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Abstract 

Heart failure is the leading cause of morbidity and mortality in the world. It is an incurable 

disease and most treatment strategies aim to treat the symptoms or slow the progression of 

the condition. Cardiac contractility is governed by calcium homeostasis within cardiac 

myocytes and is modulated by the sympathetic nervous system. Both mechanisms are 

detrimentally altered in heart failure. An important group of enzymes, phosphodiesterases, 

are fundamental to the sympathetic (beta-adrenergic) modulation of calcium cycling in 

cardiac myocytes. The selective inhibition of phosphodiesterase 5 (PDE5) has recently 

been considered as a potential therapy for heart failure; having beneficial effects in human 

and animal models of the disease. The present study employs a large animal model of 

tachypacing induced heart failure to test the effect of PDE5 inhibition on myocyte and 

whole heart contractility and beta-adrenergic function, to assess the molecular mechanisms 

by which PDE5 inhibition is beneficial to the failing myocardium.  

In initial experiments the PDE5 inhibitor sildenafil was applied acutely to voltage clamped 

ventricular myocytes from uninstrumented sheep. PDE5 inhibition reduced baseline L-type 

calcium current and systolic calcium transient amplitude, suggesting it is negatively 

inotropic. Furthermore, the positive inotropic effects of beta-adrenergic stimulation were 

somewhat reversed by acute PDE5 inhibition. Interestingly, such negative inotropic effects 

of acute PDE5 inhibition were not observed in failing ventricular myocytes, which have 

dysfunctional calcium homeostasis and beta-adrenergic reserve. When delivered 

chronically over 3 weeks to tachypaced animals, PDE5 inhibition restored and augmented 

the systolic calcium transient and beta-adrenergic responsiveness at both the whole heart 

and myocyte level. These effects were associated with changes to the expression and 

phosphorylation status of the proteins that control calcium homeostasis in left ventricular 

tissue. In vivo, PDE5 inhibition prolonged longevity and reduced the onset of clinical signs 

of heart failure in sheep, as well as arresting cardiac dilatation and wall thinning. Chronic 

PDE5 inhibition however had no effect on cardiac contractility or heart failure induced 

changes in cardiac electrophysiology. 

This study presents a novel mechanism by which PDE5 inhibition may be beneficial in a 

large animal model of heart failure by restoring calcium homeostasis and beta-adrenergic 

responsiveness. This study may have important implications for the management of heart 

failure in clinical practice.  
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1 General Introduction 

Cardiovascular disease is the leading cause of death worldwide with heart failure (HF) 

being the greatest cause of morbidity and mortality in the western world
1
. HF is defined as 

the inability for the heart to adequately perfuse body tissues and is caused by any number 

of risk factors, in particular lifestyle choice (tobacco use, unhealthy diet, physical 

inactivity)
2
. In the UK, HF affects more than 750,000 people, young and old alike, costing 

the NHS approximately £9 billion per annum. There currently exists no cure for HF and 

treatment strategies mainly target the symptoms of the disease by restoring cardiac 

contractility and reducing systemic vascular resistance
3, 4

.  

Cardiac contractility is governed by the cardiac action potential via an intracellular 

mechanism termed excitation-contraction coupling, which utilises Ca
2+

 ions to activate the 

contractile apparatus within cardiac myocytes
5
. Proper regulation of intracellular Ca

2+
 is 

thus fundamental to the working of the myocardium. Ca
2+

 handling is modulated by the 

sympathetic nervous system through tightly regulated intracellular signalling pathways 

mediated by cyclic nucleotide second messengers. An important group of enzymes known 

as phosphodiesterases (PDE) selectively hydrolyse cyclic nucleotides and thus restrict 

signal diffusion, resulting in highly localised and specific signal transduction.  

Sympathetic signalling and Ca
2+

 handling are detrimentally altered in HF, which has been 

observed in both human and animal models of the disease, contributing to the disease 

phenotype. Many groups have explored the role of PDE inhibitors in HF, and how they 

may restore cardiac contractility, yet much of this work has been conducted in small 

animal models of disease. Thus, this thesis aims to explore the beneficial effects of PDE 

inhibition to the failing myocardium in a large animal model of HF, which more closely 

resembles the human condition. 



1.1 Excitation-Contraction Coupling  

1.1.1 Overview 

Excitation contraction coupling (ECC) is the term given to the mechanism of myocyte 

contractility and is initiated by the action potential (Figure 1.1). An action potential [1] is 

propagated across muscular tissue through gap junctions and activates voltage gated Na
+
 

channels on the plasma membrane of the cardiac myocyte (sarcolemma). Myoyctes are 

adapted to have a large sarcolemmal surface area through invaginations deep into the 

centre of the cell known as t-tubules. As Na
+
 channels open, Na

+
 ions flood into the cell as 

driven by an electrochemical gradient, thus depolarising the mycoyte. L-type Ca
2+

 

channels [2] densely populating the sarcolemma of the t-tubules activate in response to 

sarcolemmal depolarisation and Ca
2+

 freely diffuses into the cytosol (sarcoplasm). This 

relatively small increase in intracellular Ca
2+

 concentration ([Ca
2+

]i) results in activation of 

adjacent ryanodine sensitive Ca
2+

 release channels (RyR), located along the surface of the 

sarcoplasmic reticulum (SR) and closely associated with L-type Ca
2+

 channels. The SR 

acts as an intracellular reservoir for Ca
2+

, which is both bound and freely available within 

this sac-like structure. Activation of RyRs [3] results in a massive efflux of Ca
2+

 from the 

SR into the sarcoplasm, termed the Ca
2+

 transient, which increases sarcoplasmic Ca
2+

 

concentration 10 fold. This process is termed Ca
2+

-induced Ca
2+

 release. Ca
2+

 freely 

diffuses throughout the sarcoplasm and activates the myofilaments [4] resulting in myocyte 

contraction. In the cardiac cycle this process is the main determining factor of systole.  

Diastole is the relaxation phase of the myocardial contraction process. [5] Ca
2+

 is rapidly 

removed from the sarcoplasm by three main mechanisms. (1) Ca
2+

 is sequestered back into 

the SR via the sarco-endo-plasmic reticulum Ca
2+

 ATPase (SERCA) pump, which is 

modulated by the accessory protein phospholamban (PLN). (2) Ca
2+

 is removed from the 

cell via the sarcolemmal Na
+
/Ca

2+
 exchanger (NCX). (3) A small proportion of Ca

2+
 is 

extruded from the cell via the plasma membrane Ca
2+

 ATPase (PMCA) pump and some 

Ca
2+

 is sequestered into mitochondria.  

Each of the processes governing ECC will be described in more detail in the following 

chapter.  
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Figure 1.1 Excitation-contraction coupling.  

L-type Ca
2+

 channel (CaL); ryanodine receptor (RyR); Na
+
 Ca

2+
 exchanger (NCX); 

plasma membrane Ca
2+

 ATPase (PMCA); sarcoplasmic reticulum (SR); sarco-

endoplasmic reticulum Ca
2+

 ATPase (SERCA); phospholamban (PLN); transverse 

tubule (T-tubule); mitochondria (mito). 



 23 

1.1.2 Calcium influx 

Calcium channels exist as a large family and are expressed in many different cell types. 

The current review will focus on the dihydropyridine sensitive L-type family of Ca
2+

 

channels, which are highly expressed on the sarcolemma of cardiac myocytes, particularly 

located within t-tubules
6, 7

 ([2], Figure 1.1). These channels were coined L-type due to 

several main characteristics: Large conductance, open for Long time and activated at 

Larger membrane potentials
8
. Activation occurs due to membrane depolarisation to -40mV 

and occurs for 2-7ms
5
. Opening of L-type Ca

2+
 channels results in a net influx of Ca

2+
 

driven by a steep electrochemical gradient, resulting in a voltage dependent inward ICa-L. 

The integration of this ICa-L can be used to determine the proportion of Ca entering the cell. 

L-type Ca
2+

 channels are located in close proximity to intracellular SR Ca
2+

 release 

channels and form functional coupled units with RyR called dyads
9
. This coupling 

facilitates Ca
2+

-induced Ca
2+

 release by acting as the main trigger for SR release
10

. The 

proportion of which varies between species, being about 10% entering to 90% released 

from stores in rodents, to about 30% entering in larger animals
5
. Animals such as the sheep 

have a greater reliance on ICa-L to act as a trigger for intracellular Ca
2+

 release. Moreover, 

Ca
2+

 influx also contributes to Ca
2+

 loading of the SR, the degree of which is also species-

dependent
10, 11

. As the trigger for Ca
2+

 release occurs within the first few milliseconds then 

the peak of ICa-L can be determined the trigger for Ca
2+

 release, with the remaining time 

course of ICa-L being responsible for SR Ca
2+

 loading
12

.  

The remainder of the time course of ICa-L corresponds to its inactivation. This is dependent 

on time, membrane potential and Ca
2+ 5

. Initial fast inactivation of ICa-L is calcium-

dependent, which is enhanced by the slower voltage-dependent proportion of 

inactivation
13

. The latter is a negative feedback mechanism to restrict the proportion of 

Ca
2+

 entering the cell per beat
14

. ICa-L inactivation occurs due to small local intracellular 

concentrations of Ca
2+

 as a result of Ca
2+

 influx, but is exacerbated by Ca
2+

 release from 

the SR, which was shown to reduce Ca
2+

 influx by up to 50%
15

. Inactivation typically 

occurs within 20ms to allow time for the next depolarisation to take place rapidly
16

. The 

inactivation profile of ICa-L is modified by agents, which influence inotropy such as 

sympathetic stimulation.  
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1.1.3 Sarcoplasmic reticulum  

The sarcoplasmic reticulum (SR) is an intracellular membrane bound compartment, which 

acts as a reservoir for the storage of intracellular Ca
2+

 within cardiac myocytes. The 

majority of the surface of the SR densely expresses Ca
2+

-ATPase (SERCA), which actively 

pump Ca
2+

 into the SR. Ca
2+

 is released from the SR via RyR, which are mainly located at 

the terminal ends of the SR in close proximity to t-tubules and L-type Ca
2+

 channels.   

SERCA2A is the main SERCA isoform expressed in cardiac and slow twitch skeletal 

muscle
17, 18

. SERCAs function is determined by the regulatory protein phospholamban 

(PLN)
19

, the protein kinase-dependent phosphorylation of which increases the Ca
2+

 affinity 

of SERCA 2-3 fold
5
. 

In cardiac myocytes Ca
2+

 is stored within the SR and buffered by calsequestrin
20

, which 

contributes to determining the total amount of Ca
2+

 to be stored within the SR: SR Ca
2+

 

content. This can be experimentally measured by applying caffeine, which locks open RyR 

and empties the SR of Ca
2+

 
10

. The amount of Ca
2+

 stored within the SR is the main 

determinant of the size of the Ca
2+

 transient evoked, such that small decreases in SR 

content have a great impact on the amplitude of the transient
21, 22

. This highlights the 

importance of SR content in maintaining the size of the Ca
2+

 transient, thus contractility, 

which may be compromised in some disease states such as heart failure.  

1.1.3.1 Ca
2+

-induced Ca
2+

 release 

The main cardiac subtype of the large family of Ca
2+

 release channels is RyR2
5
, which 

exists functionally in vivo as a giant (2.3MDa) tetramer, acting as a junctional foot process 

between the SR and sarcolemma
5
. Tetrameric structural stability is determined by FK-

binding proteins (FKBP), of which FKBP12.6 associates with RyR2 in the heart
23

. 

Disruption of this complex, for example, following protein kinase A (PKA)-dependent 

phosphorylation results in increased RyR open probability thus increased SR Ca
2+

 

release
24, 25

.  

SR Ca
2+

 release occasionally occurs spontaneously and is dependent on the gating-status of 

the RyR; such release is termed a Ca
2+

 spark
26

. It is believed that synchronised activation 

and subsequent propagation of Ca
2+

 sparks by ICa-L results in the generation of a Ca
2+

 

transient (as reviewed
27

). This mechanism of Ca
2+

-induced Ca
2+

 release was considered the 

‘local control’ theory, providing an explanation for the close proximity of L-type Ca
2+

 

channels and RyRs
28

.   
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1.1.4 Transverse tubules 

Transverse (t-) tubules are sarcolemmal invaginations, which project deep into the centre 

of the myocyte (Figure 1.1). These structures have a regular sarcomeric distribution and 

occur within 2m of the z-line
29, 30

. They are the main location for L-type Ca
2+

 channels, 

bringing them in conjunction with the terminal ends of the SR, thus in close proximity to 

RyRs. They are fundamental for Ca
2+

-induced Ca
2+

 release as mechanical loss of t-tubular 

density results in attenuated Ca
2+

 transients
31, 32

.  

T-tubules facilitate action potential induced depolarisation uniformly across the 

sarcolemma and thus increase the speed and synchronisation of Ca
2+

-induced Ca
2+

 release 

in the myocardium. Furthermore, they are densely populated with beta-adrenoreceptors
33

, 

which confer autonomic nervous stimulation into alterations of myocardial contractility 

(section 1.2). The intricate structural network of t-tubules is known to be disrupted in heart 

failure
34, 35

, which may contribute to dysfunctional Ca
2+

 handling, contractility and 

sympathetic desensitisation associated with this disease.  

1.1.5 Myofilaments 

The sarcomere constitutes the contractile apparatus of the myocyte, consisting of thin actin 

and thick myosin filaments (detailed in Figure 1.1. These myofilaments occupy 

approximately 50% of the ventricular cell volume
5
. The sarcomere is arranged in a banding 

pattern with the thick filaments occurring regularly across the middle of the sarcomere and 

the thin filaments starting at the edges, z-bands, and projecting toward the middle, m-line 

(Figure 1.1).  The z-band is the point at which accessory proteins attach the thin filaments 

to the sarcolemma
36

. Other proteins such as titin may act as a scaffold for myosin
37

, which 

may play a role in disease induced myocardial stiffness
38

.  

Myocardial contractility is determined by the generation of mechanical force from 

chemical energy and is dependent on ATP and Ca
2+

. Myofilament contraction occurs when 

the protruding ‘heads’ of the myosin filaments, which are attached to the ‘groove’ of the 

actin filament, actively change conformation resulting in a sliding of the actin filament past 

the myosin filament. When sarcomere shortening occurs uniformly across the entire cell 

this results in myocyte shortening and myocardial contraction. The process is regulated by 

tropomyosin and troponin. Tropomyosin is a long flexible molecule, which lies in the 

grooves of the actin filament and restricts the binding of the myosin head (Figure 1.1). The 

troponin complex comprises troponin-T (TnT: tropomyosin binding subunit), troponin-C 

(TnC: Ca
2+

 binding subunit) and troponin-I (TnI: inhibitory subunit). In the absence of 
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Ca
2+

 TnI specifically binds to actin and prevents myosin heads from binding. When [Ca
2+

]i 

is increased it binds to TnC, which reduces the affinity of TnI for actin resulting in its 

removal from the actin filament. The TnC-TnI complex stimulates the removal of TnT and 

tropomyosin from the actin filament allowing myosin to bind to actin. Unlike skeletal 

muscle, cardiac muscle cannot recruit cells or fibres to increase the force of contraction; 

instead the force is relative to the amplitude of [Ca
2+

]i change, thus the size of the systolic 

Ca
2+

 transient is fundamental to cardiac contractility.  

1.1.6  Sarcolemmal Ca
2+

 removal  

During diastole the majority of cytosolic Ca
2+

 is sequestered back into the SR and the 

remainder is extruded from the cell via two main routes: Na+ Ca
2+

 exchanger (NCX) and 

plasma membrane Ca
2+

ATPase (PMCA) (Figure 1.1).  

The cardiac PMCA pump contributes only 5% of Ca
2+

 extrusion on a beat-to-beat basis, 

and if left as the only available Ca
2+

 extrusion pathway, myocyte relaxation could take up 

to 60 seconds
5
.  

Cardiac NCX exchanges 3 Na
+
 into the cell for each Ca

2+
 out

39, 40
. The relative imbalance 

of exchanged ions results in a charge of minus 1, causing NCX to be electrogenic as it 

generates an inward current: INCX
5
 . Due to this effect, physiologically and experimentally 

altered NCX function, with either spontaneous SR Ca
2+

 release or caffeine, can generate 

INCX, which may result in arrhythmic contractions such as delayed after-depolarisations
5
. 

Generated INCX is proportional to the degree of Ca
2+

 extrusion, thus following application 

of caffeine to empty the SR and render SERCA redundant, quantification of Ca
2+

 extrusion 

from the cell is a good estimate of SR Ca
2+

 content (see 2.2.5.3).  
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1.2 Sympathetic neurohormonal signalling 

The sympathetic nervous system modulates ECC through the agonism of adrenoreceptors 

on the surface of the cardiac mycoyte. Sympathetic β-adrenoreceptor stimulation results in 

increases in developed contractions (inotropy), increased rate of relaxation (lusitropy) and 

increased frequency of contraction (chronotropy)
41

. Together, β-adrenergic (β-AR) 

stimulation leads to a more spatially organised and time-synchronised depolarisation-

induced Ca
2+

 release
42

. 

1.2.1 Adrenergic receptors 

The external surface of the sarcolemma is highly specialised for modulation by both 

parasympathetic and sympathetic innervation
43

. Cardiac contractility is modulated by 

agonism of -adrenoreceptors (1a, 1b and 1d) and β-adrenoreceptors (β1, β2 and β3). 

Sympathetic stimulation results in the activation of all three subtypes of β-adrenoreceptor, 

which has the potential to evoke a varied response on contractility as β1 and β2 stimulation 

causes inotropy: increased force of contractility, whereas β3 promotes negative inotropy
44, 

45
.  

β-adrenoreceptors are G-protein coupled receptors (GPCR). G-proteins are membrane 

spanning multi-subunit proteins that provide a mechanism through which membrane bound 

receptors activate downstream signalling pathways (Figure 1.3, Figure 1.2). Those that 

associate with β-adrenoreceptors are heterotrimeric complexes consisting of an alpha (G) 

and dimeric beta-gamma (G) subunits (Figure 1.2). They can signal through both 

stimulatory (Gs) and inhibitory (Gi) pathways, thus can switch on or off downstream 

signals (Figure 1.2A). Their mechanism of action is shown in Figure 1.2B. In the 

inactivated state, the GPCR has a conformation in which the Gand G subunits are 

closely associated, with G bound to a molecule of (GDP). The subsequent binding of a 

ligand to the surface receptor of the GPCR and/or the exchange of GDP for GTP on G 

results in a G-protein conformational change, which separates G from G46
. This makes 

all subunits available for interaction with downstream signalling effectors. Hydrolysis of 

the GTP molecule results in the reformation of G interaction thus rendering the G-

protein inactive.  
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Figure 1.2. G-protein coupled receptor signalling.  

(A) β-adrenoreceptors couple to either stimulatory (Gs) or inhibitory (Gi) proteins.  Arrows 

represent activation, solid end represents inhibition. (B) Activation, desensitisation and 

downregulation of G-protein coupled receptor signalling. β-adrenoreceptor 1/2/3 (β1/2/3); 

noradrenaline (NA); endothelial nitric oxide synthase (eNOS); adenylyl cyclase (AC); 

protein kinase A (PKA); extracellular signal-regulated kinase (ERK): cyclic adenosine 

monophosphate (cAMP); guanosine diphosphate (GDP); guanosine triphosphate (GTP); 

protein kinase G (PKG); G-receptor kinase (GRK). 
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β1 and β2 are coupled to Gs, which, when active, Gs activates adenylyl cyclase (AC), 

which catalyses hydrolysis of ATP into cyclic adenosine monophosphate (cAMP). The 

downstream effector protein kinase A (PKA) phosphorylates a number of downstream 

effectors, which results in inotropy and lusitropy (described in more detail in section 

1.2.2). The human heart expresses β1 and β2 in a ratio of approximately 3:1
44

. β1 are 

distributed globally across the sarcolemma including both t-tubules and the sarcolemmal 

crest
47

, whereas β2 reside exclusively within caveolae in t-tubules
48

. Differences in 

membrane localisation reflect the differences in downstream signalling each subtype 

evokes. β1 stimulation is coupled exclusively to Gs and results in a global cytosolic 

generation of cAMP
49

, whereas β2 may couple to either Gs or Gi and selective stimulation 

results in local sarcolemmal rises in cAMP
50,51

 (Figure 1.2B). The resultant 

compartmentalisation of signals from the different receptor subtypes results in the 

activation of different downstream proteins, thus ECC is modulated differently depending 

on the receptor subtype stimulated. The more spatial and temporal generation of cAMP by 

β1 stimulation
49

, results in the activation of PKA
52

 and targeted phosphorylation
50

 of L-

type channel
53

, RyR
25

, PLN and TnI
54

. On the other hand, β2 stimulation results in 

increased ICa-L
50

 with minimal downstream targeting of proteins on the SR or 

myofilaments
55, 56

.  

β-adrenoreceptors predominate in the modulation of cardiac inotropy and lusitropy
57

. They 

have been found to localise within both lipid and nonlipid rafts on the membrane
48

, 

whereas there is an important role for caveolin in the normal functioning of β2 

adrenoreceptors
57

. Experiments from the Calaghan group have shown that the localisation 

of β2 to caveolin is important for signalling through both Gs and Gi
58

, which maintains 

differences in signal compartmentalisation between β1 and β2 (Figure 1.4). They showed 

that when caveolin was disrupted, a marked increase in cell shortening, Ca
2+

 transient and 

ICa-L was observed in response to β2 stimulation. Furthermore, they observed similar 

increases in myocyte contractility with β2 stimulation following inhibition of Gi
58

. These 

observations are consistent with a more global generation of cAMP, akin to the mechanism 

of signal transduction through β1 adrenoreceptors. Interestingly in HF β2 adrenoreceptors 

are known to relocate to the sarcolemmal crest, which in turn reflects the more diffuse, 

poorly compartmentalised β-AR signalling observed in the failing myocardium
47

. 

In 1989 Alberto Kaumann reviewed data surrounding anomalous patterns of results using 

non-conventional agonists and antagonists for β1 and β2 adrenoreceptors and speculated a 

role for a third β-adrenoreceptor
59

. β3 have subsequently been described at both the mRNA 
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and functional protein level in ventricular tissue across many species including human
60

. 

However, β3 exist in much lower abundance than β1 and β2 adrenoreceptor protein
61

. β3 

couple predominantly to Gi
60

 and selective stimulation results in decreased ventricular 

contractility in human
62

 and canine tissue
63

, as well as an observed reduction in Ca
2+

 

transient amplitude and ICa-L in rabbit ventricular mycoytes
64

. Furthermore, negatively 

inotropic responses were dependent on NO/cGMP signalling
60, 65, 64

 (Figure 1.2). It is well 

established that β3 are activated at higher concentrations of catecholamine than β1 and β2
66,

 

67
 which may contribute to a protective counter-mechanism during sympathetic 

overstimulation in such conditions as HF. Moreover, β3 are upregulated in human failing 

myocardium
68

 and show inability to desensitise unlike β1 and β2 adrenoreceptors. For such 

reasons, β3 adrenoreceptors have more recently attracted the attention of many as a 

possible therapeutic strategy in the management of human HF.  
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Figure 1.3 Sympathetic modulation of excitation-contraction coupling 

 β-adrenoreceptor 1/2/3 (β1/2/3); noradrenaline (NA); natriuretic peptide (NP); endothelial 

nitric oxide synthase (eNOS); nitric oxide (NO); adenylyl cyclase (AC); adenosine 

triphosphate (ATP); cyclic adenosine monophosphate (cAMP); protein kinase A (PKA); 

particulate guanylyl cyclase (pGC); soluble guanylyl cyclase (sGC); guanosine 

triphosphate (GTP); cyclic guanosine monophosphate (cGMP); protein kinase G (PKG);  

L-type Ca
2+

 channel (CaL); ryanodine receptor (RyR); sarcoplasmic reticulum (SR); sarco-

endoplasmic reticulum Ca
2+

 ATPase (SERCA); phospholamban (PLN); troponin-I (TnI); 

transverse tubule (T-tubule). 
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1.2.2 β-AR signalling pathway 

Agonism of sarcolemmal β-adrenoreceptors results in the activation of G-protein subunits, 

which activates downstream effectors, resulting in a signal cascade with the end result 

being a change in mycoyte Ca
2+

 handling and contractility. The intracellular signalling 

pathways involved are summarised in Figure 1.3.   

As discussed, β1- and to some extent β2-adrenoreceptors are coupled to Gs, which directly 

activates sarcolemmal bound adenylyl cyclase (AC)
69

. Of the large biological family of 

ACs available, AC V and VI are the most abundant and active isoforms expressed in 

cardiac mycoytes, which are subsequently activated by β-AR stimulation
70, 71

. AC catalyses 

the hydrolysis of ATP into 3’-5’-cyclic adenosine monophosphate (cAMP) and 

pyrophosphate. cAMP is a small, easily diffusible cyclic nucleotide, which acts as a second 

messenger to transmit signals within distinct sub-cellular, localised compartments
72, 73

. The 

most important function of cAMP, in terms of β-AR stimulation, is the activation of 

protein kinase A (PKA). PKA exists as a dimerised complex consisting of a regulatory 

subunit and a catalytic subunit. The binding of 2 cAMP to sites on the regulatory subunit 

results in a dissociation of the dimerised complex and allows the catalytic subunits to 

freely react. The resultant reaction: the transfer of terminal ATP phosphates to serine and 

threonine residues on protein substrates characterises the key phosphorylative role of PKA 

in the β-AR signalling cascade.  

Stimulation of β1 and β2 adrenoreceptors results in PKA-dependent phosphorylation of four 

main intracellular targets (Figure 1.3): (1) L-type Ca
2+

 channel, increasing channel open 

probability and increasing ICa-L
74

, (2) RyR, leading to enhanced open probability and 

greater SR Ca
2+

 release
75,

 
76

, (3) Troponin I, reducing myofilament calcium sensitivity and 

encouraging enhanced lusitropy
77

, (4) PLN, increasing SERCA activity and SR Ca
2+

 

loading
78

.  

The diffusible nature of cAMP means that signal transduction must be closely regulated, 

thus AC, PKA and cAMP-hydrolysing phosphodiesterase (PDE) enzymes are closely 

associated in membrane bound complexes known as A-kinase anchoring proteins 

(AKAP)
79

. Following hormonal stimulation, specific pools of PKA will be locally active 

and thus phosphorylate a number of specific sites within that domain
80, 81,

 
82

. cAMP-PKA 

signal regulation will be discussed in more detail in section 1.4. 

Functional β3 adrenoreceptor signalling in the human myocardium was shown to decrease 

myocyte contractility through a Gi and NO dependent mechanism
60

 (Figure 1.2, Figure 
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1.3). Not only can Gi directly inhibit AC
69

, but there also appears to be a direct interaction 

between β3, Gi and endothelial nitric oxide synthase (eNOS)
83

: a prominent source of NO 

in the myocardium. This highlights a negatively inotropic mechanism outside of the 

suppression of the AC-cAMP-PKA axis. This is the role of another second messenger 3’5’-

cyclic guanosine monophosphate (cGMP).  

cGMP is a similarly diffusible cyclic nucleotide as cAMP and is derived from two different 

intracellular sources; the freely diffusible soluble guanylyl cyclase (sGC) and the 

membrane bound particulate guanylyl cyclase (pGC) (Figure 1.4). Each are activated by 

different substrates and generate distinct, compartmentalised pools of cGMP, which signal 

very different downstream responses
84, 85

. Particulate GC is activated by the binding of 

natriuretic peptides (NP) to sarcolemmal receptors, such as brain (BNP) and atrial (ANP), 

which are particularly important chemokines in heart failure. NO activates soluble GC, this 

in turn catalyses the hydrolysis of GTP into cGMP, which activates its downstream 

effector protein kinase G (PKG). The resultant effects of both increased [cGMP]i and PKG 

activity leads to reductions in myocyte contractility because of four main reasons (Figure 

1.4): (1) PKG phosphorylates the L-type Ca
2+

 channel, inhibiting ICa-L
86

; (2) PKG 

phosphorylates TnI, which has the same effect as PKA, leading to reduced myofilament 

Ca
2+

 sensitivity
87

; (3) PKG phosphorylates PLN; releasing its inhibition of SERCA and 

increasing the rate of SR Ca
2+

 uptake, thus increasing lusitropy
88

; and (4) cGMP activates 

the cAMP-hydrolysing enzyme phosphodiesterase 2 (PDE2), leading to a predominate 

cGMP signal.  

