results, representing

the mean of at least three independent erpants, were normalised to the amount of the
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GAPDH. This ensures correction for the amount of total protein on the membrane in case

of loading errors or incomplete protein transfers.

Table 3-1. List of primary antibodies and dilutions used for each type of application.

Antibody Host Supplier Catalogue | Dilution Applications
No.
h -actinin Mouse Sigma A7811 1:2000 IF
(sarcomeric)
PDE2A Rabbit FabGennix | PD2A- 1:500i WB, IF
101AP 1:2000
PDE3A Rabbit FabGennix | PD3101AP | 1:500i WB, IF
1:1000
PDE4A Rabbit In-house 1:2000 WB,IP
PDE4B Sheep In-house 1:10001 WB, IP, IF
1:5000
PDE4D Sheep In-house 1:1000i1 WB, IP, IF
1:5000
UCRI Rabbit In-house wWB
PDE4B1 Rabbit In-house 12402 1:5000 WB
PDE4B2 Rabbit In-house 12405 1:5000 WB
PDE4D3 Rabbit In-house 12407 1:5000 WB
PDE4D5 Rabbit In-house 12411 1:5000 WB

WB, Western immunoblting; IP, immunoprecipitation; IF, immunofluorescence

102



Chapter 37 Materials and Methods

Table 3-2. List of secondary antibodies and dilutions used for each type of application.

Antibody

Host

Supplier

Catalogue
No

Dilution

Application

Anti -mouse
IgG

Goat

Sigma

A5278

1:5000

WB

Anti -mouse
19G

Rabbit

Sigma

A9044

1:5000

WB

Anti -rabbit
I9G

Goat

Sigma

A8275

1:5000

WB

Anti-goat
19G

Rabbit

Sigma

A8919

1:5000

WB

Goat anti-
mouse
AlexaFluor®
568

Goat

Invitrogen

A11004

1:500

Goat anti-
rabbit
AlexaFluor®
568

Goat

Invitrogen

Al11011

1:500

Donkey anti-
goat
AlexaFluor®
488

Donkey

Invitrogen

A11055

1:500

WB, Western immunoblotting; IP, immunoprecipitation; IF, immunofluorescence
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3.4.4 Buffers and compounds for SDS-PAGE and Western

immunoblotting

Cell lysis buffer

Hepes

EDTA

NacCl

Sodium pyrophosphate
Glycerol

Triton X-100

pH 7.5 and store

On day of wuse
50 ml buffer.

TBST
Tris-Cl
NaCl
Tween 20
pH 7.6

Basic 5X Laenmli Buffer
SDS

Tris-Cl

pH 6.8

Bromophenol Blue

Glycerol

b-Mercaptoethanol

25 mM
2.5 mM
50 mM
30 mM
10 %
1%
4¢eC

a d d -freerpmteaSevinhipitorecdciktad tatfeD(Rokire)

20 mM
150 mM
0.1%

10 %
300 mM

0.05 %

50 %
10 %
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3.4.5 Immunoprecipitation (IP) assay

Immunoprecipitation (IP) is gechnique that uses antibodies specific to a protein to remove
those proteins from solution. The antibgalytein complexes are precipitated out of

solution with the addition of an insoluble form of antibody binding proteirvgas$ decided
thatthis mettod would be used as there wiasues detecting changes in specific PDE4
isoforms as many of these isoforms share similar molecular weigtessfore

i mmunoprecipitation was used t eovhidhwasisdd d o\

for western immuooblotting.

Preparing Beads

Firstly, a preclearing step was performed to reduce-spacific binding to the protein
beads (protein A beads were used for rabbit polyclonal antibodies and protein G beads
were used for goat or mouse antibodies). The vatiaime of beads for both the pciear

and IP steps was calculated ( roughlye3per preclear reaction and 500 per IP) and
washed ircell lysis buffer (3.4.4 containing protease inhibitor before centrifuging for 1
minute at 9,000 x gand removing the supernatant. This was repeatedreer two times
before resuspending the beads in total volume of lysis buffer required.

IP Protocol

For endogenous proteins 1 mplysatewas used. 36 bf prepared beads were added to

| ysat es an dendonméenad,tfoe3D 60arinutds el g@&tes were then centrifuged

at 9,000xgf or 10 minutes at 4eC. T-he sgpefnah
antibody was added (pan PDE4B and pan PD#4B usedt this stage). Beads were

retained and washeudth lysis buffer to be used as a negatcontrol. Antibody and lysate
reaction was rotated end on eredfpepared e C f
beads and rotating overnight. The immunocomplexes were then collected by centrifugation
at 19,000 x gfor 10 mirutesand washed three tes with lysis buffer. Supernatant was
discarded and beads were boiled@@mmlibuffer before centrifuging at9J000x g for 5
minutes. The supernatant was collected and proteins separated {BA®ESand Western

immunoblotting.
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3.5 Cell based experiments

3.5.1 Manual measurements of cell size

Cardiomyocytes wergeeded and maintained as previously described( 3.
Cardiomyocytes wereitherchallenged for 24 durswith either 1& Mnorepinephrine (NE)
alone or NEand a specific PDE inhibito€ontrol cells were maintained for the same
length of time with DMSO added to the mediuGellswere chosen randay and
captured digitally with a@RCA AG (model C47480-12AG) camera on thstage of an
inverted epifluorescence microsco@ympus 1X81 equipped with a®@lympus
PlanApoN, 60X, NA 1.42 oibbjective)and analysedCell sizewas determined by the
sectional aredength of cellx width of cell Values are expressed asans = S.[§1. A

St u d etest wasperformed to compare the two groups, and adues are indicated.

3.5.2 Real-time xCELLigence measurements

The xCELLigence technology (Roche Applied Science) which allows a quantitative
measurement of the cell size through téak cellelectronic sensing (RCES) was used
according to the manufacturerods instruct.
tend to ircrease in cell volume in resportsestress. This method allowed us to observe the
change in impedance whichautomatically converted to cell index and provides

guantitative measurement that reflects the nature of the cells, i.e. cell size.

Cardiomyocytes were counted as before and seeded with 50,000 cardiomyocytes per
laminin precoated well of the #lae 96 (Roche) in triplicates after background
measurements were taken. Briefly aftero2itsof culture in supplemented M199 medium,
cardi omyocytes wer eNEalone @NEdéotlowingiat3thmingasdr 2 e r
hourspretreatment with PDE inhibits. Controls with vehicle (DMSO alone) were also
performed. The cultures were continuously monitored for up to 48 hours and the
impedance as reflected by cell index (Cl) values was set to record everyl@@snine

XCELLigence data were then analysechgghe RTCA software (Roche Applied Science).
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The results were expressed by normalised CI, which are derived from the ratio of Cls

before and after the addition of compounds.

3.5.3 Phosphodiesterase Activity Assay

Measurement of PDE activity was carried osing a radioactive cyclic AMP hydrolysis
assay as previously describ@darchmont and Houslay 198and is a modication of a
historical twastep proceduréfrhompson and Appleman 1971n the first step, samples

are incubated with-8H]-labelled cAMP substrate, and PDEs in the sample hydrolyse this
to [PH]-5 -8\ MP . I n the second step, addition of
[*H]- adenosine, and incubation with an anion exchange bésits any negatively

charged, unhydrolysed cAMP, separating it from the adenosine. The amotitof [
adenosine is then calculated by scintillation counting, to determine the rate of CAMP

hydrolysis.

3.5.3.1 Protein Sample Preparation

Adult rat ventriculamyocytes were plated overnight in a 6 well TC plate and seeded at
100,000 cells per well in their normal growth medium. The cells plus medium were then
collected by scrapping the cells from the well anahtbentrifuged for 1 minute aBJ000 x

g to pellet thecells. The medium was removed and the samples were then homogenised in
200 puL of KHEM Buffer (see.5.3.9 using a syringe. The salep were again centrifuged

at 19,000x gfor a further minute to pellet the lolés. The supernatant was transferred to a
new 1.5nl Eppendorf tube. Protein sample centrations were measured by Bradford

Assay and stored & 0 e C.

All steps were performed at 4°C unless indicated. Samples were measured in triplicate.

107



Chapter 37 Materials and Methods
3.5.3.2 Assay procedure

For this assay 205 g of purified protein was diluted in KHEM buffer to a final wole

of 50 pL. If an inhibitor of PDE activity was used the protein was diluted to a final volume
of 40 pL of KEM buffer and 10 pL of selected inhibitor. 80of substrate in 5 bf

KHEM buffer was used as the blank controle 36f cCAMP substrate was add to 5@ bf

the protein sample, mixed, and these wer
minutes The samples were then placed in a boiling bath for @®&to inactivate the
phosphodiesterase and stop the reaction. The tubes were thenacomledor 10minutes

25¢ bf 1 mgiml snake venom from Ophiophagus Hannah was then added to the reaction
tubes, the tubes were mixed thoroughly by flicking, and incubated for a furtherut®min

at 30 ¢ ®f Dowef/dghanol solution was added toleagaction tube, vortexed and

then incubated on ice for a further 15 otes Following incubation the tubes were then
vortexed ondinal time and centrifuged aB000x gfor 2 mirutesat 4e C i n a r
benchtop centrifuge. Inl of Ecoscint scinllation fluid was added to fresh 1rbl

Eppendorf tubes and 180bf supernatant from the reaction tubes was addes. 150

CAMP substrate solution was added to two of the tubes to determine total counts per
minute for the assay. All tubes containingnsitant were vortexed thoroughly and counted

for 1 minute in a beta scintillation counter calibrated ¥6i] [

3.5.3.3 Determination of Phosphodiesterase Activity

To determine specific PDE activity contained within any reaction tube the following

formula wasapplied, 2.61 x (valué blank / average total) x Tx 10¥x ( 1000/ ¢ g
protein) resulting in PDE activity in ] mi
inhibition, the activity of samples containing inhibitor was directly compared to an

uninhibited control reaction and was expressed as the percentagecohtrol.
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3.5.3.4 Buffers and compounds for PDE assay

KHEM Buffer

KCL 50 mM

Hepes 50 mM

MgCl, 1.94 mM

EGTA 10 mM

pH7.4

St ored at 4eC wuntil required.

Before usel mM DTT and oneprotease inhibitor cocktatablet(in 50 ml buffer) was
added

PDE Assay Buffer

Tris-Cl 20 mM
MgCl, 10 mM
pH7.4

Dowex

Stock is 1:1 mix of dowex420. Prior to use 2 parts of this mias addedio 1 part
Ethanol (100%).

Snake venom
10 mg/ml stock in buffer A. Dilute to 1 mg/ml (in buffer A) prior to use.

109



Chapter 37 Materials and Methods

CAMP Substrate Mix

2¢ bf'cdd’ + 3¢ bf 'hot' 8[°H]-labelled cAMP per ml of buffer B (i.e. 22 k 3¢ k 995

¢ buffer).

"col d’ unl abell ed cAMP stock solution =
'hot' 8[°H]-1 abel | ed cAMRI EI 1 Ei@B / e Ci /

Work out totalvolume(s) of cAMP mix, Snake venom, Dowex that will be required for

whole assay (including pilot) and prepare in advance.

Activation of Dowex Exchange Resin

Dowex 1 x 8400 was prepared and activated by dissolving 400 g of Dowex resin in 4 L of
1 M NaOH The solution was stirred for 15 nuitesat room temperature and the resin
allowed settling. The supernatant was removed and the Dowex resin was washed with
distilled water until pH 9.0 (approx 30 times) and allowed to settle after each wash.

The resin wa then washed with 4 L of 1 M HCI for 15 ratesat room temperature and
allowed to settle. The resin was washed a further 5 times with distilled water and stored at
4eC as 1:1 slurry with distilled water.
L of Dowex slurry. This Dowex slurry was utilised in the PDE assay as a 2:1 solution of

Dowex slurry to 100 % ethanol.

3.6 Quantitative Real-Time PCR

Realtime polymerase chain reaction (PA&a techniquevidely used to determine

relative gene expression

The technique of PCR usesvitro enzymecatalysed DNA synthesis to create millions of
identical copies of DNA from a single or few fragments. PCR amplifies DNA in three

steps: (1) Denaturatidnseparating the individual strands of DNA. (2) Annealing

primers bind to the single stranded DNA. (3) Extengidime thermostable DNA

polymerase generates a complimentary DNA product. These steps are repeated for arounc
40 cyclesThe product from the first cycle can be used as a template for the primegs in t

second cycle and therefore successive cycles will generate and exponentially increasing
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quantityof DNA (DNA produced = 2 where n= number of cyclés The PCR product, or

final number of DNA copies obtained, is relatedhenumber of initial templa copies.
However, as the reaction progresses, some of the reagents are consumed as a result of
amplification. This depletion will aur at different rates for eaclplicate. The reactions

start to slow downrad thePCR product is no longer doubled atleaycle. Theoretically,

there is a quantitative relationship between amount of starting target sample and amount of
PCR product at any given cycle number. This makes the end point quantification of PCR
products unreliable. In order to overcome this litiota, RealTime PCR was developed
(Higuchi et al. 1998 RealTime PCR detects the emission of a fluorescent indicator

during the reaction. Thaata is then measured at the exponential phase of the PCR reaction

and not at the end as in traditional methods.

One of the mst common forms of teitechnique, and the one which veasployed in this

study, is TagMan® reaime PCR. This type of probe is labelled with two fluorophores, a
fluorescent reporter (i.e-Grboxyfluorescein, 4 AM) at 506 end and wi
6-carboxytetrametir od ami ne, TAMRA) at 306 end. Taqgh
specifically anneal to a target sequence localised between two PCR primers. When the
fluorophores are in close proximity, the quencher absorbs the reported emission. During
thefinal extension step in the PCR cycle the probe is cleaved, so upon excitation (494 nm)
the reporter emits a fluorescent signal (518 nm) which can be detected. Therefore, the

fluorescent signal detected is proportional to the number of DNA copies generated

3.6.1 RNA extraction

Total RNA was extracted using TRIzol reagent (Invitrogen) which contained phenol and
guanidine thiocyanate in a procedure based on the method of Chomczynski and Sacchi
(Chomczynski and Sacchi 198Tells were seeded in 6 well plaf@00,000 cells per

well), medium was removed and cells were rinsed with PBS and subsedysediyvith 1

ml of TRIzol® Reagent, directly added into the dish, collected with a scraper and
homogenised by passing several times througmasyringe and a 26 gauge needle.
Insoluble material was removed from thertagenate by centrifugation a6,000x gin a

bench top centhiige for 10 minutes at 4°QNA was separated from DNA and protein by

111



Chapter 37 Materials and Methods

transferring the supernatant to a new tube and adding 2fiGchloroform before shaking
vigorously and incubating at room temperature for 5 minutes. The aqueous phase was ther
precipitated with %2 volume of isopropanol arehtrifugedat 16,000 x g for 10 mirutesat

4eC. The precipitat enwashedtiwd 70% etmgol, cehtrdugdd N A
at11,000x gfor 5 min, followed by air drying for 10 mutesat room temperatur&inally

the RNA was briefly dried under vacuum anestespended in RNAskee sterile water

Total RNA was quantified using the Namod 1000 spectrophotometer (Thermo

Scientific).

3.6.2 Reverse Transcription

Realtime PCR can only amplify DNA, therefore it is crucial to convert RNA to cDNA.
Reverse transcription of RNA samples was carried out by using QuantiTect® Reverse
TranscriptionK t ( QI AGEN) according to manufactu
optimised mixture of Omniscript Reverse Transcriptase and Sensiscript Reverse
Transcriptase, RNase inhibitor, optimised buffer containing dNTPs, and a mix etidligo

and random pmers.

Genomic DNA elimination:

A genomic DNA elimination step is performed before starting fgtmoscription using the
gDNA Wipeout Buffer, 7x provided.

Prepare the mix as follows:

gDNA Wipeout Buffer, 7x 2¢ |
RNA template from 10 pg up to 1
RNasefree water up to 14¢ |

Reacti on mix wafsr2minuesabdaherepthced dan icd td ed before the

reverse transcription step.
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Quantiscript Reverse Transcriptase le |
Quantiscript R buffer, 5x 4¢ |
RT primer mix le |
RNA template (from previous step) 14¢ |
Total Volume 20¢ |

Mi x was incubated at 4 ar@ Qinutesto hedbictivatetheut e s .
reverse transcriptase.
The cDNA can be stored &2 0 e @sed directly for Reagime PCR.

3.6.3 TagMan real-time PCR

Genespecific TagMan probes and PCR primers sets (Eurofins MWG operon) were
designed assisted by the Primer 3 software (http://frodo.wi.mit.edu/primer3/) If possible;
the primers were designed fgas an exoiintrorn-exon boundary to exclude amplification

of genomic DNA. 18S rRNA was used as an internal control for normalising relative
expression levels in the different samples. Riea¢ PCR was performed from reverse
transcribed cDNA samples usitige Platinum Quantitative PCR SuperMi#DG with

ROX (Il nvitrogen) following the manufactul

Briefly, 25 ng of cDNA were added to a-9&ll MicroAmp® Fast Optical Reaction Plate
(applied Biosystems) with 75 bf Platinum Quantitative PCRuperMixUDG with

ROX, 2.2e bf nuclease free water (Ambion) and 6.%f TagMan probe mix (containing
03ekach of the 10 edMbpritmee MpaagMaandr 6b8
and fluorescent monitoring were performed using the ABI P7is80 Sequence Detection
System (Applied Biosystemdjor each target gene Rdahe PCR was performed in three

biological replicates each of which was done in a minimum of three technical replicates:
1 Initial denaturation at 95 °C for 2 min

1 Then 40 cyclesf 15 sec at 95 °C for denaturation, 15 sec at 57 °C for annealing

and 1 miniteat 60 °C for extension.

113



Chapter 37 Materials and Methods

1 Fluorescence data were collected during the extension step of each cycle. Negative
controls using RNA as template were also included in all runsttéotethe
presencef genomic DNA contamination.

Table 3-3. Oligonucleotide sequence of primers and probes used for RT-PCR.

Gene Oligonucleotide sequence

Atrial natriuretic For wa-GGATTEAGCCCAGAGCGGAG3 0

peptide (ANP) Re v e r-€@CAAGGGECTTGGGATCTTTTGE3 6
Pr o b-AGGCHPECAACAGCTTCCGGT3 6

Brain natriuretic For wa-A@CCAGIEGTCCAGAACAATCCACG3 6

peptide (BNP) Re v e r-AGGGCGIOIGGTCCTTTGAGAGES 6

Probe’5 6SCTGCTGGAGCTGATAAGAGAAAAGT-3 0

b-myosin heavy chain | F o r wa-CAAACACEAACCTGTCCAA3 6

( ™MHC) Re v er-GAGCTT&EDIGACCTGGGACT3 6

Pr o b-€ETGGBTGAGGCAGAGGAGAGS3 6
Rat PDE2A Probe3d 5MGGTGGTGGAGGACAAACA
Rat PDE3A For war3a BS5BCCTCTTTGCCACTCCT

Re v e r-s3e0: 6EIFITGTCAGCCTCTTCC
Probe36 5MGACACTGATGACCCGGARA

Rat PDE4B For watAOGTGGBGETATCACAACAGC-3 6
Re v e r-GEGAAGACAGCATCCAGTGG3 6
Probe36 5MCGTTCTCCTCTCTACGCC

Rat 18S rRNA For wa-CACGGBIECTATTTTGTTGGT3 6
Re v e r-€@GTCCGAAGAATTTCACCTGS 6
Pr o b-8GAGGECATGATTAAGAGGG3 6

Rat PDE4D,U-actin primers and probes and rat PDE2A primers have been designed and
kindly provided byDr David HendersoUniversity of Glasgow
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3.7 Microscopy

3.7.1 Immunostaining and Confocal Imaging

Adult rat ventricular myocytes were prepared as previously descriseded onto

coverslips at 50,000 cells per well of a 6 well TC plate and, depending on experiment,
were infected with virus of interest (usually RI_epac or RIl_epac). In PDE localisation
experiments, noinfected myocytes were stained. Cells were fixed veghcold methanol

and incubated for 5 minutes-2&0 e C, washed 3 ti mes with PE
residue anghermeabisedin PBS containing 0.1 % Triton®400 for 5 minutes at room
temperature whilst shaking. The slides were then washed with RBScated for 30
minutes with blocking buffer (PBS containing 1 % BSA) at room temperature. One or two
primary antibodies were diluted to the desired concentrafitatse3-1) in blocking

buffer, 100 pL of the solution appligd parafilm, and ceerslips laid face down onto the
anti body for 2 hours at room temperature
treated with primary antibody, an IgG control was also prepared, using equal amiunt

the appropriate normal 1gG

Coverslips were then washed three times for 10 minutes in PBS, and incubated with the

appropriate fluorescently labelled secondary antibody (

Table3-2). This step took place for either 1 hour at room temperature, or overnight at 4°C.
Coverslips wez washed once more in PBS and then mouniedox 26 mm microscopy
slides using MOWIOL® 48 reagent and left to dry in a 3C oven for 1 houthenstored

at4 @ in the dark.

Confocal images were acquired using a 63x Zeiss oil immersion objective on a Zeiss
Pascal LSM510 lasescanning confocal microscope (Carl Zeiss). An argon laser was used
to excite 488nm fluorescently labelled secondary antibodies. Helaon/lasers were used

to excite 568nm fluorescently labelled secondary antibodies. Zeiss Baffaare was

used to gather image files.
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3.7.2 FRET based imaging

Fluorescence Resonance Energy Transfer (FRET) is-sadativeprocess of energy
transfer froman excited donor fluorophore to an acceptor fluorophibines phenomenon
can only occur when the two fluorophores are in close proximity to one anatieer. T
technique has been exploited to generate getigtencoded sensors to visualisyclic
adenosie monophosphateAMP) dynamics in intact livingells(Zaccolo et al. 2000A
FRET-based indicator of cCAMP is usually composed of a cAbiiRling domain and the
cyan and yellow variants of the greeuditescent protein, CFP and YFP respectively.
Excitation of CFP (430 nm) results in the transfer of the excitedestetgy to YFP
(emitting a signal at 545 nmBoth emissions are collected for analy8mding of CAMP

to thesensor induces a conformational change which alters the distance between the two
fluorophores thereby affecting the energy transfer between ivéen this occurs only

the CFP emission (480nm) is detecteBRET changes can lexpressed as chges in the
ratio between CFP emission (480 nm)/ YFP emission (545upon) illumination at a
wavelength that excites selectively the donor CFP (430@hanges in FRET can be used
in realtime imaging experiments as variations in FRET efficiency corislath changes

in cyclic nucleotide intracellular concentration.

3.7.2.1 Imaging set up

The basic FRET imaging setup consists of an epifluorescence microscope, a light source
for excitation of the donor fluorophore, a beam splitter to separate acceptor and dono
emission signals, a digital camera to collect the signals and a computer to store and analys

the data.
The FRET imaging systemsed throughout this project is as follows:

Microscope Olympus IX81 inverted microscope.

Light Source: Xenon Mercury mixedyas arc burner (WVARC/HG LG2076, Ushio).
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Excitation Filters: CFP: excitation filter ET436/20x, dichroic mirror T455LP, (Chroma
Technology). YFP: excitation filter ET500/30x, dichroic mirror T515LP (Chroma
Technology).

Emission Filters; CFP: emission fier ET480/40m; YFP: emission filter ET535/30m
(Chroma Technology).

Beam Splitter: Dichroic mirror 505DCLP, YFP emission 545 nm, CFP emission 480 nm
(Chroma Technology).

Light emitted by the sample comprises both CFP and YFP emission wavelengths. The
dichroic mirror splits the emitted light in two beams. Wavelengths below 505 nm, which
include CFP emission at 480 nm, are reflected and directed through a series of mirrors
towards to the CFP emission filter. Wavelengths over 505 nm, which include YFP

emissia at 545 nm, pass through the dichoric and are directed to the YFP filter.

Objective: Olympus PlanApoN, 60X, NA 1.42 oil, 0.17/FN 26.5

Immersion Oil: Immersion oil "IMMERSOL" 518F , Carl Zeiss

Camera. ORCA AG (model C47480-12AG, Hamamatsu PhotonisK., Japan) and
HAMAMATSU camera controller.

Computer: Dell DE6700, 2.66 GHz Intel Core 2 Duo CPU, 3.50 GB RAM, 400 GB hard

drive, Windows XP Professional version 2002

Image acquisition and analysisAll devices of this imaging system, such as thetehut

the motorised filter wheel and digital camera are controlled by Cell*R software (Olympus
BioSystems).

Offline image analysisvasperformed using ImageJ free software.
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3.7.2.2 FRET experimental procedure and data analysis

Cardiomyocytes and CHO cells exmieg) a FRETbased sensor were used to monitor
basal intracellular cyclic nucleotide concentration and changes in cyclic nucleotide
concentration upon the addition of chosen stimuli.

The day before the experiment, cells are seeded onto a 24 mm lamieith corslip as
previously described and infected with appropriate FREIed sensor (for this example
typical experiment using a cCAMP FREBsed sensavill be explained. Cells were

images around 18 hours after infection.

The coverslip was firstly pteed into a metal slide holder whiclkhen sealedcreates a
bath where stimuli can be directly added. The bath is filled withre9b0saline solution

and maintained at room temperature (for CHO celRHES was used instead).

Before starting the experimea standard protocol for all experiments was designed
(detailed explanation of this protocol can be foun@3daselichen et al. 2011Briefly, the

following parameters must be set and remain the same throughout each set of experiments

Binning: Most ofthe camera detection systems used for FRET have the ability to combine
the information in adjacent pixel and make them into one effective superpixel. The benefit
of binning is that there is a reduced noise in the signhinning of 1x1 means that each
individual pixel is used as such; a binning of 2x2 means that an area of 4 adjacent pixels is
combined into one larger pixel, and so on. The drawback of binning is the loss of
resolution In the case of 2x2 binning; there is a fourfold increase in sigreafdtir single

pixel contributions), a twofold loss in resolution but a twofold improvement in stgnal

noise.

All experiments in this thesis have been acquired with binning 2x2.