It is important to note that signal transduction through cAMP and cGMP is highly 

regulated and compartmentalised within discrete sub-cellular locations, which is tightly 

controlled by an important group of enzymes, phosphodiesterases. This will be discussed 

in greater detail in (section 1.4.4). Firstly the effects of PKA and PKG on the most 

important proteins involved in Ca
2+

 handling will be discussed.  
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1.3 Sympathetic modulation of excitation-contraction coupling 

1.3.1 Control of Ca
2+

 influx  

L-type Ca
2+

 channels are the primary site for CICR, with peak ICa-L providing an important 

trigger for SR Ca
2+

 release and a contribution to the plateau phase of the cardiac action 

potential. In early experiments Sperelakis and Schneider
89

 and Reuter and Scholz
90

 

independently proposed a cAMP-PKA dependent mechanism for ICa-L augmentation upon 

β-AR stimulation. It is now well established that ICa-L modulation may occur through two 

main intracellular signalling pathways.  

Non-selective β-AR stimulation through such agonists as isoprenaline results in marked 

increases in cAMP and increased peak ICa-L
42, 91

. These effects are associated with a direct 

PKA phosphorylation of Ser1989 residue on the 1a subunit and on Ser478/Ser479 on the 

β2a subunit
92

, which is thought to increase the open probability of the channel
93, 94

. Leroy 

showed that brief pulses of isoprenaline elicited large increases in cAMP concentrations in 

compartments close to the plasma membrane, which was associated with increases in ICa-

L
95

. Furthermore, AKAP-79 is known to anchor PKA close to L-type channels
96, 97, 98

, 

which taken together, highlights the compartmentalised nature of cAMP signalling (section 

1.4.3). 

For a long time cGMP was known to be counteractive against prestimulated ICa-L
99, 100

, and 

was directly linked to a modulation of the L-type Ca
2+

 channel 
101, 102

. Moreover, selective 

sGC activation, resulted in ICa-L inhibition in frog ventricular myocytes
103

 and has more 

recently been linked, at least in part, to direct effects of phosphorylation by PKG
86

.  

1.3.2 Control of SR Ca
2+

 release  

It is still widely considered that SR Ca
2+

 release under β-AR stimulation is dependent 

mainly on ICa-L and SR loading, and not an effect of altered RyR open probability
104

. 

Furthermore, the close proximity of RyR to other ECC proteins has made it notoriously 

difficult to study. Despite this, there are several residues subject to phosphorylation on 

RyR. The most important residue is Ser2809, which is directly phosphorylated by PKA
24

 

and results in the dissociation of RyR from its regulatory/stabilising subunit FKBP12.6. 

This is associated with an increased in the open probability of the channel
25

. There is 

limited evidence to support direct RyR phosphorylation by PKG in the myocardium, 

although it has been shown that PKG directly targets residues on RyR in skeletal 

muscle
105

. 



 35 

1.3.3 Control of Ca
2+

 reuptake 

The rate of decay of [Ca
2+

]i during diastole is modulated by β-AR stimulation, as a faster 

rate of relaxation results in a faster rate of contraction. Both TnI and PLN are important 

targets for PKA-dependent phosphorylation, although the latter predominates. TnI 

phosphorylation occurs at Ser23/24
77

 and results in a decrease in myofilament Ca
2+

 

sensitivity due to a reduction in TnCs affinity for Ca
2+ 5

.  

Ca
2+

 reuptake into the SR is determined by SERCA activity.  This is positively modulated 

by β-AR stimulation, which results in more Ca
2+

 being pumped back into the SR before 

NCX has time for it to be removed, thus loading the SR with Ca
2+

 per beat and increasing 

the size of the systolic Ca
2+

 transient
106

. Whether SERCA itself is phosphorylated by PKA 

is a topic of controversy, however its regulatory protein PLN is modulated at several sites. 

Phosphorylation by PKA at Ser16 removes the inhibitory action of PLN from SERCA
107

, 

thus increasing its activity, and enhancing cardiac lusitropy
108

. Targeted PLN knockout in 

mice results in a complete ablation of both inotropic and lusitropic observations of β-AR 

stimulation
109

, thus PKA-dependent PLN phosphorylation is fundamental in sympathetic 

modulation of contractility.   

Ser16 is also the site for targeted phosphorylation by PKG, which too increases the rate of 

Ca
2+

 sequestration
88

. The exogenous application of cGMP reduced rabbit ventricular 

myocyte shortening in a mechanism dependent on PKG activity
110

.  PKG-dependent PLN 

phosphorylation has also been linked to an NO derived pool of cGMP, however such 

interaction was not constitutively active in the normal myocardium
111

.  
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1.4 Regulation and compartmentalisation of β-AR signalling 

The multifaceted response observed in Ca
2+

 handling following β-adrenoreceptor 

stimulation, which is just one aspect of β-AR signalling, provides an example for why the 

β-AR signalling pathway must be tightly controlled. Exacerbation or attenuation of the β-

AR signal in cardiac myocytes leads ultimately to pathophysiologies such as heart failure.  

1.4.1 G-protein receptor kinases and β-arrestin mediated signal regulation 

The β-adrenoreceptor is a target of PKA. Negative feedback by PKA-dependent 

phosphorylation of β2 adrenoreceptors results in G-protein switching for Gs to Gi
112

, 

simultaneously uncoupling the β-adrenoreceptor from AC and activating Gi-dependent 

cardioprotective signalling pathways such as the anti-apoptotic/survival ERK/MAPK 

signalling pathways
113

 (Figure 1.2A). PKA-mediated phosphorylation of β-adrenoreceptors 

is also accompanied by G-protein receptor kinase (GRK) phosphorylation
114

 (Figure 1.2B). 

Together, this increases the binding affinity of a group of regulatory proteins: β-arrestins, 

which subsequently bind to the β-adrenoreceptor to promote clathrin-dependent 

endocytosis
115

. β-arrestins may function as signalling molecules as they are associated with 

cardioprotective signalling pathways
116

 and may directly influence Ca
2+

 handling through 

altering the activity of SERCA2A
117

.      

1.4.2 Regulators of G-protein signalling 

Termination of the G-protein signal is determined by the reformation of the G 

complex, achieved through hydrolysis of GTP on the G subunit (Figure 1.2B). Regulators 

of G-protein signalling (RGS) proteins act to stimulate the GTPase activity of the G 

subunit and promote the reformation of the inactive G-protein heterotimer
118

. Of the 20+ 

members in this family RGS2-5 are most commonly expressed in the mammalian heart
118

. 

The above mechanism of RGS action is mostly restricted to Gi
119

. Regulation of Gs 

occurs through direct interaction of RGS with downstream effectors
120, 121,

 
122

. In the case 

of β-AR signalling in the heart, RGS may directly inhibit AC and was shown to inhibit 

cAMP generation in the presence of the AC agonist forskolin independent of Gs 

signalling
122

. RGS also interacts with downstream effectors of the Gi signalling pathway, 

thus influencing cardioprotective signals
120, 121

. Furthermore, PKG can directly activate 

RGS proteins
121

, contributing to both negative inotropy and stimulation of cardioprotective 

signalling pathways
123

. 
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1.4.3 A-kinase anchoring proteins 

In the early 1980s, Hayes and Brunton proposed the notion of a relationship between β-AR 

regulation of cardiac myocyte events and discrete compartments of cAMP
124

. They further 

postulated that such signals involved an interaction between sarcolemmal receptors, AC 

and target proteins with cytoskeletal components and structural scaffolding. This 

ultimately manifested in the description of A-kinase anchoring protein complexes, of 

which at least 50 are currently known
125

, and 14 of which are expressed in cardiac 

mycoytes. AKAPs, by definition, associate structures such as β-ARs, L-type Ca
2+

 channels, 

RyRs, PLN to important signalling molecules such as AC, PKA and PDEs, in 

macromolecular complexes (as reviewed
126

). They are important for maintaining discrete 

spatial and temporal cAMP-mediated responses by bringing together source, effector and 

target, and reducing the chance for signal diffusion. One such example is the association of 

β2-adrenoreceptors with an AKAP, which tethers PKA and L-type Ca
2+

 channels
127

. 

Selective stimulation of β2 adrenoreceptors results in a PKA dependent increase in ICa-L, 

with little effect on the dynamics of other ECC proteins
50

. Furthermore, disruption of 

AKAP-PKA binding sites has been shown to exacerbate the phosphorylative effects of 

PKA both at rest and under β-AR stimulation
128

. The maintenance of these functional 

macromolecular complexes is therefore clearly fundamental to appropriate β-AR 

signalling. Surprisingly, similar complexes for cGMP-dependent signals are yet to be 

described in the myocardium.   
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Figure 1.4 Cyclic nucleotide compartmentalisation and phosphodiesterase 

interaction 

Cyclic nucleotides cAMP and cGMP are generated from adenylyl cyclase (AC) and 

guanylyl cyclase (s/pGC) activated by numerous sources inside cardiac myocyte. Cyclic 

nucleotides are maintained in discrete subcellular compartments via selective hydrolysis 

by PDEs. The complex interaction of PDE isoforms is shown in the box. Arrows represent 

activation and solid end represents inhibition. β-adreonreceptors (β1/2/3), cyclic 

adenosine/guanosine monophosphate (cAMP/cGMP), transverse tubule (t-tubule), 

sarcoplasmic reticulum (SR), ryanodine receptor (RyR), sarcoendoplasmic reticulum 

Ca
2+

 ATPase (SERCA), phospholamban (PLN), phosphodiesterase (PDE).    
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1.4.4 Phosphodiesterase regulation of cyclic nucleotides 

Phosphodiesterases (PDEs) are fundamental to the functioning of AKAPs and cytosolic 

bioavailability of cyclic nucleotides. Without selective hydrolysis, free diffusion of 

stochastically generated cAMP and cGMP would allow rapidly increasing concentrations 

to uniformly fill the entire cell within a fraction of a second
129

. PDEs restrict the 

diffusibility and concentrations of cAMP and cGMP, thus maintaining 

compartmentalisation and, most importantly, specificity of the β-AR signal. The 

complexity of signal restriction and PDE cross-talk is summarised in Figure 1.4.    

PDEs belong to a vast family of enzymes in which there exists 22 different genes encoding 

over 60 isoforms, classifying into eleven subfamilies PDE1-PDE11
130

. The primary 

function for controlling cyclic nucleotide bioavailability is their direct breakdown by 

PDEs, however some PDEs contain N-terminal cyclic nucleotide binding sites, GAF 

domains
131

, which may act secondarily to sequester cyclic nucleotides. PDE enzymes can 

be sorted in relation to their cyclic nucleotide hydrolysing specificities: PDE 4, 7 and 8 

selectively hydrolyse cAMP, and PDE 5, 6 and 9 selectively hydrolyse cGMP, whereas 

PDE 1, 2, 3, 10 and 11 have dual specificity for both cAMP and cGMP (as reviewed
132

). In 

most tissues the majority of cAMP hydrolysis is achieved by PDE3 and PDE4. PDE5 is the 

most abundant cGMP-hydrolysing subtype, and PDE1 and 2 are the most widely expressed 

dual-specificity isozymes. The more obscure PDEs (6 – 11) are incompletely investigated, 

have not been described in cardiac tissue and are beyond the scope of the current review. 

1.4.4.1 cAMP-specific PDEs 

In the early 1980s Brunton and colleagues performed a series of experiments to understand 

how the, then considered ubiquitous, second messenger cAMP was generated in the heart. 

Upon stimulation with a β-adrenoreceptor agonist, cAMP was generated globally within all 

subcellular fractions. However, when stimulated with prostaglandin E1, cAMP was 

generated only within the soluble fraction, demonstrating cytosolic- and not membrane-

dependent synthesis
133

. This work highlighted the complex nature of compartmentalisation 

of cyclic nucleotide signalling. Verde et al demonstrated the non selective PDE inhibitor 

IBMX increased basal ICa-L similar to that observed under β-AR stimulation, an effect 

which was almost entirely replicated following the dual inhibition of PDE3 and PDE4
134

.  

Subsequently PDE3 and 4 have been shown to specifically hydrolyse cAMP and contribute 

approximately 90% of PDE activity in animal hearts
135

.  
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In cardiac myocytes PDE3 exists as two isoforms: PDE3A and PDE3B
72

, the former 

considered predominant in animal hearts
136

. Low levels of cGMP inhibit PDE3, thus 

cAMP hydrolysis by this isoform is also dependent on cGMP concentration (Figure 1.4). 

PDE3 has been isolated at both the mRNA and protein level in dog, rat and human 

myocardium
137

, yet its importance and expression levels differ according to the species 

under investigation
137, 138

. Immunocytochemistry in rat cardiac myocytes has revealed that 

PDE3 is diffusely organised sub-cellularly demonstrating a sarcolemmal localisation
139

. 

The PDE4 subfamily consists of four isoforms, PDE4A-D, of which PDE4B and PDE4D 

contribute the majority of PDE4 activity in cardiac myocytes
139

. Both subtypes are 

localised to the myofilaments, PDE4B located along the m-lines and PDE4D located at the 

z-discs
139

. Differences in localisation between different PDE4 isoforms and their 

differences from PDE3 localisation reflect different sub-cellular compartments. Non-

selective β-AR stimulation with agonists such as noradrenaline or isoprenaline evokes rises 

in cAMP, which are exacerbated following non-selective PDE inhibition with IBMX
139

. 

Equivalent rises in cAMP and increased PKA activities were found following selective 

inhibition of PDE4 with rolipram but not PDE3 with cilostamide
52, 139

. Furthermore, β-

agonist evoked contractility was augmented following application of rolipram but not 

cilostamide
140

. In genetic knockdown studies PDE4 was shown to modulate inotropic 

responses to both β1 and β2 stimulation, whereas PDE3 only modulated β1 evoked cAMP 

signalling
140,

 
141

. β2 stimulation in the presence of a PDE4 inhibitor results in PLN 

phosphorylation, which does not happen under normal physiological conditions, suggests 

that PDE4 selectively controls signalling through β2 receptors
140

.  

PDE4 subtypes are involved in the modulation of signalling to many ECC proteins and 

influence Ca
2+

 handling in cardiac myocytes (Figure 1.4). PDE4B was found to modulate 

compartments containing L-type Ca
2+

 channels and restricts channel phosphorylation by 

PKA
142

. PDE4D is responsible for the modulation of signalling to β-adrenoreceptors
143

, 

RyR
144

, SERCA2A and PLN
145, 146

.  

Within the PDE4D group there exist further isoforms, of which PDE4D3 and PDE4D5 are 

the most abundant in the heart. It has been shown that these isoforms interact with a 

number of membrane associated proteins including β-arrestin and AKAPs
147, 148

. PKA 

phosphorylation of Ser-13 and Ser-54 residues on PDE4D3 enhances its affinity for 

mAKAP and its catalytic efficiency of cAMP
149

. Such co-localisation has been observed at 

both the nuclear membrane
148

 and RyR2
144

. Disruption of the latter is known to facilitate 

PKA-mediated RyR hyperphosphorylation resulting in arrhythmias and sudden cardiac 



 41 

death
150

. The recruitment of β-arrestin in response to β2 stimulation results in a complex 

formation including PDE4D3
147

, which further restricts cAMP-mediated signal 

propagation adjunct to mechanisms to desensitise the β-adrenoreceptors
151

.  

1.4.4.2 Dual substrate and cGMP-specific PDEs  

PDE1 is activated by calmodulin in the presence of Ca
2+

 and is widely expressed in the 

human myocardium
152

. The lack of specific PDE1 inhibitors has hampered the current 

understanding of PDE1 physiology.  

PDE2 has been isolated in both the atria and ventricles of a large number of species 

ranging from frog to human
153, 154

. It contains a GAF domain, which when cGMP-bound, 

increases its cAMP-hydrolysing capacity 2-6 fold
155

. Although PDE2 only hydrolyses 

approximately 3% of cAMP in unstimulated cells, its function in cardiac tissues appears 

fundamental as it was responsible for the attenuation of β-AR stimulated cAMP-dependent 

responses in rabbit AV node cells
156

 and rat ventricular myocytes
98

. The latter study 

demonstrated that such β-AR modulation was dependent on a functional NO-sGC-cGMP 

axis
98

. PDE2 localises to sarcomeric z-discs
98

, which are commonly associated with t-

tubules. Specific inhibition of PDE2 has no effect on basal ICa-L
134

 yet enhanced cAMP-

stimulated ICa-L
134, 157, 158

, and Ca
2+

 transient amplitude
98

. PDE2 has been described as an 

important regulator of cyclic nucleotide cross-talk
72

 because not only does it selectively 

hydrolyse β1 and β2 derived cAMP, but also its catalytic activity is enhanced by β3 

stimulated NO-derived cGMP
98

 (Figure 1.4). To add to this complexity PDE2 selectively 

hydrolyses the natriuretic peptide-pGC-derived pool of cGMP without any effect on the 

NO-sGC derived pool of cGMP
84

.  

PDE5 is the only cGMP-specific hydrolysing enzyme in the myocardium (Figure 1.4). Its 

activity accounts for 30% of total myocardial cGMP degradation in mice
123

 and dogs
159

. As 

for PDE2, PDE5 is sensitive to cGMP through the presence of a GAF domain. PDE5 

contains two GAF domains, which, when bound, may increase isoenzyme catalytic activity 

by 10 fold
160

. Due to its ability to bind cGMP at several sites, it has been postulated that 

PDE5 may store and act to buffer cGMP at low cytosolic concentrations
161

. 

Immunolocalisation studies in isolated myocytes have shown that PDE5 co-localises with 

-actinin at the sarcomeric z-discs
162

. Differing expression and activity profiles of PDE5 in 

different species has provoked speculation about the true role of PDE5 in the human 

myocardium, however the generation of a PDE5 gene silencing model settled the majority 

of this controversy by demonstrating its importance in cardiac myocytes
163

.  
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Conflicting evidence exists as to the effects of PDE5 inhibition on basal ventricular 

myocyte Ca
2+

 handling and contractility, with differences mainly being associated to the 

species under investigation. Senzaki and colleagues administered the selective PDE5 

inhibitor sildenafil to anaesthetised dogs and reported reduced cardiac contractility
159

, 

which was not observed in similar experiments in mice
162, 164

, or rats
85

. Acutely 

administered oral sildenafil to humans partially increased contractility and ejection 

fraction
165

. In single murine myocytes, PDE5 inhibition had no effect on baseline ICa-L
166

, 

Ca
2+

 transient amplitude
85

 or sarcomere shortening
85, 162

. However, in all models 

investigated PDE5 inhibition attenuated β-AR stimulated ICa-L and Ca
2+

 transients as well 

as contractility in both single myocytes and whole hearts
85, 159, 162, 164, 165,

 
166

.  

In ventricular cardiac mycoytes PDE5 specifically hydrolyses the NO-sGC-derived pool of 

cGMP
84

 (Figure 1.4), which is responsible for the PKG-dependent negative modulation of 

the β-AR responses described above
85, 162, 164-166

. Interestingly, the NP-pGC-derived pool of 

cGMP has no effect on responses to β-AR stimulation
85

 and is unaffected by PDE5 

inhibition
84

. Direct inhibition or genetic knockdown of eNOS leads to attenuated NO-

derived pools of cGMP similar to that generated when sGC is inhibited directly
162

. 

Furthermore, z-disc localisation of PDE5 as described above is dependent on intact eNOS-

NO-cGMP signalling
123, 162, 164

. 

Altogether, the evidence presented here demonstrates how different PDE isoforms control 

discrete, compartmentalised pools of cyclic nucleotides, which modulate ventricular 

myocyte Ca
2+

 handling and contractility. Alterations to this delicate and intricate system, 

as may occur in disease, can be devastating to cardiac function. 
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1.5 Heart failure 

1.5.1 Pathophysiology 

In 1888, Roy and Adami discussed an overstrain of the heart resulting from a requirement 

for the organ to perform beyond its means
167

. Today’s definition of heart failure (HF) is 

fundamentally the same: the inability for the heart to provide adequate perfusion of 

peripheral tissues.   

Systolic dysfunction, diastolic dysfunction or both may define heart failure. The former is 

characterised by impaired ventricular contractility leading to left ventricle enlargement, 

dilatation and hypertrophy, in order to preserve ejection fraction and cardiac output. 

Diastolic dysfuntion is associated with increased ventricular filling pressures due to 

reduced distensibility and wall compliance, ultimately leading to hypertrophy. Such 

pathophysiologies eventually result in an inability to maintain cardiac output, resulting in 

congestion and elevated blood pressures, thus fluid accumulation in the lungs, pericardium, 

abdomen and feet. Such haemodynamic and oedematous disorders are defining features of 

end stage heart failure.  

1.5.2 Clinical cardiomyopathy 

There are many forms of cardiomyopathy classified under heart failure; the main three are 

dilated (DCM), hypertrophic (HCM) and restrictive (RCM) cardiomyopathies. RCM is 

associated primarily with ventricular fibrosis leading to diastolic dysfunction; it is the least 

common form of cardiomyopathy. HCM is an autosomal dominant genetic disorder 

resulting in a hypertrophied, non-dilated left ventricle. DCM is the most common form of 

cardiomyopathy resulting in enlargement of one or both ventricles, both systolic and 

diastolic dysfunction and the characteristic symptoms of HF; it is the main focus of the 

current review.  

Dilated cardiomyopathy is more common in men than women, non-specific to age or race. 

The prevalence of DCM in the general population is high although exact quantification is 

yet to be defined
168

. DCM is diagnosed in the clinic using echocardiography or MRI: 

ventricular dilatation and systolic dysfunction with or without mitral regurgitation. Other 

diagnostic indicators include cardiomegaly and signs of pulmonary oedema as revealed by 

chest radiograms, as well as a broad spectrum of electrocardiogram abnormalities 

including sinus tachycardia, atrio-ventricular arrhythmias, ST-T and Q wave changes
168

. 

Neurohumoral changes are another important characteristic of DCM, presenting as 
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dysfunctional sympathetic and renin-angiotensin system homeostasis
169

. These changes 

manifest in elevated systemic catecholamine
170

 and natriuretic peptide
171

 concentrations. 

Heart failure is incurable and current therapies only aim to prevent disease progression and 

alleviate the symptoms of HF
172

. Some therapies globally target the cardiovascular system, 

such as anti-hypertensives and diuretics, which reduce cardiac loading. More invasive 

therapies such as cardiac resynchronisation therapy
173

 and LV assist devices
174

 aim to 

reverse remodel the failing ventricle. Other pharmacological therapies specifically target 

myocytes at the molecular level in order to reduce arrhythmias, e.g. amiodarone
175

 and 

reduce the inotropic effects of elevated circulating catecholamines, e.g. β-blockers
170

. A 

strategy such as the latter seems counterintuitive in patients with poor inotropic reserve, 

however exacerbated β-AR stimulation results in uncontrolled myocardial contractility and 

a feed-forward spiral manifesting in further hypertrophy and dilatation. Many believe that 

the targeting of intracellular signalling pathways that control Ca
2+

 handling in cardiac 

myocytes is the future of heart failure therapy.   

1.5.3 Dysfunctional calcium handling in heart failure 

Calcium homeostasis governs excitation contraction coupling and is impaired in HF. 

Whether or not altered Ca
2+

 handling is the cause or consequence of the failing ventricle is 

the centre of much debate. 

A force frequency relationship in ventricular tissue exists whereby increased frequency of 

stimulation results in increased force of contraction, which is in turn accompanied by an 

increase in SR Ca
2+

 content
5
. Such a relationship is lost in the failing myocardium of 

humans
176

, guinea pigs
177

 and rabbits, yet not in rodents
178

. This reduced contractile 

reserve in HF is associated with attenuated systolic Ca
2+

 transients
179, 180, 181

. As discussed 

the trigger for systolic Ca
2+

 release is peak ICa-L, and many studies have shown that ICa-L is 

unchanged in HF
180-182

, however those studying more severe cardiomyopathies have 

observed small changes in ICa-L
179, 183

. L-type Ca
2+

 channels are mainly located within t-

tubules, which are disrupted in failing myocytes in both human and animal models
34, 184-187

, 

which may suggest a reason for the reduction in ICa-L observed in some models of HF.  

Intracellular end-diastolic Ca
2+

 is increased in HF
188, 189

, suggesting alterations to cytosolic 

Ca
2+

 removal mechanisms. The expression and activity of SERCA is reduced in human 

HF
190-192

 as well as animal models
193

, which is associated with a reduction in both PLN 

expression
191

 and phosphorylation
194

. In the tachypaced sheep model of HF, Briston et al 

found no change in SERCA2A expression, however reported decreased SERCA activity 
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and increased protein phosphatase 1 expression associated with reduced PLN 

phosphorylation
179

. Further, failing ventricular myocytes in vitro regained contractile 

function and t-tubule density when overexpressing the SERCA2A gene
195, 196

. The failure 

of SERCA to sequester diastolic Ca
2+

 is concomitant with increased NCX activity
181

, 

which will result in a decreased SR Ca
2+

 content and thus decrease the size of the systolic 

Ca
2+

 transient.  

Intra-SR Ca
2+

 buffers such as calsequestrin are unchanged in HF
5
, which suggests that any 

changes in SR loading will directly result in changes in SR content. The only route for 

Ca
2+

 release from the SR is through RyR Ca
2+

 release channels. Normal physiological 

function of RyR is determined by the accessory protein FKBP12.6, which is known to 

uncouple from RyR in HF
25

 making RyR more susceptive to calcium induced calcium 

release from the SR. As t-tubules are lost in the failing ventricle this results in orphaned 

RyRs from dyads
197

, which may further contribute to disorganised and dyssynchronous SR 

Ca
2+

 release. Together, increased Ca
2+

 leak from the SR will result in greater intracellular 

diastolic Ca
2+

, reduced SR content, and a reduced Ca
2+

 transient, which will manifest in 

less contractile force.  

1.5.4 Dysfunctional β-AR signalling in heart failure 

Not only is Ca
2+

 handling itself altered in the failing ventricle, but the interplay of the 

signalling proteins which control Ca
2+

 cycling in response to β-AR stimulation are altered. 

The syndrome of HF manifests because of a pathophysiological spiral initiated by 

increased sympathetic drive, initially intended to improve cardiac function, but ultimately 

resulting in its demise (Figure 1.5). Exacerbated catecholaminergic drive is made worse by 

the downregulation of sympathoinhibitory reflexes such as the arterial baroreceptor reflex. 

Noradrenaline and adrenaline are synthesised and released from sympathetic nerves and 

chromaffin cells of the adrenal medulla in response to stimuli. In normal physiology these 

catecholamines are acutely released resulting in activation of β-adrenoreceptors and 

increased myocardial contractility, however in HF catecholamine production is uninhibited 

leading to chronic β-AR stimulation and failure
170

 (Figure 1.5). Both sympathetic nerve 

terminals and chromaffin cells express plasmalemmal - and β-adrenoreceptors, which 

when stimulated inhibit the release of noradrenaline and adrenaline as part of a negative 

feedback loop. GRKs are expressed in cardiac myocytes, sympathetic nerve terminals and 

chromaffin cells and inhibit adrenoreceptor signalling through β-arrestin mediated receptor 

internalisation
198, 199

. In HF GRKs are upregulated resulting in sympathetic nerve and 
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chromaffin cell - and β-adrenoreceptor desensitisation, thus disinhibited noradrenaline 

and adrenaline release
200

.  

In the heart, several compensatory changes occur in order to protect it from excessive β-

AR stimulation. Increased myocardial GRK expression and β-adrenoreceptor 

internalisation both aim to limit further β-AR signalling. In the normal myocardium the 

most abundant adrenoreceptor subtype is β1
44

. In HF β1 adrenoreceptors are 

downregulated
201

 and may exhibit subtype switching to act more like β2 
61

. Furthermore, β2 

relocate away from t-tubules and into the sarcolemmal crest
47

, which most likely coincides 

with the loss in t-tubule density observed in failing myocytes
34, 184-187

. Such receptor 

density changes may promote β2 dependent Gi signalling
147

. Not only does Gi signalling 

directly inhibit adenylyl cyclase, thus limiting further activation of downstream β-AR 

signalling pathways
202

, but also activates PI3K-Akt cell survival pathways, which promote 

cardioprotection despite a loss of contractile reserve
203

. In combination with this, 

negatively inotropic β3 adrenoreceptors are upregulated in human HF
68

, which are not 

affected by GRK regulation to the same extent as β1 and β2 due to a lack of 

phosphorylation sites
97

. This highlights another compensatory mechanism whereby β3 

adrenoreceptors may promote negative inotropy in the presence of excessive β-AR 

stimulation. Napp et al have shown that β3 and eNOS become uncoupled in HF
204

, which 

may be compensatory to prevent negative inotropic β3 signalling through NO.  

Our laboratory recently reported dysfunctional ECC due to impaired β-AR signalling in a 

tachypaced sheep model of HF. Decreased PKA activity and concomitant reductions in 

PLN phosphorylation were observed in failing ventricular tissue, with reduced β-AR 

reserve in isolated myocytes
179

. Conversely, PKA hyperphosphorylation may accelerate 

the uncoupling of FKBP12.6 from RyR and increase Ca
2+

 leak from the SR
25

. Furthermore, 

β-adrenoreceptor antagonism resulted in restored RyR structure and function in human 

HF
205, 206

. Other studies have reported conflicting evidence for PKA activity in the failing 

ventricle. Such differences may represent the severity of HF: raised PKA activity and 

hyperphosphroylation of downstream targets most likely occurs in response to enhanced 

sympathetic drive, yet as HF progresses toward end-stage β-adrenoreceptor desensitisation 

and β-AR signalling impairment results in reduced PKA activity. In combination with 

these changes, AC generation of cAMP reduces along with altered PDE expression and 

activity. Decreased expression of cAMP-specific PDE3 and PDE4 in the failing ventricle 

has been observed in hamster
207

, dogs
208

, mouse
209

, rat
136

 and human
209

. Altered PDE 

expression will result in a loss of compartmentalisation and specificity of cAMP signalling, 
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which in conjunction with changed β-adrenoreceptor subtype density and localisation, will 

result in diffuse cytosolic cAMP generation
47

 and uncontrolled activation of downstream 

targets. Reduced expression of PDE4D in particular has been linked to the 

hyperphosphorylation of RyR in the failing human heart
144

. Interestingly, increased 

expression and altered cellular localisation of cGMP-specific PDEs PDE1
210

, PDE2
154

, 

PDE5
123, 211

 has been observed in both human and animal models of HF. Such changes are 

most likely a compensatory mechanism to counteract the negative inotropic influence of 

cGMP, whilst cAMP signalling is compromised. Together, this highlights the importance 

of compartmentalised and specific cyclic nucleotide signalling on myocyte Ca
2+

 handling, 

thus suggests manipulation of these altered pathways in the failing myocyte may provide 

therapeutic benefits for HF patients. 

 

Altered signalling pathways in HF may be both caused by and the cause of pathology. 

Current therapies for HF include strategies that target β-AR signalling such as β-blockers. 

The lack of specificity of these agents highlights an importance for the targeting of 

selective downstream regulators of the β-AR signalling pathway in order to restore Ca
2+

 

handling in the failing myocyte. Many studies have focused on the inhibition of 

phosphodiesterase enzymes as possible therapeutic targets in HF, however most have used 

small animal models of HF. It seems timely then that this PhD presents work exploring 

PDE inhibition as a potential therapy in a large animal model of HF, which more closely 

resembles human pathology. 
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Figure 1.5 Changes in sympathetic regulation of cardiac contractility in heart failure  

Dotted lines represent pathways desensitised in heart failure. Arrows represent activation, 

solid end represents inhibition.  
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1.6 Aims and objectives 

The main aim of this PhD is to understand how PDE5 inhibition may be beneficial in HF. 

Firstly, the role of PDE5 in the normal myocardium will be assessed using single cell 

electrophysiology. This is an area of the literature that until now has only included the 

rodent and small animal myocardium. The effect of PDE5 inhibition on ECC and its role in 

modulating cellular Ca
2+

 responses to β-AR stimulation will be explored. Intracellular Ca
2+

 

will be measured by loading isolated ventricular myocytes with the fluorescent Ca
2+

 

indicator Fura-2 and altered ionic currents will be measured using the voltage clamp whole 

cell patch technique.  

A heart failure model will be generated in sheep using rapid ventricular pacing. The effect 

of PDE5 inhibition on ECC and β-AR responses will be assessed similarly as above in HF 

myocytes.  

Following from these experiments exploring the acute effects of PDE5 inhibition in the 

normal and failing myocardium, a PDE5 inhibitor will be given chronically to HF sheep. In 

vivo techniques (echocardiography, electrocardiography, blood pressure measurements) 

will enable assessment of whole heart geometry, cardiovascular and electrophysiological 

properties of HF animals in order to determine whether PDE5 inhibition is beneficial to the 

failing myocardium.  

Single cell electrophysiology and molecular biochemistry will be used to explore the 

mechanisms by which PDE5 inhibition modulates ECC and β-AR responsiveness in the 

failing myocardium. 
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2 General Methods 

2.1 Preparation and isolation of single cardiac myocytes 

2.1.1 Animal use in scientific research 

All animal experiments were performed in accordance with the Home Office Animal 

(Scientific Procedures) Act 1986. Mostly young adult female sheep (<18 months of age) 

were used in experimental methods, however some experiments employed the use of older 

female sheep (>8 years of age). Animal type used will be described where appropriate. 

2.1.2 Animal euthanasia and heart removal 

Animal sacrifice was facilitated by the cannulation of the cephalic vein using a 21G 

cannula. A saline flush and a 20ml bolus of heparin (10,000 units) were infused to prevent 

post-mortem blood clotting. Blood clots are both detrimental to proper perfusion and may 

influence the activity of the isolation enzymes due to the release of calcium from 

haematocyte lysis. The infusion of a lethal dose of pentobarbitone (Pentoject; 200mg/kg) 

resulted in a loss of consciousness and ultimately death, confirmed by the cessation of a 

blink reflex and palpable pulse. The convex nature of the sheep thorax requires an anterior 

midline incision through the skin layer and cutting through the ribs on either side of the 

sternum to allow the chest to be lifted away for heart isolation and removal.  

2.1.3 Left ventricular enzymatic digestion 

The heart was immediately bathed in cold isolation solution before being dissected along 

the coronary sulcus separating the ventricles from the atria. The left ventricle was perfused 

using a Langendorff preparation (Figure 2.1A) by cannulation of the anterior descending 

branch of the left coronary artery (Figure 2.1B) and sutured in place to occlude the cut 

ends of both the artery and vein. The left ventricle was initially perfused with calcium free 

isolation solution for ten minutes (Table 1) (12ml/min) in order to wash out the vascular 

bed and ensure a calcium free extracellular environment for the introduction of the 

digestive enzymes. A mixture of collagenase (Type IV; Worthington Biochemical 

Corporation, NJ, USA) and protease (Type XIV; Worthington Biochemical Corporation, 

NJ, USA) enzymes was then added to the isolation solution to digest the tissue. Perfusion 

with enzyme varied in length of time depending on the size of the heart/animal, usually 

between 5-7 minutes. Upon assessment of adequate tissue digestion the enzyme was 

washed out for 20 minutes using a low-calcium, taurine containing solution (Table 1), this 
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ensured minimal cytotoxicity associated with calcium overload
212

 and oxidative stress
213

, 

whilst slowly reintroducing calcium to the myocytes. 

2.1.4 Isolation of single cardiac myocytes 

Mid-myocardial tissue strips were excised from the remaining digested tissue and 

homogenised gently in taurine solution. The supernatant was filtered through a 200µm 

nylon mesh and the remaining tissue resuspended in taurine solution. This was repeated 

nine more times to ensure maximal enzyme washout and myocyte isolation. After being 

allowed to settle, myocyte cell pellets were resuspended in a 50:50 mix of taurine and 

normal tyrode’s (Table 2) solutions. 
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Figure 2.1 Cell isolation setup and perfusion apparatus 

A) Langendorff apparatus showing the heated (37.4 
o
C) column through which the 

respective solutions pass, as driven by the peristaltic pump. (B) Solutions pass through the 

cannula attached to the bottom of the Langendorff coil into the left anterior descending 

coronary artery (dotted line) to perfuse the left ventricle (LV). The right ventricle (RV) and 

apex are labelled for orientation purposes. 
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Substance Concentration (mM) 

NaCl 134 

HEPES 10 

Na2HPO2 1.2 

KCl 4 

MgSO4 1.2 

Glucose 11 

2,3-butanedione monoxime 10 

Bovine Serum Albumin 0.5 

CaCl2 0.1 

Taurine 50 

Table 1. Cell isolation solutions  

Standard constituents for Ca
2+

 free isolation solution above the line, the addition of the 

ingredients below the line produced taurine solution. Solution was titrated with NaOH to 

pH 7.34 at room temperature. 

 

 

Substance Concentration (mM) 

NaCl 140 

10 

 

HEPES 10 

MgCl2 1 

KCl 4 

CaCl2 1.8 

Glucose 10 

Probenicid 

4-aminopyridine 

 

2 

4-aminopyridine 5 
BaCl2 0.1 

DIDS 0.1 

Table 2. Normal Tyrode's solution and additives  

Above the dark line are standard constituents of Normal Tyrode’s, below the dark line are 

substrates used in different experimental solutions. Solutions were titrated with NaOH or 

HCl to pH 7.34 at room temperature. 



 55 

2.2 Electrophysiological recordings and calcium imaging 

2.2.1 Electrophysiological equipment setup 

Isolated ventricular myocytes were allowed to settle on glass cover slips in a chamber 

mounted atop the objective (40x/1.3, Nikon) lens of an inverted light microscope (Nikon 

eclipse Ti). A heated (37
o
C) solution changer (Temp. Controller 2 bip, NBD) provided the 

input of variable superfusion solutions, and chamber volume maintained constant through 

the use of vacuum powered suction. A reference electrode consisting of an Ag/AgCl pellet 

was placed in the corner of the cell bath chamber. A recording electrode was made by the 

insertion of a fine Ag/AgCl wire inside a pipette solution containing micro-pipette (see 

2.2.3). The micro-pipette was lowered onto the surface of a single myocyte using an 

electronic micromanipulator (Scientifica, UK) to complete a continuous electrical circuit 

with the reference electrode, recorded through the head stage and amplifier (Axopatch 

200B, Axon Instruments), converted to a digital signal and relayed to a computer for online 

data acquisition (Figure 2.2). 

2.2.2 Calcium imaging equipment and setup 

Using the video camera and monitor setup a single isolated myocyte was centred and the 

field of view restricted in order to minimise background signal. The cell was illuminated 

with a xenon light source and monochromator and emitted light passed through a dichroic 

mirror and recorded by a photomultiplier/amplifier (Optoscan, Cairn) and acquired in real 

time using the pClamp software (Molecular Devices) (Figure 2.2). 
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Figure 2.2 Microscope setup for electrophysiological and calcium measurements  

Cells are mounted on a glass slide above an oil-immersion objective lens (Obj.) and 

superfused by experimental solutions warmed to 37
o
C. Electrophysiological recordings are 

achieved by the creation of an electrical circuit between the reference electrode immersed 

within the cell bath, the microelectode and the patch clamp amplifier (AxoPatch 200B). 

Digital signals are output to the digidata board and to a computer (PC) for online 

recording/analysis. Calcium imaging requires a xenon light source, which emits through a 

monochrometer, which switches the wavelength of light between 340, 355 and 380nm. This 

is focused onto a 400nm long pass (LP) dichroic mirror and excites the cells in the bath. 

Excited fluorophores emit at 510nm, which passes through the dichroic mirror and 

reflected to the eye or passes through a variable diaphragm to restrict the level of 

background noise (the insert patched cell as visible on the monitor). Light excites the 

photomultiplier tube (PMT), which converts an optical signal into a digital one, decoded 

by the digidata board and sent to the PC.  
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2.2.3 Cytosolic calcium indicators 

Changes in intracellular calcium were imaged using the fluorescent indicator Fura-2 

pentapotassium (K5) salt (100µM; Invitrogen), a cell impermeant dye loaded into the cell 

through the micro-pipette. Fura-2 has a single emission spectrum at a wavelength of 

510nm, with dual absorption spectra: 340nm and 380nm. Calcium binding results in a 

changing of the emission spectrum, when excited at 340nm it increases and at 380 nm it 

decreases. Rapid switching of external light from a common source between wavelengths 

of 340 nm and 380 nm and recording the resultant alterations in emission may monitor 

changes in cytosolic calcium. The ratio of the two absorption signals (Fluorescence 

(F)340/F380), each dependent on Ca
2+

 concentration, will not be dependent on indicator 

concentration. This highlights the main advantage in the use of a ratiometric indicator as it 

is insensitive to unequal cell loading and photobleaching, which may occur over time 

during an experiment. In order to ensure signal integrity a third absorption spectrum 

wavelength of 355 nm was also measured. This wavelength falls between 340 nm and 380 

nm and is termed the isosbestic wavelength as its absorbance does not change relative to 

changes in Ca
2+

.  

Due to a fundamental setup issue some experiments were associated with a compromised 

F380 signal, the F340 signal however remained consistent throughout all experiments. In 

order to prevent this manifesting into a problem with calcium signal analysis it was 

decided that the isosbestic wavelength 355nm would be used in the calculated ratio with 

F340. It is appreciated that a ratio signal calculated from F340/F355 will generate a smaller 

ratio signal than a F340/F380 ratio however both show relative changes in Ca
2+

.  
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2.2.4 Whole Cell Voltage Clamp 

Voltage clamping is a useful technique for the measurement of single channel ionic 

currents enabled by controlling membrane voltage. A patch clamp amplifier (Axopatch 2B, 

Axon Instruments) was used to which a recording electrode and reference electrode were 

connected. An electrical circuit was made possible by using micro-pipettes, consisting of a 

borosilicate glass capillary tube (Harvard apparatus) pulled in a two stage process using a 

microelectrode puller (HEKA Electronik). The first stage involved heating the glass and 

gently stretching it over a distance of between 7-10mm. The second stage involved the 

breaking of this stretched portion of glass, producing two sharp-ended pipettes, which 

facilitate a circuit resistance of 2-3MΩ. The Ag/AgCl electrode was then inserted within 

this pipette filled with a Ca
2+

-EGTA buffered solution that reflects the intracellular ionic 

environment (Table 3).  

Substance Concentration (mM) 

CsCl 118 
HEPES 10 

MgCl2 4 

CaCl2 0.28 

Phosphocreatine 3 

Na2ATP 3.1 

Na2GTP 0.42 

CsEGTA 0.02 

Table 3. cGMP containing, low-EGTA Pipette Solution  

Titrated with CsOH to pH 7.2 at room temperature. 

 

The micro-electrode was carefully lowered onto the surface of the myocyte and gentle 

suction applied to attach a section of membrane to the tip of the pipette forming a high 

resistance ‘giga-seal’. This electrical seal limits background noise and allows the patch of 

membrane to be voltage clamped. Once sealed the solution was switched from normal 

tyrode’s solution to an experimental solution (Table 2, experiment depending). In whole 

cell patch clamping a brief pulse of suction is used to rupture the portion of membrane 

beneath the patch pipette in order to expose the whole cell contents to the microelectrode.  

In discontinuous voltage clamping the recording electrode feeds forward the recorded 

membrane potential into the patch amplifier. An external source outputs a voltage 

command to the amplifier; in this instance a step-wise -60mV to +10mV voltage command 

was used. The voltage command, minus the membrane potential, enables the amplifier to 

‘hold’ the cell at the defined potential (holding potential) by injecting a current equal and 
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opposite to cellular ionic currents. This allows accurate reproduction and recording of the 

currents flowing across the cell membrane. Corrections were made to compensate for 

series resistance and capacitance (70-80%) generated by the electrode in order to 

accurately reproduce ionic current measurement.  

Simulation protocols were used in order to investigate the differences in EC-coupling 

parameters in electrically paced myocytes. Cells were stimulated at a frequency of 0.5 Hz 

using a ramp and step protocol. As shown in Figure 2.3 a 20 ms voltage ramp from -60 mV 

to -40 mV followed by a 10 ms hold was used to ensure full inactivation of voltage gated 

sodium channels. This was immediately followed by a voltage step to +10 mV and held for 

100 ms before returning to -60 mV. Along with other ion channel blockers present in the 

superfusion solution, as described above, this facilitated selective investigation of voltage 

gated Ca
2+

 current. 

Figure 2.3 Membrane voltage protocol and associated inward ICa-L  

The upper trace shows the voltage command: voltage from ramped from a holding 

potential of -60mV and held at -40mV, before being stepped to +10mV. Voltage step 

results in an inward ICa-L as represented in the lower trace, recorded from a normal young 

sheep ventricular mycoyte. The voltage was held at 10mV for 100ms, in which time ICa-L 

decays fully. ICa-L is flanked by capacitance spikes.  
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2.2.5 Data analysis and interpretation 

2.2.5.1 The L-type Ca
2+

 current 

Raw calcium currents (nA) were recorded (2.5kHz sampling frequency) and analysed 

using pClamp/Clampfit analysis software (Axon Instruments). Data sampling was obtained 

by averaging ten sweeps during steady state. From these average traces three useful 

parameters can be determined Figure 2.4: (1) peak current, which represents the trigger for 

intracellular Ca
2+

 release from the SR, (2) the integral of the current (the area underneath 

the curve of the recorded ICa-L) which is a measure of the total Ca
2+

 entering the cell and 

(3) the rate of inactivation of ICa-L, which describes the speed with which L-type Ca
2+

 

channels close.  

ICa-L is expressed as a function of cell size and is therefore normalized to the recorded 

cellular capacitance, i.e. current (pA) divided by capacitance (pF) gives us the units for ICa-

L: pA.pF
-1

. In order to measure peak ICa-L, ten sweeps of steady state ICa-L recording were 

averaged within Clampfit to give an averaged raw trace as shown in Figure 2.4A. The 

vertical lines represent the analysis ‘cursors’, which were used to select the areas of 

interest. Cursors 1 and 2 were positioned before and after the negative peak of ICa-L trace as 

shown. Cursors 3 and 4 were positioned after the ICa-L had inactivated back to baseline. 

This allowed the measurement of the maximum deflection of the ICa-L to be calculated 

based on the actual baseline to which the ICa-L decays. 

The integral of the current was quantified in a similar method as described above. The 

analysis cursors were positioned exactly as described above, which enabled the entire area 

between cursor 1 and 2 to be quantified as a function of the baseline (determined by 

cursors 3 and 4), as shown by the hatched area in Figure 2.4Ai. The integral of ICa-L was 

calculated as a function of ICa-L (pA) over time (s), thus nA.ms
-1

. This value can be used to 

calculate a more useful characteristic of ICa-L, the amount of Ca
2+

 entering the cell per beat 

(moles.L
-1

). This was calculated using the following formula: 

The concentration of calcium ions is calculated by dividing the calculated ICa-L integral (as 

above) by two, as Ca
2+

 is divalent, and dividing by Faraday’s constant (9.65x10
4
, in order 

to give the magnitude of electric charge per mole of calcium. The cell volume is calculated 

Calculated Ca
2+

 (moles.L
-1

) = moles of calcium x 1x10
12

 / cell volume (pL) 

 Equation 1 
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as the cell capacitance multiplied by 5.39 pF.pL
-1

, which has previously been used in our 

lab as the volume correction for an ovine ventricular myocyte
214

.  

Finally, the rate of ICa-L inactivation was calculated by fitting a double exponential to the 

decay phase of the averaged ICa-L trace. As shown in Figure 2.4Aii the analysis cursors 

were repositioned to allow for the measurement the decay phase between cursors 1 and 2, 

and normalized to the calculated baseline between cursors 3 and 4. The double exponential 

fit of this curve gives two values of tau, which represents the time over which the decay 

occurs. The reciprocal of these values therefore provides rate constants for the time for 

decay of the ICa-L. A double exponential is used because the inactivation phase of the L-

type Ca
2+

 channel is not easily fit using a single fit curve. This in turn reflects the two 

phases of ICa-L inactivation: a fast phase and a slow phase. In terms of ICa-L physiology 

there exists two mechanisms of ICa-L inactivation: (1) a calcium-dependent mechanism, 

whereby Ca
2+

 negatively feeds-back to inhibit ICa-L and (2) a voltage-dependent 

mechanism, whereby membrane voltage changes the conformation of the channel thus 

inhibiting ICa-L. In terms of the ICa-L inactivation Ca
2+

 dependent inactivation generally 

occurs faster than voltage dependent inactivation and so for the purposes of this thesis the 

two tau values (rate constants) presented for ICa-L inactivation will be representative of 

these different mechanisms. It should be noted that as the stimulated cells were twitching, 

the measure of ICa-L inactivation might be influenced by an inward Na
+
-Ca

2+
 current, and 

thus provides a limitation to the accurate measurement of ICa-L inactivation.   
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Figure 2.4 Analysis of ICa-L and Ca
2+

 transient  

(Ai) Analysis of Peak ICa-L and Ca
2+

 influx. Analysis cursors 1 and 2 are positioned 

before and after ICa-L deflection to determine the area of interest, cursors 3 and 4 are 

used to determine the baseline. Peak current is determined as the greatest point of 

deflection subtracting away the baseline, Ca
2+

 influx is calculated from the integral, the 

area underneath the ICa-L, shaded. (ii) Analysis of the rate of ICa-L inactivation. Analysis 

cursor 1 is positioned just before peak ICa-L and cursor 2 positioned at the point where 

ICa-L has decayed fully, cursors 3 and 4 determine baseline. A double exponential is 

fitted to the decay to give time constants, of which the reciprocal is taken to calculate 

the rate constant of inactivation. (Bi) Analysis of Ca
2+

 transient amplitude. 

Fluorescence at diastole (FDiastolic) is subtracted from the fluorescence at systole 

(FSystole) to give the amplitude of the Ca
2+

 transient. (B) Analysis of the rate of Ca
2+

 

transient decay.  A single exponential (red line) is fitted to the decay of the transient to 

give a tau value, the reciprocal of which gives a value for the rate constant of decay. 
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2.2.5.2 Systolic Ca
2+

 transient 

Changes in intracellular Ca
2+

 were recorded using the ratiometric calcium indicator Fura-2 

as described above. Loading the cell with indicator via the patch pipette has the advantage 

that there is limited fluorescence in the surrounding bath solution/nearby cells, however in 

order to prevent anomalous results a baseline fluorescence level was recorded in the form 

of a no cell (Fno cell), which was subtracted away from both the F340 and F355 signals used in 

the final ratio: 

The calcium transient is the systolic release of calcium from the SR. An average of ten 

steady state sweeps was exported using an ‘in house’ visual basic programme designed to 

take each ratio point recorded and corrected for background fluorescence (as described 

above). Analysis of the Ca
2+

 transient is performed as described in Figure 2.4B. The peak 

of the systolic Ca
2+

 transient is described as the transient amplitude and was calculated in 

Microsoft Excel using an average baseline ratio, FDiastolic, subtracted from an average of 

Ca
2+

 transient peak ratio, FSystolic.  

The decay of the calcium transient represents the rate at which calcium is sequestered back 

into the SR and extruded from the cell during diastole. The averaged Ca
2+

 transient was 

drawn in Clampfit and, similar to the analysis of ICa-L inactivation, two analysis cursors 

were used to highlight the start and end of the transient decay phase. A single exponential 

was fitted was fitted to this curve and the reciprocal of the tau value was then used to 

calculate the rate constant for Ca
2+

 transient decay (Figure 2.4Bii).  

2.2.5.3 Sarcoplasmic reticulum Ca
2+

 content 

SR Ca
2+

 content is determined by the application of caffeine (10mM) to an unstimulated, 

voltage clamped myocyte
215

. High dose caffeine massively increases the open probability 

of RyR, which maintains the channel in an open configuration thus negating any action of 

SERCA. Caffeine thus empties the SR and generates a large caffeine evoked Ca
2+

 

transient. In order to maintain Ca
2+

 flux balance, cytosolic Ca
2+

 must leave the cell through 

NCX and to some extent PMCA. Due to the electrogenic nature of NCX, as Ca
2+

 fluxes out 

of the cell, Na
+
 moves in, which is recorded as an inward current (INCX). The integral of 

INCX is directly proportional to the amount of Ca
2+

 extruded from the cell and thus provides 

an accurate measurement of the amount of Ca
2+

 stored within the SR.  

R340/355  =  F340 – Fno cell 

  F355 – Fno cell 

 

Equation 2 
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The integral of INCX is calculated similarly to the integral of ICa-L. Using analysis cursors 

the baseline is measured and subtracted from the integral of INCX. PMCA contributes 

approximately 5% of [Ca
2+

]i extrusion in the sheep and thus in order to determine the 

precise amount of Ca
2+

 removed by NCX this must be corrected for. Furthermore it has 

been shown that the contribution of Ca
2+

 removal by PMCA varies slightly with age, thus 

for cells from young sheep INCX integral is multiplied by 1.41 and for old sheep INCX 

integral is multiplied by 1.49
216

. In order to describe the level of charge accumulation as a 

Ca
2+

 content the resultant value was divided by Faraday’s constant, and normalized to cell 

volume (as with Ca
2+

 influx) to give a final calculation of SR Ca
2+

 content in mole/L. A 

representative caffeine evoked Ca
2+

 transient, INCX and integral are shown in Figure 3.8. 

2.2.5.4 Statistics  

Data analysis was performed using SigmaPlot (Systat Software, Inc) and values given as 

mean ± SEM. Statistical significance was determined in paired data containing two data 

sets using a paired Student’s t-test. If three or more paired data sets were being compared 

then a one-way repeated measures analysis of variance (ANOVA) and a Holm-Sidak post-

hoc test was used, which enables pairwise multiple comparisons. Unpaired data was 

compared using a Student’s t-test for two groups, or a one-/two-way ANOVA for three or 

more comparisons. Significance was determined as p<0.05. 
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Chapter 3 
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3 The effect of phosphodiesterase 5 inhibition on calcium handling in 

normal ovine cardiac myocytes 

3.1 Introduction 

The movement of Ca
2+

 into and within a ventricular myocyte determines the force of 

myocardial contraction. In vivo the sympathetic nervous system modulates excitation-

contraction coupling, the mechanism that governs myocyte Ca
2+

 flux, through the 

activation of sarcolemmal β-adrenoreceptors. The stimulation of β1 and β2 adrenoreceptors 

results in an intracellular signalling cascade, governed by cAMP, resulting in the PKA-

dependent phosphorylation of the L-type Ca
2+

 channel, PLN and TnI. This results in 

positive inotropy: a stronger myocardial contraction, and lusitropy: a faster rate of 

relaxation.  