Exposure Time The exposure time determines the period of telsare illuminated and
photons are collected and converted into charges for each ch@ptielal exposure time
depends on the expression levels of fluorophores as well as the characteristics of the lamp.
the optics and the camera. Generally an exposure timeio880 ms should be used,
depending on the brightness of the sample. Increasing the exposure time allows the

photons coming from the sample to accumudetéenhance the intensity of the image. At
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the same time this will increase the photobleaching of tleedphores. There is also the
risk of saturation of pixel charges and any further change in the signal cannot be detected.

Experiments in this thesis have been acquired at an exposure time of 200 ms.

Time course and Number of AcquisitionsThe frequency o&cquisition defines the

interval between each data recording. This time between acquisitions depends on the
characteristics of the sensor and the kinetics being investigated, but the normal rdnge is 2
60 seconds. A short interval between illuminatioras/ragain result in photdamaging of

the cells and photbleaching of the signal.

All experiments have been acquired with a frequency of 5 seconds.

After these parameters have been set, the experiment can be started.
A small drop of oil is added to the jelotive lens before mounting the coverslip. A bright
(well infected) cell, which is well attached and not contracting, isteel¢o perform the

experiment.

Cell"R software allows for a live display of the ratio between the mean fluorescence
intensity ofeach channel, so it is possible to estimate when the signal has stabilised before
adding the stimulus (usually after 25 acquisitions). Further stimuli can be carefully added
after each plateau phase. Only once the signal has stabilised after thenfinkissshould

the experiment be concluded.

The first step in analysing the experiment is to split and align the images taken by the CFP
and YFP channels (this and the following steps is conducted offline using ImageJ)
resulting in a perfectly superimposiadage. A region of interest (ROI) is drawn on the
background area and another around the cell of interest. Mean intensities for each
acquisition is calculated and both CFP and YFP are subtracted from the background
intensities, reducing any artefacts.

CAMP changes are expressed as:

Where @RRqs= R
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Ry is the average of at least 5 ratigrIyrp) values calculated before the addition of the
stimulus;Ry, is the average of at least 5 ratio values at the plateau phase of reached after

the addition of the correspondent stimulgcorresponds ta:kdlyvep at basal FRET level.

3.7.2.3 Buffers and compounds for FRET

Saline Buffer Cell Solution

NaCl 125 mM
Hepes 20 mM
NagP Oy 1 mM
KCI 5 mM
MgSO, 1 mM
Glucose 5.5mM
CaCb 1 mM

pH7.4 filter sterilisedand st ored at 4eC.

Stimuli:
Isoproterenol, cilostamide, rolipram, IBMX, atrial natriuretic pep{iidP) and forskoln
were all purchased from Sigafddrich. Bay 667550 ands-Nitroso-N-acetytDL -

penicillamine(SNAP) were bought from Cayman Chem

3.8 Statistical analysis

In this thesis, all experiments were performeth an n of 3, unless otherwise specified in
the figure legend. Statistical significance was calculated using either an unpaired two tailed
t-test in Microsoft Excel or by analysis of vamce (ANOVA) using Graph Pad Prism

software, as stated in the figure legeng Yalue < 0.05 was considered significant
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4 Intracellular cAMP signalling

dynamics in adult cardiac myocytes.

4.1 Introduction

3 0 ; cydiddadenosine monophosphate (CAMPA ishiquitous second messenger that
regulates many cellular functions including excitation contraction coupling (ECC).

Sti mul aadoaeneirf gibcARs)adtivatpstadenyl/l cyclases (ACs) to
generate cCAMP, and consequently activates protein&kiAg®KA), its main effector,

which in turn phosphorylates several proteins involved in the ECC process. It is now well
established that the cAMP/PKA signalling pathway is compartmentalisah results in

tight control of the specificity of signallin@ne widely reportednechanism rees on PKA
binding to A kinaseanchoring proteins (AKAPs). AKAPs are multiscaffolding proteins

that anchor PKA to specific intracellular locations in close proximity to specific
modulators and targets. PKA must then be $elgy activated and this requires that

cAMP is produced in discremmpartments. Phosphodiesterasediated degradation of
cAMP isanother well documentadechanism; PDESs represent the only means of
degrading cAMP within the cell, and are integral todbmpartmentalisation of CAMP.
Interestingly, it has also been revealed that PDEs have different intracellular localisations
(Mongillo et al. 2004Mongillo et al. 200% and displacement of endogenous PDEs from
their intracellular anchor sites results in their loss of control over specific CAMP pools
(Terrin et al. 200§ thus demonstrating the importance of PDE localisation for maintaining
cAMP microdomains and specificity of signallinthere are 5 cAMP PDE families in the
heart, and lthough particular PDE isofornfsave been linked with regulating the PKA
phosphorylation of certain cardiac proteins involved in ECC, to date most of the details
about which PDEs are responsible for the control of cAMP signalling in many subcellular

compartments remain to be established
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Our laboratory hapreviously published that two PKA isoformBKA-RI andPKA-RII,

define distinct subcellular compartments by binding to specific endogenous ARAPs
Benedetto et al. 2008t was demonstrated that the PKH and PKARII compartments
have equal access tAMP, as forskolin treatment resulted in a comparable rise in [CAMP]
in the twocompartmentsin addition, IBMX stimulationrevealed corparable levels of
PDEactivity in both PKARI and PKARII compartmentdnterestingly, selective

inhibition of PDE families showed that at basal levBBBE?2 activity is prominent in the
PKA-RI compartment but very low in tH&KA-RII compartmentwhereas BE4 exerts its
activity mainly in the PKARII domain. No difference was detected between AAand
PKA-RII upon PDE3 inhibitionAt these locations, CAMI generated selectively by
different hormonal stimuliln neonatal rat cardiomyocyt&sO was foundusing FRET

and FRAP imaging approachés,generate a pool of CAMP that selectively activates
PKA-RIl overPKA-RI and lead to the phosplr y | at i on o f-AR.inl PLB,
contrast, prostaglandin 1 (PGE1) selectively activBt€a-R1 and does not increase

phosphorylation of these targéld Benedetto et al. 2008

More recently our laboratoryenerated cGMP FRET based sensors targeted to theRPKA
and PKARII compartments in neonatal cardiomyocytes to study the interplay between
cAMP and cGMRStangherlin et al. 20} 1Activation of sGC bys-nitrosoN-
acetylpenidiamine (SNAP) generated a comparable rise in cBM the PKARI and
PKA-RII compartmentsinterestingly, activabn of pGC by ANPresulted in a

significanty larger cGMP signal detecténlthe PKARII compartmentMyocytes wee

then transfected with cAMPBiosensors RI_epac and RIl_epac Stanghetlad.reported

that cGMP can modulate cAMP signalling in these subcellular compartments by regulation
of PDE2 and PDE3Selective pharmacological inhibition of PDE2 and PDE3 fainadl
PDEZ2 activity is prefererdlly coupled to the PKARII compartment, such that activation
of PDE2 by cGMP leads to a selective reduction of cAMP content in this compartment.
PDE3 was shown to be mainly coupled to the PRIAcompartmentThe authors showed,
using FRET imaging and atalytically inactive mutant of PDE2A (dnPDE2ANat
displacing endogenous PDE2 by overexpressing the mutant PDE ie adlerse the

effect of SNAP on the PKARII compartment. This daiadicates that an active PDE2
associated with the PKRII compartnent is responsible for the cGMiependent

reduction of the cCAMP response in this locg@éangherlin et al. 20}1
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Theabovestudies investigating cAMP signalling dynamics in tR&A-RI andPKA-RII
subcompartmentfiave been conducted in neonatal myocytes, but inewver before ben
investigated in adult cardiomyocytésdult myocytes are a better model for cardiac
function, as neonatal myocytes tend tediféerentiatein vitro and loose some of the
characteristics that myocytes present in the intact argawo. And thus it iSmportant to
confirm findings using a model of adult myocytesaddition, the role of individual PDEs
in shapingthe AMP r e s p ons e -adrénergic stimaildtionbin/tHe AkRe andb
PKA-RIlI compartments is yet to be determined.

In this study, therefore, the role of phosphodiesterases (PDE) families in the control of
cAMP levelsin thePKA-RI andPKA-RII compartnentswithin primary cultured adult rat

ventricular myocytes (ARVM) was investigated.

Aims
T Measure and compar e c¢ AMeérerbrgiogimuiatiosini n |
the PKA-RI andPKA-RII compartments.
1 Study the role of different PDE families in thedulation of the cAMP response to
catecholamines at these locations.

4.2 Results

4.2.1 Expression of a cCAMP FRET-based sensor and its
localisation to the PKA-RI and PKA-RII

compartments

In order to investigate tha vitro CAMP signalling dynamics in specific lscellular
compartments in living adult cardiomyocytes, a#téak FRETFbased imaging approach

was employed. The targeted sensors used in this study (Rl_epac and RIl_epac) are based
on the cystosolic FREDBased sensor Epacamps, a genetically encoded cRMensor

consisting of YFP and CFP fluorophores linked to the cAMP binding domain of Epacl
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(Nikolaev et al. 2004 RI_epac and RII_epac were generateduising the

dimerisation/docking domain from eith®KA-R1 U ( ami no aRKA-REI B t o
(amino acids 1 to 49) to the N terminus of the soluble BpsensofDi Benedetto et al.

2008 (Figure4-1). Therefore, these senspnghen expressed in intact ceNgl localise
wherePKA-RI andPKA-RII are normally situated within the cell.

Epacl(157-316)
cAMP binding domain

A
[ !

DDRIQ [ 1 YFP = I:] CEP Rl _epac

Epacl (157-316)
cAMP binding domain

|
[ 1

DDRIB [ 1 YEP 0 E( CEP RIl_epac

Figure 4-1. Schematic representation of Rl_epac and RI_epac FRET-based cAMP sensors.

To verify if RI_epac and RIl_epac are targeted to different subcellular compartments in
adult cardiomyocytes, elocalisation studies using immunostaining of sarcomeric
reference proteins were performédiult rat ventricular myocytes (ARVMJansduced

with a viral vector carryinghe sensordixed, andimmunostained with antibodies against
alpha actinin. Myocytes were then analysed by confocal microséapillustrated in
Figure4-2, both sensors show striated pattern, however RI_epac appears to have greater
co-localisation with alpha acticompared teells transduced with RII_epac. These

findings are in agreement with previous work in neonatal cardiomyo@t&xnedetto et

al. 2008, which found that RI_epahows a more widespread localisation vaitterlayon

both the Z and M sarcomeric lines whereas RIl_epasfound mainly on the M line in

this cell type.This localisation pattern for RIl_epac may seem to make little sense as many
targets of PKARII are reported to be close to thdiie, for example-tubules and

junctional SR. One explanation is that thare a number of AKAPs which specifically

bind PKA_RII, as discussed in detailir7.1, which are distributed in other areas of the
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myocytes for exampl@KAP13 andMyospyrn Co-localisation analysis confirms that
although theconfocal images show PKRII as having Mline distribution, there is co
localisation of this sensor at thelide (Figure4-3). In addition and & previously shown

in NRCM, RII_epac showed clear localisation to the nuclear mesane.These results
confirm that RI_epac and RII_epac have the expected localisation in ARVM and that the

two reporters localise to different subcellular compartments in this cell type.
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Figure 4-2. Localisation of RI_epac and RIl_epac FRET sensors in ARVM.

(A) Cardiomyocytes were transduced with the FRET sensor (green) and then stained fo r - U
sarcomeric actinin (red), followed by laser scanning confocal microscopic visualisation at
60x magnification. These representative images show the different localisation of the
sensors in adult myocytes. (B) Representative line intensity profiles (as indicated by a white

line on Fig A) of ARVM transduced with RI_epac or RIl_epac (green) and stained with U-

actinin (red).
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To more rigorously assess whether the variation in sensor localisation is significantly
different, and therefore confirm that RI_eawl RIl_epac are targeted to different
compartments within the adult cardiomyocyte, the Pearson correlation coefficient (PCC)
was calculated (ImageJ with JACoPhe Pearson coefficient (r) quantifies the correlation
between pixeintensity of the two chanels measured. r values range betwéend +1. A
value of-1 indicates that when one channel signal increases, thedettrerases

accordingly (perfect negative correlation), and a value of +1 indicates that both channel
signals increase in a similattia(perfect correlationjAdler and Parmryd 2030

Figure4-3, shows the PCC calculated using the fluorescence images acquired at the
confocal microscope. The coefficient value was significantly higher in RI_epac than
RIl_epac (RI_epad.789 +0.03 RIl_epac:0.596 + 0.02 p <0.0Q), confirming a

statistical difference in the localisation of these sensors in adult cardiomyddyss.

values also can be expressedadB CC t o gi ve t he pbetweeresanson g e
a n dactidin (RI_epac~8%%; RIl_epac~77%).
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Figure 4-3. Summary of colocalisation statistics.

Pearson colocalisation coefficient was calculated using the JACOP plugin and Image J
software for both sensors. RI_epac n = 15; RIl_epac n = 13. Error bars represent SEM. Two
tailed; paired t-test, *** p<0.001.
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4.2.2 Characterisation and properties of RI_epac and

RIl_epac in adult myocytes.

To explore cMP levels in the subcellular compartments wieike\-RI andPKA-RII
normally reside, a FREBased imaging approach was utilised. FRET allows for high
spatial resolution and reime detection of CAMP signalling dynamics in intact living

cells.

ARVM were transduced witlan adenovirus vector carryifit)_epac or RIl_epac and
imaged using an epifluorescent microscope the following Eimyre4-4A). Cells were
then challenged with cAMP raising stimuli in order to record the amplandekinetics of
FRET changen thePKA-RI andPKA-RII subcellular compartments. Changes in
intracellular concentrations of CAMP can be determined from changes in FRET. FRET can
be expressed as the ratio (R) of CFP emission intensity over YFP emissiaitynten
following excitation of the cell at 440 nm (R &#lyep). Changes in this FRET ratio were
expressed as the increase in CFP/YFP ratio over the CFP/YFP ratio at timepkeas (R
described in the Materials and Methd@s7.2. An example of a typical FRET experiment
utilising the RI_epac and RIl_epac sensors is illustrated bélmure4-4B) and shows

the differencen the FRET changebtained upon addition of number of stimdsulting

in elevated levels of CAMP in the two compartments.
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Figure 4-4. An example of a FRET experiment in cardiomyocytes transduced with the

targeted cAMP sensors. RI_epac and RII_epac.

(A)image of ARVM expressing RI_epac (left) or RIl_epac (right). (B) Representative graph of
kinetics of FRETchange det ected in response to 100ammPBb | sopt

eM forskolin recorded in ARVM expressing RI _epac

In order to assess whether there was a difference in the basal levels of cCAMPHK#the

RI compartment compardd thePKA-RIl compartment, a number of FRET images of

ARVM expressing each sensor were collected. The basal FRET values were calculated as
lcrd Ivep Upon excitation at 440 nm, wheggdis the intensity of CFP emission argdis

the intensity of YFRemission The results shoFigure4-5) that the basal level of cAMP
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in thePKA-RI andPKA-RIlI compartmentss not statistically differenindicating there is
no difference in intracellular cAMP levels in these two subcellulgiors in unstimulated

myocytes

§ n.s
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Figure 4-5. Summary of the basal Icep/lvep ratio values detected in the ARVM transduced with

RI_epac or RII_epac.

RI_epac: Ry-0.547 + 0.007, n = 27; Rll_epac: Ry = 0.566 + 0.009, n = 25. Error bars represent
SEM. Two tailed; paired t-test, ns.

Next, the cCAMP response generated in the two compartmesldyenergic receptor
stimulation was investigatg@igure4-6). Activation o f -adbenergic signalling was
achieved by t he a egonidt 5C(100 ) and resaltecdsiryamt h et i
increase in CAMP in bbtcompartmentdnterestingly, theise incAMP observed in the
PKA-RIlI compartment of the ARVM was significantly higher than that inRK&-RI
compartmentTo explore whether there was a difference in phosphodiesterases activity in
the two compartmentd at erecepto stimulation, nyocytes were thnchallenged with

100 dasbbut@l-methylanxthingIBMX), a nonselectivePDE inhibitor.There was an
increase of cCAMP in both compartments, which resulted in similecellularlevels afer
addition In order to reach the maximal FRET chaliigeR /p Rax) in these sensois,
saturating concentration @f5 Eokékolin (FRSH, an activator of adenylyl cyclase

which stimulates cAMBProduction was administered to the myocylidse magnitude of
response deteatevas similar for both FRET reporters, indicating that the two probes give

the same maximal FRET change at signal saturation. As the sensors have the same
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dynamic range, any variations recorded between them can be assumed to reflect a

difference in cAMP lgels rather than a difference in probe performance.
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Figure 4-6. Summary of FRET measurements of CAMP levels in ARVM expressing RIl_epac

or RIl_epac.

All experiments were performed as following; 100nMIsopr ot er enol t-o sti mul a
adrenoceptors to produce c¢cAMP, 100 eM I BMX to int
saturate the sensor.| SO: Rl _epacé4. pRBRN 0. 221 %, n=620214 ; RI
0.215%,n=31.IBMX: Rl _epac¢=9@®R+RBR311%, n =26; RI $=l16.plat: R/
0.252 %, n = 27. FRSK: Rl_epac: pR /R 10.727+0.480%,n=11; Rl | _e padl.l7epR/ R
0.465 %, n = 8. Statistical significance calculated by two way ANOVAwithBo nf er mpastri 6 s
test, * p<0.05, *** p<0.001.

From the summary of these experiments, ther@ppkarto be some variation in cAMP
generation between thKA-RI andPKA-RII subunits which supported previous work
done in the lalusingneonatal myocytei Benedetto et al. 2008The kinetic data for

RI_epac and RIl_epac also indicated there may be dissimilarity in the way cAMP is
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generated at these locations. The speed of FRET change after eaalssivasitalculated

by the formula speed = @FRET/ opt, whpoetse t |
after the given stimulus was divided by the time in secoRigsi(e4-7). After the addition

of ISO into he bath, the RIl_epac sensor reacted sigmtiy morequickly (1.3 £ 0.2
/secondonmpared with RI_epac sensor (0.8 = (s&cond; p < 0.05However after the

addition ofIBMX, there was no difference in the speed BT change between RI_epac

(1 £ 01/ second) and RII_epac (1 £ 0.8econd). Thisndicates theresinot only a greater

level of cAMP production in thPKA-RIlc o mp a r t meadrénergid stimeulatiorf) but

the rate of cCAMP level increaseg quicker in this locatiorin addition, the above results

suggest that such difference may at least in part depend on a different contribution of PDE:

to the kinetics and antifude of cAMP change in the two compartments.

0.0020-
% CJ RI_epac
n.s RIl epac
* 0.00151 B Ril_ep
<
-
Ll 0.0010- -
o T
LL
<] 0.0005-
0.0000 T T
After Iso After Iso + IBMX

Figure4-7. Summary of speed of FRET change (@®@FRET/ ot
ARVM expressing either RI_epac or RIl_epac were stimulated with Isoproterenol (100 nM)

and then IBMX (100 ¢ M) and the rate of FRET change after each stimuli was calculated. ISO:

RI_epac n = 26; RIl_epac n = 31.ISO + IBMX: RI_epac n = 26; Rll_epac n = 27. Statistical

significance calculated by two way ANOVA with Bo n f e r mpaostitiesd, & p<0.05.
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4.2.3 Phosphodiesterase-mediated regulation of cAMP in

subcellular compartments in cardiac myocytes.

Although theravasno significant difference in the cAMP levels after non selective PDE
inhibition (ISO and IBMX treatment) seen in the sumynair FRET experiments
conductedFigure4-6), it was important to look closer at the contribution that PDEs may
play in the control of CAMP level. This was done by taking the final response detected
upon addition 6I1SO + IBMX treatment in these cells and by subtracting the ISO response
(Figure4-8A) to get a clearer idea of the PDEs contribution in determining cAMP levels in
the PKA-RI andPKA-RII compartments. In theKA-RI compartment tere was a
significantly greater increase in cCAMP intensity compared wittPa-RIl compartment,
indicating there was a significantly greater contribution of PDEs acting inKeRI
compartment compared with tR&KA-RII compartmentTo explore whetherrmot this

was due to a higher basal level of PDdgsivity in the PKA-RI compartment, ARVM
transduced with the targeted sengqfgurs wer
4-8B). This treatment was found to induce a cCAMP iaseewhich wasamparable in the
twolocatons These resul ts s uargmcptorstimdationand | s
cAMP generation that thdisparity in the PDE activity ithetwo compartments can be
identified.One possible explanation for thssthat a number of PDE, including PDE3 and
PDE4, have PKA phosphorylation sii@mori and Kotera 20Q7and therefore activation

of PKA by ISO stimulation lead® the modification of PDE activitiyn a compartment

specific manner
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Contribution of PDEs after ISO stimulation Contribution of PDEs (IBMX first stimuli)
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Figure 4-8. The contribution of phosphodiesterases (PDEs) in ARVM transduced with
RI_epac or RIl_epac.

(A) Myocytes are stimulated first with 100 nM Isoproterenol, then IBMX (100 ¢ M). The
contribution of the IBMX response alone is shown here. (B) Myocytes are treated with IBMX
without Isoproterenol. IBMX after ISO: RI_epac n =26; RIl_epac n = 27. IBMX alone: RI_epac:
n =5; RIl_epac n = 6. Error bars represent SEM. Two tailed; paired t-test, *** p<0.001.

In order toidentify which family of phosphodiesterases may be controlling each
subcellular locationvhich could possiblyaccount fo the higher PDE activity ithe PKA

RI compartmety myocytes were first prereated with a selective PDE inhibitor before
stimulationof cAMP production with 100 nM ISCAmong the cAMPhydrolysing PDEs
expressed in the heart, selective inhibitors for PDE2, PDE3 and PDE4 but not for PDE1
and PDES8 are comencially available so the analysis focused on the fornhethe
experiments investigating the effect of PDE2, ARVM were incubated for 10 minutes with
50nMof the PDE2 inhibitor Bay 60 7550 at
challenged as before WitSO, IBMX and then finally with Forskolin to achieve the
maximal response. Under basal conditiifigure4-9A), there was a comparable level of
cAMP in each condition. UpolsO stimulation(Figure4-9B), there wa a greater CAMP
increase ilPKA-RII compartment than tHeKA-RI compartment in control myocytes.
Pretreatment 6the myocyteswith Bay 667550resulted in a significantly greater increase
in CAMP in both compartments compared to castrbhere was a 2 fold increase in the
amount of CAMP generated in tR&KA-RI compartment and a 1.3 fold increase in the
PKA-RII compartment upon PDE2 inhibitiom &ddition, PDEZ2 inhibitiombolishedhe
difference between tHeKA-RI andPKA-RII compartmerds Maximal FRET responses
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were achieved by saturating the s @heapacr s
control: (o RRymax=11.042 £0.413, n =RII_epaccontrol: pRRymax=11.170 + 0.465

n = 8;RI_epact+ Bay 607550 ¢qp RRomax=10.287 +0.285, n =&RIl_epac+ Bay 60

7550 gpRAymax=10.118& 0433 n = 5. These results indicate that although PDE2 is
present in both thEKA-RI andPKA-RIl compartments in the adult myocytefterb-AR
stimulationPDE2activity appears thigherin the PKA-RI compartmehcompared to the
PKA-RII compartment.
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Figure 4-9. Summary of FRET change upon the selective inhibition of PDE2.

(A)Summary of basal cAMP levels in ARVM in the presence or absence of PDE2 inhibitor
Bay 60-7550 (50 nM). RI_epac control n =9; RIl_epac control n =9; RI_epac + Bay 60-7550 n
=18; RIl_epac + Bay 60-7550 n = 12. (B) Summary of FRET change induced by 100 nM
isoproterenol in the presence or absence of Bay 60-7550. RI_epaccont r ol 4=3.47TR/ R
0.152%,n =8; Rll_epaccont r ol §=5@RHA B.405 %, n = 16; RI_epac + Bay 60-7550:

PR /oR7.616 + 0.528 %, n =10; RIl_epac + Bay 60-7550: R+ 7633 + 0.427 %, n =9
Statistical significance calculated by two way ANOVA with Bo n f e r rpogi-test,s™**
p<0.001.

To explore the local contributiomdhe control of CAMP levels of the PDE3 family of
phosphodiesterases, adult myssywere pré n ¢ u b at e M cilestamitle,al 0 ¢
selective PDES inhibitor. Results similar to PDBRibition at basal levels of CAMP were
obtained with cilostamide, and there was no significant differences between the groups
measuredFigure4-10A). As a control again the amount of CAMP generated in the two

c o mp ar t me-adregrgic ghiroukatioh was measurdiefore comparing these
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results with ARVM which had been pre treated with cilostamide and stimulated with ISO
(Figure4-10B). It was found that PDE3 inhibition only had an effectlom level ofcAMP
generated ithe PKA-RI compartmentwith a 1.4 fdd increase in cAMP productioithe
maximal FRET response was measured again in the presence of this selective inhibitor
(figure not shown) and it was found that PDE3 inhibition had no effect ondkenal

FRET change at saturati¢R|_epaccontrol: qp Ry max=10.281 +0.536, n =RIl_epac
control: gp RRgmax= 10.264 £ 0.363 n = 1®RI_epact cilostamide gp RRymax=9.051
1+0.449, n =10RIl_epac+ cilostamide o RRp max=9.198 0550 n = 7. These rsults
indicate that PDE3 controls a pool of cAMP which is functionally coupled tBk#eRI

compartment alone.
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Figure 4-10. Summary of FRET change upon the selective inhibition of PDE3.

(A) Summary of basal cAMP levels in ARVM in the presence or absence of PDE3 inhibitor
cilostamide (10 e M). RI_epac control n =7; RIl_epac control n = 10; RIl_epac + cilostamide n
=9; RIl_epac + cilostamide n = 7. (B) Summary of FRET change induced by 100 nM
isoproterenol in the presence or absence of cilostamide. RI_epac control: R /oR4.402 +
0.276 %, n =8; RIl_epac control:  R¥ 5634 £ 0.276 %, n = 11; Rl_epac + cilostamide:

PR /(R6.23 + 0.541 %, n =11; RIl_epac + cilostamide: R+ 5884 + 0.834 %, n = 8.
Statistical significance calculated by two way ANOVA with Bo n f e r mpasttesd, $p<0.05, **
p<0.01.

The PDE4 family ixpressed at high levalsthe hear{Mongillo et al. 2004 and
therefore it igmportantto investigatéherole of this familyin compartmentalised cAMP
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signalling. This was achieved by selectively inhibiting all PDE4 isoforms by pre treating
the cells for 10 minutes with 1M rolipram. As with the other selective inhibitors,
rolipram incubation had no effect on basal cAMP levels in adult myo(iytggre4-11A).
Upon addition of 100 nM3Oin control myocytegFigure4-11B) there was a higher
generation bcAMP in thePKA-RII compartment compared to tR&A-RI compartment

In myocytes which had been treated with rolipram before imaging there was an increased
level of CAMP in both compartmé&ncompared with control cellResults were similar to
those found in PDE2 with a larger increase inRK&-RI compartment (1.8 fold increase)
than recorded in theKA-RII compartment (1.3 fold increase). Again this indicates that
although PDE4 isoforms are found in both locations, #fééct is predominant in the
PKA-RI compartmentThe maximal FRET response was measured in the presence of
rolipram (figure not shown) and it was found that PDE4 inhibruich had no

significant effect orthe maximal FRET change at saturat{®t_epaacontrol: gp RR, max
=10.281 +0.536, n =RIl_epaccontrol: o RAymax= 10.264 + 0.363 n = 1RI_epact+
rolipram oo RRpymax=8.697+ 0.753, n =7 RIl_epac+ roliprant o RRymax= 10522+
0.801n="7.

However, on comparison of the ISO stimulated ARVM-peatedwith rolipram and the
saturating response or ARVM pieated with rolipram, it was found that there was no
significant difference in the PK#RI compartment. This suggests that the 1SO + rolipram
response saturated the response in this sedeaalid conclusions can be drawn for the
PDE4 activity in the PKARI compartment of ARVM.
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Figure 4-11. Summary of FRET change upon the selective inhibition of PDEA4.

(A) Summary of basal cAMP levels in ARVM in the presence or absence of PDE4 inhibitor
rolipram (10 e M). RI_epac control n =7; RIl_epac control n = 10; RI_epac rolipram n =9;
RIl_epac rolipram n = 7. (B) Summary of FRET change induced by 100 nM isoproterenol in
the presence or absence of rolipram. Rl_epaccont r ol ¢=4.45R £ ®R239 %, n =10;
Rll_epaccont r ol §=5@%/H4BR.299 %, n =13; RI_epac rolipram:  @R+#7812 + 0.68 %, n
=7;Rll_epacr ol i pr apr7.783R/0.B43 %, n = 7. Statistical significance calculated by
two way ANOVA withBo n f e r mpostitesd, $p<0.05, **p<0.01; *** p<0.001.

The above figures show that selective inhibition of each family has no effect on basal
cAMP, nor does IBMXreatment at basal levelhis could be due to compensation by

other PDE families controllmmthe compartment which have not been inhibited (i.e PDES8
which is IBMX insensitive). It is only aftdr-AR stimulation that any differences in PDE
activity are observedHowever, Mika and colleagues have shown that in ARVM selective
inhibition of PDE2, 3 and 4 under basal conditions does have an effect on cAMP and ECC.
The authors show that selective intign of PDESs results in an increase in sarcomere
shortening and the calcium transient at basal levels as well as after the addition of 1 nM
ISO (Mika et al. 2013 Measurements were recorded in isolated myocytes loaded with 5
UM Fura2 AM at stimulated at a frequency of 0.5 Hz before deta@ngiohanges in

sarcomere length and FeRaratio at 512 nm using an lonOptix system. Although this

study and Mika et al. investigate the impact of selective PDE inhibition in ARVM and

utilise the same inhibitors at similar concentrations, this thesisesttitk impact of PDEs

in specific compartments deep within the cardiomyocyte whereas Mika amdrkers

focus on the functional effects these inhibitors have on ECC and do not record the levels of

CAMP. ltis possible that there may be an effect on ¢loh&P which could impact ECC
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in the cell, however no changes recorded by FRET in either compartment. It has been
shown that more than one PDE family controls the FKAand PKARII compartments,
therefore it is possible that one family may try to comptentea another when its activity

Is impaired to maintain the correct level of cCAMP required for normal function.

Figure4-12 provides a summary of the above 3 experiments investigating the PDEs that
are responble for controlling the cAMP signalling in tHeKA-RI andPKA-RII

subcellular compartmentsit the PKA-RI location, PDE2, PDE3 and PDE4 all seem to
play a role in the control of cCAMP signalling. PDE3 appears to have no effectRiKkhe

RII compartment Wwere control of cCAMP hydrolysis appears to be mediated solely by
PDE?2 and PDEA4.
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Figure 4-12. Summary of experiments recording effect of selective PDE inhibition on ISO
stimulation.

ARVM were transduced with adenovirus containing a targeted FRET-based sensor and
preincubated for 10 minutes with the selective PDE inhibitor. A. Effect of selective PDE
inhibition upon ISO stimulation (100 nM) in the PKA-RI compartment. B. Effect of selective
PDE inhibition upon ISO stimulation (100 nM) in the PKA-RII compartment. Statistical
significance calculated by one way ANOVA with D u n n e posté&est, * p<0.05, *** p<0.001.
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4.3 Conclusions

In this study, the cAMP signalling dynamiesthin distinctsubcellular compartmenis
adult myocytesvas investigated. The involvemesftPDES in regulating the specificity of
signalling at these locationgas also exploredn order to investigate cCAMP signalling in
microdomains of the adult myocytes, the genetically encoded HfREddsensors targeted
to the PKARI and PKARII compartments (RI_epac and RIl_epac respectively) were
cloned into adenoviral vectors allowing them to be expressed in ARVMSs.
Immunofluorescence revealed thadpreviously shownn neonatal myocytes, when
expressed in ARVM RI_epac and RII_epac present diverse subcellular localisations.
RI_epac had hroadstriated pattern overlayingith boththe M and Z sarcomeric lines,
whereas RIl_epac shovighter striated localisation with very strongsignals in
correspondnceof the M line and a much weaker localization overlaying the Z line,
confirmingprevious findingsn NRVMs (Di Benedetto et al. 2003

A real time FRETbased imaging approaith these targeted cCAMP sensarasthen
utilised to study the c¢cAMP si gARattivation.g dy I
The results obtained showed that cAMP production upon addition of 108@M -AR b
agonist, was significantly higher in tRKA-RIl compartment compared with tR&KA-RI
compartment. No change was detected irbdsalcAMP-hydrolytic activity but the
contributi on of-ARPsDnilEtiomveas siguaificantyy highertindtmKA-b
RI compartment. It was hypothesised that the reason for the lower cAMRigane the
PKA-RI compartment may beue to there being a higher activity of endogenous PDEs

u p o-AR diimulation.

To explore these findings, selective inhibitorsdartumber otardiac PDEs families were
employedto try to identify the PDE isoforms sponsible for the regulation of CAMP
signalling at each subcellular compartménterestingly it wagound that in thé°’KA-RI
compartment PDE2 and PDE4 families were the main modulators of signalling with a
smaller but significantontributionfrom the PDE3 family, whereas cAMP in theKA-RII
compartment was hydrolysed by PDE2 and PDE4, but not PDE3dataisupports work
conducted imat neonatal myocyteshowing thaPDE2 and PDE4 play a key role in
modul ati ng t he -ARAtihRlatiore \shpreas BDE3 deams o exert only a
marginal effeqfMongillo et al. 2004Mongillo et al. 200%. Forskolintreatmentevealed
that PDE3 and PDE4 providesanilar contribution to determining intracellular cAMP
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concentration in myocytgdlongillo et al. 2004 The findingan this thesidurther

support the hypothesis of a compartmentalisation of cAMRalling in adult myocytess
well as themportance bPDE2 and PDEA4 in the regtilen of cCAMP, generatdin

response t@-AR stimulation in areas where differesubsets of PKA are located. 83e

data illustratehatlocal pools of cCAMP generated in different subcellular compartments of

the cardiomyocyte arnedividually regulated bylifferent PDE isoform
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5 cAMP signalling dynamics in an in

vitro model of cardiac hypertrophy.

5.1 Introduction

Cardiac hypertrophy is an adaptive response to an increase in biomechanical stress
resulting inan increasé the size of individual myocyteshile the number of cells

remains unchanged. Hypertrophy is also associated with increased risk of sudden death ar
progression to heart failure. Cardiomyocytes hypertrophy is defined by a significant
increase in myocyte size, enhanced protein synthesighartorganisation of the

sarcomere and reactivation of the fetal gene progranihese fetal genes include

natriuretic peptides (Atrial, BrainandtCy p e n at r i u-skeldtal actirapnedp tbi d e
my osi n h e aMHE), whicheare tcomménly used as lmcular markers for cardiac
hypertrophy(Chien et al. 1991Yazaki et al. 1998

One of the most prominenharacteristicén hypertrophic heastis a marked
desensitisati on daARIwhidhaanbe attriputdd totsustaimed of b
catecholamine stimulationhich leads to heart failu@ristow 199§. Under normal
conditonsc at echol amines released from the sym
adr ener gi cARs)wlich activate aglenylybcyclases (ACs) to generate cAMP
CAMP isa ubiquitous second messenger essential for the regulation of a vast array of
intracelular processes including excitatiwontraction coupling (ECC) by managing the

force, frequency and duration of contraction. In ventricular myocytes cAMP produced in
response to catecholamine stimulatiof-@&Rs consequently activates protein kinase A
(PKA), which in turn phosphorylates several proteins involved in the ECC process, thereby
increasing contratity (inotropy) and accelerating relaxation (lusitropggrs 2003.

However in cardiomyocyte hypertrophy there is impairment obtA&/ cAMP/ PKA
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signalling resulting in reduced coattile function(Tse et al. 1978Tse et al. 1979
Engédhardt et al. 1999Zhang et al. 20Q80sadchii 2007Abi-Gerges et al. 2009

Cyclic nudeotide phosphodiesterad@DES) are the only known enzysate regulate
intracellular concentrations of cCAMP by continuously hydrolysing the molé€dadchii
2007). Theefore PDEs can regulate contractility in response to different stimuli, for
exampleb-ARs and natriuretic peptide receptors stimulatibtuller et al. 1999 Nishikimi

et al. 2008. PDEs have also been reported to participate in cardiac remodelling, where
modifications in cardiac and aortic PDE specific activity occur during the onset of heart
diseasdLugnier and Stoclet 1979

For these reasons, PDE inhibitors have been widely used for a number of years as
treatment for patients with heart failure. The action of some PDE inhibitors, such as the
selective PDE 3 inhibor milrinone, have been found to be initially beneficial to patients,
however long term use of the drug is detrimental to the ki et al. 1985Viovsesian
and Alharethi 200R This contradictory effect of CAMP enhancement by PDE inhibition
can be explained by the fact that cAMP signalling is compartmentalised. This means that
multiple spatiotemporalldistinct pools of cAMP camodulatespecific cellular functions
and it has been reported that each individual pool of cCAMP generated is regulated by
different PDE familie§Movsesian and Bristow 20D3n the context oheart disease,
raising CAMP levels in onbranch of thesignalling pathway may be beneficial, but raising
levels throughout the cell and activating a multitude of different pathway$avay
negatives effects.

Until now only a few studies have investigated the role of cAMP signalling and PDE
activity in cardiac hypertrophynd the results have been contradictétyi-Gerges and

col | eague s -adrengrgicsrégulagicn bf eaddiabntractility and cAMP PDE
expression in single cardiomyocytes followinguction ofcardiac hypertrophgAbi-

Gerges et al. 2009In this study myocytes wersolated from Wistar rats where

hypertrophy had been induced by surgical thoracic aortic banding (TAClic
nucleotidegated channels (CNG) were over expressed in sham and hypertrophic
cardiomyocytes and, using patch clamp recordings of the assonigtedt, a

measuremerdf subsarcolemmal cAMP was produced. The authors reported a loss in total
cAMP hydrolytic activity due to a reduction in PDE3 and PDE4 activities in hypertrophied
myocytes. Western blot analysis showed a decrease in the expreRpBE3A, PDE4A
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and PDE4B whereas PDE4D remained unchanged in hypertrophi¢Adel&erges et al.
2009. More recently, Mokni et apublished their work invéigating the activities of
different PDE families where hypertrophy had been induced in Wistar rats by chronic
infusion of angiotensin II. Utilising a cCAMPDE activity assayThompson and Appleman
1971, Mokni and colleaguedescribed a marked increase in PDE4 hydrolysing activity in
hypertrophic myocytes, whereas PDE1, PDE2 and PDES3 activities were unaffected.
However another PDE assay investigating cGMP hydrolysing activity found an increase in
PDE1, PDE2 and PDES5 actives in the same type of cells. Real time PCR revealed,
somewhat in contradiction to tiRDE activityassay results, that there was a decrease in
MRNA levels of PDE4D and no change in PDE2A, PDE3A, PDE3B, PDE4A, PDE4B or
PDEA4C. Increases were recorded in RBEPDE1C and PDESA mRNA levels,

supporting the cGMP PDE activity assay res(Mskni et al. 201

Although these studies have contrasting results, it sha@ulbted that even though both
investigated PDE activity in hypertrophic myocytes, different animadels of

hypertrophy were used. Mokeat al.also used cell lysates to conduct the PDE activity
assays, whereas Alllerges and cworkers used intact cardigyocytes; howeveihe
experimental set up in the latter case warty allow monitoringof the PDE activity of
subsarcolemmal cAMP. As yet there are no studies investigating PDE activity of CAMP
compartmentalised signalling in hypertrophault cardionyocytesthat investigate

subcellular compartments that are deeper than the subsarcolemmal space

In this study ann vitro model of cardiac hypertrophy was set up in a primary culture of
isolated adult ventricular myocytes (ARVM) from Wistar rats. cAMRalling dynamics
were studied at defined macromolecular complexes organised by AKAPs within the
cardiomyocyte using geal time imaging appraa and genetically encoded FRBased
sensors (RI_epac and RIl_epac) targeted to the locations RKer&| andPKA-RII
normally reside via their interaction with AKAPs.
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Aims

1 Establish ann vitro model of norepinephrine (NEh)duced cardiac hypertrophy in
adult rat ventricular myocytes (ARVM)

T Measure and compar e c¢ AMerergrgiogimuiatiosini n |
the PKA-RI andPKA-RII compartments in hypertrophic myocytes and establish
whether there are differences in local cAMP signalling compared to control
myocytes.

1 Study the role of fferent PDE families in the modulation of the cAMP response to

catecholamines at these locations in hypertrophic ARVM compared to control cells.

5.2 Results

5.2.1 Norepinephrine induced hypertrophy in an adult

myocyte in vitro model of cardiac hypertrophy.

It has been previously reported that norepinephrine (NE) plays a key role in the
development of somi@ vivomodels of cardiac hypertropli§gans and Cater 197®larino

et al. 1991 Tsoporis et al. 1998Simpsonret al.showed that primary cultured neonatal
cardiomyocytes maintained in serdree media ad treaed with NEundergo hypertrophic
growth(Simpson et al. 1982The development of the hypertrophic phenotype upon NE
stimulation was assessed by measuring changeganyte size, total cell protein content,
myocyte surface area and cell volume. Biochemical studies in spontaneously hypertensive
rats (SHR) have revealed increased NE levels in the blood as well as an accelerated NE
turnover in the heafNagatsu 1974Nagaoka and Lovenberg 19761ore recently NE
stimulation has been shown to induce cardiac hypertrophyuih radl ventricular myocytes
(ARVM) (lkeda et al. 1991Amin et al. 2001 Xiao et al. 2001Kuster et al. 2005

Thandapilly et al. 2011 Ikedaet al.demonstrated that exposure of ARVM to NE caused a
significant increase in°H] leucine incorporation and total protein contékeda et al.

1997).
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This model of cardiac hypertrophy was chosen as the use of cultured myocytes allows for
the analysis of specific variables at a cellular level without interactions from other cell
types, as would normally occur@min vivoor ex vivomodel. NEtreatment of ARVM is

also an easy and highly reproducible method to induce cardiac myocyte hypentrophy
vitro. Hypertrophic growth is also quick-@®hours) using this method which is important
as isolated adult myocytel® not unérgo division and only survive a few days in culture
medium,without the additiorof drugs to inhibit contractiarButanedione monoxime

(BDM) is one example ad stimuluswhich inhibits myosin ATPase and protects the
myocardium from damage. BDMVaR been extensively used in the isolation and culture of
mouse myocytefivisto et al. 1995 However, it acts as a n@pecific phosphatase in

the culture medium and this may lead to significantly altered cellular electrical properties
(Verrecchia and Herve 199Watanabe et al. 2091

In the first part of this study a protocol to induce hypertrophic growth of adult
cardiomyocytes in culture was developed. Isolated ARVM were treated overnight with 1
eM NE in seredumfree M199 m

To assess whether this method induced cardiac hypertrophy in cultured ARVM, several

parameters were measu red:

Cell size transmitted light images of hypertrophied and control cardiac myocytes from
different culture preparations were rantg acquied and he average cell length and
longitudinal section area (length x width) of ARVM weréccdated using Image J
software(Beltrami et al. 2003Gupta et al. 2008Banyasz et al. 2008/iller et al. 2009
Thandapilly et al. 201 At the imaging set up used for these experimemis,pixel

corresponds to 0.07 um when images are acquired using a 40X objective.

Cell growth (Cell Index): The xCELLigence technology allows a quantitative

measuremertf the cell size through reéime cellelectronic sensing (RTES)

(Vistejnova et al. 200%5in et al. 2011 Cardiomyocytes increase in cell volume in

response to stress. This method allowed us to observe the change in impedance which is
automatically converted to cell index and provides quantitative measurements of cell size.
Fetal cardiac gene program Reactivation of thefetal gene prograns a characteristic

feature ofhypertrophiedand failing heartsFetal cardiac genésrial Natriuretic Peptide
(ANP), Brain Natriur et {aadin nfR&A levelsiveere m&BUR) a |

145



Chapter 57 Results

by performing reatime PCR and values were normalised to an invariant endogenous
control (in this study 18S rRNA was used as the control) to correct for sample variations in
RT-PCR efficiency and errors in sample quantificatideattime PCR was performed in

three biologicaleplicates and an average was taken. n = number of technical replicates

(minimum of 3)

As illustrated belowKigure5-1) , myocytes treated overni gt
significant increase in cell sizeongitudinal section areaas significantly greated..54

fold) in NE treated cellsThe degree of hypertrophy detected is comparable to values that
have previouslyeen reported by a number of auth@min et al. 2001 Miller et al.

2009 Thandapilly et al. 2001
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Figure 5-1. Norepinephrine treatment induces hypertrophic growth in ARVM.
(A) Representative images of ARVM untreated and t
overnight. (B) Representative images of control and NE treated ARVM stained with U-actinin.
(C) Summary of longitudinal section area calculated for control and NE treated myocytes.
Control: 38003.85 + 997.63 pixels (2660.27 + 69.83 umz), n = 101; NE: 58542.48 + 1621.56
(4097.97 + 113.51 umz), n = 90. Error bars represent SEM. Two tailed; paired t-test, ***
p<0.001.
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Another measurement of the change in cell size after overnight NE treatment was
conducted by measuring the increase in cell index. Importantly, the reproducibility of the
manual measurement was verified by the results obtained frelRTHCES method. NE
treated cells showed a significant 1.58 fold increase in cardiomyocyte size compared to
controls after 24 hours of constant monitorikggre5-2).

> 200-
§ 3 Control
= 150- B NE Treated
Q
o
:= 1001 I
Q
[72]
(3]
2 50-
o
£
X o0 T
ARVM

Figure 5-2. Comparison of growth in control and NE treated ARVM.
Summary of cell index calculated in control and NE-treated myocytes. Error bars represent
SEM. Two tailed; paired t-test,* p<0.05.

Finally, there wasignificantincrease irANP a n dactidmRNA levels tested in NE
treated ARVM compared to contrdtigure5-3) and a trend of increased BMHRNA

levels
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ANP BNP «-actin

Hypertrophic gene mRNA expression
(fold increase over 18s control)

Figure 5-3. Reactivation of the fetal gene program in NE treated ARVM.

Summary of RT-PCR results showing i-actinrexpeesseod leve®INiPNEand U
treated cardiac myocytes. Control =1 £ 0.4, n = 29; NE treated ARVM ANP mRNA: 2.46 +

0.41, n=29; NE treated ARVM BNP mRNA: 1.98+0.36,n= 17; NE tr e-adtied ARVM
MRNA: 2.96 £ 0.45, n = 19. Error bars represent one way ANOVA with Dunnetts post test, *

p<0.05, ** p<0.01.

These data confirm that overnight treatm
(Ikeda et al. 1991Xiao et al. 2001 Thandapilly et al. 20101 induces modificatin of the
cellular phenotype that recapitulate a number of changes observed in hypertrophio hearts

Vivo.
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5.2.2 Expression and localisation of cAMP FRET-based
sensors to the PKA-RI and PKA-RII compartments in

hypertrophic myocytes

In order to investigatevhether the targeted cCAMP sensor localisation is altered in
hypertrophic myocytes, ARVM that halsh beel
transduced with adenoviral vector carrying the cAMP FRET sensors RI_epac and RIl_epac
(ie cells were treated Wi NE and sensawsn the sameéaymaintained in culture for the

same length of time as control myocytds)ed and immunostained with antibodies

against alpha actinin and imaged at the confocal microscope. As demonstFitpaen

5-4, the differencen the subcellular localisation of Rl_epac and RIl_epac appears to be
attenuatedn ARVM. In addition, another main difference in the case of Rl_epac is its
increased localisation to the perinuclear region. Thuspias that in hypertrophic

myocytes the distinction betwe@KA-RI andPKA-RII compartments iseduced It

should also be noted that hypertrophic myocytes tend to express both sensors at a brighter
level than in control cellperhaps due to increased pmotgynthesis and nuclear

transportation
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Figure 5-4. Localisation of Rl_epac and RIl_epac FRET sensors in hypertrophic ARVM.
(A) Hypertrophic cardiomyocytes were transduced with the FRET sensor (green) and then
st ai n e earéomeric Bctinin (red), followed by laser scanning confocal microscopic
visualisation at 60x magnification. These representative images show the different
localisation of the sensors in adult myocytes. Representative line intensity profiles (as
indicated by the white line). (B) Representative images of non-hypertrophic myocytes

stained for the same markers as previously shown (Figure 4-2).
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To verify if the localisation of the two sensaresignificantlydifferent in hypertrophic
myocytes, as well as to compare the localisation of the sensors to control myocytes, the
Pearson correlation coefficient (PCC) value was calculated using ImageJ with JACoP as
previously describedzigure5-5illustrates the PCC calculated using the fluorescence
images acquired at the confocal microscope in control and hypertrophic myocytes. In
control myocytes, as shown kigure4-3, the coefficient value is sigficantly higher in

RI_epac than RIl_epaconfirming that there is a difference in the localisation of these
sensors in adult cardiomyocytes. However, in hypertrophic myocytes there is no significant
differene between the twoompartmentsWhen comparingontrol myocytes with

hypertrophic myocytes, there is reduced RI_epac ecoc a | i s adctinmmthevi t h U
hypertrophic cells and increased RIl_epad co ¢ a | i s adctinia im hypertrphic U

cells compared to controrhis data would suggest thaete is a redistribution of AKAPs,
reflected by the different localisation for RI_epac and RII_epac and any further
experiments should take into account these changes. Therefore any differences in the
response to CAMP raising agents in hypertrophic ARWMy be the consequence of the

fact that the reporters are localised to different subcellular compartments compared to the
non-hypertrophic counterparts
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Figure 5-5. Summary of sensor localisation analysis.

Pearson colocalisation coefficient calculated using the JACOP plugin for Image J software
for both sensors. RI_epac control: 0.789 + 0.03, n = 15; RIl_epac control: 0.596 + 0.02, n = 13;
RI_epac hypertrophic: 0.634 £ 0.03, n = 9; RIl_epac hypertrophic: 0.685 + 0.02, n = 7. ANOVA
withBonf er r o ntesd * ppl08it

These values also can be expressélBSCC t o gi ve the percenta
s e n s o ractisim(B@l_ephc hypertrophic86%; RIl_epac hypertrophic:83%).

To assess the impact that chronic catecholamine stimulation has on compartmentalised
cAMP signalling in ARVM, a FREIbasedmaging approach was implemented, as in the
previous chapter. ARVM were treated with NE to induce hypertrapkitro and were
subsequently transduced with an adenovirus carrying the targetedid&REd sensors
RI_epac and RIl_epdon the same day as NiEeatment) Cells were then imaged the
following day on an epifluorescent microscope. cCAMP production was stimulated by
challenging the myocytes with cAMP raising stimuli and the effect of each stimulus was
determinedn thePKA-RI andPKA-RII subcellular bcations. BelowRigure5-6) is an
example of a FRET experiment employing RI_epac and RIl_epac in hypertrophic ARVM
demonstrating the distinct responses obtained in the two compartments upon addition of

various stmuli which increase cAMP generation
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Figure 5-6. . Representative example of a FRET experiment in hypertrophic cardiomyocytes
transduced with the targeted cAMP sensors.

(A)Image of hypertrophic ARVM expressing RI_epac (left) or RIl_epac (right). (B)

Representative kinetics of FRET change detected in response to 100 nM Isoproterenol, 10

eM I BMX then 25 €M forskolin recorded inrethprpert rc
RIl_epac (blue).