There is an important emphasis on the control of cAMP availability, as uncontrolled PKA-

dependent phosphorylation would be detrimental to diastolic filling and may result in 

increased prominence of arrhythmias
217

. Cyclic AMP signalling is therefore controlled 

through selective hydrolysis by PDE2, PDE3 and PDE4, which maintain cAMP-PKA 

signalling in discrete sarcoplasmic compartments within the cardiac myocyte
153

.  

Negative inotropy is facilitated by cGMP, by increasing PDE2-stimulated cAMP 

hydrolysis
218

, and by activating PKG, which decreases the L-type Ca
2+

 current (ICa-L)
86

. 

Cyclic GMP is generated through activation of β3 adrenoreceptors
68, 219-221

 coupled to 

eNOS
85

 and is compartmentalised through selective hydrolysis by PDE5
84

.  

Immunolocalisation studies in isolated myocytes have shown that PDE5 colocalises with 

α-actinin, which corresponds to localisation at the myocardial z-bands in close proximity 

to t-tubules
162

. L-type Ca
2+

 channels, as well as β-adrenoreceptors and AKAPs are also 

found within these compartments, which highlights possible interaction between these two 

cyclic nucleotide-dependent signalling pathways.  

Most studies investigating the role of cGMP and PDE5 in ventricular myocytes have used 

rodent and other small animal species, which are characteristically very different from 

human cardiac physiology. The present study sought to elucidate the role of PDE5 in a 

large animal model; sheep cardiac myocytes.  
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3.2 Aims 

The principal aims of this chapter are as follows: 

 To investigate how cGMP is controlled under steady state conditions in sheep 

ventricular myocytes and whether it can modulate steady state Ca
2+

 handling.  

 To investigate whether cGMP exerts its effects, if any, via a PKG-dependent 

mechanism. 

 To investigate whether cGMP modulates inotropic responses to β-AR stimulation?  
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3.3 Results  

3.3.1 The effect of PDE5 inhibition on steady state Ca
2+

 handling 

PDE5 controls specific pools of cGMP in cardiac myocytes. Several studies that have 

inhibited PDE5 have reported conflicting evidence for its effect on myocyte Ca
2+

 handling 

99-101, 158, 222
. The present study sought to test the effect of PDE5 inhibition on Ca

2+
 

handling in sheep cardiac mycoytes.  

3.3.1.1 L-type Ca
2+

 current. 

The first set of experiments sought to test the effect of PDE5 inhibition on ICa-L. 

Ventricular myocytes were stimulated under voltage clamp control from -40mV to +10mV 

for 100ms, at 0.5Hz, at 37C. Sarcolemmal depolarisation results in an inward Ca
2+

 current 

as shown in Figure 3.1Ai. In normal sheep myocytes (cell capacitance = 146.7±17 pF) 

peak ICa-L was 7.09±0.69 pA.pF
-1

. This was associated with 2.07±0.2 μmoles.L
-1

 of Ca
2+

 

entering the cell per beat. Figure 3.1B shows the acute application of the selective PDE5 

inhibitor sildenafil (Sigma) for 3 minutes reduced peak ICa-L by 39±13% (Figure 

3.1Aii, 4.32±0.8 pA.pF
-1

) and decreased the proportion of Ca
2+

 entering the cell, by 

17±13% (Figure 3.1Aiii, 1.72±0.2 μmoles.L
-1

).  

In order to test whether PDE5 inhibition affected the rate of decay of ICa-L a double 

exponential was fitted to the inactivation curve of ICa-L as described (section 2.2.5). Figure 

3.1Ci shows representative ICa-L traces with the ICa-L observed under PDE5 inhibition 

normalised to the peak of the ICa-L observed in control steady state, in order to emphasise 

any changes in the decay phase of the currents recorded. As shown by the summary data 

for the rate of the voltage dependent inactivation of ICa-L in Figure 3.1Cii, PDE5 inhibition 

slowed the rate of ICa-L inactivation by 28±10%: from control rate 61±3 s
-1

 to 44±6 s
-1

. The 

rate of Ca
2+

-dependent inactivation also showed a tendency to be slowed by PDE5 

inhibition, however this change did not achieve significance (-23±10%; control 226±16 s
-1

 

to 173±19 s
-1

, p=0.09). 

The time course for the effect of PDE5 inhibition on peak ICa-L, shown in Figure 3.1B, 

revealed that there was a lag period between the exposure of the cell to sildenafil and the 

inhibitory effect on ICa-L. Figure 3.2A shows the sildenafil-induced percentage decrease in 

ICa-L across the full 3 minutes of PDE5 inhibition. Baseline ICa-L was determined as the 10 

sweeps prior to the onset of sildenafil application. Mean data taken at thirty-second 

intervals for the full 3-minute duration of sildenafil application is shown in the histogram 

Figure 3.2B. The effects of PDE5 inhibition as compared with baseline ICa-L are not 
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observed until at least 90 seconds after the application of sildenafil. Furthermore, the 

degree of ICa-L inhibition shows that the maximal effect of PDE5 inhibition of ICa-L, 

approximately 30% decrease occurs within the 3 minutes of sildenafil application  
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Figure 3.1 The effect of PDE5 inhibition on ICa-L  

(Ai) Typical ICa-L recording from control sheep myocytes with summary data 

showing (ii) peak ICa-L and (iii) calculated Ca
2+

 influx before (con, black) and after 

selective PDE5 inhibition with 1 sildenafil (sil, blue). (B) Time course for the 

effect on ICa-L of PDE5 inhibition. (Ci) ICa-L normalised to control with sildenafil 

and (ii) summary data for change in ICa-L inactivation. Mean ± SEM, differences 

compared using paired Student’s t-test, * p<0.05, ** p<0.001. n=9 cells/ 5 

animals. 
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Figure 3.2 The effect of PDE5 inhibition on ICa-L over time. 

(A) Mean ± SEM for the percentage decrease in ICa-L in response to 

PDE5 inhibition with 1 sildenafil, over time. (B) Mean ± SEM at 

30 second intervals for this effect. Differences compared using one-

way repeated measures ANOVA, * p<0.05. n=8   
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3.3.1.2 Dose response for the sildenafil 

Sildenafil used at high concentrations is considered to have inhibitory effects on other PDE 

isoforms (as reviewed
223

), especially the cGMP-hydrolysing PDE1
224

. The dose response 

curve in Figure 3.3 shows the dose dependent inhibition of ICa-L by sildenafil at increasing 

concentrations up to 1 . The figure shows changes relative to control, therefore is given 

as a percentage change for each concentration. Sildenafil decreased peak ICa-L at 0.03  

by 46±5%. Similar decreases in peak ICa-L were also observed at 0.3  and 1  

sildenafil, 50±11% and 47±8% respectively. Together this suggests that even though 

sildenafil may inhibit other PDE isoforms the effect on ICa-L alone is similarly negatively 

inotropic between 300 nM and 1 .  
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Figure 3.3 Dose dependency of the effect of PDE5 inhibition in ICa-L 

The percentage decrease in ICa-L from control in response to increasing doses 

of the selective PDE5 inhibitor sildenafil. Mean ± SEM, differences compared 

using a one-way repeated measures ANOVA, * p<0.05. n = 9 
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3.3.1.3 The systolic Ca
2+

 transient.  

One of the main determinants of the size of the systolic Ca
2+

 transient is the size of ICa-L. 

PDE5 inhibition reduced peak ICa-L, thus the next experiment tested whether sildenafil 

altered the systolic Ca
2+

 transient. Figure 3.4A shows PDE5 inhibition reduced the 

amplitude of the systolic Ca
2+

 transient by 21±8% (Summary data shown in Figure 3.4Aii: 

0.018±0.01 R340/355). Figure 3.4Bi shows the representative traces normalised to the peak 

of the control transient to illustrate that there was little effect of PDE5 inhibition on the 

decay rate of the systolic Ca
2+

 transient (Figure 3.4Bii, con: 0.094±0.15 s
-1

, SIL: 

1.075±0.18 s
-1

).  
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Figure 3.4 Effect of PDE5 inhibition on the systolic Ca
2+

 transient 

(Ai) Typical systolic Ca
2+

 transient from a control sheep myocyte and (ii) summary data 

for Ca
2+

 transient amplitude before (black) and after (blue) PDE5 inhibition with 1 

sildenafil (sil). (Bi) Ca
2+

 transients normalised to control to represent changes in 

[Ca
2+

]i decay and (ii) summary data for the effect of PDE5 inhibition on the rate 

constant (RC) of Ca
2+

 transient decay. Mean ± SEM, differences compared using a 

paired Student’s t-test, ** p<0.001. n=9 cells/ 4 animals.  
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3.3.2 The effect of PKG inhibition on steady state Ca
2+

 handling 

The effects observed on calcium handling in response to PDE5 inhibition could be 

attributed to the downstream effect of PKG. To test whether PKG is tonically active under 

basal conditions in ovine ventricular myocytes the PKG inhibitor KT-5823 (PKGi, 50 nM, 

Sigma) was acutely applied to voltage clamped cells for 3 minutes and the effects on ICa-L 

and systolic Ca
2+

 transient were investigated.  

PKG inhibition had no effect on peak ICa-L (Figure 3.5Ai, control: 4.01±0.6 pA.pF
-1

 versus 

PKGi: 4.79±0.4 pA.pF
-1

). Moreover, PKG inhibition had no effect on the proportion of 

Ca
2+

 influxing or the rate of ICa-L decay (Table 4) 

PKG inhibition had no effect on ICa-L, however it reduced the amplitude of the Ca
2+

 

transient (Figure 3.5B, control: 0.042±0.01 R340/355 versus PKGi: 0.033±0.01 R340/355). 

Furthermore, there was a possible trend for a decrease in the rate constant of decay of the 

Ca
2+

 transient under PKG inhibition (control 1.99±1 s
-1

 vs. PKGi 1.52±1 s
-1

, p=0.06).  

The changes presented here may suggest that there exists a tonic level of PKG activity in 

normal sheep ventricular myocytes. As PKG can phosphorylate PLN there may be a 

mechanism by which in the steady state PKG acts to help load the SR and maintain Ca
2+

 

transient amplitude. A limitation to this hypothesis is that SR content has not been 

measured in the presence of the PKG inhibitor.  

 Control PKGi 

Calculated ICa-L Ca
2+

 influx 

(μmoles.L
-1

) 

1.51±0.1 1.53±0.1 

RC for voltage-dependent 

inactivation of ICa-L (seconds
-1

) 

46.2±5 49.1±3 

RC for calcium dependent 

inactivation of ICa-L (seconds
-1

) 

192.2±31 185.4±20 

Table 4. The effects of PKG inhibition ICa-L 

PKG inhibition (PKGi, KT-5823, 50nM); rate constant (RC) of inactivation of ICa-L. Mean 

± SEM. Comparisons described using Student’s t-test. n= 4 cells /3 animals. 
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It should be noted that experiments using the PKG inhibitor were performed in myocytes 

isolated from old sheep (age > 8 years). There was no difference in cell size between the 

young and old cells (Table 5). However, despite no difference in calcium transient 

amplitude, there appeared to be a tendency for reduction in ICa-L in old myocytes as 

compared to young myocytes.  

Table 5. Electrophysiological differences between old and young sheep  

Mean ± SEM. Young n= 9 cells/5 animals, old n= 4/ 3. Comparisons described using 

Student’s t-test. 

 

 

 Young Old 

Cell capacitance (pF) 146.7±17 110.8±9 

Peak ICa-L (pA.pF
-1

) 7.09±0.7 4.80±0.6 

Ca
2+

 transient amplitude (R340/355) 0.023±0.002 0.042±0.01 
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Figure 3.5 The effect of PKG inhibition on ICa-L and Ca
2+

 transient 

Typical traces for (Ai) ICa-L and (Bi) Ca
2+

 transient and summary data in control 

myocytes (black). Changes as summarised for (Aii) peak ICa-L and (Bii) Ca
2+

 transient 

amplitude show the effect of PKG inhibition with the selective inhibitor KT-5823 50nM 

(PKGi, green). Mean ± SEM, differences compared using paired Student’s t-test, 

**p<0.001. n= 4 cells/ 3 animals.  



 79 

3.3.3 The effect of β-adrenergic stimulation on steady state Ca
2+

 handling  

3.3.3.1 L-type Ca
2+

 current. 

This group of experiments sought to investigate the effect of β-AR stimulation on steady 

state ICa-L in ovine cardiac mycoytes. Normal ventricular myocytes were voltage clamped 

and allowed to reach steady state before the application of the non-selective β-AR agonist 

isoprenaline (100 n). The effect of β-AR stimulation on ICa-L is shown in Figure 3.6A. β-

AR stimulation resulted in a 129±41% increase in peak ICa-L (Figure 3.6Aii: 5.32±0.6 

pA.pF
-1

 to 12.20±1.8 pA.pF
-1

). Concordant increases in the proportion of Ca
2+

 influxing 

into the cell was also observed (Figure 3.6Aiii; 236±54% increase from 1.49±0.1 

μmoles.L
-1

 to 5.01±0.7 μmoles.L
-1

).  

The effect on Ca
2+

 influx is most likely due to a combination of both increased peak ICa-L 

and a change in the inactivation profile of the ICa-L under β-AR stimulation. Summary data 

in Figure 3.6B shows that β-AR stimulation resulted in a slower voltage-dependent ICa-L 

inactivation (27±5% decrease from 48.2±3 s
-1

 to 35.1±2 s
-1

), yet a faster Ca
2+

-dependent 

ICa-L inactivation (15±8% increase from 193.1±10 s
-1

 to 223.9±13 s
-1

).  
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Figure 3.6 Effect of β-AR stimulation on ICa-L 

(Ai) Typical ICa-L recording from control sheep myocytes with summary data 

showing (ii) peak ICa-L and (iii) calculated Ca
2+

 influx before (con, black) and 

after non-selective β-AR stimulation with 100nM isoprenaline (iso, red). (B) 

Summary data for change in the rate constants (RC) of ICa-L inactivation for (i) 

voltage- and (ii) calcium-dependent portion. Mean ± SEM, differences compared 

using paired Student’s t-test, * p<0.05, ** p<0.001. n=11 cells/ 8 animals. 
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3.3.3.2 The systolic Ca
2+

 transient. 

β-AR stimulation increased peak ICa-L, the main trigger for intracellular Ca
2+

 release, thus 

the next experiment tested the effect of β-AR stimulation on the systolic Ca
2+

 transient. 

As expected, non-selective β-AR stimulation increased Ca
2+

 transient amplitude by 

263±67% (Figure 3.7A: 0.022±0.003 R340/355 to 0.08±0.014 R340/355). This was shown to be 

associated with a faster rate of decay of the Ca
2+

 transient in the presence of β-AR 

stimulation (Figure 3.7B; 117±38% increase from 1.7±0.2 s
-1

 to 3.8±0.4 s
-1

).  
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Figure 3.7 Effect of β-AR stimulation on systolic Ca
2+

 transient 

(Ai) Typical train of Ca
2+

 transients from a control sheep myocyte before (black) and 

after (red) non-selective β-AR stimulation with 100nM isoprenaline (iso). (Aii) 

Summary data for Ca
2+

 transient amplitude. (Bi) Ca
2+

 transients normalised to control 

to represent changes in [Ca
2+

]i decay and (ii) summary data for the effect of β-AR 

stimulation on the rate constant (RC) of Ca
2+

 transient decay. Mean ± SEM, 

differences compared using a paired Student’s t-test, ** p<0.001. n=10 cells/ 8 

animals.  
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3.3.3.3 SR Ca
2+

 content  

The main factors that contribute to changes in systolic Ca
2+

 transient are the degree of 

trigger for SR Ca
2+

 release, peak ICa-L, and the amount of Ca
2+

 stored within the SR, SR 

Ca
2+

 content. Previous experiments have demonstrated a change in ICa-L may contribute to 

the changes in Ca
2+

 transient following β-AR stimulation, thus the next experiment tested 

whether changes in SR Ca
2+

 content may also contribute.  

SR content is determined by superfusing an unstimulated, voltage clamped myocyte with a 

saturating concentration of caffeine (10mM, see 2.2.5.3), which reversibly maintains the 

RyR in an open conformation, negating any action of SERCA. This generates a large 

release of Ca
2+

 from the SR, termed the caffeine evoked transient, which is shown by the 

black Ca
2+

 trace in the uppermost panel of Figure 3.8. In order to maintain Ca
2+

 flux 

balance, cytosolic Ca
2+

 must leave the cell through NCX and to some extent PMCA. Ca
2+

 

flux out of the cell is coupled with Na
+
 influx, and due to a charge imbalance an inward 

current is recorded, INCX, shown by the black trace in the upper middle panel of Figure 3.8. 

The integral of INCX is proportional to Ca
2+

 extrusion, which provides an accurate 

measurement of the amount of Ca
2+

 stored within the SR, shown by the lowermost panels 

in Figure 3.8. 

This protocol was performed following the application of 100 nM isoprenaline. β-AR 

stimulation increased SR Ca
2+

 content from 17.7±4 moles.L
-1

 to 64.7±12 moles.L
-1

 

(Figure 3.8). 
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Figure 3.8 Effect of β-AR stimulation on SR Ca
2+

 content 

SR content measured using 10mM Caffeine in control sheep myocytes 

(black) and following β-AR stimulation with 100nM isoprenaline (iso, 

red). Caffeine evoked Ca
2+

 transient and membrane current (INCX) and 

integration of current over time are shown in the upper and middle panels 

respectively. Quantified SR content is shown by the summary data in the 

bottom panel. Mean ± SEM, differences compared using a Student’s t-test, 

* p,0.05. n= 8 cells/ 8 animals.    
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3.3.4 The effect of PDE5 inhibition on responses to β-AR stimulation 

PDE5 inhibition was negatively inotropic: reducing ICa-L and systolic Ca
2+

 transient 

amplitude in normal ovine ventricular myocytes. β-AR stimulation, however, was 

positively inotropic and increased ICa-L and systolic Ca
2+

 transient amplitude. The next set 

of experiments thus sought to determine the effects of PDE5 inhibition on the β-AR 

response of ventricular myocytes. In order to test this, sildenafil was applied both before 

and after β-AR stimulation.  

3.3.4.1 L-type Ca
2+

 current 

As expected PDE5 inhibition decreased peak ICa-L (Figure 3.9A: 7.47±1.0 pA.pF
-1

 to 

4.15±1.3 pA.pF
-1

). Upon the application of isoprenaline in the presence of sildenafil there 

was a trend for a further decrease in ICa-L to 2.07±0.8 pA.pF
-1

, however this change did not 

achieve significance (p=0.08). The application of isoprenaline increased peak ICa-L from 

4.74±1.0 pA.pF
-1

 to 11.44±2.4 pA.pF
-1

 (Figure 3.9B), which was reversed by PDE5 

inhibition (2.41±0.9 pA.pF
-1

). Table 6 and Table 7 shows there were limited effects of 

PDE5 inhibition on responses to isoprenaline for the proportion of Ca
2+

 influx or the rate 

of ICa-L inactivation, however there was some reduction in the rate of voltage dependent ICa-

L inactivation. 



 86 

 Control Sil Sil+Iso 

Calculated ICa-L Ca
2+

 influx 

(μmoles.L
-1

) 

2.32±0.4 1.96±0.4 1.38±0.3 

RC for voltage dependent 

inactivation of ICa-L (seconds
-1

) 

58±4 49±9 23±7 

RC for calcium dependent 

inactivation of ICa-L (seconds
-1

) 

216±22 195±50 75±22 

Table 6. The effects of PDE5 inhibition in the presence of a β-AR agonist on ICa-L 

PDE5 inhibition with sildenafil (sil); β-AR stimulation with isoprenaline (iso). Mean ± 

SEM. Comparisons described using one-way repeated measures ANOVA. n=4 cells/ 3 

animals. 

 

 

 Control Iso Iso+Sil 

Calculated ICa-L Ca
2+

 influx 

(μmoles.L
-1

) 

1.40±0.3 4.48±1.5 1.02±0.1 

RC for voltage dependent 

inactivation of ICa-L (seconds
-1

) 

49±6 33±2* 9±3 

RC for calcium dependent 

inactivation of ICa-L (seconds
-1

) 

193±10 225±28 94±44 

Table 7. The effects of β-AR stimulation in the presence of PDE5 inhibition on ICa-L 

β-AR stimulation with isoprenaline (iso); PDE5 inhibition with sildenafil (sil). Mean ± 

SEM. Comparisons described using one-way repeated measures ANOVA. *p<0.05. n = 3 

cells/ 2 animals. 
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Figure 3.9 Effect of combined β-AR stimulation and PDE5 inhibition on ICa-L 

Summary data for peak ICa-L in control myocytes (black) following (A) PDE5 

inhibition with 1 sildenafil (Sil, blue) in the presence of the β-AR agonist 

isoprenaline (100nM, Sil+Iso, green) and (B) β-AR stimulation (Iso, red) in the 

presence of sildenafil. Mean ± SEM, differences compared using a one-way 

repeated measures ANOVA, *p<0.05. SIL+ISO n= 4 cells/ 3 animals, ISO+SIL n= 

3/ 2.    
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3.3.4.2 The systolic Ca
2+

 transient 

Figure 3.10 shows mean data for the effects of sildenafil±isoprenaline on the amplitude of 

the systolic Ca
2+

 transient. The data presented here represents an n= 4/ 3 

(sildenafil±isoprenaline) and n= 2/ 2 (isoprenaline±sildenafil). PDE5 inhibition showed a 

tendency to decrease steady state Ca
2+

 transient amplitude (Figure 3.10Ai, 0.023±0.003 

R340/355 to 0.018±0.002 R340/355), with no effect on the rate of decay of the systolic Ca
2+

 

transient (Figure 3.10Bi, 0.54±0.03 s
-1

 vs. 0.64±0.12 s
-1

). The application of isoprenaline in 

the presence of sildenafil elicited a trend for an increase in Ca
2+

 transient amplitude beyond 

steady state (Figure 3.10Ai, 0.080±0.03 R340/355), which was associated with a marked 

increase in the rate of decay of the Ca
2+

 transient (Figure 3.10Bi, 2.03±0.38 seconds).  

β-AR stimulation resulted in a tendency for increased Ca
2+

 transient amplitude (Figure 

3.10Aii, 0.020±0.004 R340/355 to 0.077±0.03 R340/355), which was unaffected by the 

application of the PDE5 inhibitor (0.061±0.02 R340/355). The application of isoprenaline 

resulted in a trend for an increased rate of decay of the Ca
2+

 transient, which appeared to be 

unaffected by the application of sildenafil (Figure 3.10Bii). 
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Figure 3.10 Effect of combined β-AR stimulation and PDE5 inhibition on the 

systolic Ca
2+

 transient 

(A) Summary data for Ca
2+

 transient amplitude in control myocytes (black) following (i) 

PDE5 inhibition with 1 sildenafil (Sil, blue) in the presence of the β-AR agonist 

isoprenaline (100nM, Sil+Iso, green) and (ii) β-AR stimulation (Iso, red) in the presence 

of sildenafil. (B) Summary data for the rate constant for decay of the Ca
2+

 transient 

following the described treatments. Mean ± SEM, differences compared using a one-way 

repeated measures ANOVA, *p<0.05. SIL+ISO n= 4 cells/ 3 animals, ISO+SIL n= 2/ 2.    
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3.3.4.3 SR Ca
2+

 content 

In order to fully understand the changes in Ca
2+

 transient amplitude elicited by combined 

β-AR stimulation and PDE5 inhibition the next set of experiments sought to test the effect 

on SR Ca
2+

 content. Unfortunately due to time constraints and animal availability only the 

effect of sildenafil in the presence of isoprenaline on SR content was tested.  

Caffeine was used to empty the SR of Ca
2+

, resulting in the large caffeine evoked Ca
2+

 

transient, and membrane INCX, which was increased after the application of isoprenaline 

(Figure 3.11, 64.7±12 moles.L
-1

, n = 8 cells/ 8 animals). Further, when sildenafil was 

applied in the presence of isoprenaline the measured SR content was greater than steady 

state content, yet unchanged from that observed in the presence of isoprenaline alone 

(90.8±0.4 moles.L
-1

, n= 2/ 2). 
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Figure 3.11 Effect of combined β-AR stimulation and PDE5 inhibition on SR Ca
2+

 

content 

SR content measured using 10mM Caffeine in control sheep myocytes (black), 

following β-AR stimulation with 100nM isoprenaline (iso, red) and in the presence of 

the PDE5 inhibitor sildenafil (1, Iso+Sil, green). Caffeine evoked Ca
2+

 transient 

and membrane current (INCX) and integration of current over time are shown in the 

upper and middle panels respectively. Quantified SR content is shown by the summary 

data in the bottom panel. Mean ± SEM, differences compared using a one-way 

ANOVA, *versus control p<0.05. n= 2 cells/ 2 animals.    
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3.4 Discussion 

In this set of experiments we sought to test the effect of acute PDE5 inhibition, β-AR 

stimulation and a combination of the two on myocyte Ca
2+

 handling in control sheep. ICa-L, 

the Ca
2+

 transient and SR content are considered important determinants of myocyte 

contractility. The principle finding reported in this chapter is a mechanism by which PDE5 

inhibition could be negatively inotropic: decreasing ICa-L and the size of the Ca
2+

 transient. 

In contrast β-AR stimulation is positively inotropic. Furthermore, PDE5 inhibition can 

reverse the effects of β-AR stimulation on ICa-L but not those for the Ca
2+

 transient or SR 

content.  

3.4.1 The effect of acute PDE5 inhibition on basal calcium handling  

3.4.1.1 Modulation of ICa-L 

PDE5 inhibition in voltage clamped sheep ventricular myocytes reduced the ICa-L. It is 

known that cGMP can lead to an inhibition of ICa-L through two main pathways; (1) the 

activation of PKG, which phosphorylates sites (Cav1.2: alpha 1c and beta2)
86

 on the L-

type Ca
2+

 channel leading to ICa-L inhibition
100

, and (2) the activation of PDE2, which will 

increase cAMP hydrolysis, thus reducing the effect of the inotropic effector PKA
99

 (Figure 

3.12).  

Heterogeneous differences exist among species, such that PKG mediates ICa-L inhibition in 

guinea pig and rat ventricular myocytes
100, 101, 225

, however in frog myocytes PDE2 

stimulation prevails. In humans, higher concentrations of cGMP results in ICa-L inhibition, 

mediated by PDE2
158, 222

. In addition, PDE5 and PDE2 are known to colocalise in the same 

intracellular compartments, usually at the z-disk
98, 162

, which brings them within 

compartments associated with t-tubules and L-type Ca
2+

 channels (Figure 3.12). Together, 

this evidence suggests that in larger animals there may be more of an effect of PDE2, on 

ICa-L, than in small animals, which are controlled more predominantly by the direct effect 

of PKG. The differences observed between species may be related to peak ICa-L, which may 

provide difficulties in resolving the effects of PDE5 inhibition: the mouse ventricle ICa-L 

has been observed as 3.2±0.5pA.pF
-1

 
166

, which is much less than in the sheep ventricle 

(7.09±0.7 pA.pF
-1

). Notably, human ICa-L is more physiologically similar to the sheep: 

5.8±0.5 pA.pF
-1

 
226

. 