To investigae the normal basal cAMP levels in tAREKA-RI andPKA-RII compartments
in hypertrophic ARVM, FRET images of myocytes expressing either RI_epac or RIl_epac
were acquired in the absence of any stimulus. The basal FRET values were calculated as

Iced Ivep UpONexcitation at 440 nm, wherggbis the intensity of CFP emission angdis
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the intensity of YFP emissiohese data sho{frigure5-7) that the basal levels of CAMP

in thePKA-RI andPKA-RIl compartments are not statisticadlijferent in hypertrophic
myocytes These results were compared to the same experiment in control cells and it was
found there was no difference in the basal cAMP levels in any gfrtups indicating

there is no difference in intracellular cAMP leveigthese two subcellular regions in

hypertrophic myocytes compared with control cells.

n.s
n.s

5 0.6- n.s n.s

w —— == [ Ri_epac
5 5 BB RIl_epac
> 0
2.9 04-
3§
22
S T 0.2-
38

2

SE_J— 0.0 T 1

Control Hypertrophic
ARVM

Figure 5-7. Summary of the analysis of basal Icrp/lyep ratio value in control and hypertrophic

ARVM expressing RI_epac or RII_epac.

RI_epac control n = 10; RIl_epac control n =17; Rl_epac hypertrophic ARVM n = 13;

RIl_epac hypertrophic ARVMn=14. Twoway ANOVA with Bonfermoni 6s pos

significance.

With the aim of assessing the cAMP signalling dynamicsesefwo subcellular locales,
hypertrophic ARVM, which had been previously transduced with adenoviral vector
carrying RI_epac or RIl_epac, were challenged with stimuli to elevate cAMP levels and
thus revealing any disparities between the compartméeiswe r e st i mul at ed
adrenweeceptor agonist ISQL00 nM) which resulted in a similar increase in bothRK&\-

Rl andPKA-RIlI compartmentgFigure5-8).
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Thephosphodiesterases activity in the two compartmenfst meaeptds Smulation in
hypertrophic myocytesasthenexplored1 0 0  dsbbut@ 1- methylanxthingIBMX),
anonselectivePDE inhibitorwas added to the cellthis allowed for the investigation of
PDE activity at the two sensor sitégyain thiere was an increa®f CAMP in both
compartmentgFigure5-8), which resulted in similantracellularlevels afer additionof

the stimuli

In order to achieve the maximum FRET respos® (/o rRax) of these sensors in this cell

type, the myocytewere challenged with a saturating concentratich 5f Eokékolin

(FRSK), an activator of adenylyl cyclase which stimulates cAM®&luction. The degree

of FRET change detected was comparable for botRK#e- Rl andPKA-RII
compartmentgFigure5-8), indicating that the two probes still give the same maximal

FRET change at signal saturation in hypertrophic ARVkis means that these probes

have the same dynamic range and therefore any disparities recorded between them can be
believed to reflect a variation in cAMP levels rather than a difference in sensor

performance.
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Figure 5-8. Summary of FRET measurements of cCAMP signals in hypertrophic ARVM

expressing RI_epac or RIl_epac.

(A) Experiment carried out in control ARVM. (B) ARVMwerepre-t r eat ed overnight
norepinephrine then 100 nM I soproterenol ,IS00 &M

RI _epac hypertrophic ARVM: @R/ RO = 2.137cARVM. 215
@R/ RO = 1.774 N 0.146 %. I BMX: Rl _epac hypertropl
=26; RI'l epac hypertrophic ARVM: ®@R/RO = 8.023 N

hypertrophic ARVM: @R/ RO16; 8RI5I05eMNad . Byde /BRO=op i c
9.481 + 0.420 %, n = 14. Statistical significance calculated by two way ANOVA with
Bonferroni 6 35p<@Gbstp<CtOd, &*tp<0.001.
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Although these results do not appear to unveil any differences between RI_epac and
RIl_epac in the hypertrophARVM, the kinetic data indicate that there may be disparities
in the kinetics of cCAMP levels increase in PKA-RI andPKA-RII compartments. The
rate of FRET change after each stimulus
where the FRET ratio detected at the first 5 time points after the addition of the stimulus
was divided by the time in seconds. The rate of FRET chaeigeted in hypertrophic
myocytes aftetSO stimulation was similar for both the RI_epac and RIl_epac sensors
(Figure5-9) (RI_epac hypertrophic ARVM: 0.30 + 0.06 /second; RIl_epac hypertrophic
ARVM: 0.28 % 0.06second ng. However after the addition of IBMX, the FRET response
was significantly faster in theKA-RIl compartment compared to tR&A-RI

compartment (RIl_epac hypertrophic ARVM: 0.4 + 0.08 /second; RIl_epac hypertrophic
ARVM: 0.7 £ 0.1/secong p < 0.05.
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Figure 5-9. Summary of rate of FRET change (@FRET/ ot)
Rate of FRET change in control (A) or hypertrophic (B) ARVM expressing either Rl_epac or

RIl_epac when stimulated with Isoproterenol (1000nM) and t hen | EBBMisticall 00 & M
significance calculated by two way ANOVA withBo nf e r mpaoshtesd $p<0.05.

On comparison with control ARVM, as shown in the previous chdbtgure4-7), when
ISOwas added to the batthere was a quicker response in RIl_epac compared to RI_epac
(RI_epac0.8 £ 0.1second; RIl_epac: 1.3 £ @.2econd) and no difference was

documented after IBMX stimulation (Rl_epac: D4/ second; RIl_epac 1 + 0 gcond).
From these data, the calated rate of FRET change is smaller in hypertrophic myocytes

in both compartments. After the additionI8f, control cells respond to the stimulus
significantly faster than in hypertrophic myocytes (RI_epac obug. RI_epac

hypertrophic: p < 0.0Q1RII_epac control vs. R_epac hypertrophic: p < 0.@p The
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same can also be said after addition of IBMX (RI_epac control vs. RI_epac hypertrophic: p
< 0.00% RII_epac control vs. RIl_epac hypertrophics 0.05.

5.2.3 Comparison of compartmentalised cAMP signalling

in control and hypertrophic adult cardiomyocytes.

The literature shows thayclic nucleotide signalling is regulated in discrete subcellular
compartments to maintain homeostasis and control diverse cellular fun@iens.
compartmentalisationf@aAMP was firstdescribedn studies conducted in perfused

hearts stimulatedith ISO and prostaglandin (PGE1), where different effects on PKA
activation and its downstream targets were repdHeges et al. 19799Further studies

have supported this hypothedisit cAMP signalling works in a compartment specific way
and that compartmentalisation is regulated by PDEs. Alterations in the cAMP/PKA
signalling pathway and changes in PDE activity contributes to the progression of
cardiovascular diseases. Thus it wasresting to investigate whether there were any

changes in compartmentalised cAMP signalling between control and hypertrophic ARVM.

In control myocytes, activation f -adbenergic signalling by the additionf ~ taboaist b
ISO (100 nM) induced a larger increase in CAMP inRK&\-RII compartment compared

to thePKA-RI compartment. Conversely, ISO stimulation in hypertrophic ARVM resulted
in much smaller increase @GAMP in both compartments under investigation with no

significant difference betweehe two locations
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Figure 5-10. Summary of FRET measurements of CAMP signals in control and hypertrophic
ARVM expressing RI_epac or Rll_epac upon addition of isoproterenol.

Cardiomyocytes were stimulated with 100 nM isoproterenol i a -d&drenoceptors agonist.

RI __epac control: @R/ RO = 4.133 N 0.221 %, n =

n = 31; RI _epac hypertrophic: @R/ RO =r t2r.olp3h7i cit

=1.774 + 0.146 %, n = 34. Statistical significance calculated by two way ANOVA with
Bonf er mpashtesd * p<0.001.

This dataillustrates that in hypertrophic ARVM there is a sigrantly lower CAMP
responseiponlSO stimulation ompared to noimypertrophic myocytes, which suggests
ei t her de s eadrsnergic recaptors apon carbnic breatment withaN& or

increased phosphodiesterase (PDE) activity in hypertrophic myocytes.

After ISO stimulation, cells were then tredtevith norrselective PDE inhibitor IBMX to
assess the PDE activity in tR&A-RI andPKA-RII compartments. Results obtained
showed no difference in the two coampments in control myocyte®r was there a

difference between theKA-RI andPKA-RIl compartmats in hypertrophic myocytes.

26 ;
OpR

However when comparing the control and hypertrophic ARVM, control cells generated a

significantly greater cAMP rise in both compartments contgsreéhe hypertrophic

myocytes.
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Figure 5-11. Summary of FRET measurements of cAMP production in control and

hypertrophic ARVM expressing RI_epac or RIl_epac upon addition of isoproterenol and

IBMX.

RI __epac control: @R/ RO = 9.376 N 0.311 %, 258%,=2 6 ;
n=27;Rl _epac hypertrophic: @R/RO = 7.162 N 0.316 %
=8.023 + 0.301 %, n = 15. Statistical significance calculated by two way ANOVA with

Bonf er mpashtesd * p<0.001.

In order tocompareghe maximal FIET changdmR /oRax) in theseontrol and
hypertrophic ARVM a saturating concentration 2f5 Eok$kolin (FRSHK, an activator

of adenylyl cyclasevas administered after ISO and IBMX stimulatiéigure5-12).

Again results illustrated no difference in the twaorpartments in control myocytesr

was there a difference between Bt€A-RI andPKA-RII compartments in hypedphic
myocytes However when comparing the control and hypertrophic ARVM, control cells
geneated a significantly larger cCAMP response in both compartments compared to the
hypertrophic myocytes. A number of studies have suggested that adenylyl cyclase function
is downregulated in hypertrophy and heart fail(@hen et al. 1991Bohm et al. 1992
Bohm 1995 Fung et al. 200R which could explain why there is a lower cCAMP response
in hypertrophic myocytes compared to Aoypertrophic ARVM upon forskolin treatment.
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Figure 5-12. Summary of FRET measurements of cAMP production in control and
hypertrophic ARVM expressing RI_epac or RIl_epac upon addition of isoproterenol, IBMX
and forskolin.

RI_epac control: R+ 1R.727 £ 0.480 %, n =11; RIl_epac control: g R+¥ 1R.17 + 0.465 %,
n = 8; RI_epac hypertrophic ARVM: R /(R 8.505 + 0.371 %, n =16; RIl_epac hypertrophic
ARVM: R+ 981 + 0.420 %, n = 14. Statistical significance calculated by two way
ANOVA withBo nf er mashtesh & p<0.01.

The data described Figure5-11, does not give a clear indication of the PDE activity
alone as the response detected is a combination of the resmol®@ and IBMX. To
obtain a clearer indication of the PDEs contribution in determining cAMP levels in the
PKA-RI andPKA-RIl compartments, the PDE contribution in determining the cAMP
response was calculated by taking the final response detected upon addition of ISO +
IBMX treatment in both control and hypertrophic cells and by subtracting the ISO
response for each subcellu@mpartmentKigure5-13A). As shown in the previous
chapter, in control myocytes a significantly higher CAMP response iRKiAeRI
compartmentvas detectedompared to th®KA-RII compartmentindicating therés a
greater contribution of PDEs acting in tAKA-RI compartment compared to tR&A-RII
compartment. In hypertrophic ARVM the opposite is seen: hereKiAeRIl compartment
showed a significantly larger FRET change compared t®i#e-RI. To investigatehe
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impact hypertrophy has on PDE activity; control and hypertrophic ARVM transduced with
either RI_epac or RIl_epac were compared. IrRKA-RI compartment, there was no
difference in cAMP response upon IBMX stimulation, however irPKé-RII

compartmat there was a significantly greater cCAMP response in the hypertrophic
myocytescompared with the control ARVMIhese data indicate that in hypertrophic adult
cardiomyocytes, there is an increase in PDE actsetgctivelyassociated witthe PKA-

RIl compartment.

To investigate whether an increase in the basal activity of PDEs occurs in hypertrophic
myocytes the response stimulation with IBMX 1 0 0 alen#lij normal and

hypertrophic cardiac myocytes was asse$baglire5-13B). In control myocytes, no
difference was detected between BA-RI andPKA-RIlI compartments uponon

selective PDE inhibitiorNor was there a difference in basal PDE activity in the two
compartments ilypertrophic myocyteghen IBMX wasgiven as a first stimulughese
resultsindicatean increased PDE activity selectively in Pl€A-RII localeof

hypertrophic myocytes after catecholamine stimulatimmpared taoon-hypertrophic
ARVM.
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Figure 5-13. The contribution of phosphodiesterases (PDEs) in control and hypertrophic
ARVM transduced with RI_epac or Rll_epac.

(A) Myocytes are stimulated first with 100 nM Isoproterenol, then IBMX. The contribution of
the IBMX response alone was calculated showing the basal PDE activity. Rl_epac control:
PR /(R5.267 £ 0.344 %, n =26; RIl_epac control: R+ 383 + 0.318 %, n = 27; Rl_epac
hypertrophic: R+ 4068 £ 0.405 %, n =26; RIl_epac hypertrophic: R+ 675 £ 0.280
%, n = 15. (B) Myocytes are treated with IBMX without Isoproterenol. Rl_epac control: @R/ R
=5.425 + 0.539 %, n =5; RIl_epac control: R+ 5132 + 0.287 % n = 6; Rl_epac
hypertr opQR+6B808+GEL R, Nn=6;RIl_epachypertr oph+&272+PRI8BRo
n = 6. Statistical significance calculated by two way ANOVA withBo n f e r mpashtesd, §
p<0.05, ** p<0.01, *** p<0.001.
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5.2.4 Contribution of individual PDEs to the control of the
cAMP response to catecholamines in the PKA-RI

and type Il compartments in hypertrophic myocytes.

In order to explore which ahe phosphodiestase families areesponsible for the

increased basal cAMP hydrolytic activity in tR&A-RIl compartment and for the altered
cAMP response to catecholamine stimulation in hypertrophic ARVM, myocytes
expressing RI_epac and RIl_epac were treatedawsletive PDE inhibitor before

stimulation with100 nMISOto induce cAMP synthesis.

For experiments investigating the role of PDE2, both control and hypertrophic myocytes
expressing either RI_epac or RIl_epac weretprated with the selective PDE2 inhibitor
Bay667550 (50 nM) for 10 milnmdsteasesauchtr@ainge@ b
did not affect the basal cAMIBvels in the myocyted=(gure 5-14) as theevel of cAMP

detected was comparabieall conditiors.
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Figure 5-14. Summary of basal cAMP levels in ARVM in the presence or absence of PDE2
inhibitor Bay 60-7550 (Bay) in the control and hypertrophic myocytes (NE).

RI_epac control: n =9; RIl_epac control: n =9; Rl_epac + Bay 60-7550: n =18; RIl_epac +
Bay 60-7550: n = 12; RI_epac hypertrophic: n =19; RIl_epac hypertrophic: n = 11; Rl_epac
hypertrophic + Bay 60-7550: n =16; RIl_epac hypertrophic + Bay 60-7550: n = 14. Statistical

significance calculated by two way ANOVAwithBo n f e r ipashtesd, ss.
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As shown in the previous chapt&igure4-6), ISO stimulationresults ina significantly
higher FRET change in tHeKA-RIl compartment compared to tR&A-RI compartment

in control myocyte Pre-treatment 6the myocyteswith Bay 60 7550resulted in a
significantly greater increase the cAMP response 180 stimulation in both
compartments compared to contr@fsgure5-15). As a larger FRET change was detected
in the PKA-RI compartment after PDE2 was inhibited with Bay®&50 (2 fold increase

of CAMP compared to a 1.3 fold increase in i€A-RII compartment), these results
suggest that there is a larger contribution of PDE2 to the control of CAMP levels in the
PKA-RI compartment than the PKA-RIl compartment.

In hypertrophic myocyte@~igure5-15), ISO stimulation caused a similaAMP rise in

both compartment$re-treatment of ARVM with PDE2 inhibitor Bay 60550 produced a
CAMP increae in response 16O which was significantly higher in tHeKA-RII
compartment compared to tR&A-RI compartmentAgain,there was a 2 fold increase in
the amount of cCAMP generated in tARKA-RI compartment, the same generated in control
myocytes, but 8.2 fold increase in theKA-RIl compartment when PDE2 inhibitors
where preseniThese results indicate that although PDE2 is present in boBKiAeRI
andPKA-RII compartments in hypertrophic ARVIRIDE?2 appears tcontribute more to

the control of the cCAN® response tt50 in thePKA-RIlI compartmentvhereas the

contribution of PDE2 in theKA-RI compartment appears to be unchanged.
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Figure 5-15. Summary of FRET change upon the selective inhibition of PDE2 in control and
hypertrophic (NE treated) ARVM.

Summary of FRET change induced by 100 nM isoproterenol in the presence or absence of
PDE2 inhibitor Bay 60-7550. RI_epac control: R+ 3R7 £ 0.152 %, n = 8; RIl_epac control:
PR /oR5.871 + 0.405 %, n = 16; RI_epac + Bay 60-7550: R+ 7616 + 0.528 %, n =10;
RIl_epac + Bay 60-7550: PRE7TB33+£0.427%,n=9;Rl_epachypertr opl+l798
+0.116 %, n=7;Rll_epac hypert r op=hli6e9:+0.4YR %M = 18; Rl_epac
hypertrophic + Bay 60-7 55 0 : o gpR224&K+ 0.121 %, n = 9; RIl_epac hypertrophic + Bay 60-
7550: (eph42R+t 0.289 %, n = 10. Statistical significance calculated by two way ANOVA
withB o n f e rsmpashtesd, * p<0.05, ** p<0.01, *** p<0.001.

For experiments investigating PDE3, both control and hypertrophic myocytes were

transduced overnight with adenovirus carrying the coding sequence for RIl_epac or

@R/ R

RIl_epac before praeatment with the seleetie PDE3 i nhi bitor <cil o

10 minutes at 3 Unglelbapat conlititsthere was encgppanalde.level

of CAMP in each conditio(Figure5-16).
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Figure 5-16. Summary of basal cAMP levels in ARVM in the presence or absence of PDE3
inhibitor cilostamide (Cilo) in the control and hypertrophic (NE treated) ARVM.

RI_epac control: n =8; RIl_epac control: n =11; RI_epac + cilostamide: n =11; RIl_epac +
cilostamide: n = 8; RI_epac hypertrophic: n =8; RIl_epac hypertrophic: n = 4; RI_epac
hypertrophic + cilostamide: n =11; RIll_epac hypertrophic + cilostamide: n = 13. Statistical
significance calculated by two way ANOVAwithBo nf e r mpaoshtesd. s

In controlcells stimulated withSO (Figure5-17) there was again a higher cAMP response
in thePKA-RII compartment in ARVMUpon pretreatmentith cilostamide it was

found that PDE3 inhibition only had an effect on the cAMP level dateotthePKA-RI
compartment, with a 1.4 fold inase in cAMP productian

Hypertrophic myocytes challenged witBO alone generated a small comparable increase
in cAMP in thePKA-RI andPKA-RII compartmen{Figure5-17). When hyrtrophic
myocytes were preincubated with the PDES3 inhibitor, there was no significant change in
either conpartment after ISO stimulatioithese results indicate that in control myocytes
PDES3 appears to be predominantly active in the subcellular locatiereRKA-RI

normally resides, however in hypertrophic myocytes, there appears to be a loss of PDE3

activity in this compartment.
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Figure 5-17. Summary of FRET change upon the selective inhibition of PDE3 in control and
hypertrophic (NE treated) ARVM.

Summary of FRET change induced by 100 nM isoproterenol (ISO) in the presence or
absence of PDE3 inhibitor cilostamide. RI_epac control: @R /oR4.402 + 0.276 %, n =8;
RIl_epac control: R+ 5634 £ 0.276 %, n = 11; RI_epac + cilostamide: pR /oR6.23 £
0.541 %, n =11; RIl_epac + cilostamide: R+ 5884 + 0.834 %, n = 8; Rl_epac
hypertrophic: R /oR2.025 £ 0.341 %, n =16; RIl_epac hypertrophic: R+ 28030 £ 0.239
%, n = 15; RI_epac hypertrophic + cilostamide: R /oR3.075 + 0.655 %, n =10; RIl_epac
hypertrophic + cilostamide: P RH 269 £ 0.495 %, n = 11. Statistical significance
calculated by two way ANOVA withBo nf e r mashtesd $p<0.05, ** p<0.01, ** p<0.001.

The effect of PDE4 activity ocAMP signalling in hypertrophic myocytes was studied by
transducing both control and hypertrophic myocytes with an adenovirus carrying the
RI_epac or RIl_epac reporters overnight beforetpgrating the cells for 10 minutes with
selective PDE4 inhibitortoi pram (10 €M) and incubation
beganUnder basal condititsthere was a comparable level of CAMP in each condition
(Figure5-18). The only exception was the casehgpertrophic myocytes in whidADE4

had been inhibited, where there was a significantly larger basal level of cCAMP RKike

RII compartment compared to tR&A-RI compartnent (p < 0.8).
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Figure 5-18. Summary of basal cAMP levels in ARVM in the presence or absence of PDE4
inhibitor rolipram (Rol) in the control and hypertrophic (NE treated) ARVM.

RI_epac control: n =11; RIl_epac control: n = 6; RI_epac + rolipram: n =9; RIl_epac +
rolipram: n = 9; RI_epac hypertrophic: n =9; RIl_epac hypertrophic: n = 8; Rl_epac
hypertrophic + rolipram: n =12; RIll_epac hypertrophic + rolipram: n = 12, Statistical

significance calculated by two way ANOVA withBo n f e r mpashtesd, * p<0.01.

In control myocytes stimulated with ISO there was a higher geoerait cCAMP in the

PKA-RIlI compartmen{Figure5-19). Myocytes treated with PDE4 inhibitor rolipram

before imaging produced an increased level of CAMP in both compartments compared with
control cells. This resulted in a 1.8 folttrease in cAMP in theKA-RI compartment and

a 1.3 fold increase in tHeKA-RII compartment

In hypertrophic myocytes the effect of ISO stimulations was again a similar rise in cAMP

in both locationgFigure5-19). When treateavi t h r o | i pAR atimuldtianfther e b
outcome was a rise in CAMP specifically in PRKA-RIl compartmentThese findings,

when compared to control myocytes, suggest a loss of PDE4 activityKikdR|

compartment and a gain of PDE4 activity in B¥A -RIl compartment in hypertrophic

ARVM.
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Figure 5-19. Summary of FRET change upon the selective inhibition of PDE4 in control and
hypertrophic (NE treated) ARVM.

Summary of FRET change induced by 100 nM isoproterenol (ISO) in the presence or
absence of PDE4 inhibitor rolipram. RI_epac control: R /oR4.152 + 0.239 %, n =10;
RIl_epac control: R+ 5838 + 0.299 %, n = 13; RI_epac + rolipram: R /oR7.512 + 0.68 %,
n =7; Rll_epac + rolipram: @R+ 7R'33 £ 0.643 %, n = 7; RI_epac hypertrophic: R /yR
=2.181 + 0.353 %, n =12; RIl_epac hypertrophic: R+ 2R45 + 0.354 %, n = 9; RIl_epac
hypertrophic + rolipram: @R /o R2.764 + 0.457 %, n =10; RIl_epac hypertrophic + rolipram:
PR /yR4.907 £ 0.669 %, n = 10. Statistical significance calculated by two way ANOVA with
Bonf er mpaoshtesh $p<0.05, ** p<0.01, *** p<0.001.

PDE 1, 2, 3, 4, 5, 7, 8 afthre known to be expressed in the heart to different extents
(Omori and Kotera 20Q7however their indiidual contribution to cAMP hydrolysis in
hypertrophic ARVM has not been assessed for all of tAiémm.FRET data above suggests
an increase in PDE2 activity in the PKAI compartment, a reduction of PDE3 in the
PKA-RI and a possibly a partial relocalisatiof PDE4 from the PKA&RI to the PKARII
compartment. To test this hypotheBISE activity &sayg were performedn cell lysates to

establish whether total activity of individual PDEs was affected in hypertrophsonsol

172



Chapter 57 Results

ARVM (Figure5-20). Lysates were treated with PDHihitors and the amount of CAMP
hydrolysis was calculated using a phosphodiesterase p&ssay (raterials and methods
3.5.3(Marchmont and Houslay 1980n this two step procedure, protein from control or
hypertrophic ARVM ar e °*f]iabeied cAMP. inthb secordd wi
step the productof cAMRy dr ol ysi s (56AMP) 1is incubate
degosphor yl at es 5 06 A MRhydralysed cAMP (0egatively charded) s n «
separated from the neeal charged adenosine with Dowex ierchange resin and the

amount of adenosine is measurgdsbintillation counting.

As expected, treatment with the reelective PDE inhibitor IBMX resulted in a dramatic
decrease in cAMP hydrolysing activity. IBMX inhibits all PDE families, with the

exception of PDE@§Wang et al. 2008 No difference was detected between control and
hypertrophic myocytes, indicating that there is no difference in the overall PDE activity in
the two conditions. Treatment with Roliprad®( ¢ M) , whi ch i nhi bits
PDE4 family, revealed the highest hydrolysing activity among all the selective PDE
inhibitors, indicating that PDE4 is responsible for the majority of cCAMP hydrolysing
activity in ARVM. This is in agreement with preus data from Mongillo and eaworkers
(Mongillo et al. 2004. Again there was no difference recorded in PDE4 activity in control
and hypertrophic myocytes.Hibitionof PDE3 wi t h ci | ost ami de (1
significantly reduced cAMP hydrolysis in both cell types to a similar level. Inhibition of
PDE2 with Bay 607550 (50 nM) had the smallest effect of all the PDE inhibitors tested,
but still significantly reduced cAMP in liw control and hypertrophic adult myocytes to a

similar level.
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Figure 5-20. cAMP hydrolysing activities of different PDE families in control and
hypertrophic ARVM.
ANOVA with Bonf er r ongnificance lesveen tomtsol and hypertophic

myocytes.