PDE5 inhibition directly affects the inactivation profile of the ICa-L. Current inactivation is 

determined by both a voltage-dependent and calcium-dependent mechanism, which were 

both, to some extent, affected by PDE5 inhibition. The tendency for an observed slower 
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calcium-dependent rate of inactivation is most likely caused by the reduced amplitude of 

the calcium transient by PDE5 inhibition (see 3.4.3), which is consistent with less cytosolic 

Ca
2+

 available to negatively feedback to the L-type Ca
2+

 channel. Furthermore, the slower 

voltage-dependent rate of inactivation may be due to two mechanisms, (1) the direct 

phosphorylation of the L-type channel by PKG could influence its sensitivity to membrane 

voltage, (2) a greater hydrolysis of cAMP by increased PDE2 activity could reduce the 

availability of active PKA and therefore reduce the basal level of phosphorylation 

(opening) of the L-type channel.  

There was a time delay for PDE5 inhibition to have an effect on ICa-L. Figure 3.2 shows 

sildenafil took approximately 90 seconds to have a significant effect on ICa-L, a 40% 

decrease, which was sustained after 90 seconds of application. A maximal effect on ICa-L 

inhibition with sildenafil between 90 and 180 seconds suggests that any effect of sildenafil 

is associated with the direct effect of the drug on the ICa-L. 

It is well known that cAMP exists in higher basal concentrations within the sarcoplasm 

than does its counterpart cGMP, and is much more freely diffusible
129

. Thus for this reason 

it is possible that the present data suggests that the time delay for the effect of sildenafil on 

ICa-L exists because there is a requirement for a sufficient rise in cytosolic cGMP 

concentration to activate sufficient PDE2 in order to exert the negative inotropic effect 

observed.  

 

 

 



 94 

Figure 3.12 Mechanism by which PDE5 inhibition modulates ICa-L and Ca
2+

 transient 

Arrow represents Ca
2+

 movement. β-adreonreceptors (β1/2/3), adenylyl cyclase (AC), 

soluble guanylyl cyclase (sGC), cyclic adenosine/guanosine monophosphate 

(cAMP/cGMP), protein kinase G (PKG), L-type Ca
2+

 channel (CaL), ryanodine receptor 

(RyR), sarcoplasmic reticulum (SR), sarco-endoplasmic reticulum Ca
2+

 ATPase (SERCA), 

phospholamban (PLN), transverse tubule (t-tubule), phosphodiesterase (PDE).  
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3.4.2 Appropriate use of sildenafil concentration for selective PDE5 inhibition 

The use of sildenafil as a selective inhibitor of PDE5 in cardiac myocytes is well 

established and has been used for nearly 20 years. However, much debate has arisen about 

the specificity of its action and the most appropriate concentration to be used in different 

cell types. The selectivity of PDE5 inhibitors: sildenafil, tadalafil and vardenafil (as 

reviewed by Bischoff
223

), is under scrutiny as they are known to interact with both PDE1 

and PDE6, which are both expressed in ventricular cardiac mycoytes. Takimoto et al 

showed whole mouse heart contractility was suppressed by 0.1-1  sildenafil
85

, while 

Lee et al demonstrated reduced sarcomere shortening in single mouse mycoytes with 1 

sildenafil
221

. Moreover, in voltage clamped guinea pig ventricular myocytes, Chiang et al 

showed a dose dependent inhibition of ICa-L with sildenafil 1
227

. Previous studies 

have also used the PDE5 inhibitor zaprinast
166

, however this is known to be  much less 

selective than sildenafil
228

. The present study showed decreases in ICa-L of approximately 

40% over a 3-minute application of 1  sildenafil, which was shown to be similarly 

negatively inotropic as 0.03  and 0.3  sildenafil. This to my knowledge is the first 

time sildenafil has been acutely applied to isolated sheep ventricular myocytes, thus as 

there were little differences in the effect of sildenafil between 0.03  and 1  it could 

be concluded that PDE1, which is known to only be inhibited by 1  sildenafil
224

, is 

either less active in sheep ventricular cardiac mycoytes or unaffected by the high dose of 

sildenafil.  

3.4.3 Modulation of the systolic Ca
2+

 transient 

ICa-L acts as the main trigger for intracellular Ca
2+

 release, thus using the calcium indicator 

Fura-2, simultaneous recordings of intracellular Ca
2+

 fluxes allowed the investigation of 

PDE5 inhibition on the systolic Ca
2+

 transient. PDE5 inhibition reduced the amplitude of 

the systolic Ca
2+

 transient by 21% in sheep ventricular myocytes.  

There are three main sites for controlling the systolic Ca
2+

 transient; (1) ICa-L, which acts as 

the trigger for intracellular Ca
2+

 release, (2) RyR open probability, the site for Ca
2+

 release 

from the SR, and (3) SR content, the amount of Ca
2+

 stored in the SR. The movement of 

calcium in and out of the cell per beat is known to be in direct influx-efflux balance. That 

is, that there is no net gain or loss of Ca
2+

 within the cell, under steady state conditions. 

The calcium that moves into the sarcoplasm, via ICa-L must be removed from the cell by 

NCX and PMCA
229

. Furthermore, the nature of this requirement for influx-efflux balance 

suggests that despite any changes to RyR open probability, there will still be a maintained 
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Ca
2+

 flux balance in steady state conditions. Ca
2+

 transient amplitude is predominantly 

affected only by Ca
2+

 entry via ICa-L and SR content (reviewed by Trafford et al
230

). As the 

present study has shown that PDE5 inhibition decreases Ca
2+

 transient amplitude, this 

effect must be associated with the effect of the cGMP-PKG axis on either ICa-L or SR 

content (Figure 3.12). This study has shown PDE5 inhibition is sufficient to decrease ICa-L 

within an acute three-minute application; this may therefore be translated directly into an 

overall reduction in Ca
2+

 release from the SR.  

Trafford et al has previously shown that increases in ICa-L are associated with increases in 

Ca
2+

 transient amplitude, which were shown to be largely independent of SR content
216

. 

This suggests that any PDE5 inhibitor modulated decrease in ICa-L could be responsible for 

decreases in Ca
2+

 transient amplitude, independent of SR content. This highlights a 

limitation to this study, as due to experimental constraints I was unable to obtain data for 

the direct effect of sildenafil on SR content, which would provide the most reliable view of 

its mechanism of action. However, I have shown that PDE5 inhibition has no effect on the 

decay rate of the systolic Ca
2+

 transient. The main route of sarcoplasmic Ca
2+

 extrusion is 

resequestration into the SR, through SERCA, which is modulated by the accessory protein 

PLN. Both PKA and PKG are known to phosphorylate PLN
78, 88

, which in turn removes its 

inhibitory effect on SERCA, thus increasing its function. The proposed mechanism could 

proceed as follows. Under PDE5 inhibition the sarcoplasmic level of cGMP will increase, 

thus increasing the activity of PKG. If PKG was directly influencing PLN to a greater 

extent, then one would expect the rate of Ca
2+

 uptake back into the SR to be increased, 

which would increase the rate of the inactivation of the Ca
2+

 transient (Figure 3.12). I 

believe this therefore suggests changes in the Ca
2+

 transient amplitude are independent of 

SR content and are due to the observed decreases in ICa-L with sildenafil.  

Together, the above findings suggest a mechanism by which PDE5 inhibition results in an 

elevation of cGMP in a compartment localized to the z-lines/t-tubules. This compartment 

is densely populated by L-type Ca
2+

 channels, which are closely associated with AKAPs 

containing protein kinases and PDEs. As discussed in detail previously (see 1.4.4.2 and 

3.4.1.1), eElevation of cGMP in this compartment will directly activate PDE2, which in 

turn will hydrolyse local cAMP, thus reducing the activity of PKA within that same 

compartment. This would reduce L-type Ca
2+

 channel phosphorylation resulting in a 

smaller inward ICa-L, which in turn reduces the corresponding Ca
2+

 transient (Figure 3.12).  
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3.4.4 The effect of PKG inhibition on basal calcium handling 

In order to test the above conclusion that the mechanism by which PDE5 inhibition is 

negatively inotropic is due mainly to the effect of PDE2 activation and not PKG activation, 

the next set of experiments investigated whether PKG is active under baseline/steady state 

conditions.  

In early experiments into the existence of a functioning cGMP-PKG axis, Méry et al
101

 

showed that direct application of exogenous cGMP and PKG had no effect on basal Ca
2+

 

handling in voltage clamped rat ventricular myocytes. Under cAMP-stimulated conditions 

the activation of the cGMP-PKG axis was negatively inotropic. The present study 

hypothesised that large animal myocytes appear to be more dependent on the interaction of 

cGMP and cAMP-dependent PDEs in order to exert negative inotropy. When the PKG 

inhibitor KT-5823 was applied to isolated sheep ventricular myocytes, there was no effect 

on ICa-L, however a modest reduction in Ca
2+

 transient amplitude and a tendency for a 

slower rate of transient decay was observed. Together this suggests that baseline activity of 

PKG in normal myocytes has little effect on the L-type Ca
2+

 channel, however may be 

important in the functioning of SR filling. Unfortunately, due to experimental constraints I 

have not been able to present data for the effect of PKG on SR content however the effect 

on both the amplitude and decay rate of the Ca
2+

 transient suggests that some baseline level 

of PLN phosphorylation is maintained by a local domain of active PKG
88

. The resultant 

inhibition of PKG would reduce the level of PLN phosphorylation and reduce the activity 

of SERCA, resulting in both a slower rate of SR refilling and overall reduction in SR 

content per beat. As ICa-L is unaffected by PKG inhibition, the proportion of calcium 

entering the cell would still be appropriately matched by Ca
2+

 effluxing the cell, but the 

slower rate of refilling of the SR may result in an incomplete refill upon the next beat. To 

test this hypothesis further a beat-by-beat time controlled experiment would be most 

useful, in which the SR would be depleted of Ca
2+

 using a saturating concentration of 

caffeine plus and minus the PKG inhibitor.  

It is possible that the effects observed are due to non-specific interaction of KT-5823 with 

other target sites, however the dose (50nM) has previously been used in similar studies to 

investigate the role of PKG in cGMP signalling
231

. 

Due to animal type availability at the time of this data set, this set of experiments was 

performed exclusively in myocytes isolated from old sheep. Of those cells tested the 

recorded cell capacitance, ICa-L and Ca
2+

 transient amplitude are demonstrated in Table 5. 

There existed no significant differences between cell capacitance or calcium transient 
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amplitude when compared with the young myocytes used in other experiments, with a 

trend for a reduced peak ICa-L in the old cells (p=0.067). Any differences/lack of 

differences observed must be treated with caution as this group only contained and 4 

animals and cells. A greater sample size may reveal actual differences as the Trafford 

group have previously shown that aged ventricular cells have greater cell capacitance, ICa-L 

and Ca
2+

 transient amplitude
216

. Despite the underpowered nature of this data set, the 

present data suggests that in those cells tested with the PKG inhibitor, there was little 

difference between them and myocytes taken from young sheep, thus I believe the data can 

be reliably extrapolated into the young myocardium. 
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3.4.5 The effect of β-adrenergic stimulation on calcium handling 

The next group of experiments sought to investigate the effect of β-AR stimulation on 

steady state calcium handling in normal sheep ventricular myocytes. 

Cardiac myocytes are highly subjected to stimulation by the sympathetic nervous system. 

Agonism of β-adrenoreceptors on the sarcolemma results in a varied response, as detailed 

previously (section 1.2.1). Briefly, β1 and β2
 
adrenoreceptors are coupled with G-proteins, 

which activate AC, thus stimulating an increase in cAMP and the activation of PKA. β3 

adrenoreceptors couple to G-proteins, which stimulate guanylyl cyclase to generate cGMP, 

summarised in Figure 3.13B. The expression levels of the former are much greater than the 

latter, thus global, non-selective activation of sarcolemmal β-adrenoreceptors evokes an 

inotropic and lusitropic response in ventricular cardiac myocytes
41

, predominantly due to 

β1 dominance.  

The response to β-AR stimulation in cardiac myocytes is well established and is reliant on 

compartmentalized cAMP signals
232

 (Figure 3.13). Plasma membrane associated [cAMP] 

rise rapidly and transiently in response to β-AR stimulation
95

, this activates PKA, which 

associates closely with the plasma membrane and L-type Ca
2+

 channels
68, 97, 98, 218

. This 

results in phosphorylation of sites on the L-type Ca
2+

 channel and in turn increases its open 

probability
92

. The data presented in this study concurs with this: marked increases in peak 

ICa-L and the amount of calcium entering per beat. The phosphorylation of the L-type Ca
2+

 

channel by PKA is most likely the main cause for the delayed rate of voltage-dependent 

ICa-L inactivation, whereas the larger evoked calcium transient and thus a larger proportion 

of local cytosolic Ca
2+

 will result in a greater Ca
2+

 evoked inactivation of the ICa-L
233

.  

ICa-L acts as the main trigger for intracellular Ca
2+

 release and thus the increase in peak ICa-L 

following β-AR stimulation provides one explanation for the marked increase in systolic 

Ca
2+

 transient amplitude. It must also be noted that there was an increase in the decay rate 

of the Ca
2+

 transient under β-AR stimulation, which is most likely due to the PKA 

dependent phosphorylation of PLN
234

, thus increasing the activity of SERCA. 

Furthermore, this in turn encourages more Ca
2+

 to be sequestered back into the SR per 

beat, which explains the observed increased SR content
104, 106, 235

 and will also evoke 

increases in Ca
2+

 transient amplitude. 
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Figure 3.13 Mechanism of how PDE5 inhibition modulates β-AR Ca
2+

 

handling 

(A) Steady state compartmentalization of signals. (B) β-AR stimulation. (C) β-AR  

stimulation in the presence of the PDE5 inhibitor sildenafil. L-type Ca2+ channel 

(CaL); cyclic adenosine/guanosine monophosphate (cAMP/cGMP); adenylyl 

cyclase (AC); soluble guanylyl cyclase (sGC).  
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3.4.6 The effect of combined β-AR stimulation and PDE5 inhibition 

In sheep ventricular myocytes, isoprenaline generated a positive inotropic response as 

facilitated by increased ICa-L, Ca
2+

 transient amplitude and SR Ca
2+

 content
179

. In addition, 

I have demonstrated PDE5 inhibition is negatively inotropic in these same cells. The next 

set of experiments sought to investigate the effect of a combined stimulation of the β-AR 

system and the inhibition of PDE5 in sheep ventricular myoyctes. 

cAMP and cGMP are maintained in discrete cellular compartments in order to limit their 

signalling power (Figure 3.13A). Most studies investigating the interaction of these 

signalling cyclic nucleotides have been performed in murine species, thus the question 

remains to how they interact in sheep cardiac myocytes. Initial experiments sought to test 

the effect of cyclic nucleotide co-stimulation on ICa-L. As hypothesised and as described 

above, in cells exposed to the selective PDE5 inhibitor sildenafil, which will increase 

cytosolic [cGMP], ICa-L was decreased. Conversely, in cells exposed to the non-selective β-

AR agonist isoprenaline, which will increase cytosolic [cAMP], ICa-L was increased. This 

demonstrates the polar relationship that exists between these two cyclic nucleotide second 

messengers. Interestingly, when applied in the presence of each other there appeared to be 

a unified response, a reduction in ICa-L. The PDE5 inhibitor was sufficient to eradicate the 

β-AR stimulated increases in ICa-L and β-AR stimulation appeared, if not significant (which 

is most likely due to an underpowered data set), to exacerbate the effect of PDE5 

inhibition.  

A wealth of studies have previously investigated the effects of the cGMP-PKG axis on β-

AR stimulated ICa-L. Investigation into the interaction of cAMP and cGMP showed that 

exogenous cGMP was sufficient to blunt ICa-L in frog
236

 and guinea pig ventricular 

myocytes following prestimulation with isoprenaline or exogenous cAMP. Furthermore, 

Sumii and Sperelakis showed that exogenous PKG produced a similar degree of 

attenuation of ICa-L responses to isoprenaline in rat ventricular myocytes
225

. This concurs 

with the findings presented in this study, and may provide some explanation to the 

mechanism by which PDE5 inhibition attenuates ICa-L responses to β-AR stimulation in 

sheep ventricular myocytes. As I have not tested whether or not the direct effects of 

sildenafil on current are cGMP/PKG related, then I can only speculate as to the mechanism 

of action, but it may be that there is a requirement for the involvement of PDE2, which is 

allosterically stimulated by cGMP to increase cAMP hydrolysis. This could be confirmed 

with further work using a PDE2 inhibitor, and/or a PKG inhibitor/activator, in order to 
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evaluate which is more influential in determining the interaction between cAMP/cGMP 

signals and ICa-L in the larger animal.  

This study employed the use of a PDE5 inhibitor, which would increase cytosolic cGMP 

levels, however this effect has not directly been tested, thus are the effects seen here 

related to cGMP/PKG axis, or an allosteric effect of the inhibitor? The Ziolo group have 

used the PDE5 inhibitor zaprinast against responses to isoprenaline, and observed marked 

attenuation of ICa-L in guinea pigs
237

 and mice
166

, which suggest that the responses 

observed in the present study are consistent with an actual effect of raised cytosolic cGMP 

levels.   

To my knowledge this is the first study to test the effect of PDE5 inhibition against β-AR 

stimulated calcium handling in voltage clamped large animal ventricular myocytes. It is 

also the first to show that PDE5 inhibition not only reverses the effects on ICa-L observed 

with isoprenaline, but also that isoprenaline may (p=0.07, n=4 cells /4 animals) exacerbate 

PDE5 inhibitor elicited decreases in ICa-L. Isoprenaline is a non-selective β-AR agonist, 

which, when applied to ventricular myocytes generates a cAMP/PKA dependent positive 

inotropic response (reviewed by Bers
41

). The signalling pathway here is summarized in 

Figure 3.13B. This response is associated with the activation of both β1 and β2 

adrenoreceptors, which both couple to adenylyl cyclase. β3 adrenoreceptors are also 

expressed in ventricular myocytes, which are associated with eNOS and sGC, thus 

stimulate the generation of cGMP.  The application of isoprenaline to these cells will 

therefore appropriate a multifaceted intracellular signalling cascade resulting in the 

generation of not only cAMP, but also cGMP (Figure 3.13C).  PDE5 is solely responsible 

for controlling the sGC derived pool of cGMP, and thus, when inhibited will prevent the 

hydrolysis of cGMP allowing this pool to spill over into other compartments. The 

proposed theory is that the close proximity of cGMP pools controlled by PDE5 and PDE2 

(which solely controls membrane derived cGMP) facilitates the activation of PDE2 by 

uncontrolled isoprenaline stimulated sGC-cGMP. This in turn will encourage cAMP 

hydrolysis at the membrane and reduce the activity of PKA local to L-type Ca
2+

 channels; 

decreasing ICa-L further.  

As PDE5 inhibition can attenuate β-AR ICa-L modulation, the next experiments sought to 

elucidate how PDE5 inhibition affects β-AR evoked changes in systolic Ca
2+

 transient. 

Kass et al have spent the past decade investigating the effect of PDE5 inhibition on 

calcium handling in murine ventricular myocytes. Their work has become the basis for the 

current study, in that experimental design was maintained consistent. They have shown on 
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multiple occasions that sildenafil has no effect on basal sarcomere shortening and Ca
2+

 

transient amplitude in field stimulated myocytes
85, 162

. The present study has shown that in 

voltage clamped myocytes sildenafil significantly reduces basal Ca
2+

 transient amplitude. 

In previous studies sildenafil reduced isoprenaline induced myocyte contractility and Ca
2+

 

transient amplitude in mice
85, 85, 162, 166, 221

, which was not observed in sheep. The observed 

attenuation of β-AR stimulated Ca
2+

 transient amplitude in mice is dependent on the β3-

eNOS-sGC derived pool of cGMP
162, 221

, which is consistent with literature surrounding 

the compartmentalisation of PDE5 signalling. Moreover, Lee et al showed that the effect of 

sildenafil on isoprenaline stimulated Ca
2+

 transients was unaffected by the selective PDE2 

inhibitor, Bay 60-7550
221

. These studies did not measure SR Ca
2+

 content and only Wang 

et al used patch clamped myocytes, thus measured ICa-L, which as described was reduced 

also
166

. In sheep there was an increased SR Ca
2+

 content with isoprenaline, which was 

unaffected by PDE5 inhibition. Despite reductions in the trigger for SR Ca
2+

 release (ICa-L) 

with PDE5 inhibition following isoprenaline, it may be that the unaffected SR Ca
2+

 content 

is sufficient to maintain Ca
2+

 transient amplitude. This may highlight an important species 

difference for SR content:transient ratio between mice and sheep. The present study has 

shown that the Ca
2+

 transient is sensitive to PKG inhibition in the steady state, which may 

mean that an elevated PKG tone (following PDE5 inhibition) could increase SERCA 

activity, through PLN phosphorylation, and be paramount in the maintenances of SR Ca
2+

 

content/Ca
2+

 transient amplitude in larger animals. One method to test this hypothesis 

would be to apply the PKG inhibitor KT-5823 alongside the PDE5 inhibitor in the 

presence of isoprenaline.  

 



3.5 Study limitations 

The present study has sought to understand the role of PDE5 and cGMP in normal Ca
2+

 

handling in sheep ventricular myocytes. The results show that PDE5 inhibition with 

sildenafil reduces ICa-L and Ca
2+

 transient amplitude, which has been concluded to be 

related to downstream effects of cGMP. This study has not used alternative PDE isoform 

inhibitors, thus the possibility of signal interaction and PDE cross-talk cannot be ruled out. 

An alternative approach would be to firstly use the non-specific PDE inhibitor IBMX to 

test the effects of individual PDE inhibitors against total PDE inhibition to give a better 

indication of the role of each isoform in the sheep ventricular myocyte.  

Further, without selective markers for visualisation or inhibitors of cGMP and PKG in the 

presence of the PDE5 inhibitor then it is difficult to conclude that the observations reported 

for the effects on Ca
2+

 handling are due to activation of these pathways. However, I believe 

that the findings of the present study in conjunction with that observed by others provides a 

good indication that the effects observed here are reflective of an activation of the cGMP-

PKG axis.  

Due to experimental constraints the effects of PDE5 and PKG inhibitors were not tested 

against caffeine responses to provide data for SR Ca
2+

 content. The limitation here is that 

the lack of this evidence makes it difficult to conclude their effects on the Ca
2+

 transient. In 

addition, further work to elucidate the effect of these inhibitors on SR Ca
2+

 content would 

reveal any changes occurring in the activity of SERCA.  

In addition to the work required to further the present data set as alluded to above, more 

experiments would be required to answer questions such as the effects of PDE5 inhibition 

on SR content. Such experiments are discussed in more detail in Chapter 6.4. 

104 
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3.6 Conclusion 

The work presented in this first chapter has shown that in normal ovine ventricular 

myocytes there exists a tonic level of cGMP, which interacts with Ca
2+

 handling proteins 

and is specifically hydrolysed by PDE5. Upon inhibition of PDE5 it may be speculated that 

increases in cGMP are sufficient to decrease steady state ICa-L and systolic Ca
2+

 transient, 

which may be dependent on changes in activity of PKG, PDE2 or both. When ovine 

ventricular mycoytes were challenged with a β-AR agonist, ICa-L, Ca
2+

 transient amplitude 

and SR Ca
2+

 content were augmented. As previous studies in murine models have shown 

that PDE5 inhibition can attenuate responses to β-AR induced contractility it was 

surprising to see little effect on the Ca
2+

 transient, despite a reversal in β-AR stimulated ICa-

L by PDE5 inhibition. It is concluded that a preservation of SR Ca
2+

 content following 

PDE5 inhibition in the presence of β-AR stimulation facilitates maintained Ca
2+

 transient 

amplitude, which may highlight important physiological differences between small and 

large mammals.  

 

The next chapter will seek to investigate the effect of PDE5 inhibition in heart failure. 
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Chapter 4 
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4 The effect of PDE5 inhibition on calcium handling in failing ovine 

cardiac myocytes 

4.1 Introduction 

Heart failure is one of the leading causes of morbidity and mortality in the western world
1
. 

It is associated with reduced cardiac contractility observed at both the level of the single 

myocyte
238

 and whole heart
104

. Attenuated β-AR signalling is a hallmark of heart failure
239

 

and a number of therapeutic strategies have been designed to restore normal functioning in 

the failing heart. However, targeting of the symptoms of HF or slowing its progression, as 

is the aim of most current treatment strategies
4, 175,

 
240

, is not necessarily a treatment. Thus 

further understanding of the molecular mechanisms underlying HF is fundamental for 

future therapeutic strategies.  

4.1.1 Current therapeutic strategies for HF 

In order to sustain cardiac contractility in HF patients, many have investigated targeting the 

β-AR signalling pathway. The most successful strategy is the use of β-blockers in human 

HF, which improves survival in these patients
3, 241

, but is most commonly administered as 

an adjunct therapy alongside angiotensin-converting enzyme inhibitors. The main aim of β-

blockers is to attenuate the exacerbated catecholamine levels circulating in HF patients
242

. 

Their mechanism of action is poorly understood and their use remains paradoxical: to 

administer a negatively inotropic agent to an already cardiac-compromised patient. 

Nonetheless β-blockers are associated with reduced HR, BP and a decreased prevalence of 

arrhythmias. However, the effect of such therapy on Ca
2+

 handling has remained unclear 

for many years. PKA hyperphosphorylation has been suggested as an important component 

in the failing ventricle, yet a rather controversial topic. In a series of experiments, Marx 

and Reiken et al found that the RyR is an important target for PKA phosphorylation and 

results in defective channel function in HF
25

. They further showed that in dog tachypaced 

HF, β-1 blockade resulted in RyR Ca
2+

 release
205, 206

 and ultimately restored cardiac 

function in human HF
12

. 

It is well known that the cAMP-PKA axis is reduced in failing hearts
243

. Recently, Briston 

et al investigated the effect of HF on Ca
2+

 handling in the failing sheep ventricle, finding 

that ICa-L and Ca
2+

 transient amplitude were reduced in failing ventricular myocytes, which 

were markedly less responsive to β-AR stimulation than normal sheep myocytes
179

. As HF 

results in a multifaceted attenuation of intracellular signalling it seems almost 

inappropriate to non-selectively inhibit the system in order to modulate excessive Ca
2+
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signalling, as is the case with β-blocker therapy. In light of this, downstream effectors of 

the β-AR signalling cascade have been targeted as potential therapies for HF.  

4.1.2 PDEs in HF 

Restoration of β-AR signalling and Ca
2+

 handling in the failing myocardium has been 

achieved by targeting PDEs in order to exert greater control over cyclic nucleotide 

signalling. Selective PDE inhibition has been used to treat a variety of cardiovascular 

diseases including intermittent claudication
244

, COPD
245

, pulmonary hypertension
246

, 

erectile dysfunction
247

, and heart failure
248

.  

Heart failure is associated with the downregulation of cAMP-PDEs in the left ventricle
249, 

250, 136
. In genetic knockdown models, PDE3/4 null mice did not spontaneously develop 

HF, which suggests their downregulation reflects a compensatory mechanism to maximise 

cAMP signalling to maintain ventricular contractility, rather than being the primary cause 

of pathology
251

. In the clinic, cAMP-PDE inhibitors have been used to combat the reduced 

inotropic reserve in HF patients with great success. PDE3 inhibitors milrinone, amrinone 

and anoximone have been used to treat congestive HF resulting in greater inotropy and 

chronotropy
252, 253, 254, 255

.  PDE3 inhibition results in enhanced phosphorylation of L-type 

Ca
2+

 channels
256

, RyR and PLN
257

, leading to greater SR loading and release. Furthermore, 

milrinone decreased vascular resistance and enhanced coronary blood flow providing 

greater clinical benefit than either inotropic agents or vasodilator agents alone
254

. However, 

these beneficial effects of PDE3 inhibition occur only in the short term as chronic 

treatment in severe HF results in increased SR Ca
2+

 leak manifesting in fatal ventricular 

arrhythmias and sudden cardiac death
240, 258

. Moreover, PDE3 inhibition in juxtaglomerular 

cells leads to increased renin secretion, which ultimately exacerbates the HF phenotype
259

. 