There appears to be no difference in the total activity of individual PDEs in cestrol
hypertrophic cellsAs the FRET data which showed differences in PDE control over the
two subcellular compartennt s o0 ¢ ¢ uARstendlatienf ittweuld hdve been
interesting to repeat the PDE activity assay in lysates which are pre treat¢8Owih

well as PDE inhibitorslt is interesting to note thabth PDE3 and PDE4 are activated by
PKA (Omori and Kotera 20Q7therefore 1ISO treatment could increase the activity of these
PDE families in selected compartments of the myocyte. However due to time constraints
anddifficulty in extracting a sufficient amount of protein from this cell type, these

experiments could not be completed.
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5.2.5 Changes in individual PDE families expression as
assessed by protein and mRNA level in hypertrophic
ARVM

To explore whether the obsex deranged PDEediated control of compartmentalised
cAMP signals seen in hypertrophic myocytes is due to altered expression levels of the
individual PDEs involved, analysis of both PDE protein levels by Western blot and PDE
MRNA levek by eattime PCR vere performedising antibodies specific to the known
PDE isoforms present in ARVM

Western blot analysis of the expression level of all PDE were performed in triplicates in
control and hypertrophic ARVM; GAPDH was utilised as internal standard to céorect
sample to sample variation and loading errors and results were normalised to control
ARVM. Similarly, RT-PCR was performeith 3 biological replicates and an average was
taken beford8S rRNA was utilised as internal reference and data were then rsmdhtli
control myocyte sapies n = number of technical replicates (minimum ofA)least 3

different animal preparations were used.

For PDE2 Figure5-21), the results obtained show that, despite the increaBBE?2

activity detected with FRET imaging in hypertrophic myocytes, no significant difference in
PDEZ2 gene expression or protein levels was found between control zentkbyhic

ARVM. These findings suggest thae increased PDE2 activity observed ipértrophic
myocytes selectively in tHieKA-RIl compartmeninay bedue toactivation of PDE2

rather than to ahange in the amount of PDE2.

175



Chapter 57 Results

kDa Ctr Ctr Ctr  Hyp Hyp Hyp

PDE2A

B C
< n.s
2,07 1.5 —
5 n.s 3 Control 2 -_ 3 Control
5 Il Hypertrophy 5, B Hypertrophic
E ’ 9 1.0
®© 1,
o
&5 1.07 §
3 % 05
Y] 0.5+ <
a o
= =
0.0 . Q00 ;

Figure 5-21. PDE2 mRNA and protein levels in control and hypertrophic ARVM.

(A) Western blot of PDE2A and GAPDH in control and hypertrophied ARVM. (B) Western blot
quantification: n = 3 (C) Representative RT-PCR showing no significant changes in PDE2A
expression level in hypertrophic myocytes as compared to control cells. Control: n = 10;
hypertrophic ARVM: n = 10. Error bars represent SEM. Two tailed; paired t-test.

For PDE3 Figure5-22), the results of the expression level analysis show that, despite the
apparent decrease PDE3 activity detected with the FRET imaging approach in
hypertrophic myocytes, there wasignificantincreasen PDE3 gene expression and

protein levelsn hypertrophicvs. controlARVM.
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Figure 5-22. PDE3A mRNA and protein levels in control and hypertrophic ARVM.
(A) Western blot of PDE3A and GAPDH in control and hypertrophied ARVM. (B) Western blot

quantification: n = 3. (C) Representative RT-PCR showing a small increase in PDE3A

e
=)
o

PDE3A mRNA/18S mRNA

expression level in hypertrophic myocytes compared to control cells. Control: n = 15;
hypertrophic ARVM: n = 15. Error bars represent SEM. Two tailed; paired t-test, * p<0.05.

PDE4 gene expression and protein levels were gltalengingo investigate as there is
more than one PDE4 gene expressed in the h&he.PDE4 family is highly evolutionarily
conserved and is encoded by four genes, namely PDE4A, PDE4B, PDE4C and PDE4D
(Houslay and Adams 20D3These four PDE4 genes further encode 25 different isoforms
all with unique Nterminal regions. It has been reported the PDE4C is not presenttin hea
tissue(Kostic et al. 199Yand more recently it was reported that in cardiomyocytes the
majority of PDE4 cAMP hydrolytic activity is provided by the PDE4Dfsmily, with a

small contribution from PDE4B, and virtually no contribution from PDE4A or PDE4C
(Mongillo et al. 2004 Based on the alve information, this sidyfocused on the analysis

of the expression of PDE4B and PDEA4D in hypertrophic myocytes.

There are 4 known isoforms of PDE4B (PDE4B1, PDE4B2, PDE4B3 and PDE4B5 which
have calculated molecular weights of 83 kDa, 64 kDa, 82 kDa and 57 kDa respectively)
ard so it was decided that immunoprecipitation (IP), usmgraibody that recognises all

knownPDE4B isoformswould be the best way to assess PDE4B protein expre#sion
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IP was performed with an IgG control and probed for an antibody against PDE4B
isoforms. After IP only PDE4B1/ PDE4B3 could be detectdd.statistical comparison
was performed as s 2. Neither protein nor mRNA expression levels of PDE4B were
significantly altered in hypertrophic myocytes, althotigpmRNA levelshowed a small
but not sgnificant higher level in hypertrophic myocytes compared to control cells

A
Lysate 1gG IP PDE4B
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Figure 5-23. PDE4B mRNA and protein levels in control and hypertrophic ARVM.

(A) Immunoprecipitation (IP) was performed using PDE4B antibody before running Western
Blot. Band at ~80 kDa represents PDE4B1 or PDE4B3. (B) Representative RT-PCR showing
no change in PDE4B expression level in hypertrophic myocytes compared to control cells.
Control: n =12; hypertrophic ARVM: n = 12. Error bars represent SEM. Two tailed; paired t-

test.

There arel1 published isoforms of PDE4D with recorded molecular weights ranging
between 58 91 kDa and therefore it was difficult to detect any clear changes in band
intensities when comparing contend hypertrophic myocytes. Immunoprecipitation was

performed using 1gG as a control, and an immunoblot was then probed with an antibody
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raised againstll PDE4Disoforms (pan PDE4DNo statistical comparison was performed
as n = 2. Natatistically sigificant changes could be detected in the mRNA or protein
expression levels of PDE4D, although the PDE4D mRNA levels showed a small but not
significant ircrease in hypertrophic myocytes.
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Figure 5-24. PDE4D mRNA and protein levels in control and hypertrophic ARVM.

(A) Immunoprecipitation (IP) was performed using PDE4D antibody before Western Blotting.
Band at ~ 85 kDa represents PDE4D5 or PDE4D7. (B) Representative RT-PCR showing no
change in PDE4D expression level in hypertrophic myocytes compared to control cells.
Control: n = 13; hypertrophic ARVM: n = 13. Error bars represent SEM. Two tailed; paired t-
test.
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The above results suggest that any alterations in PDE2 and PDE4 activity in hypertrophic
myocykes may be due to changes in the activation state of the enzyme rather than protein o
MRNA expressiottevels. The PDE3FRET results appear to be contradicted by the protein
and mRNA level®btained This may be explained by a concomitant inhibition of the
overexpressed PDES3 in hypertrophic myocytes

5.2.6 Alteration in phosphodiesterase localisation in

hypertrophic myocytes

It has been previously published that cardiac phosphodiesterases (PDEs) have distinct
subcellular localisations which can be detectethbyiunostaining and confocal
microscopy(Mongillo et al. 2004 Together with this study and the FRET data obtained in
this investigation which showedcreasé?DE2activity specifically in the PKARII
compartmenand PDE4 shifting from theKA-RI compartment to thEKA-RII

compartment, immunostaining of cardiomyocytes to further explore alterations in PDE
localisation was performed.

Control and hypertrophic ARVMere cestained with antPDE (PDE2A, PDE3A,

PDE4B or PDE4D) and arttactinin antibodies and cells were imaged using confocal
microscopy. The Pearson correlation coefficient (PCC) value was calculated using ImageJ
with JACoPplug-in.

Interestingly PDEB and PDE4D localisatiowerealtered in hypertrophic myocytes where
a higher c o-actininis detected (expressedias obicorrelation between PDE

i s of or-actine)nTehis data isn line with earlier FRET data in this stu¢fyigure

4-11) suggesting shift in PDE4ocalisationfrom the PKARI to PKA-RII compartment
Immunofluorescence experiments for Rl_epac and RIl_epaduthiinin revealed that
RIl_epac localises significantly more withactinin in hypertroptc myocytes compared to
controls(Figure5-5). In the heart, PDE4 has been shown to bind to some AKAPs (see
1.7.1). Therefore it is possible to hypothestbat the altered PDE4 localisation may be due
to relocalisation oAKAPs which occurs after chronic catecholamine stimulaiion

ARVM. No change in PDE localisation was detected for either PDEBD&3A
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Figure 5-25. Localisation of PDE families in control and hypertrophic ARVM.
Control and hypertrophic cardiomyocytes stained for PDE of interest (green) and then
st ai n e earéomeric Bctinin (red), followed by laser scanning confocal microscopy.
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(A) Confocal image of ARVM labelled with anti-PDE2 A ( gr e e n) -aetinid (rea)n t i U
antibodies. (B) Summary of colocalisation statistics for PDE2A. Control: n = 6; hypertrophy:

n =11. (C) Confocal image of ARVM labelled withanti-PDE3 A ( gr e e n }actiain @ed)Jant i
antibodies.(D) Summary of colocalisation statistics for PDE3A. Control: n = 11; hypertrophy:

n = 3. (E) Confocal image of ARVM labelled with anti-P DE 4 B ( g r e e n )actiain @ed)a nt i
antibodies. (F) Summary of colocalisation statistics for PDE4B. Control: n = 20;

hypertrophy: n =12. (G) Confocal image of ARVM labelled with anti-PDE4D (green) and anti
U-actinin (red) antibodies. (H) Summary of colocalisation statistics for PDE4D. Control: n =

12; hypertrophy: n = 7. Error bars represent SEM. Two tailed; paired t-test,* p<0.05, ***

p<0.001.

As earlier FRET datéFigure4-10) indicated a complete loss of PDE3A activity in the
PKA-RI compartment in hypertrophic ARVNImmunostainingvas expected to show
noticeable alterations in PDE3A localisation. One possible megsb no change in

PDES3A localisation was detected is that the cell population tested was low for PDE3A
hypertrophic ARVM (n=3) compared to all other groups with large variability between
cells. Unfortunately due to time constraints the staining coulbeoépeated and the
population tested could not be increased. Another possible explanatiatHPES is
inhibited in thePKA-RI compartment of hypertrophic myocytes and therefore a decrease

in activity is recorded yet the PDES3 localisation remains angld Further investigation

would be required to determine the mechanisms involved. As cGMP can inhibit PDE3 and

activate PDEZ2, it would be interesting to explateether this mechanism is involved.

5.3 Conclusions

In order to assess alterations in cAMRAPsignalling dynamics and phosphodiesterase
regulation in cardiac hypertrophy, amvitro model of hypertrophy was established in
adult rat ventricular myocytes (ARVM). Chronic catecholamine stimulation induces
cardiac hypertrophy; therefore a model gpértrophy was set up by treating primary
cultured ARVM overnight with norepinephrine (NE). To assess if treatment of ARVM
with NE resulted in a hypertrophic phenotype, several markers were considered and
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compared between control and NE treated myocytessd included cell size (both length
and longitudinal sectional area), cell index, orgation of sarcomeric units and fetgne
expression. All parameters investigated indicated that overnight treatment of ARVM with
NE resulted in the appearance of éxpected markers of hypertrophydicatingthat this

is an acceptabl@ vitro model ofcardiomyocyte hypertrophy.

To study cAMP signalling at different subcellular compartments within the hypertrophic
cell, a FRET based imaging approach and cAMP FRIE$®s targeted to tHeKA-RI
andPKA-RIldomai ns were empl oyed. -Afhstimulatos ul t s
with I1SO, the level of cAMP produced in both compartments was significantly lower in
hypertrophic myocytes compared to control ARVM. Investigatibthe contribution of

PDE in determining the level of CAMP revealed that there was higher PDE activity in the
PKA-RIlI compartment of hypertrophic ARVM compared to control, whereas the PDE

activity in thePKA-RI compartment remained unaltered.

To try tobetter understand which PDE families are responsible for the increased hydrolytic
activity in thePKA-RIl compartment of hypertrophic myocytes, selective PDE inhibitors
were utilised. The results obtained demonstrate that in hypertrophic myocytes¢here
variations in all the PDE families studied compared to controls. In control ARPINE2

and PDE4 are mainly associated with H€A-RI compartment, but some PDE?2 activity is
also present in theKA-RIl compartment; however in hypertrophic ARVM PDE2 atfivi

was found to be predominantly associated tdPKé&-RIl compartment and PDE4 activity
resulted to be exclusively associated toRK&-RIlI compartment, with a complete loss of
activity in thePKA-RI compartment. PDE3 activity was found to be coupleg tmthe

PKA-RI compartment in control myocygewhereas in hypertrophic ARVM,loss of

PDE3 in thePKA-RI locale and no change in tR&KA-RIl was detectedmmunostaining

of PDE localisation in ARVM also showed a change in PDE4B and PDE4D localisation in
hypertrophic myocytes supporting the dramatic alterations gathered with thelgREd
imaging technique.

The results ofhis study show some similarities with data previously published by Abi
Gerges and colleagues, where a decrease in PDE3 activifpuvakin cardiomyocytes
isolated from Wistar rats where hypertrophy had been induced by surgical thoracic aortic
banding (TAC)Abi-Gerges et al. 2009The sane paper also reported a decrease in PDE4
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activity, while the results ithis thesisshow a loss of PDE4 activity selectively in the
PKA-RI compartment but an increase in BI€A-RIl compartment. AbGergeset al.were

also able to show decreasing protexpression of PDE3A, PDE4A and PDE4B which is

in contrast to the results obtained here. There are several possible reasons as to why the
results in this study differ from the already published data, such as the models of
hypertrophy used and the animal retsdused to investigate hypertrophy. This study
explored cAMP dynamics in an vitro model of catecholamine induced hypertrophy in
primary cultured adult rat ventricular myocytes, whereas@drige<et al.used thoracic

aortic constriction (TAC) to provakhypertrophy. Also the techniques used to monitor
cAMP signalling could be accountable for the differences reportedGAlge<et al.

studied the cAMP signal exclusively in the subsarcolemmal region using whole cell patch
clamp and CNG ion channels asAMP sensorThis study uses FREbBased imaging and
fluorescent Epac sensors targeted to the subcellular compartmentKkliAerRd and

PKA-RII normally reside. It is plausible that the PDE 3 and PDE 4 activities differ at the
cell membrane in hypertroph&RVM compared with the PKARI and PKARII

compartments as cAMP signalling and PDE localisation is known to be

compartmentalised.

One of the key areas of interest for our laboratory is PDE2 control of CAMP signalling in
cardiomyocytes. In this study, oadirPDE?2 activity was shown to increase in hypertrophic
myocytes, although PDE2 mRNA and protein expression levels showed no difference from
control myocytes. One possible explanation for this result is that PDE2 may undergo
activation, resulting in incread activity of this enzym&uch activation may result from
increased cGMP levels and consequent cGMP binding to the GAF domain of PDE2.
However, in order to confirm this hypothesis further investigation of cCAMP/cGMP

interplay in hypertrophic myocytesiisquired as well as exploring the role of PDEs in the

development of cardiac hypertrophy.
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6 The interplay between cAMP and
cGMP and its impact on cardiac

hypertrophy.

6.1 Introduction

The second -onk ssyemnlgied gwWwanosi ne mannophospt
important mediator of cardiac function. cGMP reduces cardiac contractilitydnces
vasorelaxation via protein kinase G (PK&)cher et al. 1994 cGMP issynthesised by

two isoforms of guanylyl cyclase: the soluble GC (sGC) which is cytosolic and stimulated
by nitric oxide (NO) and the particulate GC (pGC), a membrane bound enzyme activated
by natriuretic peptides (ANP, BNP and CNP). The two forms of G@ baen shown to
mediate different functional effects and it has been suggested that, similar to cAMP, cGMP
signalling may also be compartmentalised. A study conducted by Gisbert & Fischmeister
in 1988 showed that in frog ventricular myocytes, sGC activatases definite inhibition

of theL-type C&" current (cal) induced by isoprenaline, whereas pGC activation has little
effect(Gisbert and Fischmeister 198&astro et aldemonstrated that in adult rat
cardiomyocytes the pGC, but not the sGC activates the eGdH currenkcne. The

same group alsaported thaPDE5 controls cGMP generated by #@&C but not by the

pGC, whereas PDE2 exclusively controls the cGMP generated by thg(@&siro et al.

2009. It should be noted that the techniquedisithe Castro et aktudyrelies onthe rat
olfactory cyclic ucleotidég at e d ( C N GsubumitfaratimerCé" kcurréhticnsas a

readout otGMP levelswhichlimits the analysis tgubsarcolemmal cGMP

Phosmodiesterase$?DES9, the only cyclic nucleotide degrading enzynpay a rolenot

only in thespatiotemporal regulation of cGMP sigsaut alsoin thecrossregulation of
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the CAMP signaby cGMP.In cardiac cellsthe potentiation of Ca currents andhie

redu¢ i on of t he radrenprgicreceptorragoristss have deesuggested to
resultfrom the effects of cGMP on PDiediated cAMP hydrolysi§/ila-Peroff et al.

1999 Layland et al. 200R Cardiac myocytes express several PDE isoforms: PDEs 1, 2, 3,
4, 5, 8 and 9. Of these isoforms, therethreefamilies of cGMRtegulatedPDEs that
hydrolyse cAMP, PDE1,PDE2 and PDES3. Tise PDE familiesliffer with respect to,

affinity and specificity for cAMP and cGMP as wellthgir subcellular localisation

(Martins et al. 1982Zaccolo and Movsesian 200€GMP-mediated inhibition of the
cAMP-hydrolyzing activity of PDE1 has been demonstrated oniytro, whereas cGMP
regulation of PDE2 and PDE3 has beernvahto occur bothn vitro andin vivo (Zaccolo

and Movsesian 2007PDE1 is activatetly C&* and calmodulin, and hydrolyses cAMP
and cGMP in a mutually competitive mannEnree PDE1 genemncoding for the proteins
PDE1A, PDE1B and PDE1Rave been identified to date, all witlmdar affinity for

cGMP( Km=1 t o), Butwhichdiffer gteatly on their affinity for cAMRKakkar et

al. 1999. PDE1A and PDE1B, show a preference for d&Mhereas PDE1C hydrolyses
the two cyclic nucleotides with equally high affin{tgerder and Beavo 2006lt is still
unclear whether PDEL plays a roleci@MP-mediated cAMP hydrolysim vivo, the major

limiting factor for these experiments is a lack of specific PDEL1 inhibitors.

cGMP regulationof cAMP hydrolysis occurs by cGMP binding the GAFB domain of
PDE2, increasing its ability to degrade cAMP by approximately 10(Rdédman et al.
1997 Martinez et al. 2002 In the case of PDERGMP acts as a competiéivnhibitor of
CAMP hydrolysis(Shakur et al. 2001PDE3 has similar affinitie®r both cAMP and
cGMP, but due to the higher catalytic rate for ;CAMP,PDE3 is inhibited by cGMP
(Degerman et al. 199.7Given the described properties of PDE1, PDE2 and PDES,
modulation of cCAMP PDE activity by cGMP céahereforeshapeantracellular cAMP
gradientsandthe functional effecof cAMP signalling.

More recently the cAMRCGMP interplay has been explored audcellulacompartment
specific level within cardiac myocyteAs previouslymentioned Stangherlin et al

performed experimentssing FRET basesensors for CAMP and cGMP targeted to the
subcellular domains wheRKA-RI andPKA-RII normally reside and found that cGMP
can strongly modulate cCAMP pools in these locatidiss study found thain neonatal rat

myocytes PDE2 activity is mainlhassociaedwith the PKA-RII subcellular compartment
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whereas PDE3 activitis mainly coupled to th®@KA-RI compartment. Stimulation of sGC
with S-Nitroso-N-acetytD, L-penicillamine(SNAP) increases the cCAMP responsd 3@
selectively in thd®KA-RI compartment \a inhibition of PDE3, whereas tlhtdMP
response is reduced RKA-RII compartment via cGMhediated activation of PDE2.
Stimulation of pGGwith atrial natriuretic peptide (ANReduced cAMP levels in the
PKA-RIl compartmenvia activation of PDE2 butad ro effect on thdKA-RI

compartment, thus indicating that cGMP signals are also compartmentalised.

These findings are clinically relevant as they may impact on the treatment of pathological
conditions such as heart failure. Current treatments of heanefailepending on the

severity and stage of the disease, rely on raising CAMP levels via inotropes and the use of
vasodilators anditrates to increase cGMP levels. Inotropic therapy, via treatment with
PDE3 inhibitors, has been shown to significantly ioyerhemodynamic measurements in
patients with hearfailure with short term uséCuffe et al. 200 yet it is well established

that this type of treatment has aéige longterm effectsot he pati efdrés ou
example the Prospective Randomized Milrinone Survival Evaluation (PROMISE) study,
which randomised patients with class IlI/IV heart failur€E3 inhibitormilrinone

versus placebo, found a 28% in@ean risk of death in the treated group and during the
Vesnarinone Trial (VEST) found an 11% increase in mortality of treated pgirauker

et al. 1991 Feldman et al. 1993It has been hypothesised that these negative effects may
be due to the fact that cCAMP signalling is compartmentalG&LCRs, ACs, PDEs and

CAMP effectors are spatially organised iaeromolecular complexes within the
cardiomyocyte, to allow selective phosphorylation of targets in response to specific
stimuli. The functional outcome of cAMP signallidgpends othe location of the

subcellular compartmemtithin whichcAMP is generatedA global increase atAMP is

not the best approacb treating heartailure as this may result in off target effects

As cGMP is known to regulate cAMP by modulation of PDE2 and PDE3 in discrete
compartments icardiomyocytegStangherlin et al. 20)1this too could have arifect on
the use of CAMP PDE inhibitors as a therapeutic treatment in heart digdteed levels
of cGMP can affect PDE activity and in the case of PDE3 may inhibit the enzymatic
hydrolysis of CAMP 1t is therefore crucial to have a better understapdfrcyclic
nucleotide signallingnterplayat a subcellular levels this may lead tihe development of
novel therapeutickr heart diseasén addition to this, numerous studies have indicated
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that cGMP and PK@re antihypertrophic £.10.1.] and thus it is of interest to investigate
cGMP signalling in the NEnhducedin vitro model of cardiac hypertrophy.

Aims
1 Investigate whetharniguecAMP/cGMP crosstallat specific subcellular
compartmentsccurs in adult rat ventricat cardiac myocytes
Determine how changes in cGMP affect cCAMP lexatlsubcellular sites
1 Explore if cGMP and cAMP interplay is alteredanin vitro model of cardiac
hypertroply.

6.2 Results

6.2.1 cGMP-mediated modulation of cAMP levels in the
PKA-RI and PKA-RII subcellular compartments.

The questiorf whether the generation of cGMP could afféetisoproterenol (ISQ)
induced cAMP responsa a subcellular level in ARVMas first investigatedPrevious
studies in the ladratoryhad showntha PKA-RI andPKA-RII isoforms due to their
ability to preferentially anchor to different AKAPdefine distinct subcellular
compartments in which cAMP is uniquely regulatéd study cAMP signalling in these
two distinct subcellular compartments two FRET reportersAddle weredesigned
(RI_epac and RIl_epac) that are targeted to the intracellulamdits® endogenolBKA-
Rl andPKA-RII normally residgsee4.2.7).

Cardiomyocytes wergansduceavith adenovirugarryingeither RI_epactbe cAMP

reporter targeted to tH&KA-RI compartment) or RIl_epatafgeted to th€ KA-RII
compartment) and then stimulated with 100 i8®. The cAMP response detected at those
sites wasomparedvith the response detectedARVM which had been praeated or

10 minutes with either the NO donoi\#troso-N-Acetyl-D, L-Penicillamine (SNAP) or
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atrial natriuretic peptide (ANP). SNARia generation of NGstimulates the production of
cGMP bythe cytosolic ®luble GC (sGCyvhereasANP activates the particulateGIpGC)

with consequent generation of cGMP by this enzyme localised at the sarcolemma

The cAMP respons® ISO alonavasfound to behigher in thePKA-RII compartment as
compared to theKA-RI compartmentKigure6-1) confirming previous result®i
Benedetto et al. 2008Pret r eat ment of <cell s with the N
dramatically affected this responsejucing asignificantreduction of the FRET change in

the PKA-RII compartmenand shows a trend ofragher FRET change in tH&KA-RI

compartmen{Figure6-1).

In thefollowing set of experimerthe effect of ANRreatmenwas investigated. fie
CAMP FRET response in control celteated with ISO aloneas again higher in the
PKA-RIl compartment compared to tR&A-RI compartmentKigure6-1B), however pre
treatment of thenyocytes with ANP exclusivelgffected the response the PKA-RI
compartment. The FRET changeRKA-RI was greater compared to its contieigure
6-1B).
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Ml RIl_epac
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cAMP (ARR%)
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SNAP - - + + ANP - = +
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Figure 6-1. Summary of the effect of cGMP on the cAMP response to isoproterenol in PKA-

Rl and PKA-RII subcellular compartments.

Myocytes were preincubated for 10 minutes with (A) SNAP or (B) ANP before stimulating

with 100 nM Isoproterenol. (A) RI_epac: @R# R2. 756N 0. 422 %, ny== 7; R
4.294 + 0.418 %, n = 8; Rl_epac + SNAP: PR+ 4476+ 0.624 %, n = 7; RIl_epac + SNAP:
®R/yR2561+0524%,n=8.(B)Rl _epacg= g8R/BRR1N 0.29 %, n o= 15;
4.9+ 0.25 %, n = 21; RI_epac + ANP: P R+ 5R1I5+ 0.341 %, n = 25; RIl_epac + ANP: PR¥ R

5.02 + 0.30 %, n = 33. Statistical significance calculated by two way ANOVA with

Bonf er mpashtesd §<0.05, ** p<0.001.
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Together these data indicate that cGMP can affect the sspohSO in a compartment
specific manner. Previously it has been shown that SNAP produces a uniform increase in
cGMP throughout the cell so that differences obseavedinlikely to be ascribdd an
uneven generation of cGMP hareinstead du¢he spetfic localisation of PDEs that are
differently modulated bgGMP (Stangherlin et al. 20)1The experiments performed i

the presence of SNABuggesthat PDE3 (which is inhibited by cGMP) is found mainly in
the PKA-RI compartment, as increased levels of cGMP lead to the inmlawfi®DE3 and
therefore an increased concentration of CAMP in the response to ISO. PDE2 (which is
activated by cGMP) was found to be mainly associated tBK#eRIl compartment as
indicated by the decreased level of cCAMP recorded in this compar{8tangherlin et al.
2011D).

Thedata obtained in ARVM pr&reated with ANP would again suggest that PDE3 is

mainly associated with tHeKA-RI compartment in the ARVM. However, in tRKA-RI|
compartment there is no effect suggesting that PDE2 is not activated as seen in the
experimentaising SNAP One possible explanation is that cGMP generated by ANP via
the pGC does not reach and effectively activate PDE2 (due to a different
compartmentalisation of the sGC and pGC and limited diffusion of cGMP). An alternative
explanation is that thenasount of cGMP generated by pGC is sufficient to inhibit PDE3

(Km of cGMP for PDE3 =20 nmol/L) but not sufficient to activate PDER {& cGMP
binding to GAF domain of PDE2 =10 emol /L
To confirmthe hypothesis that the effect of SNAP and ANP on the cCAMP response to ISO
relies on PDE2 and PDE&dditional experiments in which ARVEre stimulated with

ISOin the presence adficreased c@IP levelsplus pharmacologicahhibitorsof PDE2

and PDE3wvere completed

6.2.1.1The effect of cGMP on the local ISO-induced cAMP

response in the presence of selective inhibitors.

Firstly it was important to assess whetlagter cGMP raising agents or thedétn of
PDE 2 and 3 inhibitorghere was difference in the cAMP levels in the two compartments
that is independent of ISO stimulation, as this may alter the interpretation of the

experiments performed in the presence of ISO. Previous work conducieonatal
191



Chapter 6 7 Results

myocytes found that ANP treatmeaggnerated larger pool of cGMP in theKA-RII
compartmenand that amount of cGMP produced in Bi€A-RI compartment was unable

to inhibit PDE3 activity(Stangherlin et al. 20),1therefore SNAP was chosen as the

cGMP raising agenMyocytes infected with RI_epac or RIl_epac FRET based sensors
were either untreated, preincubated with SNAP alone or with the selective inhibitors for 10
minutes before imaging. Basal levels of CAMP were obtained by capturing a number of
FRET images of ARVM epressing the CAMP reporter and calculated as previously
described4.2.2. These results confirmed that the basal level of cAMP ifP&-RI and
PKA-RIlI compartments is not altered upon addition of cGMP raising agents and PDE

inhibitors specific for families 2 and 3 as showrigure6-2A.

In control experiments, as previouslyown Figure4-6), cardiomyocytes treated with ISO
(100 nM) alone showedteend d a higher cAMP response in ti&KA-RIl compartment

than thePKA-RI compartmentand ARVMpre ncubat ed with SNAP (
stimulated with ISO resulted mtrend of enigher cCAMP response in tiRKA-RI

compartment than theKA-RII compartmenalthough these results were not always
significant due to the increasing nbhar of multiple comparisons ma@eigure6-2B +C).

These experimenteemed t@onfirm previous result$(2.1) where SNAP treatment

created an inversion of the CAMP drants typically observed iRKA-RI andPKA-RII

compartments in response to catecholamine stimulation.

In cardiomyocytes prereated withSNAP and the PDE2 inhibitor Bay 6®50(50 nM),
ISO stimulation generated a comparable FRET change iPKheRI andPKA-RII
compartments. On comparison with SNAP treatment alone, SNAP treatment in the
presence of PDE2 inhibitor results isignificantlygreater cCAMP response to ISO in the
PKA-RIlI compartment only, whereas there is no further increase iPKAeRI

compartment.
In ARVM pre-treated with SNAP andhé PDES3 inhibitor cilostamidei(lcl o) ( 10 & M)

stimulation resulted in a comparable cAMP level generated in both compartments which
was not significantly different from ARVM treated with SNAP aloke&y(ire6-2C).
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Figure 6-2. Summary of the effect of cGMP on the cAMP response to ISO in PKA-RI and
PKA-RIl subcellular compartments after selective PDE inhibition.

(A)Summary of basal cCAMP levels in ARVM treated with SNAP and selective PDE inhibitors.
RI_epac control: n = 13; RIl_epac control: n = 12; Rl_epac + SNAP: n = 9; RIl_epac . SNAP: n
=9; Rl_epac + SNAP + Bay 60-7550 n = 5; RIl_epac + SNAP + Bay 60-7550: n = 6; Rl_epac +
SNAP + Cilo: n = 6; RIl_epac + SNAP + Cilo: n = 7. (B) Myocytes were preincubated for 10
minutes with SNAP (100 ¢ M) and PDEZ2 selective inhibitor Bay 60-7550 (50 nM) before
stimulating with 100 nM Isoproterenol. (C) Myocytes were preincubated for 10 minutes with
SNAP (100 ¢ M) and PDE3 selective inhibitor Cilo (10 mM) then 100 nM Isoproterenol.
Statistical significance calculated by two way ANOVA withBo n f e r mpashtesd, §<0.05,
**p<0.01.

In line with previoudindings Figure5-15), these results indicatehat PDE2 activity is
mainly assoa@ted with thePKA-RII compartment when there is higher than basal cGMP
levels, as inhibition of PDE2 witBay 60-7550resuledin an increase in CAMP generated

in response to ISO stimulati@pecifically in this compartmer®re-treated with SNAP
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and PDE3nhibitor Cilo had no effect othe ISO response gither compartmerdf
ARVM, as expected if PDE3 is selectively coupled toRKA-RI compartmenand is
alreadyinhibitedby cGMP induced by SNAP treatment.

6.2.2 cGMP-mediated local modulation of cAMP levels in
the PKA-RI and PKA-RIl compartments in
hypertrophic myocytes.

In the following set of experimentdhe observed cGMmediated modulation of CAMP
signalling at subcellular locationgasinvestigatedn hypertrophic myocytet® establish
whether thissignalling pathway is altered during cardiac hypertropégiated ARVM

were treated overnight in medium ¢oa i n i n g tolIndugeMnnNitEo model of
cardiomyocyte hypertrophy. Experiments were then conducted in the same way as above,
by pretreatingt he cel |l s with 100 €M SNAP for 10
Theresults showdthat thecAMP responséo ISO in untreated hypertrophic myocytes
wassimilarin both thePKA-RI compartmenandthe PKA-RIlI compartmen{Figure

6-3A).

Pret reat ment of t he chadahoeffestoneither @MNparmerft 1 00 ¢
(Figure6-3A).

On comparison of SNAP piteeatd control cellsvith SNAP treated hypertrophic cells;
the CAMP generated was significantly less in tREA-RI compartment only in
hypertrophic cells while theKA-RII compartment remained unchangéty(re6-3B).

These data sets are consistent with the information shown pmete@us chapter where
PDE2 activity is present in both tRKA-RI andPKA-RII compartments of hypertrophic
myocytes(Figure5-15), but importantly that there is a significant loss of PDE3 activity in
the PKA-RI compartment in hypertrophic myocyt@sagure5-17). In hypertrophic cells,
SNAP treatment does not reduce cCAMP inRiA-RII compartment as one would expect
given the activation of PDE2. This may be due to thetFattin hypertrophic cells PDE2

is already activated.
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Figure 6-3. Summary of the effect of cGMP on the cAMP response to ISO in PKA-RI and

PKA-RIl subcellular compartments in hypertrophic ARVM.

(A) Myocytes were preincubated for 10 minutes with SNAP or before stimulating with 100

nM Isoproterenol. Rl _epac hyper tor2026ti0.d91 % mpR/B;MRII_epac
hypertrophfcl. @R6 RN 0.364 %, n = 6; Rl _e9la4/+ hyper
0.184%,n= 8; RI |l _epac hyper to=a076fE449%%, 5NIARB) SupariR

of experiments comparing control and hypertrophic ARVMs after SNAP pre-treatment.

RI_epac + SNAP: n =7; RIl_epac + SNAP: n = 8. Statistical significance calculated by two

way ANOVA withBo n f e r mpashtes, §<0.05, *** p<0.001.

6.2.3 Investigation of cGMP levels at the PKA-type | and
PKA-type Il locations using targeted cGMP FRET

based sensors.

One possible explanation for the observed differences in cAMP signalling and PDE
contribution in hypertrophic myocytes in tR&KA-RI andPKA-RII subcellular

compartments in ARVM is that these may rely on variations in the pools of cGOP
investigate ifthis is the mechanism involvedizMP changewsere monitoredelectively in

the twocompartments defined BBKA-RI andPKA-RII using modified versions of the

cGMP sensor Cygn&t.1. This had been previously adapted in ouotatoryin the same

way as thaargetedcAMP sensas, by fusing thedimerisation/docking domain from either

Rl Ui(naomacids 1 t o 6Z2tp49ptetheRtermibus ¢f @ygrietilo a C |
(Figure6-4). In order toachieve expression of these reportaradult myocytesthese

probes had to be cloned into adenoviral ¥ectDue to time constraints this stage was
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completed by Vector Biolabs. Briefly, Cygr2tlwasXhol/EcoRlcut out from pcDNA3.1
and the dimerisation doc WNhehcgtframeanothern f or
pcDNA3.1 vector #Af il InkaddsuboaneBooRlintothe KI enow
multiple cloning site region of pDu&CM vector. Positive vectors were checked using
Pacl/Bglll digestion. The adenoviral vector was then packaged as previously described
(3.3.12.

cGMP binding domains Catalytic domain

Clece i o = N cvne 7 cyanet2
Copmigciecre gl » = SIS cure J7 Ricyonet2
ConmiEdl core g A J o SRR cwee JO RiCyet2 s

L

PKGA1-77

Figure 6-4. Schematic representation of the FRET-based cGMP sensors used in this study.

To explore whether changes in PDE activity between control and hypertrophic myocytes
are due to different levels of cGMP iretRKA-RI andPKA-RII compartments, the basal
level of cGMP was compared at the two locations. For these experiments ARVMs were
infected with either RCygnet2.1 or RIFCygnet2.1 and a number of images were taken
for each sensor to calculate the basabramterestingly the basal level of cGMP was found
to be higher in th€KA-RI compartment compared to tR&A-RII compartment in

cardiac myocytesHigure6-5A). As a control to exclude that fusion of the targeting
domains to the Cygnet sensor may affect the efficiency of energy transfer and therefore
may account for the difference in FRET value detected with the two reporters, the
adenovirus containing the two targeted cGMP sensors was used tchiieesehamste
ovarian (CHO) cellsIn this cell type, there was no difference recorded between the two
compartments as expectdddure6-5B). These data show than in ARVMs the level of

cGMP is higher in th®KA-RI compartmentnder normal conditions.
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Figure 6-5. Summary of the basal ICFP/ IYFP ration values detected with the targeted cGMP
sensors RI-Cygmet-2.1 and RII-Cygnet-2.1.

(A) Summary of basal cGMP levels in ARVM. RI-Cygnet-2.1: n = 54; RII-Cygnet-2.1: n = 66.
(B) Summary of cGMP levels in CHO cells. RI-Cygnet-2.1: n = 35; RII-Cygnet-2.1: n = 26.
Error bars represent SEM. Two tailed; paired t-test, **p<0.01.

In order to investigate whether an increased intraceld@P level may be responsible

for the increased PDE2 activation detected from the FRET data in hypertrophic myocytes,
theglobal cystosolic cGMP basal levels were calculated and compared to control ARVMSs.
As illustrated inFigure6-6A, the basal level of cGMP was significantly higher in the NE
treated hypertrophic myotss compared to control cellBhis data suggests that, in
hypertrophic myocytes, the increased PDE2 activity is due to higher levels of inteacellul
cGMP selectively in th@KA-RII compartment. Thus it appears that in hypertrophic
myocytes, the basal cGMP levels are increased leading to activation of PDE2 and
increased cAMP hydrolysis. As PDE2 is already activated the addition of SNAP would be
expected to have little effect on PDE2 activity and cAMP concentratisrobserved
(Figure6-3).

To further test this hypothesithecGMP levels at th@KA-RI andPKA-RII subcellular
locations in hypertrophic myocytegere exploredio observe if there vgaan alteration

which would explain the differences seen in PDE2 and PDES3 activities in this model of
disease. In control myocyteBigure6-6B), there was a higher basal level of cGMP in the
PKA-RI compartment compared to tR&A-RIl compartment

However, in hypertrophic myocytes, there was an increased basal level of cGMP in both
compartments compared with control cells, &gfreater fold change was detectethin
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PKA-RIlI compartment. Thdifference in cGMP concentrations between the two

compartmentsni this cell type was abolished
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Figure 6-6. Comparison of cGMP intracellular levels between control and hypertrophic
ARVMs.

(A) Summary of all the experiments performed in controls and hypertrophic myocytes
transduced with Cygnet-2.1. Cygnet-2.1 control: n =55; Cygnet-2.1 hypertrophic: n =45,
Error bars represent SEM. Two tailed; paired t-test, *** p<0.001. (B) Summary of all the
experiments performed in controls and hypertrophic myocytes transduced with the targeted
cGMP sensors. RI-Cygnet-2.1 control: n =54; RI-Cygnet-2.1 control: n = 66; RI-Cygnet-2.1
hypertrophic: n =51; RII-Cygnet-2.1 hypertrophic: n = 53. Statistical significance calculated
by two way ANOVA withBo n f e r mpaoshtesd, §<0.05, *p<0.001.

The higher basal level of cGMP in both compartments of hypertrophic ARVM would
means that in hypertrophic myocytes PDES is inhibited more than in control cells while
PDE2 activiy increases. Although cGMP levels are higher in BRKIA-RI andPKA-RII
compartments of the hypertrophic ARVM, the greatest increase is RKiReRII
compartment, and this could explain why the FRET reporters detected a higher PDE2
activation in this comgrtment(Figure5-15), but no altered PDE2 protein and mRNA
expression was foun@igure5-21). On the other hand, the increased cGMP level in the
PKA-RI compartment of hypertrophic myocytes could expthmobservation that PDE3
activity is unchanged in face of an increased level of PDE3 exprdssefigure5-17
andFigureb-22).
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6.2.4 bs-adrenergic receptor signalling in the PKA-RI and
PKA-RIl compartments of hypertrophic

cardiomyocytes

I n the heart, un-@Gdranergicatimmaion resutsirdincreased fosce b
and frequency of myocardial contraction and the rate of relaxdtioretypes ofb-

adr ener gi cARs)eareexpessed itardigc myocytes 1, b abn d-ARs,
although the effect of catechol amijamls i n
b,-ARs. These receptorare coupled to Gs proteins and lead to the activation of the
cAMP/PKA pathway.

Gauthier and colleaguese r e t he f i r st s-ARearedegpmessaddnttireat e t
human heart . ;-ARswitmagbnest BR&3W3440BRL)bcaused dose
dependent negat i v esgARImediatednegative irofropieeffdctss.not T h |
linked to Gs proteinsui is coupled to G(Gauthieretal. 1996. These inhibitory effects

have been more recently found to involve the production of nitric oxide (NO) via

activatian of endothelial typ& NO synthase (eNQSwhich, in turn, stimulates sGC to

produce GMP (Vaziri and Wang 1999

Mongillo and colleagues previously reportbdtt NE stimulation of neonatedt myocytes

| eads not onl y i1amdatdire naoccteipvt aotrisorb uaf zad s o
adrenergic receptors which are functionally coupled to an endothelial nitric oxide synthase
(eNOS). In this study theuthors showed thdit;-ARs are involved in NEnduced NO

generation, leading to sGC activation, synthesisGMP, and activation of PDE2

(Mongillo et al. 2008

I n the failing heart, it i ganddeskensitisatientob bl i
b,-ARs occurs, however the amount 3-AR protein has been shown to increase up to 3

fold in different models of heart failu(€heng et al. 20QMMoniotte et al. 20011 bs-ARs

are activated at higher aandeARbandamemdlativgl c o |
resistant talesensitisatiofLafontan 1994 In one study, catecholame stimulation of a
neonatal culture of myocytes from mice with bbtpA R a g-AR kbocked out
(ADRB1-/-/ADRB2-/-) was found to decrease #ARe fr e
agonist CL316243 was able to replicate this effBetvic et al. 200l On the other hand,
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some i nvesti gat iz-ARpsodubescardioprbtective affects im préssufe
overload hypertrophy and heart failure via NO&uU et al.2012).

On the basisf the above evidence t was decided to then inv
receptor on cCAMP levels in the PKA type | and PKA type Il subcellular compartments in
the ARVM, in order to assess whether the coupling of this receptbetcompartments is
altered in hypertrophy. This information may help to explain the altered cGMP
concentration i n hypARrstimulatipnhcancaisecGhiR lgvelevia s |
activated NOS.

In order to explor®; receptor function, isolate8RVM were transduced overnight with
adenovirus containing the targeted cGMP FRET based seRiaCygnet2.1 or RIt

Cygent2.1) to record cGMP changes in the PIRAand PKARII subcellular

compartments. Ten minutes prior to imaging, cells were treatedwit0 HfAR b
antagonis{SR59230A) and basal cGMP levels were measured. In control myocytes, as
shown inFigure6-5, there was a greater concentration of cGMP irPiKA-RI

compartment compared to tR&A-RII compatment under normal conditionk

myocytesprd r e at e d wi-ARMNhiditer (SR59280A)Figure6-7A, there was a
decrease in the basal cGMP in BI€A-RI compartmenbnly, abolishing the difference
betweerthe two localesT h e s e d at a ;-ARg argneasly cotpledto tHKA-RI
compartment i n ARYARscaassed aidecrieasdin cGMPlavelo f D
specifically in this compartmenthis data also shows that in the P{RA compartment

there isconstitutive activatioro f 3-ARSs. This is surprising as the literature indicates that
this type of receptor is activated by high levels of catecholanfirzéentan 1994

Not hi ng el se coul d be f ozAR activation intuhsemulatedt e r a
cardiomyocytesvithout high circulating levels of catecholamirssdsofurther

investigation would be necessary to identify the mechanism invbled

To i nv e s {AR gctvityen hyparteophic myocytes, the above experiment was
conducted in ARVM which had been stinmul a
vitro model of the disease. In hypertrophic myocykegure6-7B, there was no difference

in cGMP basal levelbetween the two compartments Wi t h t he @ARdiI t i on
inhibitor, there was a trerfdr a decreasan cGMP in thePKA-RII compartment, although

this was not significantly different from the untreated myocytes, this resulted in a lower
level of cGMP in thd®KA-RII compartment@ampared to th®KA-RI compartmentThese
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results indicate that in hypertrophity o ¢ y t eARs ardineainl located in tHeKA-
Rlcompart ment , 3aARs resutédiintaismailleoaGMmP respdmse in this

Compartment
A B
u;? n.s § n.s
O 0.8 v 0.8 n.s
55 - * O RI-Cygnet-2.1 =5 s . [ RI-Cygnet-2.1
22 06 il n.s B RIl-Cygnet21 > ¥ 06 B RII-Cygnet-2.1
T E w E
g 3 0.4 T 3 04
o 8 ) Ne] 8
=3 =3
o E 0.2+ o 5 0.2
C) °n
] ]
E 0.0- — £ 0.0 y ; -
o Control + B3-AR Inhibitor ° NE NE + g3-AR Inhibitor

Figure 6-7. Summary of the investigation of b3-AR signalling in PKA-RI and PKA-RII
compartments in control and hypertrophic ARVM.

(A) Summary of FRET experiments in control myocytes transduced with cGMP FRET based
sensors RI-Cygnet-2.1and Rll-Cygent-2 . 1 t hen tr eat gdRinhibitdr 100 nM b
(SR59230A) 10 minutes prior to imaging. RI-Cygnet-2.1 control: n =54; RII-Cygnet-2.1
control: n = 66; RI-Cygnet-2 . 1 -ARibHbitor: n =56; RII-Cygnet-2 . 1 ;-AR ibhibitor: n =
55. (B) Summary of FRET experiments in myocytes treated overnight with 1 ¢M NE and
transduced with the targeted cGMP sensors. Cells were preincubated for 10 minutes with
100 n-MRibhibitor (SR59230A). RI-Cygnet-2.1 hypertrophic: n =51; RII-Cygnet-2.1
hypertrophic: n =53; RI-Cygnet-2 . 1 hy p er t-ARiphibitar:#n =%09; RII-Cygnet-2.1
hyp er t r o p hRARdnhibitofi B = 33. Statistical significance calculated by two way
ANOVA withBo n f e r mpaoshtes §<0.05, *p<0.001.

Comparison otontrolvs. NE-induced hypertrophic myocytes transduced with the targeted
cGMP FRET basediiosensorfI-Cygent2.1 and RHCygnet2.1 in ARVM treated with

100 nMbs-AR inhibitor (SR59230Areveals that there is a significantly greater basal level
of cGMP in NE treated myocytels;-ARs are inhibited in both conditions, yet there is still

a significant incease in both compartments of hypertrophic myocytes, which indicates that
cGMP is generated by another route in additiorotolde GC (sGC)activation bybs-ARs.
Perhaps in hypertrophic myocytes there is a higher activatioarn¢yateGC (pGC)
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which produces cGMPThis is plausible as there is an increase in ANP exprefsiath

gene switch on) in hypertrophic myocytesich may result iractivation of pGQsee6.1).

6.3 Conclusion

cGMP is a ubiquitous second messenpat,talong with cAMP, modulates cardiac
function.cGMP is generated by both the soluble and the particulate guanylyl cyclases
(GCs) in response to nitric oxide and natriuretic peptides, respectwelyativation of

the pGC or the sGC produdestinctivedownstream effects suggesting tb&MVP

signalling is also compartmentalised.

It has previously been published that cGMP can alter PDE2 and PDE3 activity and
therefore can potentially affect cCAMP concentratidnorder to assess if an interplay
betweercGMP and cAMP signalling occurs in adult rat cardiomyocytes ifPKk-RI
andPKA-RII compartments, cells were first treated with GC activators to raise cGMP
levels, then the cAMP responiseo-ARbstimulation was measured and compared to cells
with basalevels of cGMP. Myocytes stimulated with 100 n$0 generated a cAMP
response that was significantly higher in Bt€A-RIl compartment than in tHeKA-RI
compartment. To measure the effettGMP on the cAMP response to ISO in these two
compartments, myocytes were fireated with the NO donor SNAP, which activates the
soluble guanylyl cyclase (sGC) leading to increased intracellular cGMP concentrations.
ISO stimulation in these cells resed in a higher cAMP response in fREA-RI
compartment and a smaller cAMP response iPKA-RIl compartment compared to
control cells.Thereforet washypothesised that PDE2 is mainly associated withPtha-

RIl compartment, while PDE3 is mainly cougl® thePKA-RI compartment in ARVM,

and upon SNAP treatment the cGMP generated can regulate cAMP signalling in these
domains in opposite ways, being PDE2 activated and PDES3 inhibited by cGMP. This was
confirmed by prdreating ARVM with SNAP and a spe@fPDE inhibitor for PDE2 or
PDES3 befordSO stimulation. These findings are in agreement with previously published
data in neonatal myocytéStangherlin et al. 20)1

When cardiomyocytes expressing either RI_epac or RIl_epac were treated with ANP to
activate the particulate guagytyclase (pGC), addition of ISO did not result in an

inversion of the cAMP gradient as was observed in SNAP treated cells. ANP generated a
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pool of cGMP which caused an increase in CAMP concentration specifically itKthe

RI compartment while there wa® effect on th&KA-RIl compartment. This data again
suggests that PDE3 is linked to fPAKA-RI compartment in adult cardiomyocytes
Together these findings show that cGMP modulates the cAMP response to ISO in a
compartment specific manner in adult myosytéhe functional impact that cGMP has
depends upon its source, either pGC or sGC, which have been shown to localise in
different compartments throughout the myod@angherlin et al. 201ANP mediated
activation of pGC generated a pool of cGMP specifically irRK&-RI compatment
whereas sGC was able to generate cGMP in botRK#eRI andPKA-RII compartments.
cGMP generated by sGC decreases cAMP levels via PDE?2 activation and increases cCAMP
levels via PDE3 inhibitiorwhereassGMP generated by pGC selectively increases cAMP
levels via inhibition of PDE3

This data differs from what has been reported in rat neonatal myocytes, where ANP
mediated activation of pG@gnerated a pool of cGMP selectively in BteA-RII
compartment which resulted in a reduced cAMP response toitSie activation of
PDE2(Stangherlin et al. 20} 1lt is possible that this is a developmental difference
between neonatal and adult cardiomyocytes. It has also previously been reported that
cGMP modulation of cAMP signalling is dependent on the intracellular concentrations of
cGMP. At low concentrations (< 50 nM) cGMP exclusively inhibits PDE3 activity,
whereas at high concentrations (20800 nM), cGMP activates PDEZaccolo and
Movsesian 200)f Therefore it is reasonable to assume that in this case the concentration of
cGMP produced by ANP was nloigh enough to activate PDE2 or that ANP generated a
pool of cGMP specifically in thBPKA-RI region. PDE3 activity in this compartment could
therefore be inhibited at the lower concentrations of cGMP which was produced by pGC.
These data further suppohiethypothesis of a compartmentalisation of cGMP signalling as
different stimuli which raise intracellular cGMP levels activate different downstream

effectors.

Similar experiments were carried out in hypertrophic ARVM, where SNAP treatment
beforelSO stimulation resulted in significantly less CAMP detected inRIK&-RI

compartment compared to SNAP treated control myocytes. PDE3 is normally active in the
PKA-RI compartment of aduthyocytes; therefore an increase in cGMP levels (due to
SNAP treatment) wodl normally result in an inhibition of PDE3 activity and a subsequent
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increase in cCAMP at this region. However this is not the case, but instead there is a
reduction in cAMP in th&KA-RI compartment in hypertrophic SNAP treated myocytes
compared to SNAP e¢iated control myocyteshis data would suggest a loss of cGMP/
PDES3 interaction or alternatively an increase in PDEZ2 activity in this compartRi2ER

is found in both th®KA-RI andPKA-RIl compartment of the ARVM, but is mainly
localised to théKA-RIl compartmenin hypertrophic myocyteteeFigure5-15). It

would be expected that SNAP treatment would generate an increase in PDE2 activity via
cGMP activation, resulting in a reduced cAMP response in this compartment. However n
difference was established between SNAP treated control ARVM and SNAP treated
hypertrophic ARVM. This can be explained by the fact that cGMP levels are already raised
in hypertrophic myocytes, and therefore PDE2 is already activated in this cell type and
SNAP has no further effect on this PDE family.