Their detrimental effect in HF patients has since limited the use of PDE3 inhibitors in the 

clinic to more short term inotropic enhancing roles in patients undergoing cardiac surgery 

and for weaning from cardiac bypass
260,

 
261

. Selective inhibition of PDE4 has yielded 

similar effects as observed following PDE3 inhibition in HF patients
250

, and their use is 

mainly limited to treating other disorders such as asthma and COPD
262

. 

4.1.3 PDE5 as a therapeutic target 

In 1998 the popularity of PDE5 rose exponentially as its selective inhibitor sildenafil 

became the first oral medication for impotence
263

. Since then PDE5 has become the target 

of therapeutic strategies for pulmonary hypertension
264

 and more recently HF
265

. There 

exists a paradoxical relationship between brief periods of myocardial ischaemia and 



 109 

cardioprotection to injury such as myocardial infarction
266

. The activation of a cGMP-

dependent signalling pathway is known to govern such protective effects in the heart, 

which led to an understanding that PDE5 inhibition is beneficial to the failing 

myocardium
267, 268

. This concurs with reports of increased cGMP-PDE expression in HF
269, 

270
. PDE5 inhibition with sildenafil has subsequently been shown to reduce ventricular 

arrhythmias in dogs
271

, prevent and reverse cardiac hypertrophy in mice
123, 272

, increase 

inotropy and chronotropy in dogs
273

 and restore cellular contractility in failing mouse 

myocytes
274

. Altogether these promising effects have led to a small-scale clinical trial in 

humans, which after 1 year of treatment revealed improvements in systolic and diastolic 

function in those patients
265

. 

4.1.4 Aims 

The literature surrounding the beneficial effect of PDE5 inhibition on Ca
2+

 handling in HF 

is relatively limited and to my knowledge non have investigated the effect of PDE5 

inhibition in voltage clamped myocytes in a large animal model of HF. Thus the principle 

aims of this chapter are as follows: 

 To investigate whether 4 weeks of tachypacing alters Ca
2+

 handling in sheep 

ventricular myocytes to the same extent as that observed in end-stage HF. 

 Are there any such alterations in responsiveness to β-AR stimulation? 

 To investigate the effect, if any, of acute PDE5 inhibition on Ca
2+

 handling in 

failing cardiac myocytes.  

 To investigate any differences in steady state Ca
2+

 handling in cardiac myocytes 

following chronic PDE5 inhibition. 

 Can chronic treatment with a PDE5 inhibitor be beneficial in heart failure through 

alteration to myocyte sensitivity to β-AR stimulation? 
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4.2 Methods 

4.2.1 Experimental animals 

As described previously, all animal experiments were performed in accordance with the 

Home Office Animal (Scientific Procedures) Act 1986. Young adult female wild type 

sheep (<18 months of age) were used in experimental models unless otherwise stated.  

4.2.2 Large Animal Model of Heart Failure 

The Trafford laboratory employs the use of an ovine tachypacing model of dilated 

cardiomyopathy
179

. Heart failure was induced by the insertion of a pacemaker with pacing 

leads in the right ventricle to rapidly pace the heart for approximately 4 weeks (model 

depending).  

4.2.3 Detail of surgical intervention 

4.2.3.1 Anaesthesia 

Anaesthesia was administered initially through a passive ventilator using a gas mask and a 

breathing combination of 2-chloro-2-(difluoromethoxy)-1,1,1-trifluoro-ethane (5% 

Isoflurane) and a mix of 4L/min oxygen and 4L/min air. Isoflurane is a halogenated ether 

and, as with many anaesthetics, its mechanism of action is incompletely understood, 

however it acts to decrease nociception and relax muscles. The eye blink reflex was used 

as a test for depth of anaesthesia and when lost the animal was deemed sufficiently ‘under’ 

to be transferred to a positive pressure mechanical ventilator. To facilitate this, tracheal 

intubation was performed using a veterinary laryngoscope. Initially, upon depression of the 

epiglottis and visualisation of the glottis a local anaesthetic was applied topically 

(xylocaine) to paralyse the pharynx, thus allowing the easy passage of a tracheal tube 

(type, size) into the trachea. It is difficult to 100% confirm correct tube placement however 

visualisation, breath sounds and the tidal movement of a ventilator bag were used as a 

guide. Upon successful tracheal tube placement a balloon cuff located on the tube was 

inflated to seal the tracheobrachial tree from leakage of ventilated gases and to prevent any 

pulmonary aspiration of gastric contents, mucus, blood etc. Finally, the tube was secured to 

the lower jaw of the animal using a fast-release, simple bow-tie.  

Ventilation was achieved using a mechanical tidal ventilator, keeping ventilation rate at 

around 15 breaths per minute, a flow rate of 4L/min oxygen and 4L/min air, and constant 

anaesthesia with 3% isoflurane.  
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The depth of anaesthesia was constantly monitored using the eye blink reflex rule of thumb 

as described above, as well as the recording of a multitude of vital signs. An electronic 

sphygmomanometer (Cardell Veterinary Monitor 9402, Sharn, USA) fitted with a tail cuff 

for arterial plethysmography was used to assess blood pressure. A laser Doppler pulse 

oximeter was used to determine arterial oxygen saturation and a five lead 

electrocardiogram (ECG) recording was used to monitor heart rate. 

4.2.3.2 Actions against pain and infection and blood loss 

Animals were treated with a long lasting analgesic (meloxicam 0.5mg/kg) and a long 

lasting antibiotic (oxytetracycline 20g/kg), administered subcutaneously using a 21G 

needle, upon induction of anaesthesia. During surgery blood loss was kept to a minimum 

although to prevent hypovolemia an intravenous catheter was inserted into the cephalic 

vein to infuse 0.9% saline (NaCl) at a rate of 10ml/kg/hr. 

4.2.3.3 Pacing lead positioning and pacemaker implantation  

Once stably anaesthetised the first approach was to isolate the right jugular vein. An 

incision approximately 4cm long was made using an 11 blade scalpel and the jugular was 

isolated using blunt dissection. The rostral end of the vein was ligated with a 2.0 silk suture 

tie and the caudal end was temporarily occluded using an untied suture; any venous 

branches were ligated as above. A small incision was made to gain access to the jugular 

lumen and a pacemaker lead (Medtronic) was advanced caudally. The position of the lead 

was tracked using fluoroscopy, which employs x-rays in order to provide a real-time 

image, as shown in Figure 4.1A. The lead was tracked along the jugular, into the superior 

vena cava and into the right atrium. In order to position the pacing lead at the apex of the 

right ventricle the guide stylet within the pacing lead, which provides stability during 

insertion, was switched for one with a slight curve in it. Changing the angle of the lead tip 

facilitated an easy advance across the tricuspid valve and into the right ventricle. Once 

positioned at the apex (Figure 4.1) the lead was secured in place: depending on the lead 

make and model this was achieved either passively with tines located at the tip of the lead 

(Figure 4.1B, left), which anchor the lead to the trabecular network at the apex, or actively 

fixed using a screw device deployed from within the tip of the lead (Figure 4.1B, right), 

which fixes the lead to the ventricular wall. As tested by a pacemaker programmer, lead 

placement was tested by ensuring an R-wave greater than 10mV, an impedance of 500-

1000 and a pacing threshold of less than 4.  
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For the majority of animals, single lead pacing was achieved through the attachment of a 

double-header device (Figure 4.1D). This device quite simply takes two inputs, which can 

be connected to the two channels on the pacemaker (Figure 4.1C, Medtronic 

Adapta/Sensia) and converts it to a single output, i.e. the single ventricular pacing lead. In 

some cases two pacing leads were inserted, without the need for a double header device. In 

these instances two leads were affixed to the RV apex (not shown). Alternatively an 

intracardiac device (ICD), with a single lead was positioned exactly as described above 

(not shown). In all cases the leads were secured at the point of entry at the jugular using 

silk 2.0 sutures. Where needed a double header device was attached and the free ends of 

the pacing leads were secured into a pacemaker device. The pacemaker box and any excess 

lead were positioned within a muscular pocket above the jugular and securely closed using 

silk 2.0 sutures. The implant wound was closed in 3 layers, closing the muscular fascia, the 

subdermal tissue and finally the cutaneous layer.  

The animal was recovered from anaesthesia in isolation before being returned to shared 

housing. No further intervention was performed for one week in order to ensure full 

recovery from surgery as well as to allow the pacing leads to settle in their intracardiac 

positions.  
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Figure 4.1 Pacing devices  

(A) Fluoroscopy image demonstrating lead positioning at the right ventricular apex. 

Dotted line has been added for orientation purposes. (B) Two types of lead fixing are used, 

either Passive fix, which has a tined end to secure the lead to trabeculae, or an Active fix, 

which deploys a screw from the head of the pacing lead to secure it to the ventricular wall. 

(C) Pacemaker device, contains the battery and lead sockets (at the top of the image), 

programmable via telemetry. (D) A custom-built double-header device, enabling 

ventricular pacing from a single lead. 
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4.2.4 Pacing parameters 

The implanted pacemaker can be communicated with non-invasively using a telemetry 

device connected to a pacemaker programmer (Medtronic). Animals were seated under 

gentle restraint and connected to a 5 lead electrocardiogram (ECG) whilst the pacemaker 

was interrogated.  

Pacemaker programming works via a 3 letter code: Pacing, Sensing, Response if sensed, 

which corresponds to the cardiac chamber being paced or sensed. The code follows that V 

= ventricle, A=atria, D=Both/dual, O=none. Such that VVI mode describes ventricular 

pacing, ventricular sensing, inhibit if sensed.  

Pacing was initiated at 3 times the resting heart rate (e.g. from 70bpm to 210bpm) by 

programming the pacemaker to (1) single lead configuration: DOO, lower rate 105bpm, (2) 

two lead configuration: VOO, lower rate 210bpm, or (3) an ‘in house’ high rate pacing 

override patch was programmed to facilitate tachypacing through an ICD, 214bpm. 

For the 4-week HF animals (n=10) pacing was maintained for 29.9±1.1 days and for end-

stage HF animals (n=5) were paced for 42.6±4.1 days. Importantly the pacemaker was 

switched to ODO (off) mode at least 10 minutes before the measurement of any in vivo 

data collection.  

4.2.5 Tadalafil treatment protocol 

The current study aimed to test the effect of a specific PDE5 inhibitor on HF. Animals to 

be treated (n=15) were implanted at the same time as those destined for 4-week pacing and 

after 29.1±1.4 days, were given one tadalafil tablet (20mg, Cialis, Eli Lilly) every day 

taken orally for the next 22±0.6 days whilst the pacing was continued (Figure 4.2).  



 115 

 

Figure 4.2 Pacing protocol  

Animals were allowed to recover for one week after pacemaker implant before the 

pacemaker was switched to VOO/DOO, facilitating a myocardial tachypacing of 210bpm 

as assessed by ECG. Pacing was continued for a further 4 weeks for those animals in the 

4-week HF group, at which point they were sacrificed with a lethal injection of 

pentobarbitone. Animals destined for tadalafil treatment were fed one 20mg Cialis tablet 

every day for the next three weeks before being euthanised. Animals destined for ‘end-

stage’ HF were sacrificed when symptoms of HF were presented: ascites, dyspnea, 

cachexia.  
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4.2.6 Molecular Techniques 

4.2.6.1 Protein Sample Preparation and Quantification 

At the point of heart removal full thickness ventricular samples were dissected and snap 

frozen in liquid nitrogen and stored accordingly for use later. When necessary these frozen 

ventricular samples were defrosted for protein extraction and homogenised on ice in cold 

radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitors (0.1 mg/ml 

phenylmethylsulfonyl fluoride; PMSF, 100mM sodium orthovanadate, 1 mg/ml aprotonin 

and 1 mg/ml leupeptin). Insoluble material was removed by centrifugation (1300 x g 2
o
C, 

10 min) and samples were stored at -80
o
C until use. 

Substance Concentration 

Phosphate Buffered Saline Total volume 

Igepal CA360 1% 

Sodium deoxycholate 0.5% 

SDS 0.1% 

Table 8 RIPA Buffer 

Protein sample concentration was determined using a colorimetric assay; Bio-Rad DC 

Protein Assay (Hercules, USA). The assay was carried out on a 96-well plate and 

absorbance values of the resulting reduced species, which have a characteristic blue colour 

with absorbance between 405nm and 750nm, were quantified using a spectrophotometer 

and Gen5 analysis software (BioTEK).  

4.2.6.2 Sodium Dodecyl Sulfate – Polyacryllamide Gel Electrophoresis (SDS-PAGE) 

Protein separation was achieved by Western blotting. using Novex Bis-Tris or Tris-Acetate 

gels (NuPAGE, Invitrogen, USA). Samples were heated to 75
o
C for ten minutes with 

Novex sample buffer and reducing agent. Samples were loaded alongside the molecular 

weight marker and an internal control and run at 150-200V in running buffer containing 

500μl NuPAGE Antioxidant, which maintains the proteins in a reduced state during gel 

electrophoresis. 

4.2.6.3 Protein transfer to nitrocellulose membrane 

Proteins were transferred to Hybond-C nitrocellulose membranes (Amersham, UK) using 

the XCell SureLock Mini-Cell electronic transfer kit (Invitrogen, USA). Blotting paper and 

nitrocellulose membrane were cut to size to match the gels and stacked along with foam 

pads to form a cassette to be inserted within the transfer chamber between the anode and 

cathode. The transfer chamber was filled with transfer buffer containing methanol, which 

prevents gel swelling, and antioxidant (as before), and run at 25V for 75 minutes. 
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Successful protein transfer was assessed by incubation with 10ml Ponceau-S solution 

(Sigma-Aldrich) for 5 minutes (Figure 4.3), and subsequently washed off using TBS-T. 

4.2.6.4 Blocking and Antibody 

False-positive results may be observed if the primary antibody binds non-selectively to 

areas on the nitrocellulose membrane outside of the protein of interest band. In order to 

prevent this, the membrane was blocked with a dilute protein solution. The nitrocellulose 

membrane was incubated in blocking solution (refer to Table 2 for different blocking 

proteins used) for 1 hour at room temperature on a rocking table to ensure all the 

membrane was exposed to blocker. Membranes were then washed 3 times with TBS-T 

before being incubated for 16 hours at 4
o
C with primary antibody (see Table 2), which was 

prepared in a dilute solution of blocker. 

4.2.6.5 Protein detection 

Following immunoblotting, membranes were washed 3 times with TBS-T and incubated 

for a further 1 hour at room temperature with a horseradish peroxidise (HRP) conjugated 

secondary antibody, which had been raised in the same species as the primary antibody. 

Following a final 3 times wash with TBS-T, the nitrocellulose membrane was prepared for 

immunodetection using the Pierce Super Signal® West Pico Chemiluminescent system. 

Preparation involves incubation of the membrane with 1ml of a chemiluminescent 

substrate and 1ml of a luminol-enhancer solution for 5 minutes. The HRP-conjugated 

secondary antibody catalyses the hydrolysis of the chemiluminescent substrate, which 

results in a signal generation and is detected by a digital imaging system (Syngene Chemi 

Genius Bio Imaging System or FluorChem 8900, Alpha Innotech). Representative blots are 

shown in Figure 4.3. 

4.2.6.6 Data Acquisition and Analysis 

Quantification of band intensity was performed using the GeneSnap band quantification 

software and compared to the intensity of the internal control band to provide a corrected 

value. Values are representative of mean±SEM of three repeats and are shown as protein 

expression in control versus heart failure. Statistical significance was determined using a 

student’s t-test and determined as P<0.05. 
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Figure 4.3 Western blot band detection  

Representative blot to demonstrate the different band sizes shown by the 

molecular weight marker (MWM) in the bright field image and all proteins 

detected by ponceau staining. Dark field shows the protein of interest imaged 

following HRP-conjugated antibody staining.  
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Target 

Protein 

W.Blot 

method 

used 

Total amount of 

protein loaded 

(µg) 

Blocking Solution Primary Antibody 
1

o
 Ab. 

dilution 
Secondary Antibody 

2
o
 Ab. 

dilution 

PDE3A Poly-

acrylamide 

20 Superblock, Thermo 

Scientific 1hr @ Room 

temperature 

Santa Cruz, sc-

11830. Polyclonal 

goat  

1:1000 Santa Cruz. HRP-

conjugated anti-goat 

raised in donkey. 

1:5000 

PDE4B Bis-Tris 20 Superblock, Thermo 

Scientific 1hr @ Room 

temperature 

Santa Cruz, sc-

25812. Polyclonal 

rabbit. 

1:200 Santa Cruz. HRP-

conjugated anti-rabbit 

raised in goat. 

1:40000 

PDE4D Bis-Tris 10 Superblock, Thermo 

Scientific 1hr @ Room 

temperature 

Santa Cruz, sc-

25814. Polyclonal 

rabbit  

1:500 Novis. HRP-conjugated 

anti-rabbit raised in 

donkey. 

1:10000 

SERCA2A Bis-Tris 5 Superblock, Thermo 

Scientific 1hr @ Room 

temperature 

Santa Cruz, 

sc73022. 

Monoclonal mouse  

1:5000 Santa Cruz. HRP-

conjugated anti-mouse 

raised in goat. 

1:40000 

PLNT Bis-Tris 5 Superblock, Thermo 

Scientific 1hr @ Room 

temperature. 

Badrilla A010_14. 

Monoclonal mouse  

1:10000 Santa Cruz. HRP-

conjugated anti-mouse 

raised in goat. 

1:40000 

P-PLNSer16 Bis-Tris 20 Superblock, Thermo 

Scientific 1hr @ Room 

temperature 

Badrilla A010_12. 

Polyclonal rabbit. 

1:10000 Santa Cruz. HRP-

conjugated anti-rabbit 

raised in goat. 

1:40000 

P-PLNThr17 Bis-Tris 20 Superblock, Thermo 

Scientific 1hr @ Room 

temperature 

Badrilla A010_13. 

Polyclonal rabbit. 

1:5000 Santa Cruz. HRP-

conjugated anti-rabbit 

raised in goat. 

1:40000 

Table 9. Summary of Western blot reagent sources and conditions  

Phosphodiesterase (PDE); Sarco-endoplasmic reticulum Ca
2+

 ATPase (SERCA); phospholamban total (PLNT); phosphorylated 

phospholamban Serine 16 (P-PLNSer16); phosphorylated phospholamban Threonine 17 (P-PLNThr17). PDE4B blot performed by Miss Jessica 

Caldwell.  

1
1
9
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4.2.7 Radioactive PDE activity assay 

The activity of the cAMP and cGMP hydrolyzing PDEs were measured using a radioactive 

assay based on the method of Thompson and Appleman with some modifications
275

. 

Experiments were supervised and contributed to by Dr Hind Mehel in the laboratory of 

Professor Rodolphe Fischmeister in INSERM, University Paris-Sud.  

The assay relies on active PDE isoforms present within a protein sample to hydrolyse 

tritium bound 3’,5’-cAMP/cGMP (1 µM cAMP and 10
5
 cpm 

3
H-cAMP; 5 µM cGMP and 

10
5
 cpm 

3
H-cGMP) into 5’-AMP/GMP, which is further hydrolysed into 

3
H-

adenosine/guanosine using snake venom. The degree of radiation detected corresponds to 

the activity of PDEs present. This assay identifies total cAMP- or cGMP-hydrolytic 

enzyme activity, which can be compared to samples in which selective PDE inhibitors 

have been added in order to calculate the relative hydrolytic contribution of a particular 

PDE isoform. Selective PDE inhibitors used are summarized in Table 10. 

PDE isoform Selective PDE inhibitor Concentration () 

PDE2 BAY 60-7550 0.1 

PDE3 Cilostamide 1 

PDE4 Rolipram 10 

PDE5 Sildenafil 1 

Table 10. Summary of PDE inhibitors used to determine relative PDE isoform 

activity 

Total PDE activity is used to compare the observed activities in the presence of different 

PDE inhibitors in order to determine the relative contribution of cyclic nucleotide 

hydrolysis by each isoform. PDE2 has a dual specificity for cAMP and cGMP, PDE3 and 

PDE4 are selective for cAMP and PDE5 is selective for cGMP.  

The relative PDE activity was determined by subtracting activity with inhibitor from the 

total PDE activity. Each relative activity was presented as a percentage of total activity and 

repeats were expressed as mean ± SEM. Data was interpreted in Sigma plot and samples 

from control animals were compared with samples from heart failure animals using a 

Student’s t-test. Significance was determined as p<0.05.  

4.2.8 Cyclic nucleotide assay 

The assessment of the availability of cAMP and cGMP in a protein sample was performed 

using the Cell Signalling Technology cAMP and cGMP XP Assay Kit. The protocol was 

carried out according to the manufacturer’s instructions. In brief, the assay was performed 
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in 96-well plates coated with an anti-cAMP/cGMP rabbit monoclonal antibody to which 

tissue homogenates and a fixed amount of HRP conjugated cAMP/cGMP were added. The 

cAMP/cGMP within the test sample competes with the HRP conjugate samples for the 

antibody bound to the plate. Upon the addition of a HRP substrate a colour change 

develops, which was read at 405nm by a plate reader. The competitive nature of this assay 

means that the magnitude of the absorbance is inversely proportional to the amount of 

cyclic nucleotide present within the test sample.  

In order to accurately determine cAMP/cGMP concentration a standard curve was 

produced using different known concentrations of cAMP/cGMP. Each sample of interest 

was repeated 3 times and normalized to a blank sample containing no protein/cyclic 

nucleotide sample. The data was analysed using Sigma plot and presented as relative cyclic 

nucleotide concentration to show differences between cyclic nucleotide bioavailability 

between control, heart failure and tadalafil treated tissue samples. Significance was 

assessed using a one-way ANOVA and represented as p<0.05. 
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4.3 Results 

4.3.1 The effect of the time course for pacing on cellular electrophysiological 

characteristics  

Our laboratory has developed and utilised an ovine tachypaced model of HF
179, 276, 277

. This 

involves rapidly pacing the heart beyond physiological levels, 210bpm, which restricts 

diastolic filling and over time results in a reduced cardiac output, leading to HF. 

Traditionally this laboratory determined the end point of the experiment as the presentation 

of clinical symptoms of HF (dyspnea, cachexia, peripheral oedema), which would present 

between 4 and 8 weeks of pacing. The present study used this established model and 

incorporated a chronic drug treatment strategy. As symptoms often present from 4 weeks 

the present study used this as the heart failure time point, from which drug treatment was 

given for a further 3 weeks.  

In order to assess HF at the 4-week pacing time point preliminary experiments sought to 

test the difference between Ca
2+

 handling in isolated ventricular myocytes from HF 

animals paced until ‘end-stage’ and myocytes from animals paced for 4-weeks. Table 11 

shows there were no differences between the two groups of paced animals for the main 

cellular electrophysiological characteristics: cell capacitance, ICa-L, Ca
2+

 transient 

amplitude, and SR Ca
2+

 content.  

 esHF 4 wk  n  

Cell capacitance (pF) 163.40±24.60 162.70±16.00 6/4 

Peak ICa-L (pA.pF
-1

) 2.88±0.43 2.72±0.40 3/2 

Ca
2+

 transient amplitude 

(R340/355) 

0.014±0.002 0.018±0.003 4/4 

SR Ca
2+

 content 

(moles.L
-1

) 

20.51±6.68 15.22±6.59 2/4 

Table 11. Cellular electrophysiological differences with paced duration 

End-stage HF (esHF); 4-week paced HF (4 wk). n = number of cells/ number of animals. 

Mean ± SEM. Differences compared using Student’s t-test.  

As no differences were observed between the two time courses of pacing, the proceeding 

group of experiments will be representative of mean data from a mixture of animals paced 

for 4-weeks and paced until end-stage. The group will therefore be generically termed HF, 

unless otherwise stated.  
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4.3.2 The effect of heart failure on ICa-L 

HF is defined as being the inability for the heart to pump enough blood to meet the 

demands of the body. HF is associated with both diastolic and systolic impairments. ICa-L is 

important for myocardial contractility and has previously been reported to play a role in 

the systolic dysfunction of HF
278

. This experiment sought to test whether ICa-L is impaired 

in sheep ventricular myocytes following tachypacing.  

Ventricular myocytes were isolated and voltage clamped in the whole cell configuration. 

Table 12 shows little difference in the cell capacitance recorded between myocytes from 

control animals and those from animals in HF.  

 Control HF 

Cell capacitance (pF) 153.5±13 163.0±13 

RC of voltage-dependent ICa-L 

inactivation (s
-1

) 
54.1±2 49.1±5 

RC of Ca
2+

-dependent ICa-L 

inactivation (s
-1

) 
207.9±10 182.7±14* 

Table 12. Electrophysiological differences in heart failure  

Mean±SEM, control n=20 cells/13 animals, HF n=11-12/6. Comparisons described using 

a Student's t-test, *p<0.05. 

In myocytes taken from normal animals peak ICa-L was 6.12±0.5 pA.pF
-1

 as shown by the 

representative black trace in Figure 4.4A. Peak ICa-L is summarized in the histogram in 

Figure 4.4B, which was 55±5% smaller in HF myocytes than in control (2.78±0.23 pA.pF
-

1
). This reduction in ICa-L was associated with a 48±6% reduction in Ca

2+
 influxing into the 

cell (Figure 4.4C) between control 1.75±0.13 moles.L
-1

 and HF 0.91±0.09 moles.L
-1

.  

The kinetics of the ICa-L are summarised in Table 12. HF myocytes appeared to show no 

difference in the voltage dependent portion of inactivation of the ICa-L, however exhibited a 

slower rate of calcium-dependent inactivation.   
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Figure 4.4 The effect of heart failure on ICa-L 

(A) Typical ICa-L recording from control (black) and failing (red) sheep left 

ventricular myocytes. (B) Mean data for the effect of heart failure on (i) peak ICa-L 

and (ii) calculated Ca
2+

 influx. Mean ± SEM, statistical significance assessed using 

a Student’s t-test. **vs control p<0.01. Control n=20 cells/13 animals. HF n=11-

12/6. 
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4.3.3 The effect of heart failure on the systolic Ca
2+

 transient 

Changes in the ICa-L observed in HF may cause changes in the systolic Ca
2+

 transient. This 

was investigated by loading cells with the Ca
2+

 indicator Fura-2 as described (section 

2.2.3). 

Figure 4.5A shows a typical Ca
2+

 transient recorded from a voltage clamped normal sheep 

myocyte. Ca
2+

 transient amplitude was 34% lower in HF myocytes (Figure 4.5A/B, 

0.015±0.002 R340/355) than in control (0.023±0.007 R340/355). Despite changes in amplitude, 

HF appeared to have no effect on the rate constant of decay of the Ca
2+

 transient (Figure 

4.5C, control: 1.4±0.2 s
-1

, versus HF: 1.3±0.2 s
-1

).  

In additional experiments SR Ca
2+

 content was measured by applying a saturating dose of 

caffeine to voltage clamped myocytes. SR content in normal cells was measured as 17.7±4 

moles.L
-1

 (n= 8 cells/ 8 animals), which was shown to be no different in HF, 18.8±5 

moles.L
-1

 (n=5/2). The attenuated Ca
2+

 transient observed in HF myocytes is thus most 

likely due to the reduced trigger for Ca
2+ 

release.  
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Figure 4.5 The effect of heart failure on the systolic Ca
2+

 transient 

(A) Typical systolic Ca
2+

 transient ([Ca
2+

]i) recording from control (black) and 

failing (red) sheep left ventricular myocytes. (B) Mean data for the effect of 

heart failure on (i) Ca
2+

 transient amplitude and (ii) the rate constant (RC) of 

decay of the Ca
2+

 transient. Mean ± SEM, statistical significance assessed using 

a Student’s t-test. **vs control p<0.01. Control n=17-19 cells/12 animals. HF 

n=7-9/4. 
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4.3.4 The effect of acute PDE5 inhibition on Ca
2+

 handling in heart failure 

The work presented in Chapter 3 showed that acute PDE5 inhibition attenuated steady state 

ICa-L and Ca
2+

 transient amplitude and therefore promotes negative inotropy in normal 

sheep ventricular myocytes. The next series of experiments sought to investigate whether 

acute PDE5 inhibition had an effect on Ca
2+

 handling in the failing myocardium. 

4.3.4.1 The effect on ICa-L 

PDE5 inhibition with sildenafil decreased ICa-L, which was most likely due to a cGMP-

PKG dependent mechanism. Figure 4.6A shows representative traces for the effect of 

selective PDE5 inhibition (sildenafil, 1 ) on ICa-L in myocytes from HF animals. The 

histogram in Figure 4.6B shows the application of sildenafil resulted in a tendency to 

decrease peak ICa-L by 35±16% (p=0.16), which was associated with a tendency for a 

decreased overall amount of Ca
2+

 entering per beat (Figure 4.6C, 0.95±0.1 moles.L
-1

 to 

0.67±0.1 moles.L
-1

, p=0.09). The low sample number in this group (n= 5 cells/ 2 animals) 

suggests these changes may not be significant due to being underpowered.  

Analysis of ICa-L kinetics revealed that PDE5 inhibition had a tendency to decrease the rate 

of both the voltage (p=0.06) and calcium (p=0.18) dependent portion of ICa-L inactivation 

(Table 13).  

 Control Sildenafil 

RC for voltage-dependent ICa-L 

inactivation (s
-1

) 
60.0±8 37.2±9 

RC for calcium-dependent ICa-L 

inactivation (s
-1

) 
195.9±25 124.7±31 

Table 13. The effect of PDE5 inhibition on the rate of ICa-L inactivation in HF  

Mean±SEM, all pairwise, n= 5 cells/ 2 animals. Differences compared using paired 

Student’s t-test. 
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Figure 4.6 The effect of acute PDE5 inhibition on ICa-L in failing myocytes 

(A) Typical ICa-L recording from a failing sheep left ventricular myocyte at steady 

state (control, black) and following PDE5 inhibition (sildenafil, 1, blue). (B) 

Mean data for the effect of PDE5 inhibition on (i) peak ICa-L and (ii) calculated Ca
2+

 

influx. Mean ± SEM. Differences compared using a paired Student’s t-test. Control 

n=5 cells/2 animals. Sildenafil n=5/2. 
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4.3.4.2 The effect on the systolic Ca
2+

 transient  

In simultaneous experiments we tested whether the effects of PDE5 inhibition on ICa-L in 

failing myocytes manifested in changes to the systolic Ca
2+

 transient. The representative 

trace and mean data presented in Figure 4.7A show that PDE5 inhibition had no effect on 

the amplitude of the systolic Ca
2+

 transient (control: 0.012±0.002 R340/355 versus sildenafil: 

0.011±0.001 R340/355, p=0.48). There appeared to be a small increase in the rate of transient 

decay following PDE5 inhibition (Figure 4.7B, control: 1.040±0.20 s
-1

 versus sildenafil: 

1.28±0.21 s
-1

, p=0.27), but the underpowered nature of this data set makes it difficult to 

accurately comment on any changes. 
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Figure 4.7 The effect of acute PDE5 inhibition on the systolic Ca
2+

 transient in failing 

myocytes  

(A) Typical Ca
2+

 transient ([Ca
2+

]i) recording from a failing sheep left ventricular 

myocyte at steady state (control, black) and following PDE5 inhibition (sildenafil, 1, 

blue). (B) Mean data for the effect of PDE5 inhibition on (i) Ca
2+

 transient amplitude and 

(ii) the rate constant (RC) of Ca
2+

 transient decay. Mean ± SEM. Differences compared 

using a paired Student’s t-test. Control n=5 cells/2 animals. Sildenafil n=5/2. 
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4.3.5 The effect of chronic PDE5 inhibition on steady state Ca
2+

 handling in heart 

failure 

Targeting of the β-AR signalling pathway in the treatment of heart failure has been 

commonplace for many years
279

. Such treatment strategies include the use of β-blockers 

and PDE inhibitors. The popularity of PDE5 as a potential target for HF therapy has more 

recently increased
265

. As such this study is the first to chronically inhibit PDE5 in a large 

animal model of HF in order to investigate the effects on Ca
2+

 handling.  

4.3.5.1 The effect on ICa-L 

Animals destined for chronic PDE5 inhibitor treatment were paced for 4 weeks alongside 

other HF animals. At this point animals were paced for a further 3 weeks and treated with 

one tadalafil tablet daily (20 mg, Cialis, Eli Lilly). For nomenclature purposes HF animals 

treated with the PDE5 inhibitor will be referred to as Tadalafil animals.  

Myocytes isolated from Tadalafil animals were subject to whole cell voltage clamp to 

assess the effect of treatment on ICa-L. For comparison purposes the data presented in 

Figure 4.8 shows ICa-L in Tadalafil animals presented alongside data for normal and HF 

animals, which was described earlier in this chapter (see 4.3.2). 

Myocytes isolated from Tadalafil animals were no different in size than control or HF 

myocytes (Table 14). As described (see 4.3.2) HF myocytes had an attenuated ICa-L, which 

was characterized both by reduced peak and reduced Ca
2+

 influx. Figure 4.8 shows that 

tadalafil treatment did not lead to a restoration of peak ICa-L (2.81±0.23 pA.pF
-1

) or 

influxing Ca
2+

 (0.99±0.08 moles.L
-1

). Furthermore, kinetics of ICa-L were unchanged in 

animals chronically treated with the PDE5 inhibitor: calcium-dependent ICa-L inactivation 

was similar to that observed in HF myocytes (Table 14) and voltage-dependent ICa-L 

inactivation had a tendency to be slower than that observed in HF (Table 14, p=0.06).  
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 Control HF Tadalafil 

Cell capacitance (pF) 154±13 163±13 176±12 

RC of voltage-dependent 

ICa-L inactivation (s
-1

) 
54.1±2 49.1±5 42.1±4 

RC of Ca
2+

-dependent 

ICa-L inactivation (s
-1

) 
207.9±10 182.7±14 189.2±17 

Table 14. The effect of chronic PDE5 inhibition on cellular electrophysiology in HF. 

Mean data for Tadalafil animals presented alongside reproduced data for control and HF 

used here for comparison purposes. Mean±SEM, control n=20 cells/13 animals, HF 

n=12/6, Tadalafil n=19/6. Statistical significance assessed using a one-way ANOVA. 
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Figure 4.8 The effect of chronic PDE5 inhibition on ICa-L  

(A) Typical ICa-L recording from control (black), failing (red) and chronic PDE5 

inhibitor treated (Tadalafil, blue) sheep left ventricular myocytes. (B) Mean data for the 

effect of chronic PDE5 inhibition on (i) peak ICa-L. (ii) calculated Ca
2+

 influx. Mean data 

for tadalafil animals presented alongside data shown previously in this chapter (control 

and HF) used here for comparative purposes. Mean ± SEM, statistical significance 

assessed using a one-way ANOVA. **vs control p<0.01. Control n=20 cells/13 animals. 

HF n=11-12/6. Tadalafil n=20/6.  
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4.3.5.2 The effect on the systolic Ca
2+

 transient 

As above, the data presented in Figure 4.9 represents the effects observed in Tadalafil 

animals alongside previously described (see 4.3.3) data for Ca
2+

 transient dynamics in 

normal and HF sheep.  

As ICa-L is an important determinate of Ca
2+

 transient amplitude, decreases in peak ICa-L 

observed in HF go some way to describing decreases in Ca
2+

 transient amplitude. Tadalafil 

treatment had no effect on the attenuated ICa-L, however as shown by the representative 

trace and mean data in Figure 4.9 there was a substantial increase in Ca
2+

 transient 

amplitude following 3 weeks of PDE5 inhibitor treatment (0.062±0.004 R340/355). Increases 

in transient amplitude exceeded even transient size observed in control sheep ventricular 

myocytes by 170%. Furthermore, increases in the size of the Ca
2+

 transient in Tadalafil 

animals were associated with a faster rate of decay of the Ca
2+

 transient (4.49±0.56 s
-1

).  
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Figure 4.9 The effect of chronic PDE5 inhibition on the systolic Ca
2+

 transient  

(A) Typical systolic Ca
2+

 transient ([Ca
2+

]i) recording from control (black), failing 

(red) and chronic PDE5 inhibitor treated (Tadalafil, blue) sheep left ventricular 

myocytes. (B) Mean data for the effect of chronic PDE5 inhibition on (i) Ca
2+

 

transient amplitude and (ii) the rate constant (RC) of decay of the Ca
2+

 transient. 

Mean data for tadalafil animals presented alongside data shown previously in this 

chapter (control and HF) used here for comparative purposes. Mean ± SEM, 

statistical significance assessed using a one-way ANOVA. *p<0.05, ** p<0.01. 

Control n=19 cells/9 animals. HF n=9/4. Tadalafil n=9/3.  
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4.3.6 The effect of chronic PDE5 inhibition on β-AR stimulation in heart failure 

The findings presented so far in this chapter suggest that chronic PDE5 inhibition (3 

weeks) modulates steady state Ca
2+

 handling in the failing myocardium. The next series of 

experiments, albeit preliminary, sought to investigate changes to β-AR signalling in the 

failing heart and whether any such changes were modulated by chronic PDE5 inhibition.  

4.3.6.1 The effects of β-AR stimulation on Ca
2+

 handling in heart failure 

The present study reports that steady state ICa-L was attenuated following 4 weeks of 

tachypacing (see 4.3.2). This concurs with previous reports of reduced ICa-L in end-stage 

heart failure in tachypaced sheep
179

. Moreover, Briston et al also demonstrated diminished 

β-AR responsiveness, which is a key characteristic of human HF.  

The effect of non-selective β-AR stimulation with isoprenaline (100 nM) on ventricular 

myocytes from normal and HF animals and the specific effects on ICa-L are shown in Figure 

4.10A. β-AR stimulation in HF animals resulted in a tendency for an increased peak ICa-L 

(Figure 4.10Aii, p=0.10) concomitant with an increase in Ca
2+

 influx (Figure 4.10Aiii). 

These changes were associated with a tendency for a slower voltage-dependent ICa-L 

inactivation and a slower rate of calcium-dependent inactivation.  

In normal ventricular cells β-AR stimulation resulted in a 130±42% increase in peak ICa-L, 

whereas there was only a 61±17% increase in ICa-L observed in HF animals. This reveals a 

diminished sensitivity to β-AR stimulation in failing myocytes.  

The size of the systolic Ca
2+

 transient is proportional to myocyte contractility, thus in 

normal cells β-AR stimulation evokes a greater Ca
2+

 transient to promote greater 

myocardial contraction: positive inotropy. In HF a reduced responsiveness to β-AR 

stimulation, in particular a reduced Ca
2+

 transient is responsible for poor cardiac function. 

The present study has reported in normal sheep ventricular myocytes β-AR stimulation 

resulted in a 248±68% increase in Ca
2+

 transient amplitude (see 3.3.4.2). In HF myocytes 

there was a tendency for an increase in Ca
2+

 transient amplitude following β-AR 

stimulation (Figure 4.11Aii), however this data set is underpowered and further work 

would be required to more reliably comment on the changes observed. 
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4.3.6.2 The effect of β-AR stimulation on Ca
2+

 handling in heart failure animals 

chronically treated with a PDE5 inhibitor 

Chronic PDE5 inhibition is beneficial to both human and animal models of HF. The 

present study has shown a paradoxical variety of effects of PDE5 inhibition on Ca
2+

 

handling: acute PDE5 inhibition appeared to be negatively inotropic to isolated ventricular 

myocytes, chronic PDE5 inhibition had little effect on steady state ICa-L, yet increased the 

size of the steady state Ca
2+

 transient in the failing ventricle (see 3.3.1). In light of this it is 

hypothesised that the beneficial effects of PDE5 inhibition may be related to a restoration 

of impaired β-AR signalling in the failing ventricle.  

Ventricular myocytes from tadalafil treated HF animals responded to β-AR stimulation 

similarly to control myocytes: an 184±50% increase in peak ICa-L and a 300±85% increase 

in Ca
2+

 influx (Figure 4.10B). Furthermore, β-AR stimulation in PDE5 inhibitor treated 

myocytes showed a trend for slower voltage-dependent and faster calcium-dependent 

inactivation of ICa-L. Together; this suggests that PDE5 inhibition restores the 

responsiveness of ICa-L to β-AR stimulation in HF. 

Tadalafil treatment elicited a large increase in baseline inotropy, manifesting in 

substantially greater steady state Ca
2+

 transients. As ICa-L was significantly modulated by β-

AR stimulation the next experiment sought to test whether similar sensitivity is 

demonstrated with regards to the systolic Ca
2+

 transient. Figure 4.11Bii shows β-AR 

stimulation resulted in a strong tendency for increased Ca
2+

 transient amplitude and a faster 

rate of transient decay (Figure 4.11iii, p=0.051 and p=0.056 respectively). However, the β-

AR evoked fractional change in Ca
2+

 transient amplitude in Tadalafil (65±24%) was 

relatively small in comparison to those observed in control cells (248±68%). This is most 

likely due to SR capacity and the effect of tadalafil treatment on the size of the steady state 

Ca
2+

 transient. It is difficult to draw too heavily on these latter findings due to the limited 

sample size currently available.  

PDE5 inhibition appears to be beneficial to the failing sheep myocardium by restoring Ca
2+

 

handling and β-AR sensitivity. The next series of experiments presented in this chapter aim 

to understand the mechanisms via which these beneficial effects manifest. The change in 

expression of EC-coupling proteins, concentrations of cyclic nucleotides and activities of 

the most important PDE subtypes will be investigated.  
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Figure 4.10 The effect of β-AR stimulation on ICa-L in HF.  

The effect of the non-selective β-AR agonist isoprenaline (100nM, red) on ICa-L (black, at steady state) in myocytes from (A) heart failure and 

(B) tadalafil treated HF animals. (i) Typical ICa-L recording. (ii) Summary data for peak ICa-L. (iii) Summary data for calculated Ca
2+

 influx. 

Mean ± SEM, statistical significance assessed using a paired t-test. *vs control p<0.05. Heart Failure n=2 cells/2 animals. Tadalafil n=5/2.  

 

1
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Figure 4.11 The effect of β-AR stimulation on Ca
2+

 transient in HF.  

The effect of the non-selective β-AR agonist isoprenaline (100nM, red) on Ca
2+

 transient (black, at steady state) in myocytes from 

(A) heart failure and (B) tadalafil treated HF animals. (i) Typical [Ca
2+

]i recording. (ii) Summary data for Ca
2+

 transient 

amplitude. (iii) Summary data for the rate constant of Ca
2+

 transient decay. Mean ± SEM, statistical significance assessed using a 

paired t-test. Heart failure n=4 cells/2 animals. Tadalafil n=3/1.  
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4.3.7 Biochemical assessment of the proteins and signalling molecules involved in 

modulating calcium handling 

4.3.7.1 Differences in E-C coupling protein expression 

The present study has demonstrated that Ca
2+

 handling is modulated in the failing heart 

with and without chronic PDE5 inhibition. One of the most striking findings was the 

substantial increase in the size of the steady state Ca
2+

 transient following 3 weeks of 

tadalafil treatment. Due to experimental constraints I was unable to record SR Ca
2+

 content 

using caffeine in Tadalafil animals, however as SR Ca
2+

 is regulated by the activity of 

SERCA, which in turn is modulated by the accessory protein PLN, the expression of these 

two proteins was examined.  

Using Western blotting the SR Ca
2+

 ATPase, SERCA2A, was found to be decreased in the 

failing ventricle, Figure 4.12Ai, which was also observed in ventricular tissue from 

Tadalafil animals. Furthermore, the regulatory protein PLN was shown to be unchanged in 

heart failure with or without PDE5 inhibitor treatment (Figure 4.12Aii). As PLN inhibits 

SERCA activity, the reduced expression of SERCA:PLN, as shown by the summary data 

in Figure 4.12Aiii, shows that there is likely a greater proportion of PLN-dependent 

inhibition of SERCA in the failing ventricle. The altered ratio as observed here would 

suggest a greater inhibition of SR Ca
2+

 uptake. 

The phosphorylation of PLN results in a conformational change in the tertiary structure of 

the protein and thus removes its inhibition of SERCA
78

. Such phosphorylation is achieved 

by both PKA and PKG at identical residues, Ser16 and Thr17, on the protein
88, 107

. Thus 

the phosphorylation status of PLN is an important indicator of protein kinase activity in 

ventricular myocytes. The phosphospecific Western blots presented in Figure 4.12B show 

that phosphorylation of Ser16 and to some extent (although not significant) Thr17 was 

attenuated in heart failure. In Tadalafil animals there was a greater phosphorylation of 

Ser16, although maintained lower than normal animals, which was accompanied by a 

possible similar increase in Thr17 phosphorylation. Together, this may suggest that protein 

kinase activity is greater in response to chronic PDE5 inhibition and may indicate a 

mechanism by which greater Ca
2+

 loading of the SR in tadalafil animals may contribute to 

the greater Ca
2+

 transient observed. Moreover, this hypothesis may corroborate the 

increased rate of Ca
2+

 transient decay observed in Tadalafil cells.  



 

 141  

Figure 4.12 The effect of HF on ECC protein expression.  

Differences in expression in left ventricular tissue from control animals (black), HF (red) 

and Tadalafil (blue). (A) Representative Western blots. (B) summary data for (i) 

sarcoendoplasmic reticululm Ca
2+

 ATPase (SERCA2A), (ii) total phospholamban (PLNT) 

and (iii) the difference in the ratio between the two. (C) Summary data for phosphospecific 

Western blotting (i) Ser
16

 and (ii) Thr
17

 phosphorylated phospholamban. Mean ± SEM as 

compared to internal control (IC) and representative of 3 repeats (for SERCA and PLN 

only). Statistical significance assessed using a one-way ANOVA. *p<0.05 Control n=4. 

Heart failure n=7. Tadalafil n=5.  
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4.3.7.2 Differences in cyclic nucleotide availability in heart failure 

Cellular data presented earlier in this chapter shows that β-AR modulation of Ca
2+

 

handling may be altered in heart failure, which suggests that β-AR signalling may become 

disrupted in the failing ventricle. As β-AR signalling is highly reliant on the availabilities 

of cyclic nucleotides the next experiment sought to test whether relative cAMP and cGMP 

concentrations are altered in the failing ventricle before and after chronic PDE5 inhibition 

(Figure 4.13). The summary data for (Ai) relative cAMP and (Bi) relative cGMP 

concentrations in ventricular tissue reveal that there were minimal overall effects on cyclic 

nucleotide bioavailability. The analysis performed for this data series meant the values 

presented are relative to total cyclic nucleotide availability, thus absolute values are shown, 

as reflected by the lack of error presented.  There was a tendency for an increased cyclic 

nucleotide level (both cAMP and cGMP) in the failing ventricle, however such differences 

were not observed in Tadalafil tissue. The standard curves shown in Figure 4.13B show 

that the ELISA, as performed to manufacturer’s instructions, produced a normal 

concentration curve, suggesting that the data analysis used to determine the relative cyclic 

nucleotide concentrations in Figure 4.13A is accurate.  
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Figure 4.13 The effect of HF and chronic PDE5 inhibitor treatment of HF on 

cyclic nucleotide cytosolic bioavailability 

The relative abundance of (A) cAMP and (B) cGMP in ventricular tissue from control 

(black), heart failure (HF, red) and tadalafil treated HF (Tadalafil, blue) sheep. (i) 

Summary data as normalised to control and (ii) standard curve used to calculate 

relative concentrations. Means shown only, statistical significance assessed using a 

one-way ANOVA. Control n=8. Heart failure n=8. Tadalafil n=7.  
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4.3.7.3 Alterations in PDE expression and activity in heart failure 

The observed effects on steady state and β-AR stimulated Ca
2+

 handling are most likely 

due to a multifaceted alteration in intracellular signalling, protein expression and 

phosphorylation status. Small changes in cyclic nucleotide availability may be due to 

changes in the expression or activity of phosphodiesterase enzymes, thus this next set of 

experiments tested whether this changes in HF.  

The majority of cAMP hydrolysis is achieved by PDE3 in the mammalian myocardium
280

. 

Figure 4.14A and Figure 4.15Ai show that PDE3 is expressed in the normal sheep ventricle 

and provides 68.36±3.1% of cAMP hydrolysis. Furthermore, in the failing ventricle PDE3 

expression was reduced (Figure 4.14A), which was accompanied by a trend for a reduction 

in activity (Figure 4.15Ai).  

PDE4 is the only cAMP specific PDE isoform in the mammalian myocardium, of which 

the two most ubiquitously expressed are PDE4B and PDE4D, both of which are expressed 

in the sheep ventricle (Figure 4.14B). Both isoforms of PDE4 and their collective activities 

were shown to be decreased in the failing ventricle (Figure 4.14B and Figure 4.15Aii) 

which may explain to some extent the possible increases in cAMP abundance in heart 

failure (Figure 4.13Ai).  

Antibodies for cGMP-hydrolysing PDEs do not cross-react adequately with ovine 

myocardium, thus expression analysis for PDE2 and PDE5 has not been undertaken in the 

present study. Analysis of both cGMP-hydrolysing isoforms revealed that both PDE2 and 

PDE5 are active in the sheep myocardium (Figure 4.15B/C) and have preserved activity in 

the failing ventricle, with possible tendencies for their activity to be increased.  It must be 

noted that cGMP-PDE activity analysis revealed an approximately 50% discrepancy 

between total cGMP-PDE activity and the combination of PDE2 and PDE5, which 

suggests possible tonic cGMP-hydrolysis by other PDE isoforms. 
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Figure 4.14 The effect of HF on PDE protein expression.  

Differences in expression of cAMP-hydrolysing PDE isoforms in left ventricular tissue 

from control (black) and heart failure (red) animals. (A) Representative Western blots. (B)  

Summary data for (i) PDE3A, (ii) PDE4B and (iii) PDE4D. PDE4B blot performed by 

Miss Jessica Caldwell presented here with permission. Mean ± SEM as compared to 

internal control (IC) and representative of 3 repeats. Statistical significance assessed 

using a Student’s t-test. * p<0.05 Control n=6-7. Heart failure n=6.  
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Figure 4.15 The effect of HF on PDE activity.  

Differences in the percentage activities of PDE isoforms in left ventricular tissue from 

control (black) and heart failure (HF, red) animals. Summary data for the activity of 

the (A) cAMP-hydrolysing PDEs (i) PDE3 and (ii) PDE4, (Bi) the dual specificity  

isoform PDE2 and (ii) the selective cGMP-hydrolysing isoform PDE5. Activity assays 

performed alongside Dr Hind Mehel, University Paris-Sud, presented here with 

permission. Mean ± SEM, statistical significance assessed using a Student’s t-test. ** 

p<0.01. Control n=5-9. Heart failure n=4-8.  
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4.4 Discussion 

This series of experiments sought to investigate the effect of PDE5 inhibition in voltage 

clamped myocytes in a large animal model of HF. The current findings show that the 

negative inotropic effects of acute PDE5 inhibition on Ca
2+

 handling in normal cardiac 

myocytes are attenuated in failing myocytes, and β-AR responsiveness is diminished 

following 4-weeks of tachypacing. Conversely, chronic PDE5 inhibition resulted in an 

increased baseline Ca
2+

 transient amplitude and resensitisation of failing cardiac myocytes 

to β-AR stimulation. Together, these findings suggest that chronic PDE5 inhibition, at the 

cardiac myocyte level, may be beneficial to Ca
2+

 handling in heart failure.  

4.4.1 The effect of heart failure on EC-coupling 

Whether or not heart failure is associated with changes in ICa-L is a controversial topic. 

Mukherjee and Spinale discussed that a large proportion of the animal models of HF used 

show a variety of differences in peak ICa-L, which was linked to varying severity of the 

cardiomyopathy investigated
183

. This review demonstrated that of the larger animals 

investigated ICa-L was mostly decreased: severe right and left ventricular failure in cats, 

guinea pigs, also tachypaced pigs and in human heart failure. More recently our laboratory 

has shown that ICa-L was reduced in tachypaced sheep ventricular myocytes
179

. The present 

study investigated the effect of HF on ICa-L after just 4 weeks of tachypacing in order to 

facilitate a novel drug treatment strategy. Similar attenuation of ICa-L was observed at 4 

weeks of pacing, when animals were relatively symptom-free, as that recorded in 

ventricular myocytes from symptom presenting ‘end-stage’ animals, as used previously by 

Briston et al
179

.  

Peak ICa-L has been described as the trigger for intracellular Ca
2+

 release from the SR, and 

can therefore modify the size of the systolic Ca
2+

 transient
281

. In animal models of heart 

failure reduced Ca
2+

 transients have been ubiquitously described
182, 282

, however not all 

models show changes in ICa-L
5
. Briston et al observed reduced Ca

2+
 transient amplitude in 

tachypaced sheep ventricular myocytes associated with unchanged SR Ca
2+

 content
179

, 

which concurs with the findings of the present study. A decreased Ca
2+

 transient may be 

caused by a multitude of factors, however one could speculate that in the absence of 

changes in SR Ca
2+

 content in the present study then the attenuated ICa-L observed provides 

a mechanism for these changes in systolic Ca
2+

. Furthermore, due to poor antibody cross-

reactivity with sheep proteins immunoblotting was not possible to investigate any changes 
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in L-type Ca
2+

 channel protein expression in heart failure. Such experiments could be very 

useful in understanding the electrophysiological changes observed. 

The rate of Ca
2+

 resequestration into the SR is determined by the activity of SERCA, 

which in turn is regulated by the inhibitory peptide PLN. This study shows that SERCA2A 

expression was reduced in HF ventricular tissue as previously shown
192

, with no change in 

the expression of PLN. The shift in SERCA:PLN ratio would suggest that there would be a 

greater inhibition on SERCA and thus an overall reduced activity would be expected. The 

present study has not measured SERCA activity, but the main route for diastolic cytosolic 

Ca
2+

 removal is via SERCA, resequestering it back into the SR. Findings by Briston et al 

suggest that increased NCX activity would be the main reason for a compensation of the 

reduced SERCA activity
179

, thus maintaining the rate of Ca
2+

 transient decay in HF, 

however such experiments have not been performed in the present study.   

4.4.2 The effect of heart failure on β-AR signalling 

Dysregulation of β-AR signalling is considered an important mechanism responsible for 

impaired contractility in HF. Not only are there changes to β-adrenoreceptor density and 

subtype switching
68

, but also increased expression of G-protein receptor kinases
283

 and 

protein phosphatases
179

, which further impair their downstream signals. This study has 

shown that ICa-L appeared to be less sensitive to β-AR modulation than Ca
2+

 transient 

responsiveness, which was relatively unchanged in comparison to control. Our lab has 

previously shown that both ICa-L and Ca
2+

 transient were attenuated in end-stage HF
179

, 

thus the current findings concur with others that the cellular phenotype of HF worsens with 

disease progression.  