In this study(Figure5-15), the FRET experiments indicated there was increased PDE2
activity specifically in thdPKA-RIl compartment of hypertrophic myocytes but no change

in protein or MRNA, and given th&DE2 can be activated by cGMP, it wagothesised

that the increased PDE2 activity may be due to increased levels of cGMP. To test this
hypothesis, the FRET based cGMP sensor Cygrietvas expressed in both control and
hypertiophic myocytes in order to gain basal cGMP measurements in these cell types. The
outcome was that the basal intracellular cGMP concentrations were higher in hypertrophic
ARVM compared to control ARVM. To further investigate whether changes in cGMP
levels may be responsible for the altered PDE regulation irPtk@-R1 andPKA-RII

subcellular locations, the cGMP sensor cyghétwas genetically modified and targeted
totwo compartmentsyp f usi ng the di merisation/ docki
to the Nterminus to generate R3ygnet2.1 and RHCygnet2.1 respectively. Sensors

were subcloned in adenoviral vector and myocytes were infected overnight before imaging.
The data obtaineshowed a higher basal level of cGMP in Bt€A-RI compartment

compared to theKA-RII compartment in control ARVM. In hypertrophic myocytes, there
was a greater cGMP concentration recorded in botRiK#eRI andPKA-RII

compartments, but with the greatédtl changean thePKA-RII compartment. These

results suggest that increased PDEZ2 activity detected by FRET imagindg”iKARRII

compartment may be due to the increased cGMP levels recorded in hypertrophic myocytes
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Our laboratory hagreviouslydemongrated that catecholamine stimulation leads to a
negative feedback control loop of cCAMP signalling in cardiomyocyids,e n-@a nlg- b
ARspr oduce c¢cAMP, an drecgptor leadsb teprodaction of NO,t he b
which, sequentially, stimulates sG&produce cGMP. PDE?2 is activated by cGMP and
degrades cAMP, therefore acting as a balance for cyclic nucleotide sigislongillo et

al. 200§. Under normatonditions, this mechanismouldex i st t o coun-t er a
adrenergic excitation but would drive cardiac impairment in heart failure by further
reducing the already blunted cAMP resporisé. has been shown- t hat
AR a pAR afe downregulated or desensitised eetipely,whereaghere is an

i ncr e gAReprotein(Chieng et al. 200Moniotte et al. 2001

bs-AR sgnallingwas investigated this model of cardiomyocyte hypertrophy to assess if

this mechanism may be responsible for the increased cGMP concentrations measured and
the alteration inocal PDE2activity.

Control and hypertrophic myocytes were infectathwhe targeted cGMP FRET based
sensors RCygnet2.1 and RHCygent2.1 overnightandpre r eat ed wiARh 1 0C
inhibitor (SR59230A) 10 minutes before imagihgn ¢ o n t g-ARlinhibit®n chused D

a reduction in cGMP in theKA-RI compartment, Wich suggests thainder normal

c ondi $ARse arescoupled to tHeKA-RI compartment. This data may explain the
observed higher cGMP level in tR&KA-RI compartment compared tRKA-RII in

control ARVM.

In hypertrophic cells treate  w iz-ARinhibitor, a smaller cGMP concentratiovas

detected in th®KA-RII compartment compared to the RI, suggesting that in hypertrophic
myocyt es t h esAR aclivisy inaheRiKA-RIcongartmént. This change in the
compart ment 3R inMbitionappdans  haveban effect in terms of cGMP
levels could explain why there is higher PDE2 activity in this compartment in hypertrophic
ARVM.

These findings indicate that there is interplay between cGMP and cAMP in a compartment
specific manner in adult raardiomyocytes and that altered PDE2 actimtyy bedue to

modified cGMP compartmentalised signalling in hypertrophic myocytes.
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7/ Role of Phosphodiesterase type 2 in
the development of cardiac

hypertrophy.

7.1 Introduction

Cardiomyocyte hypertrophy isé cellular response to incredseomechanical stresd

is defined byan increase in cardiomyocyte size, enhanced protein synthesis, and a higher
organgation of the sarcomere. In hypertrophy, the increased$ie myocytes is

initially a compensaty mechanism; however, sustained hypertrophic growth can
ultimately lead to a decline in left ventricular function leading to heart failure. Although
pathologicahypertrophy is in the end a detrimental process, it is nonetheless highly
organised by activen of specific intracellular signalling pathways. These signalling
pathways are defined as either adaptagetheir activation is crucial for successful
remodelling of the heart ttompensate fancreased stress, or as maladaptive, as
activation of theepathways leadsltimatelyto contractile dysfunction and heart failure.
The calcineurimuclear factor of activated-@ells (NFAT) signalling pathway, for
example, is one of the most studied hypertrophic pathways and is considered to be
maladaptive PhasphaNFAT is cytosolic, but when dephosphorylated by calcineurin, it
translocates to the nucleus and promotes transcription -dfypertrophic genes in
cardiomyocytegHogan et al. 2003ThecGMP signalling pathway is considered to be a
adaptive response abéneficialas cGMP has been shown to produce-laypiertrophic
effects via PKG mediated phosphorylation of thiyhe C&* channel and reduction of
c&” influx and thereby inhibiing the prehypertrophic effects of NFAT¢alcineurin
signalling(Fiedler et al. 2002
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A number of studies have reportidt production of cGMP can have ahtipertrophic
effectsin a range of disease moddRosenkranz and colleagues reported that increasing
cGMP bytreatment oftrial natriuretic peptidANP) to adult cardiomyocytes could
prevent hypertrophy induced by angiotensi(Ahg Il) stimulation(Rosenkranz et al.
2003. Another study found than ventricular cells cultured frorthe neonatal rat heart,
ANP and the NO donor-8itrosaN-acetytD,L-penicillamine (SNAP) cause a decrease in
NE induwed hypertrophyCalderone et al. 1998Furthermore, transgenic mice with
deficiencies of neuronal nitric oxide synthase (NOS1) or endothelial nitric oxidesse
(NOS3), causing inhibition of cGMP synthesis, lead to hypertrophic growth of the
heart¢Barouch et al. 2003

This study has so far shown that ttwmtributionof PDEZ2to the degradation of CAMP
generated in response to |&Xignificantly increased in an vitro model ofcardiac
hypertrophy. PDE2 expression levels were however unchanged in hypertrophic ARVM,
thus suggesting that the increased PDE2 iagtiletected might be due to an increased
activation of the enzyme. This increased activation of PDE2 was fol& to
compartmentalised and tecur specifically in th€KA-RII compartment wherBKA-RII

normally resides.

Results obtained iohapter6.2.3 of this studyindicated that cGMP basal levels were
significantly increased in hypertrophied ARVM which was mainly associaitfoan

increase of cGMP in the PKRII compartment. Thus, it is possibletgpothesisehat
increasedocal levels of cGMP might be responsible for the increased PDE2 activity found
in hypertrophic cardiac myocyt@sthe PKARII compartment

It was decided to next investigatdether the increased PDE2 actiyityeasured in NE
treated ARVM, contribugs to the development cardiomyocyte hypertrophy.

Aims
1 Investigate the effect that PDE2 inhibition with Bay 850 has on NE induced
cardiomyocytes hypertrophy
1 Measure the effect that increasing PDE2 actibitypverexpression of the enzyme
has orthe hypertrophic growth of adult myocytesvitro.
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1 Assess what is the signalling pathway downstream of PDE2 that is involved in the

regulation of cardiac myocyte size.

7.2 Results

7.2.1 In vitro inhibition of PDE2 with Bay 60-7550

prevents NE induced cardiomyocyte hypertrophy

In order toassess whether increased PDE2 activity (due to increased PDE2 activity
specifically in thePKA-RIlI compartmentpromotes the advancemaeaitcardiac
hypertrophy, primary cultured ARVM ankr e
50 nMBay 607550 overnight before the cells were either imaged to cadothianges in
hypertrophic growtlby measurement of cell sipe collected for mRNA extraction to

check for the expression of phypertrophic genes using RACR.As previously

mentioned in chapted.5.1, cell size was calculated by measgrof longitudinal section

area (length x widthYOne pixel corresponds to 0.Q/ when images are collected at 40X
objective.

As shown belowRigure7-1A & B), cell size was significantly increased in myocytes
treated over nicognpared te untréatedicontrdid irVdstigate the role of
PDEZ2 in the development of hypertrophic growth in the adult system, ARVM were
simultaneously treated with NE and pharmacological PDE 2 inhibitor B&50 (50

nM) overnight before measuring cell sitiethe increased PDE2 activitgcorded in
hypertrophic ARVMis acompensatorynechanisnelicited in the attempb counteract
hypertrophy, inhibition of the enzyme should lead to a more pronounced hypertrophic
responseon the other handf the increase®DE2activity contributes to thdevelopment
of the hypertrophic phenotypmhibition of PDE2should reduce NEhduced hypertropy.
The longitudinal sectional area was significantly smaller in the myocytes treated with both
NE and Bay 667550 compared to the ARVM treated with [Bne
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Measurements of ANP mRNA levels further confirmed that inhibition of PDE2 blunts NE
induced hyprtropty in ARVM. As shown inFigure7-1C, ANP mRNA levels remained at
control levels in myocytes treated with both NE and Bay B50,showingalmost hated

ANP expressiomompared taells treated with NE alon&hese results indicate that

inhibition of PDE2 is able to reduce hypertrophic growtthis model of cardiomyocyte
hypertrophy in ARVM. This would suggest that the previously recorded increase in PDE2
activity in NE treated ARVMEigure5-15), adds to the development of hypertrophy rather

thanacting to offsett.

NE + Bay 60-7550

Control

3
80000- C c &4 n.s
* k% * k% [e] Qo
3 ® < *
& 60000+ 8 E 34
] $8
£ 40000 == O T 2
3 23
= 20000 € 21 I
©
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0 <zt ,§ 0
°
NE NE e = + +
Bay 60-7550 - - +
y Bay 60-7550 - - +

Figure 7-1. Inhibition of PDE2 prevents hypertrophy induced by norepinephrine treatment in

ARVM.

(A) Representativeimages of untreated, NE (1 &M) -1550458t ed a
nM) treated isolated ARVM. (B) Summary of cell size measurements (longitudinal area =

length x width) in ARVM myocytes in the presence of NE or NE + Bay 60-7550. Control: n =

137; NE: n = 142; NE + Bay 60-7550: n = 129. (C) Summary of RT-PCR results for ANP

expression levels in NE-treated and NE + Bay 60-7550 treated cardiac myocytes. Control:

n=29; NE: n=29; NE + Bay 60-7550: n=12. One way ANOVA, * p<0.05, *** p<0.001.
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7.2.2 PDE2 overexpression in ARVM induces hypertrophy

Until now, the results presented in this thesis show that PDE2 activity is significantly
higher in hypertrophied myocytes, due to increased PDE2 activity PKAeRII
compartment, and that pharmacological inhibition oER[@an counteract NE induced
hypertrophic growthn vitro. Therefore, it was decided to investigateether hypertrophic
growth could be induced in primary cultured adult rat cardiomyocyt@scbgasing®?DE2
activity as a result of overexpression of taizyme

Myocytes were transduced with an adenovirus carrying PDE2A2 wild type tadjipeithe
red fluorescent proteimCherry(produced by Vector Biolabs). Constructs were tagged
with a fluorescent marker as the efficiency of infection is not 100%; thrertéfe presence
of the fluoescentag allows to easily distinguish between ARVM expressing the
recombinant PDE2A2 enzyme from those which do not.

The resultsummarisedn Figure7-2A&B show thatells overexpressg PDE2A2wt
were significantly larger than conl ARVM. This data indicates that overexpression of

PDE2is sufficient per se to induce hypertrophic growth of adult cardiac myoicytso.

A catalytically dead form of the PDE2A2wt mCherry construcs waoduced to establish
whether the hypertrophic growth is simply due to the overexpression of the PDE2A2
enzyme olif it is due toincreased PDE?2 activity. This construct was generated by
substitutingtwo aspartic acid residuegth two alanine residued positions685 and 796
in the catalytic site of the enzyme amald previously been demonstratedbmlish the
ability of PDE2 to degrade cAMEStangherlin et al. 20)1When the catalytically dead
PDE2 is overexpressed in cellsigt expected talisplace the endogenous active PDi©Hm
any anchoring site within the celthe construction aAdenovirus containing the mutated
PDE2A2 dn mChermyagged vectorand the preparation of a high titre virus batare

outsourced fronVector Biolabs.
As illustrated inFigure7-2C & D, the overexpression of a catalytically dead version of

PDE2A2 (PDE2A2 dominant negative, dn) does not induce hypertrophithgio
ARVM.
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Figure 7-2. Overexpression of PDE2A2 causes hypertrophic growth in isolated ARVM.

(A) Representative images of ARVMs non-transduced or transduced with PDE2A2wt (wild
type). (B) Summary of calculated cell size for ARVM transduced with PDE2A2wt. (C)
Representative images of ARVMs non-transduced or transduced with PDE2A2dn (dominant
negative). Control: n = 39; PDE2A2wt: n=29. (D) Summary of calculated cell size for ARVM
transduced with PDE2A2dn. Control: n = 39; PDE2A2dn: n=25. Error bars represent SEM.
Two tailed; paired t-test, *** p<0.001.

It would be appropriate to have an additional control of ARMMrexpressing a PDE
isoform belonging to a different famil{Aowever, gven the high cost of generating an
additional adenovirus andited funds, it was decided that thesgerimentsvould not

be performedAlternatively, parallel experiments were performed in the laboratory where
NRVM were transfected with PDE2ARCherry,PDE2AdnmCherry oPDE4A4. The

results of these experiments showed that as reported in ARVM, overexpression of
PDE2A2 induces hypertrophic growt@ell surface areaontrol NRVM = 54933+ 2709
pixels, n=49; PDE2A2 wild typetransfectedRVM = 75318+ 4421 pixels, r= 50; p<
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0.001), whereas the overexpression of the catalytically dead PDE2A2 had no effect of cell
size controINRVM = 56597+ 3617 pixels, n= 33; PDE2A2dn NRVM = 56629+ 6227,

n = 38; ns).The addition control illustrated thaeither the overexpression of PDE4A nor

the overexpression of its catalytically inactive form had effects on cardiac myaejte
surface areacpntrol NRVM = 53960+ 4622, n=29; PDE4A4AWINRVM = 46971+ 4911,
n=28; ns) ¢ontrol NRVM= 50041+ 3842, n=28; PDE4AdrNRVM = 50620+ 4238, n

= 28; ns)(A. Zoccarato, unpublished results).

Together hese results woulthdicatethat thecatalyticactivity of PDEZ2 is required to

induce hypertrophic growth in ARVMNnd NRVM As PDE2A2dn displaces endogenous
PDE2 from its anchor site, allowing it to freely move throughout the cell, it would appear
that the subcellular lotigationof PDE2 activity and therefore the ability of PDE2 to
control cAMP levels within a specific subcellular compartmisng)so key in the

promotion of hypertrophic growth.

7.2.3 Exploring the effect that overexpressing the
catalytically inactive PDE2A2 has on cAMP

signalling dynamic in adult cardiomyocytes

To investigatethe effect displacing endogendyusctive PDE2 from its anchaites has on
local cAMP poolsusing the catalytically dead PDE&nstructin adult myocytes, a FRET
based imaging approach was aggl ARVM were cetransduced witkeitherthe targeted
FRET-based sensors RI_epac or RIl_epac and PDE2A2dn mCherry (MOI: 1000)
overnight The cells wer¢hen imaged the following day on an epifluorescent microscope.
CAMP generation was stimulated by chatjarg the cardiomyoges with 100 nMSO.

The results obtained, as illustratedrigure7-3A, showthat in thePKA-RI compartment
ISO stimulation inducea cAMP response whidls significantly higher in cellghat
overexpress PDE2A2dcompared to control myocytds thePKA-RII subcellular
compartment, there is no difference in cAMP levels upon ISO stimulation in cells
transduced with PDEA2dn compared to control ARVMowever the difference between
the PKA-RI andPKA-RII compartments abolished in myocytes transduced with

PDE2A2dn. These data are similar to the earlier findiraga chapte#d, where
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pharmacological inhibition of PDE2 with Bay-G®50 (50nM) beforelSO stimulation
resuted in a comparable level of cCAMP in both fAKA-RI andPKA-RII compartments,

but the greatest effect was seen inRK&A-RI compartmentKigure4-9).
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Figure 7-3. Summary of FRET change in ARVM overexpressing PDE2A2dn.

Summary of FRET change induced by 100 nM isoproterenol in the presence or absence of

(A) PDE2A2dn -RI _epac control: n = 15; RI;RIeg@accontrolPDE2 A2
=15; RIl_epac + PDE2A2dn: n =9 . (B) PDE2 inhibitor Bay 60-7550 (50 nM) (as previously

shown in Figure 4-9). Rl_epac control: n =8; RIl_epac control: n = 16; RI_epac + Bay 60-

7550: n =10; RIl_epac + Bay 60-7550: n = 9. Statistical significance calculated by two way

ANOVA withBo n f e r mpaoshtesd, & p<0.01, *** p<0.001.
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n myocytes which had beengrer eat ed with 1 €M NE to i nd:i
transducing them with the adenovirus containing PDE2A2dn and the targeted FRET
reports Figure7-4A), 1ISO stimulation resulted in imeased CAMP generation in tR&A-
RI compartments compared to control myocytes which dtccantain the PDE2A2dn
enzyme There was also elevation of CAMP in tAEA-RIl compartment in myocytes
transduced with PE2A2dn after ISO stimulation€omparisorof the two compartments
in cells with PDE2A2dn, the cAMP levels were significantly greater irPtka-RII
compartment compared to tR&A-RI compartment (g 0.05). These results were again
in agreement with the data obtained using PDEZ2 inhibitor Bag660(50 nM) in NE
treated myocytedHgure 7-4B), where ISO (100 nM) stimulation resulted in increased
cAMP production in both thBKA-RI andPKA-RII compartments when myocytes were
pre incubated for 10 minutes witlaf3 607550 @mpared to ISO treatment alone
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Figure 7-4. . Summary of FRET change in hypertrophic ARVM overexpressing PDE2A2dn.
(A)Summary of FRET change induced by 100 nM isoproterenol in the presence or absence
of PDE2A2dn in myocytes pre-treated with norepinephrine to induce hypertrophy. Rl_epac
hypertrophic: n = 14; Rl_epac hypertrophic + PDE2A2dn: n = 6; RIl_epac hypertrophic: n =
14; RIl_epac hypertrophic + PDE2A2dn: n = 10. (B) Experiment carried out in the presence of
selective PDE2 inhibitor Bay-607550 (as shown in chapter 5.2.4). RI_epac hypertrophic:

MR /oRnNn =7; RI_epac hypertrophic + Bay 60-7550: n = 9; RIl_epac hypertrophic: n = 18;
RIl_epac hypertrophic + Bay 60-7550: n = 10. Statistical significance calculated by two way
ANOVA withBo n f e r mpaoshtesd, $p<0.05, ** p<0.01, *** p<0.001.

Together these datapportthe hypothesis thaAMP signallingis altered in hypertrophic

adult cardiomyocytedue to altered?DE?2 activity In control ARVM, PDE2 ismainly
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coupled with thd®KA-RI compartment; however with increased catecholamin
stimulation, leading to hypertrophic growth, PDE2 activity is increased iRKAeRI|
compartment ands activity isfound to be more associated with this compartment.
Displacement oPDE2 by PDE2A2dn anhibition of PDE2 withBay 607550 appears to
have asimilar ani-hypertrophic effect in ARVM, these results strongly indicate that PDE2
is localised in the myocyte and the effect that its inhibition generates on cell growth
depends on the modulation of cAMP within a restricted and localised pooM® cA
Additional investigation is required forther elucidatehte signalling pathway involved
downstream of PDE2 inhibition and the consequent local rise in cyclic nucleotide levels

7.2.4 Is the anti- hypertrophic effect of PDE2 inhibition
dependent of cAMP/PKA or cGMP/PKG downstream

signalling?

PDE2 is a dual specific PDE, which means it has the ability to degrade both cAMP and
cGMP, and therefore the aititypertrophic effect oPDE2 inhibitiondescribed in this

thesis could be mediated bitheran increasd activation oEAMP and consequent
activation of PKA or alternatively by an increase in cGMP levels and activatiBK Gf

The cGMP/ PKG signalling pathway is widely accepted as a negative regulator in the
cardiac remodelling process. The literattepats numerous studies where increased
cGMP synthesis by stimulation of natriuretic peptides or NO donors or by the

overexpression of guanylyl cyclase reduces cardiac hypertrophy.

Hypertrophy stimulated in isolated ARVM B\ng Il treatment washown to berevented
by the addition of natriuretic peptiddRosenkranz et al. 20D3Another investigation
found mce lacking functional Nprl gene, which encodes&Eenominated NPRA by
the authors) througlut the body showed arterial hypertension with a disproportionate
degree of cardiac hypertrophy, and mice with card@ecific NPRA deletion develop
exaggerated hypertrophy in response to pressure ové@diadr et al. 199). Conversely,
cardiac overexpression of active GC inhibits pressuexload hypertsphy and
remodelling(Zahabi et al. 2003

216



Chapter 77 Results

PKG plays also plays an important role as a negative regulator of caypacrophy.

Zhang and colleagues found timaite with reduced myocyte PKG activity, caused by
PDE5overexpression, develop exacerbated hypertrophy and remodelling in response to
pressure overload, and normalizing PKG activity by switching off PDES overexpression
improves the already established oefalling(Zhang et al. 2000 Another study reported
that mice with cardiaspecific deletion of PKGI, revealed more pronounced remodelling

to angiotensin Il or pressure overload by transverse aortic coiostietantz et al. 201

However, the role of the PKG pathway in cardiac hypertrophy iscetiroversial.

Lukowski and colleagues showed that in PKG kroakmice and mice lacking PKG
specifically in cardiomyodgs that there was no difference in degree of cardiac
hypertrophyinduced bychronic ISO infusion or surgical constriction of the transverse
aorta(TAC), when compared to wild type control miteukowski et al. 201 This study
suggests that the development of cardiac hypertrophy is not amplified by the absence of

endogenous PKG.

Recently, the involvement of the cGMP selective PDE 5 and of thesgaalfic FDE1 in
modulathg hypertrophic effects both vivoandin vitro models of cardiac hypertrophy
has been reportgdakimoto et al. 2003Mliller et al. 2009. Takimoto reported thahe
phosphodiesteraseA (PDES5A) inhibitor Sildenafil suppresses chamber and myocyte
hypertrophy, and improvas vivo heart function in mice exposed to chronic pressure
overload imuced by transverse aortic constrictiBRESA inhibition was found to
deactivate multiple hypertrophy signalling pathways triggered by pressure load (the
calcineurin/NFAT, phosphoinositie# kinase (PI3K)/Akt, and ERK1/&ignalling
pathways) and increasiee activation of cGMRIependent protein kinase (PKG). Miller
and colleagues discovered tiratibition of PDE1 activity prevented phenylephrine
induced hypertrophy in neonatal and adult rat ventricular myg@gesell as reducing
cardiac hypertrophy incced by chroni¢SO infusionin vivo. PDE1A was reported as
significantly upregulated in both vivoandin vitro forms of cardiomyocyte hypertrophy
which plays a critical rolareduction of intracellular cGMP ar®KG. In both of these
studies the antiypertrophic effects of PDE1 and PDES5 inhibition have been suggested to
be mediated by activation of cGMP/PKG signalling pathw@gkimoto et al. 2005
Miller et al. 2009 thereforethe antihypertrophic effectsesulting fromPDEZ2 inhibition
wasinvestigated to assess whether this processweasatedoy cGMP/ PKG signalling.
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To establish if cGMP/PKG is imkved in the anthypertrophic effects of PDEZ2 inhibition,

DT-2, a highly selective inhibitor of PK@aylor et al. 2004was utilised. Hypertrophy

was induced in adult rat ventricular myo
overnightin presence of the selective PKi@hibitor DT-2, alone or in combination with

either Bay 607550 or Sildenafil. Sildenafil was used as a control as itshgpertrophic

effect is known to be mediated by PKGakimoto et al. 2006 The hypertrophic growth

was judged by calculating the area of the cell (length x width) from the image of a

longitudinal section.

First, to ensure the concentration of Sildenafiédisvas enough to blunt NE effect on
ARVM, cells were treated with Blin the presence of 10 nM Sildenafil50 nM Bay 60
7550 Figure7-5A). The PDE inhibitors had similar effects on cell size and weleta
exet antihypertrophic #ects on the myocytes

In ARVM incubated with PKG inhibitor D2 in the presence of Sildenafitiure7-5B),
there was no difference in cell size compared to NE treated cells alone afhar¢hBiie2
was able to block the artiypertrophic effect of the PDES5 inhibitddowever,DT-2
treatment did not affect the afhtypertrophic action of PDEZ2 inhibitor Bay-G®5(Q as
illustrated inFigure7-5B.Thesedata confirm data published by Takimoto and colleagues,
showingthat PKG activity is required fdhe antihypertrophic effectsf Sildenafil to
occur(Takimotoet al. 200% andindicate that the antiypertrophic effect of Bay 60550
does not involve PKG signalling
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Figure 7-5. The anti-hypertrophic effects of PDE2 inhibition is PKG independent.

(A) Summaryof cell area measurements of ARVM in the p
combination or Bay 60-7550 (50 nM) and/or Sildenafil (10 nM). Control: n = 106; NE: n = 142;

NE + Bay 60-7550: n =129; NE + Sildenafil: n = 55; NE + Bay 60-7550 + Sildenafil: n =59. (B)

cell size calculated of hypertrophic ARVM in the presence of PKG inhibitor DT-2 and Bay 60-

7550 or Sildenafil. Control: n =97; DT-2: n = 144; DT-2 + NE: n = 158; DT-2 + NE + Bay 60-

7550: n = 160; DT-2 + NE + Sildenafil: n=145. ANOV A wi t h Bo mo$teestd man0.06,s p

** n<0.01, *** p<0.001.
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Since the anthypertrophic effects of PDE2 inhibition does not seem to require PKG
activity, the involvement of the cAMP/PKA signalling pathway was exploed. The
above experiment was repeated in the prasei selective PKA inhibitor myrPKI
(myristoyl ated Pdshmetall200Bi t or) (50 &g M)

The results summarised kligure7-6 show that the anthypertrophic effects of Bay 60

7550 are completely abolished during the selective inhibition of PKA activity by myrPKI.
As anticipated, Sildenafil treatment, ev
counteract the hypertrophgrowth in ARVM induced by NE

These data are important as they indicate that théhgpértrophic effects of PDE2

inhibition are mediatedn part,oy cAMP/ PKA and confirm that the asttypertrophic

effects of PDES inhibition are not mediated by PKA signgllbut instead by cGMP/PKG.
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Figure 7-6. The anti-hypertrophic effects of PDE2 inhibition are PKA-dependent.

Summary of cell size calculated in hypertrophic ARVM in the presence of PKA inhibitor
myrPKIl and Bay 60-7550 or Sildenafil. Control: n = 66; myrPKI: n = 93; myrPKI + NE: n = 66;
myrPKI + NE + Bay 60-7550: n = 71; myrPKI + NE + Sildenafil: n = 110. Statistical analysis by
ANOVA with Bonfestg*rip<0.008. post
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A classicain vitro model ofcardiac hypertrophy, reported in numergusestigationsis
persistentatecholamine t i mu | aa d roenn eorf g ibcARS) eluch are¢ coupled ( b
t o s i@diices adenylyl cyclase activity leading to increas@llP/ PKA activity. PKA

then phosphorylates several proteins involvedardiac excitatioftontraction coupling

and energy metmlism, including advation of L-Type C&"* channels an@ERCA

resulting inan influx of C&* positively chronotropic, inotropic, andditropic effects on

the heartincreased intracellular calcium is also knowmdtivatethe calcineurilNFAT
signalling cascade andducecardiachypertrophy In addition to thisincreased levels of
circul ating cat ec hol-ARmdesenstgisatioiPhmsplaog/lationcby at e
PKA can lead to receptor internalisation, uncoupling froipr@eins or downregulation of

AR mRNA expressioifLohse et al. 2003 One study showed thansgenic mice
overexpressing the catalytic subunit of PKA develop dilated cardipatlgg withreduced
cardiac contractility, arrhythmias, and susceptibility to sudden death due torfeidated
hyperphosphorylation of the cardiac ryanodine receptor and phospholdbias et al.

2001).

PKA is thereforegenerally considered to be a grgpertrophic stimulusHowever in this

thesis | have presented data which illustrates that in @itro model of cardiac

hypertrophy, induced by NE stimulation of ARVM, pharmacological inhibition of PDE2
abolishes hypertrophic growth. This ahtipertroghic effect had been shown to occur via a

PKA dependent mechanism.

To study whether enhancement of the cAMP/PKA pathway by inhibition of cAdwihg
agents was praypertrophic in ARVM, isolated adult rat myocytes were treated overnight
with inhibitors d PDE2, PDE3 and PDE4 and forskolin, a direct activator of adenylyl
cyclase.

Activation of the cAMP signalling pathway by forsko(th ¢ pvibduced a pronounced
increase in cell size compared to control cells. Inhibition of PDE3 by cilostdfride M )
wasalso able to induce hypertrophic growth in primary cultured ARVMatment with
PDEZ2 inhibitor Bay 667550 (50 nM)and PDE4 inhibitorolipram (10e M yid not alter

the size of the cardiomyocytes
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Figure 7-7. cAMP increase due to forskolin, rolipram or cilostamide, but not Bay 60-7550
stimulation has pro-hypertrophic effects.

Isolated ARVM were treated overnight with 50 nM PDE2 inhibitor Bay 60-7550, 10 e M PDE3
inhibitor cilostamide, 10 €M PDE4 inhibitor rolipram or 25 ¢ M forskolin before calculating
changes in cell size compared with untreated myocytes. Control: n = 137; Bay 60-7550: n =
148; cilostamide: n = 120; rolipram: n = 189; forskolin: n = 112. Statistical analysis by
ANOVA with Bonf-estop<.056*s pg0.004.t

Selective inhibition of PDE2 with 50 nM Bay 6®50 blunts hypertrophic growth of

ARVMs caused by chric NE treatmentKigure7-1). Selective inhibition of PDE3 and
PDE4was then explored to study whether it Isadilar antthypertrophic effects.

Primary cultured adult cardiomyocytes were treated overnight witmiie presence of
different cAMRraising agents and imaged the following day in order to calculate cell size.
Unlike Bay 607550 treatment, inhibition of PDE4 with 80M r ol i pram or PI
eM cil ostamide was unabl ehindaecedhby NEWElation h e
although treatment with these inhibitors did not further increased cell size compared to NE

treatment alone.
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Figure 7-8. Inhibition of PDE3 or PDE4 did not affect NE-induced cardiomyocytes
hypertrophic growth.

Primary cultured ARVM were treated overnight with 1 ¢M NE in the presence of 50 nM PDE2
inhibitor Bay 60-7550, 10 ¢M PDE3 inhibitor cilostamide or 10 e M PDE4 inhibitor rolipram
before imaging for cell size measurements. NE: n = 142; NE + Bay 60-7550: n = 129; NE +
cilostamide: n = 7; NE + rolipram: n = 66. Statistical analysis by one way ANOVA with
Bonferr onnistf*s pqp.0d.t t e

Together these results show that enhancement of intracellular ek\irect activation

of adenylyl cyclases, or selective inhibition of PDE3 or of PDE4 promotes hypeéctroph
growth, whereas enhancement of CAMP via PDEZ2 itibibcounteracts hypertrophit.
wastherefore hypothesised that PDE2 controls a unique pool of cAMP which has-an anti

hypertrophic effect in adult cardiomyocytes.
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7.3 Conclusion

The intracellular signbng pathways controlling cardiac hypertrophy can have either
beneficial or deleterious effects. Here, the role that elevated PDE2 activity, as reported in
chapter 4, might have on cardiomyocyte hypertrophy was assessed. Cell size measuremen
and ANP mRNAlevels were compared in isolated ARVM treated with both NE and PDE2
inhibitor Bay 607550. If PDE2 is involved in the development of cardiomyocyte
hypertrophy, theiits inhibition should reduce hypertrophic growth. On the contrary, if
increased PDE2 actty is an adaptive mechanism to offset hypertrophy, inhibition should
lead to a more pronounced hypertrophic phenotigesults indicated that Bay 650
treatment prevented NiBduced hypertrophic growth and ANP mRNA levels were
significantly reduced asompared to ARVM treated with NE alone. Thesga suggest

that PDEZ2 activity contributes to the development of cardiomyocyte hypertrophy induced
by NEtreatmenin vitro. In additionand importantly they shothat inhibition of PDE2

with Bay 637550 prevats thehypertrophicgrowthfrom occurring in primary cultured
ARVM.

Overexpression of endogenous PDE2A2 in isolated ARVM resulted in hypertrophic
growth of the cells, whileverexpression of a catalytically inactive form of PDE2A2
(PDE2A2dn) had no efféon the calculated cell size. These results indicate that an
increase in PDE2 activity promotes hypertrophic growth. To study the impact that
overexpressn of the catalytically inactive PDE2A2, aitlde consequertispla@ment of

the activeendogenou®DE2 from its anchor site, has on compartmentalised cAMP
signalling, FRET imaging was applied. The results obtained were similar to earlier results
using pharmacological PDE2 inhibitor Bay-8850, where in control ARVM PDE2

activity was found mainly assocgit to thePKA-RI compartment but in hypertrophic
myocytes PDE2ctivity is predominantlfoundin the PKA-RII subcellular location. This
data suggests that as increased PDE2 activity is a maladaptive response in hypertrophy,
selective inhibition of PDE2 ithe PKARII compartment could produce ahtypertrophic

effects.

It has recently been published that PDE5 and PDE1 regulate cardiac hypeirtropioy
andin vitro and the anthypertrophic effectponinhibition of these PDEs is mediated by

activationof cGMP/PKG pathwayglakimoto et al. 2005Miller et al. 2009. As PDE2
224



Chapter 77 Results

has the ability to degrade batAMP and cGMPit wasdecided hatthe involvement of

PKG signalling in the anthypertrophic effect produced by PDE2 inhibitiould be
investigatedCell size was calculated for hypertrophied ARVM in the presence of selective
PKG inhibitor peptide, D32, or PKA inhibitor peptide myrPKI and PDE inhibitors Bay
60-7550 and SildenafilThe results showed thattine presence of D2 inhibition of

PDE2 with Bay 667550 still produced antiypertrophic effects, while inhibition of PKA
activity prevented the @inhypertrophic effects of PDEZ2 inhibition. Therefore PDE2 seems
to regulate cardiomyocytes hypertrophy via activation of CAMP/PKA signalling pathway.

Classically, activation of the cAMP/PKA signalling pathway is regarded as being pro
hypertrophic. To ingstigate if activation of CAMP/PKA signalling promotes hypertrophic
growth in adult cardiomyocytes, ARVM were incubated with cAMP raising agents.
Adenylyl cyclase acttaor f or skol in (1 ¢&M), PDE3 i nhi
PDE4 inhibitor rolipram (10 e&M) al/l pr omi
whereas inhibition of PDE2 with Bay 6550 (50 nM) has no hypertrophic effect on

ARVM. Only inhibition of PDE2 andhot PDE3 or PDE4 was found to reduce

hypertrophic growth in ARVM induced by NE overnight treatment. Theseadata

consistent with a model wherebAMP signalling is compartmentalised and that PDE
families are localised in distinct subcellular compartraéviongillo et al. 2004Mongillo

et al. 2008. Based on this model PDEs aantrol different pools of AMP which mediate
either hypertrophic or antiypertrophic effects via activation of PKA.
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8 Conclusion and Future

Perspectives

In this thesis, intracellulasignallingand phosphodiesterase regulation of the cAMP/ PKA
pathway in cardiac hypertrophy wiawestigatedising reatime FREFbased imaging.

CAMP is a ubiquitous second messenger which mediates a huge number of diverse cellulat
responses. In the heart, CAMibdulates he positive i notropic a
adr ener gi AR)stenala&igntthoough ifsfnain effector PKA, promoting the
phosphorylation and activation of key components of the excitatomtraction coupling

(ECC) process. It has been dentosted that cAMP signalling is compartmentalised.

Discrete microdomains of CAMP, created by the action of phosphodiesterase enzymes,
have been directly visualised in live cells using genetically encoded cAMP sensors and
FRET-based imagin@gZaccolo and Pozzan 2002KA is anchored to specific subcellular
targets by its interaction with kinase anchoring protein&KAPSs).Within the cellonly

particular pools of PK are exposed to activating concentrations of CAMP at any one time
(Colledge and &ott 1999. Thus, signals from one second messefigehis case cCAMP)

can result in the activation of distinct signal transduction pathways, and diverse
physiological responséBuxton and Brunton 1983

Cardiomyocyte hypertrophy is the cellular respaies@creased hormonal or mechanical
stress on the heart. Prolonged hypertrophy is associated with a significant increase in the
risk for sudden death or progression to healira A number of signalling pathways have
been reported to be altered during cardiac hypertrophy, including the cAMP/ PKA
pathway. Chronic catecholamine stimulation results in deegulation and esensitisation

of tAR® This leads to impairment in cAMP signalling and PKA phosphorylation of
key components of the ECC procéBeey and Olson 20Q0Barry et al. 2008 It has also

been shown that, in different models of cardiac hypertrophy, there is altered PDE
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expression and activitfAbi-Gerges et al. 20QMokni et al. 201). Therapeutic treatment
for dilated cardiomyopathy and heart failure currently involaeseasingcAMP
generatiorthroughb-AR antagonists and PDiBhibitorsto try to improvecardiac

contractility. PDE3 inhibitors such as milrinone have been shown to have beneficial effects
in patients with impaired cardiac function; howelarg-term use of such drugs resulted in
negative gle effects such as arrhythmias amcreased mortalit{Packer et al. 1991
Movsesian 2002Movsesian and Alharethi 20D2lhese adverse effects may be explained
by the fact that noselectiveinhibition of PDE3would lead to a global increase in
intracellular cAMP and activatioof PKA, resulting ingeneralised phosphorylation of all
substrates of PKAMovsesian and Alharethi 20Rat has been suggested teatective
modulation of compartmentalised PDEs activity may result in a more effective treatment
(Miller and Yan 201D

In the first part of this thesiseattime FRETFbased imaging approach and the targeted
FRET-based sensors for CAMP, RI_epac and RIl_dpaBenedetto et al. 2008were
utilised to study cAMP dynamics in the regions where PKA type | and PKA type Il
normally reside in adult rat ventricular myocytes (ARVM)wvas established that these
sensors localise to different coarpments in ARVM, where RI_epac overlays both the M
and Z sarcomeric |Iines, wher ea#sARRimndlatiomp a c
generated a significantly greater level of cAMP in the PRIAcompartment compared to
the PKARI compartment in ils cell type. These results support the work completed
previously in neonatal myocytéBi Benedetto et al. 2008The major finding in this
chapter was th&®DE activity is higher in the PKA&RI compartment compared to the PKA
RI'l ¢ omp ar-ARtimulatioa With isoprotérenol (ISO). Selective inhibition of
different PDE families revealed that PDE2 and PDE4 are mainly coupled with thé&RPKA
compartmenafter ISO stimulation, but also regulate CAMP levels in the FMA

compartment. PDE3 was only found to be associated with theRIKcdmpartment.

In the next chapter of this thesis, the same FRESed sensors were employed to study
cAMP dynamics in am vitro model of catecholamirmduced cardiomyocyte

hypertrophy.

Primary cultured ARVMs were treated overnight with norepinephrine (NE) to establish an
in vitro model of cardiomyocyte hypertrophy in adult rat ventricular myocytes (ARVM),
replicating chonic catecholamine stimulatiaf b-ARs that canoccurin vivoleading to
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heart hypertrophyMyocytes developed a clear hypertrophic phenotype as confirmed by
analysis of several parameters, including cell surface area and switckhercafdiac fetal
gene programANPa n d s k-actinexpredsionlevels). Some of these parameters have

been then utilised throughout this work as a marker of the hypertrophic phenotype.

FRET-based imaging revealdkatin hypertrophic myocytethe difference in CAMP
gereration between the PKRI and PKARII compartmentsipon ISO treatment is
abolished. Bth compartmentalsohave a significantly reduced response compared to
control cells suggesting down regulation of theARs. The major finding of this part of

my workis that global cAMPhydrolytic activity is significantly increased in hypertrophic
ARVM after ISO stimulation and more specifically this increase in PDE activity was found
to occur in the PKARII compartmentTo identify which PDE family may be responsible

for the increasednzymaticactivity in hypertrophic myocytes, cells were treated with
selective PDE inhibitors and compared with control ARVM. Adtkactivity was found in

all the PDE families investigated. There was a significant increase in PDED&dd P
activity in the PKARII activity in hypertrophic myocytes. FRET imaging also exposed a
loss of PDE3 and PDE4 activity in the P compartment.

Interestingly, analysis of both PDE2 mRNA and protein levels indithtd the increased
PDE2 activity detcted in hypertrophic myocytes does not correlate with an increase in
PDE2 expression levels, thus suggesting that PDE2 activity might bagrustriptionally
regulated. Immunostaining of ARVM revealed that PDE4B and PDE4D localisation were
alteredinhper t rophi c myocyt es wh-aadimnisaletdctedgh er
kinase anchoring proteins (AKAPs) have been shown to form complexes with PDES in
macromolecular complexes, for example mAKAP and Yotiao bind PDE4D3 in close
proximity of PKA targés, whichresults in a tighter regulation of the cAMP signal. Altered
PDEA4 localisation could signify altered AKAP expressi@alocation of AKAPs was also
indicated byimmunofluorescence experiments where hypertrophic ARVM were treated
with Rl_epac and Rl epac then stained fakactinin and compared to control myocytes.
One possibility for future work would be to generate mEET sensors targeted to

specific AKAPsof the heart, which wilgive a more detailed map of cCAMP signalling and
PDE contro] as well as more informatiomavhich AKAPs are relocated in disease

models.

In the next part of this thesis was demonstrated than ARVM, cGMP can alter cCAMP
levels through the modulation of PDE2 and PDE3 activity. Treatment with the NO donor
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SNAP resulted in an inversion ofetltAMP gradients in the PKRI and PKARII

regions, upon ISO stimulation. This inversion is dependent on cGMP generation and on the
compartment specific modulation of PDE2 and PDE3. In particular my data indicate that
there is a functional association betem PDE3 and the PKRI compartment and PDE2

and the PKARII compartment after cGMP production is stimulated. These results
confirmed what had previously been published in neonatal myo@&tisgherlin et al.

201]). FRET microscopy experiments showed that in hypertrophied ARVS4| lo&MP

levels are significantly higher than in control cells. It was hypothesised that the increased
PDEZ2 activity recorded in hypertrophic conditions may be due to an increased cGMP
mediated activation of this enzyme, where the largest increase ircttdd® was recorded

in the PKARII compartment. Increased cGMP levels in hypertrophic myocytes may be
linked to altereds-AR signalling a s3-AR stimulation carelevatecGMP levels via

acti vat £ARs we@ Hund o be coupled to the PIRAcompartment in control
ARVM, whereaghese receptors are mainly associated with the-RKAn

catecholaminénduced hypertrophicardiomyocytes.

In the final part of this thesis, it was demonstrated that PDE2 activity-isypertrophic

and that inhibition of PDE2 blunts the Nieduced hypertrophic growth. This hypothesis
suggests that cGMP mediated activation of PDE2 ishgpertrophic. This is in contrast

with evidence reported in the literature showing anlaypiertrophic role of cGMP

(Ritchie et al. 1998Horio et al. 200pRosenkranz et al. 200Zahabi et al. 20030ne

possible explanation for this discrepancy bemhese results and the literature is that in
cardiac myocytes cGMP is also compartmental{§&sktro et al. 20Q6-ischmeister et al.

2004 Stangherlin et al. 20),1and thus it is possible to that a specific pool of cGMP, by
activating PDE2, may play a phypertrophic role, whereas cGMP in dfelient region

may exert anthypertrophic effects.

In support of this hypothesis, Yanaka and colleagues published data reporting that PDE2
activity is significantly increased in rats that have undergone surgical thoracic aortic
constriction (TAC) to indue cardiac hypertrophy by pressureerload(Yanaka et al.

2003. This study indicates that cGMP mediated activation of PDE2 plays a role in cardiac
hypertrophyRecently, Aye and cavorkers reported a significant increase in PDE2 and
PKG in the human failing heafAye et al. 2012

Furthermore, overexpression of PDE2 iR¥M with an adenovirus carrying the wild type

enzyme wasufficient enough to induce hypertrophic growth in vitro. These data indicate
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that PDE2 is involved in the development of cardiomyocyte hypertrophy. It would be
interesting to explore whether PDEZnsreased in other models of cardiac hypertrophy,

for example, in models of both adaptive (i.e. exercise induce hypertrophy) or maladaptive
(i.e. thoracic aortic constriction (TAC) or isoproterenol infusion) cardiomyocyte
hypertrophy, and explore the ingtaf PDE2 inhibition with Bay 60550 in these

animals. Another interesting aspect to explore is whether inhibition of PDE2 can reverse
the hypertrophic phenotype by investigating the effects of Bags&0 treatments in

animal models where cardiac hypephy is fully developed.

In cardiac myocytes, activation of the cAMP/ PKA pathway is generally considered to be
pro-hypertrophiqlwase et al. 199@ngelhardt et al. 199%ntos et al. 2001l However,

in this thesis the antiypertrophic effects of Bay 60550 were found to be mediated by
activation of PKA To investigate the role of cCAMP/PKA signalling in the development of
cardiomyocyte hypertrophy, cCAMP levels were enhanced using selective PDE inhibitors
and forskolin overnight to study whether they promoted hypertrophic growth. Interestingly,
there is anoticeable increase in cell surface area of ARVM is when intracellular cAMP
content is increased via direct activation of adenylyl cyclases, or via inhibition of PDE3 or
PDE4. However, inhibition of PDE2 does not promote hypertrophic growth.

Although ths seems to be a contradiction, it is possible that PDE2 controls a distinct pool
of cAMP which subsequently activates a subset of PKA that habyp#itrophic effects,
whereas PDE3 and PDE4 control different pools of CAMP that mediateypertrophic
responses. This idea suggests that in cardiac myocytes PDE2, PDE3 and PDE4 are
compartmentalised. Immunostaining of ARVM for these PDESs revealed different
localisations of these enzymes. Data previously published by Mongillo et al. in rat neonatal
cardiomyogtes also supports this hypothe@#ongillo et al. 2004Mongillo et al. 2008.

It was recently showrboth in vitro andin vivo, that PKA phosphorylates NFAT at the

level of Ser245, Ser269 and Ser 294 thereby preventing its translocation into the nucleus
(Sherida et al. 2002 Theauthorsshowed thaimutation of these serines to alanines not
only prevents PKA phosphorylation, but also the ability of PKA to oppose calcineurin
mediated dephosphorylation and nuclear accumulation of NEAsTpossible thaPKA
mediated phosphorylation of NFAmaybe onemechanism through which the pool
controlled by PDE2 counteracts catecholamimuced hypertrophy. However, further
experimets are required to confirm this hypothedm example western blot analysis of
NFAT phosphorylationlevels.However difficulties with antibodies specificity and very
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low level of expression of endogenous NFA&y make these experiments diffictat
complete An alternative approadl to overexpress@FPtagged version of NFAT in
ARVM to increase efficiency an immunoprecipitatioand testhelevel of NFAT
phosphorylation upon treatment with NE, NE and Bay7660 anda combination oNE,
Bay 607550 and a PKA inhibitor.

Another way in whiclPKA may play anthypertrophic role was descall by Backs and
colleaguegBacks et al. 2011 In this work the authors showed that PKA phosphorylates
histone deacetylase 4 (HDAC4), thereby promoting the g&oarof an Nterminal

HDACA4 cleavage product (HDACKT) which in turn selectively inhibits the activity of
the prehypertrophic myocytes enhance factor 2 (MEF2). This is a potentially interesting
alternative target and experiments are planned to expleneassibility that this

mechanism contributes to the ahtipertrophic effects of PDE2 inhibition.

The majodimitation of this study wa thatcardiomyocyte hypertrophyas inducedn

vitro. As hypertrophy is aomplexmultifactoral disease involving aimber of different
signalling pathwayst would be more relevant to study the role of cCAMP inravivo

setting, either by chronic catecholamine exposuravo, thoracic aortic constriction

(TAC) or genetic mouse moded$ hypertrophy. However, due téime constraints and no
experience in this type @f vivoexperimentation in the lab, it was decided to use a similar
in vitro model that had already proved successful in neonatal cardiomyocytes. The benefits
of in vitro investigationof the CAMP signalhg pathwayin hypertrophy is thathis type of
treatment is quick, relatively inexpensive, highly reproducible and gives the investigator
more control by simplifying the system under investigatallowing direct study of the
single pathway of interesthere are someéisadvantagesf this type of modelfor
examplecells are maintained under nphysiological conditions. Cell densities aften

less thann vivotissue, which impairs intracellular signalling. Culture conditions are also
not homeostati¢sudden exchange of media, continuous depletion of nutrients and
accumulation of waste products) could alter restilgse fact@can sometimebecome
challengingwhen tryingto extrapolatehe result$ack to the biology of theshole
organismand musbe taken into consideratioRuture work will be carried out in TAC
treated rats to see if the same key findings of hypertrophy indoiegdo also occur

duringin vivo hypertrophy.

Another drawback of this study is the way in which cell size was cédclilAs
cardiomyocytes are not flat, a more accurate method to meagowyte growth would be
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to calculate the volume of the cell. This could be done using a confocal microscope and the
Z-stack function to take slice by slice images of thewhbith canbereconstruadto

form a 3D imageof the cardiomyocyte, giving the exact dimensidrtis method was not
applied due to time constraints. Eatistack image can take a number of minutes to

produce compared to seconds using the bright field option efpiflaorescent

microscope. The confocal microscapeedwas shared betweennumbers of different

departmentandthereforewas not always available.

The results in this thesis therefore identify PDE2 as a potential therapeutic target in the
treatment otardiac hypertrophy, however further experiments would be required to gain a
better understanding on the role of PDE2 in this disease state. However, as PDE2 is
expressed in other tissues, such as the brain, in endothelial cells and in {Bésleés et

al. 2006),global inhibition of this enzyme may result in adverse effects, as previously
reported after longerm use of selective PDE3 inhibitdiacker et all991 Movsesian

and Alharethi 200R In this study, the greatest increase in PDE2 was found to be in the
PKA-RIlI compartment activity in hypertrophic ARVM. Targeted PDE inhibition may be

an optionto selectively increase cAMP in this compartment without affecting the PDE2
activity in other areas. One possible alternative approach to overcome the potential
undesirable effects of global pharmacological PDE inhibition would be the development of
disruging peptides or of small molecules designed to selectively displace the subset of
PDEZ2 which is involved in hypertrophy. Further studies are therefore necessary to expose
the specific intracellular localisation of the grgpertrophic pool of PDE2, as wels its

interaction partners and its potential targets.

The work presented in this thesis advances our understanding of how cAMP/PKA signals
are rg@ulated in the PKARI and PKARII compartments of the hea#lterations in cCAMP
signalling and PDE moduianh of these compartments have been identified im &itro

modelof catecholaminénduced cardiac hypertrophy.
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