The present study found that there was marginally elevated cAMP concentrations in failing 

tissue, which may be explained by decreased expression and activity of cAMP-specific 

PDE isoforms: PDE3 and PDE4, as previously observed
136,

 
249

. It is established that β-

adrenoreceptor subtype switching results in a greater sarcolemmal distribution of β2, 

which, unlike in the normal myocardium, act more like β1 adrenoreceptors by generating 

global cytosolic cAMP concentrations
47

. A combination of this and exaggerated 

stimulation by increased circulating catecholamines in HF would most likely result in the 

generation of greater diffuse cAMP. Paradoxically we found that PLN was 

dephosphorylated in failing as compared with normal ventricular tissue. The residues 

Ser16 and Thr17 on PLN are targets of PKA phosphorylation, which is directly activated 
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by cAMP. It has been noted that PKA activity may be rendered inadequate by greater 

protein phosphatase activity
284

, which directly dephosphorylates target residues, as has 

been shown to occur in the failing sheep ventricle
179

. Moreover, the finding of a possible 

trend for increased PDE2 activity may highlight an attempt of cellular compensation to 

regain control of spiralling cAMP concentrations, which concurs with observations from 

human HF
154

.  

4.4.3 The modulatory effects of PDE5 inhibition in HF 

Over the last 10 years there has been increasing interest in the targeting of the cGMP-PKG 

axis in various animal models of cardiomyopathy. Chapter 3 showed PDE5 inhibition was 

negatively inotropic in normal sheep ventricular myocytes, yet many recent studies have 

shown that PDE5 inhibition with sildenafil improves Ca
2+

 handling
274

, reverses cardiac 

hypertrophy
123, 272

, and improves systolic and diastolic function in human heart failure
265

. 

As the sheep model of heart failure shows similar characteristics to human heart failure at 

the myocyte level the present study sought to test the effect of PDE5 inhibition on Ca
2+

 

handling in HF. 

The effect of acute PDE5 inhibition with sildenafil on Ca
2+

 handling has never been tested 

in patch clamped myocytes from failing hearts. Thus, it was surprising to find that PDE5 

inhibition had very little effect on steady state Ca
2+

 handling, particularly the Ca
2+

 transient 

amplitude in HF. In an in vivo study, acute selective PDE5 inhibition caused decreases in 

cardiac contractility in normal dog hearts, which was not observed following 4 weeks of 

left ventricular tachypacing
159

. When taken together with possible increases in cGMP 

availability and PDE5 activity observed in the failing sheep heart, this may suggest that as 

part of the compensatory changes the heart undergoes in HF, the cGMP-PKG axis may be 

intrinsically targeted to promote contractility through the cAMP-PKA pathway, which in 

turn is ultimately detrimental, as occurs with compensatory increases in circulating 

catecholamines.  

Chapter 3 showed that β-AR stimulation in the presence of a PDE5 inhibitor exacerbated 

the negative modulation of ICa-L with little effect on the Ca
2+

 transient. Due to experimental 

constraints this was not tested in HF cells. However, in vivo data in tachypaced dog hearts 

showed that β-AR stimulation with dobutamine enhanced PDE5 inhibitor-dependent 

decline in contractility in normal animals, which was not observed following 4 weeks of 

pacing
159

. This group concluded that a loss of function of PDE5 in HF is associated with a 
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loss of protein expression and disrupted localisation from the z-bands
159

. Moreover, t-

tubules, which are known to concomitantly localize along the z-bands
285

, are partially lost 

from ventricular myocytes in HF from many species including dog
184

 and human
34

, as well 

as in sheep
187

. Such a loss of t-tubules in HF may therefore demonstrate a similar 

dissociation of PDE5 localisation in our model of HF, and may provide a possible 

mechanism by which PDE5 inhibition may modulate of β-AR responses in HF.  

If PDE5 inhibition manifests negatively inotropic in the sheep model of HF then can it 

really be beneficial in this model? The following series of experiments sought to elucidate 

the effects of chronic PDE5 inhibition on the sheep failing myocardium, as others have 

shown it to be beneficial.  

4.4.4 Generating the model of chronically treated HF 

As discussed earlier in this chapter, targeting PDE5 came into favour a decade ago, when 

several reports demonstrated a beneficial effect of PDE5 inhibition in reversing 

hypertrophy
123

 and providing cardioprotection
267

 against myocardial injury. The present 

study aimed to investigate whether chronic PDE5 inhibition was beneficial in the 

established tachypaced sheep model of heart failure.  

PDE5 inhibition is used currently in the treatment of erectile dysfunction and more 

recently pulmonary hypertension. Many studies have used the common, selective inhibitor 

sildenafil, being tested in a variety of animal models and used at varying concentrations. 

The current study opted for the less common PDE5 inhibitor tadalafil, branded as Cialis by 

Eli Lilly. Tadalafil is known to be more selective than sildenafil for PDE5, without having 

any effect on PDE6, unlike other PDE5 inhibitors
286

. Furthermore, tadalafil is a long-acting 

PDE5 inhibitor and has been observed to be effective up to 36 hours in men
287

. A 

concurrent dose (to the present study, 20mg) was shown to increase intraocular pressure in 

age and weight matched sheep for up to 2 days after the dose was given, whereas the 

effects in those animals treated with sildenafil wore off after 1 hour
288

. Together these 

advantages provide the reasons for why PDE5 inhibition to chronically modulate 

cardiovascular effects was achieved using tadalafil over sildenafil in the present study.  

The tachypaced sheep model of heart failure as used in our laboratory was first described 

by Briston et al
179

. As shown in the present study, 4-weeks of right ventricular tachypacing 

was sufficient to induce heart failure in the sheep, with dysfunction observed at both the 

whole animal (Chapter 4), tissue and myocyte level. As we have previously found HF 
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symptoms in the sheep are observed between 5 and 8 weeks of rapid pacing
179

, thus the 

current study used this as a benchmark for the time frame for tadalafil treatment. Previous 

studies have used PDE5 inhibitors chronically for between 2 and 5 weeks
123, 272, 274

, thus 

the current study decided on a 3 week tadalafil treatment period, which put the time frame 

for total pacing at 7 weeks.  

4.4.5 The effect of chronic PDE5 inhibition on calcium handling in heart failure 

Rapid right ventricular pacing induced HF reduced ICa-L and Ca
2+

 transient amplitude in 

sheep ventricular myocytes. Chronic PDE5 inhibition with tadalafil resulted in an increase 

in steady state Ca
2+

 transient amplitude with no effect on ICa-L. Our laboratory has 

previously demonstrated that Ca
2+

 transient amplitude is determined mainly by SR Ca
2+

 

content, having a cubic relationship
281

, although Ca
2+

 release is determined predominantly 

by peak ICa-L. An important study limitation is the lack of assessment of SR Ca
2+

 content in 

tadalafil treated cardiac myocytes, which is fundamental in allowing us to properly 

understand why the Ca
2+

 transients in these HF myocytes were considerably large. 

Biomolecular investigation into the proteins that control the SR Ca
2+

 content, SERCA and 

PLN, showed that their expression was decreased and unchanged respectively in tadalafil 

treated tissue, which was unchanged from 4-week paced HF. However, there was an 

increase in the phosphorylation status of PLN, which removes the inhibitory effect from 

SERCA and may suggest an increased SR loading is facilitated by a mechanism dependent 

on cGMP, as proposed in Figure 4.16. Furthermore, the increased rate of decay of the Ca
2+

 

transient in tadalafil treated myocytes is consistent with such a hypothesis. 

Nagayama et al saw similar recovery of the Ca
2+

 transient in a hypertrophic 

cardiomyopathy mouse model achieved by pressure overload (transverse-aortic 

constriction, TAC)
274

. Following 4 weeks of TAC, mice were treated orally with sildenafil 

for a further 5 weeks with the TAC remaining. Ca
2+

 transients were significantly larger 

than those from 9 week TAC mycoytes, and appeared greater than control levels, which 

the authors concluded was related to a similar SR loading mechanism proposed by the 

present study, as they too found increased Ser-PLN phosphorylation following chronic 

PDE5 inhibition. Together these findings are consistent with an increased activity of PKG, 

however increased protein phosphatase activity, as found in our sheep model of HF, cannot 

be ruled out
179

.  
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β-AR signalling was positively modulated in Tadalafil animals. The present study 

originally hypothesised that PDE5 inhibition would be beneficial in the failing 

myocardium partly due to resensitisation of cardiac myocytes to sympathetic activation, 

akin to β-blockers
289

, which aim to attenuate exacerbated β-AR signalling in response to 

increased circulating catecholamines. This study has shown that 3 weeks of tadalafil 

treatment restored both ICa-L and systolic Ca
2+

 transient responsiveness to non-selective β-

agonism with isoprenaline to levels similar to that seen in control sheep ventricular 

myocytes. As the sample size used in this experimental cohort was relatively small the data 

has been approached with caution, however one can appreciate a restoration of 

responsiveness to β-AR stimulated Ca
2+

 handling in Tadalafil animals.  

The Kass group have demonstrated sustained Ca
2+

 transient responses to isoprenaline in 

sildenafil treated mice, although they reported minimal effects of TAC on Ca
2+

 transient 

size, which may be an important defining difference between our model of HF and TAC 

induced cardiomyopathy
274

. In vivo recordings in a tachypaced model of HF in dogs 

showed a reduction of β-AR responsiveness (dobutamine) following 4 weeks of pacing, 

which was unaffected by acute PDE5 inhibition
159

 administered intravenously. Together, 

these findings suggest that it is the chronic effects of PDE5 inhibition that facilitate the 

restoration of β-AR responsiveness in HF and not the direct effect of the PDE5 controlled 

signalling cascade itself, i.e. it appears there must be substrates aside from the cGMP/PKG 

pathway which become constitutively active over time with chronic PDE5 

inhibition/cGMP elevation.  I propose that this represents a role for other signalling 

molecules, which are modulated by cGMP and PKG such as PDE2 and PDE3 (Figure 

4.16B).  

Further to this, unpublished data from our lab shows that t-tubules are lost in HF and 

restored in Tadalafil animals similar to those restored in a model of HF recovery, achieved 

by pacing cessation. We propose that the regeneration of t-tubules recuperates signal 

compartmentalization through the redistribution of PDE isoforms to their primary 

locations, such as PDE2 and PDE5 to the z-bands. Such investigation is beyond the scope 

of the current study, however immunohisto- and cyto-chemistry may present an interesting 

future direction to understand this further. T-tubule recovery may result in changes to 

cellular capacitance (possibly revealed by the tendency for changes observed in Table 14), 

which may affect the estimation of cell volume. As this has not been accurately measured 

then this is a notable limitation to the present study.  
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Figure 4.16 The effect of acute and chronic PDE5 inhibition on Ca
2+

 handling.  

A potential mechanism for the differential effects of (A) acute and (B) chronic PDE5 

inhibition in HF. Crosses represent inhibition. Phosphodiesterase (PDE); β-

adrenoreceptor 1/2/3 (β1/2/3); cyclic adenosine/guanosine monophosphate (cAMP/cGMP); 

L-type Ca
2+

 channel (CaL); protein kinase A/G (PKA/PKG); phospholamban (PLN); 

sarco-endoplasmic reticulum Ca
2+

 ATPase (SERCA); sarcoplasmic reticulum (SR). 
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4.4.6 Ca
2+

 handling is modulated differently in HF by acute and chronic PDE5 

inhibition: a mechanism 

The following provides a potential mechanistic framework to explain the differences 

observed in Ca
2+

 handling in HF with acute and chronic PDE5 inhibition.  

This present study has shown a trend towards decreases in ICa-L in HF myocytes in 

response to acute sildenafil application (underpowered), with no concurrent changes in 

Ca
2+

 transient. Figure 4.16A demonstrates that PDE5 inhibition results in increased cGMP 

accumulation, which will lead to PKG activation and the direct inhibition of the L-type 

Ca
2+

 channel. PKG will also phosphorylate PLN, thus encouraging SR loading, which may 

explain small increases in Ca
2+

 transient decay rate. Increased SR loading will maintain 

Ca
2+

 transient size despite a decreased trigger for Ca
2+

 release.  

Figure 4.16B shows what happens in chronic PDE5 inhibition in HF, PDE5 inhibition 

results in tonically generated cGMP, which will (1) bind and inhibit PDE3, resulting in 

increased global cAMP. PDE3 is located throughout the cytosol and thus will allow cAMP 

to freely diffuse in the microsomal fraction, activate PKA and thus tonically increase 

phosphorylation of PLN. (2) cGMP will directly increase the activity of PKG, which will 

in turn phosphorylate and inhibit the L-type channel, and PLN. (3) cGMP will bind and 

activate PDE2
154

, located mainly at the membrane and increase its hydrolysing activity of 

cAMP in the particulate fraction, thus decreasing local PKA activity and reducing L-type 

channel open probability. Together, these effects will result in a decreased ICa-L and 

increased SR loading, which results in a greater steady state Ca
2+

 transient amplitude.  

β-AR stimulation is restored in tadalafil treated myocytes. β1 and β2 are known to act more 

like each other in HF
68

, which is beyond the scope of the current study to test whether β-

adrenoreceptor subtypes change location in response to tadalafil treatment. Based on them 

acting as they do in HF, then both β1 and β2 will generate global cAMP concentrations in 

response to stimulation with isoprenaline. This in turn will activate PKA and increase both 

ICa-L and SR loading through PLN phosphorylation. Simultaneously, β3 activation by 

isoprenaline will increase cGMP concentrations resulting in (1) increased PKG dependent 

phosphorylation of PLN and increased SR loading, and (2) increasing an already tonically 

inhibited PDE3, which will further increase cAMP.  
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4.5 Conclusion 

The present study has shown and proposed a mechanism by which chronic PDE5 

inhibition is beneficial to steady state Ca
2+

 handling in heart failure. The systolic Ca
2+

 

transient is a function of myocardial contractility, which may suggest that changes in 

intracellular Ca
2+

 handling may result in overall propagation of restored cardiac function in 

heart failure following PDE5 inhibition. The findings presented here have strong clinical 

implications and provide important cellular and molecular explanations for positive 

systolic and diastolic effects observed in HF patients currently treated with PDE5 

inhibitors.  

 

The next chapter will outline the effects of chronic PDE5 inhibition on clinical assessment 

of heart failure in the large animal.  
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Chapter 5 
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5 The effect of chronic PDE5 inhibition in heart failure: in vivo 

measurements. 

5.1 Introduction 

The previous chapter demonstrated that chronic PDE5 inhibition provides some restoration 

of both Ca
2+

 handling and β-AR responsiveness to ventricular myocytes in a large animal 

model of HF. The focus was to elucidate the cellular and molecular mechanisms 

responsible for beneficial effects of PDE5 inhibition. This next chapter will present data 

for the effect of chronic PDE5 inhibition on the whole animal, thus will employ a range of 

in vivo techniques to assess the holistic pathophysiology of HF in the sheep. 

The aims of this chapter are as follows: 

 To assess the clinical progression of HF in tachypaced sheep. 

 To assess the longevity of animals in HF chronically treated with the PDE5 

inhibitor compared with those untreated. 

 To use echo- and electrocardiography to assess the changes in cardiac geometry 

and electrophysiology during HF progression and any improvements elicited by 

chronic PDE5 inhibition. 

 To extrapolate from cellular improvements in β-AR responsiveness by chronic 

PDE5 inhibition by assessing β-AR reserve in vivo.  
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5.2 Methods 

5.2.1 Lung weight to body weight ratio 

All animals were weighed before the period of pacing and then again after 4-weeks of 

pacing (or end-stage). For those animals chronically treated for a further 3 weeks then a 

final weight was recorded prior to euthanasia.  

After the removal of the heart the trachea was dissected as high as possible from within the 

thorax and the lungs were removed intact. Superfluous connective and pericardial tissue 

was removed were appropriate.  The wet weight was recorded in grams.  

Final body weight was compared with the weight of the lungs to give a calculation of the 

lung:body weight ratio (LW:BW), which is often used as a useful function of disease. 

LW:BW was compared between control, heart failure and tadalafil treated animals using a 

one-way ANOVA in Sigma plot. 

5.2.2 Blood pressure 

Blood pressure was recorded using tail cuff plethysmography in all animals prior to the 

period of pacing and then again after 4-weeks of pacing (or end-stage). For those animals 

that were then chronically treated for a further 3 weeks then a final BP recording was 

completed prior to sacrifice. In both latter cases, BP measurements were taken after the 

pacemaker had been turned off for at least 10 minutes. All recordings were performed in 

conscious, standing, minimally restrained animals using an appropriately sized tail cuff. 

For all animals a series of measurements were taken and the last 5 results averaged to 

ensure minimal variation relating to stress. Systolic blood pressure (SBP) and diastolic 

blood pressure (DBP) were recorded directly and pulse pressure (PP=SBP-DBP) and mean 

blood pressure (MBP=DBP+1/3PP), were calculated offline. Heart rate (HR) was also 

recorded simultaneously through the tail cuff. 

As data was paired for all animals SBP, DBP, MBP and HR from control, heart failure and 

tadalafil animals (where appropriate) were compared using a one-way repeated measures 

ANOVA and the Holm-Sidak post-hoc test. Significance was interpreted as p<0.05. 

5.2.3 Echocardiography 

Echocardiography was performed using a 5-1 MHz phased array probe and recorded on a 

Sonosite MicroMaxx (BCF Technology, Scotland) in all animals prior to the period of 
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pacing and then again after 4-weeks of pacing (or end-stage). For those animals that were 

then chronically treated for a further 3 weeks then final recordings were made prior to 

sacrifice. In both latter cases, echocardiography was performed after the pacemaker had 

been turned off for at least 10 minutes and in all cases animals were conscious and seated, 

under gentle restraint.  

A right-sided transthoracic window was utilised to acquire both short-axis and long-axis 

parasternal views.  

5.2.3.1 Short axis measurements 

Short axis echocardiographs were recorded by finding a cross section through the left 

ventricle just below the mitral valve. This view is used to measure end-systolic area (ESA) 

and end-diastolic area (EDA), which can be used to calculate the fractional are change per 

cardiac cycle. 

Short axis measurements were made by converting 6 second .avi files to .bmp image 

sequences using Virtual Dub and using image analysis software (ImageJ, USA) to select 

which images show systole or diastole. Once selected, the polygonal selection tool was 

used to manually draw around the area of the ventricle lumen at both systole and diastole 

(Figure 5.1). A minimum of 3 cardiac cycles were measured and the mean taken. 

Fractional area change = EDA – ESA 

         EDA 

 

Equation 3 
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Figure 5.1 Representative short-axis echocardiogram 

Images captured using transthoracic parasternal echocardiographic window in a 

control animal during (A) Systole and (B) Diastole. The right hand panels show the 

traced area at end-systolic (ESA) and end-diastolic (EDA), the difference between 

the two is the fractional area change.  
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5.2.3.2 Long axis (M-mode) measurements  

Long axis echocardiography is used to measure ventricular lumen dimensions: end-systolic 

internal diameter (ESID) and end-diastolic internal diameter (EDID), as well as wall 

thickness at both systole (SWT) and diastole (DWT). M-mode echocardiography is useful 

as it shows a cross section through the ventricular lumen over time, as shown in Figure 5.2.  

In humans ejection fraction would be calculated from the ratio of ventricular volume 

between diastole and systole, however a 4-chamber view is required, which is unobtainable 

in the sheep due to their cardiac anatomy. Alternatively, in order to calculate ventricular 

contractile function the present study measured fractional shortening using the following 

equation: 

Furthermore, as changes in wall thickness occur between systole and diastole, relative wall 

thickness was calculated as follows: 

 

5.2.3.3 Data interpretation 

All variables were assessed pairwise for each animal across the course of their paced 

duration. Sigma plot was used to graphically present each variable between control, heart 

failure and tadalafil treated. One-way repeated measures ANOVA with a p-value<0.05 was 

assessed as statistically significant.  

Fractional shortening = EDID – ESID 

     EDID 

 

Equation 5 

Relative wall thickness = 2 x DWT 

         EDID 

 

Equation 4 
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Figure 5.2 Representative long-axis and M-mode echocardiogram 

Images captured using transthoracic parasternal echocardiographic window in a control 

animal during (Ai) Systole and (ii) Diastole. Red line represents the probe position for m-

mode cross section in (B). M-mode view shows contractility over time and methods for 

measurements of end-systolic and end-diastolic internal diameters (ESID/EDID) and wall 

thicknesses (SWT/DWT). Left ventricle (LV), right ventricle (RV), left atrium (LA), left 

ventricular outflow tract (LVOT). 
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5.2.4 Animal Survival  

The three different models used in this study correspond to the number of days each animal 

was paced: 4-week HF, end-stage HF and tadalafil treated HF. In order to demonstrate the 

effect of tadalafil treatment on symptomless survival a Kaplan-Meyer survival plot was 

used. The number of animals alive per day was recorded for the full length of each 

animal’s paced duration. Paced duration itself was compared using a one-way ANOVA 

between end-stage HF and tadalafil treated HF. Significance was determined as p<0.05.  

5.2.5 Electrocardiography 

Animals were allowed to settle in a seated position under light restraint as five electrodes 

were attached to clipped limbs and chest. The electrocardiogram (ECG) was recorded 

using a PC with IOX software (EMKA Technologies, France). Electrical conductivity 

through the limb leads was maximised using a light spray of water. A 10-minute ECG was 

recorded once the animal was settled a relaxed. Paced animals had the pacemaker switched 

off for at least 10 minutes before any ECG was recorded.  

ECG analysis was done offline. Firstly raw ECG traces (.mkt files) were opened in ECG-

Auto (EMKA Technologies, France) and 5 minutes of clean ECG was chosen. The chosen 

.mkt files were then converted into tab delimited .txt files and re-opened in Labchart for 

analysis. Labchart software enabled the user to create a library of reference waveforms for 

several parameters to be accurately analysed. Waveforms chosen were: the start and end of 

the P wave, the start of the Q wave, peak of the R wave, the peak and end of the T wave. 

At least 1 minute of the selected ECG trace was analysed to measure R-R interval, heart 

rate (HR) and QT interval. 

In order to assess the influence of the autonomic nervous system on HR a measure of heart 

rate variability (HRV) was calculated. This involves measuring the standard deviation of 

the R-R interval (RRSD).  As HR increases or decreases the conduction through the heart 

also changes, thus QT interval changes. In order to give an accurate measure of QT 

interval a correction for HR is required, QT correction (QTc). In this study the correction 

used was the Bazett’s formula: 

QTc = QT interval 

√(60/HR) 

Equation 6 
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All variables were assessed pairwise for each animal across the course of their paced 

duration. SigmaPlot was used to graphically present each variable between control, heart 

failure and tadalafil treated. One-way repeated measures ANOVA with a p-value<0.05 was 

assessed as statistically significant.  

5.2.5.1 Dobutamine stress test 

A dobutamine stress test was used to assess the β-AR reserve in vivo. In order to do this 

the forearm of the animal was cannulated (as described) and a saline flush administered, 

followed by the attachment of a 50ml syringe filled with 500g.ml
-1

 dobutamine. This 

syringe was connected to an infusion pump and ECG was recorded. After recording 10 

minutes of baseline ECG the dobutamine infusion was started and the flow rate of 

dobutamine was increased every 3 minutes. Increasing the flow rate resulted in an 

increased effective dose of dobutamine being delivered to the animal: 0.5, 1, 2.5, 5, 10, 20 

g.kg
-1

.min
-1

. β-AR responsiveness was assessed via monitoring of the animal’s heart rate 

(HR). A doubling of baseline HR was considered a sufficient β-AR evoked response. The 

stress test was completed pre-paced, post-4 weeks pacing and post-tadalafil treatment. At 

baseline, all animals had at least a doubling of HR following 10g.kg
-1

.min
-1

, thus none 

were stressed with higher doses of dobutamine. At the beginning and end of the test an 

echocardiogram was recorded to monitor the change in β-AR induced contractility.  

The R-R interval at each dose of dobutamine was analysed from the raw ECG traces as 

described above. Mean data ± standard error of the mean was collated in Microsoft Excel 

and R-R interval at each dose was normalised to the R-R interval at baseline (before 

dobutamine) in order to give an assessment of the change in R-R interval (HR) with the β-

AR agonist. Significance was assessed using SigmaPlot using a two-way repeated 

measures ANOVA, p<0.05 was deemed significant. Contractility was measured using 

echocardiography analysis as explained in section 5.2.3.  
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5.3 Results 

Heart failure is one of the world’s leading causes of morbidity and mortality, which has 

been approached by a number of therapeutic strategies. The present study has shown that 

chronic PDE5 inhibition may improve left ventricular myocyte Ca
2+

 cycling and sensitivity 

to β-AR agonists. In light of these positive effects, we tested whether chronic PDE5 

inhibition is beneficial to the general health of an entire animal by assessing heart failure 

progression with and without PDE5 inhibitor treatment using a range of in vivo 

measurements.  

5.3.1 The effect of HF and chronic PDE5 inhibition on animal weight  

As cachexia, weight loss, is a symptom of human heart failure, the current study tested 

whether sheep undergo similar weight loss following tachypacing. In a paired cohort of 

animals baseline body weight (BW) measurements was 29.6±1.3 kg, reduced to 27.7±1 kg 

following 4 –weeks of rapid ventricular pacing (p>0.01, n=21). In a tadalafil treated cohort 

of animals baseline BW was 28.7±1 kg, which was relatively unchanged by 4-weeks of 

pacing 27.2±1 kg, with a possible trend for an increase toward control levels following 3-

weeks of tadalafil treatment 28.1±1 kg. The error is relatively high in this cohort, which is 

reflected by the low sample number (n=9), and proved underpowered for appropriate 

statistical testing. A limitation here is that body weight was unfortunately not recorded for 

the end-stage HF animals.  

Lung weight (LW) was measured post-mortem from animals in each group, control, 4-

weeks, and Tadalafil, to allow a calculation of LW:BW, which is considered the primary 

morphometric measure of heart failure. Lung weight can be representative of the degree of 

pulmonary oedema, which is known to occur in end-stage HF. The data in Table 15 shows 

there was little difference between the three groups of animals, however it should be 

appreciated that in the sheep this is a crude assessment of pathology.  

 LW:BW n 

Control 0.019±0.001 15 

4-wk 0.019±0.002 10 

Tadalafil 0.018±0.001 14 

Table 15. Lung weight to body weight measurement as a function of heart failure  

Mean ± SEM. Comparison determined using one-way ANOVA. 
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5.3.2 The effect of heart failure and chronic PDE5 inhibition on blood pressure 

Human heart failure can be described as a syndrome consisting of oedamatous, 

haemodynamic and neurohormonal disorders manifesting simultaneously. As heart failure 

is associated with changes in cardiac output, heart rate and blood pressure, the next series 

of measurements aimed to assess the cardiovascular status of the tachypaced sheep.  

Blood pressure recording was achieved using tail cuff plethysmography and readings were 

taken at least 10 minutes after the pacemaker had been turned off. Raw data is summarised 

in Table 16. Following 4-weeks of tachypacing, animals presented with a reduced systolic 

blood pressure, with relatively unchanged diastolic pressures (Figure 5.3A/B. This in turn 

manifested into a reduction in pulse pressure (systolic BP –diastolic BP, Figure 5.3D) and 

mean arterial blood pressure (diastolic BP / 0.33 x pulse pressure) (Figure 5.3C). In end-

stage HF animals there was a tendency for a reduced diastolic BP (p=0.09) and MABP 

(p=0.08), however this may reflect the underpowered nature of this group (Table 16). 

PDE5 inhibitors such as tadalafil are commonly used in the treatment of vascular disorders 

such as erectile dysfunction and pulmonary hypertension. The subsequent increases of 

cGMP in vascular endothelial cells results in endothelial-dependent relaxation of vascular 

smooth muscle and vasodilatation. Despite these known effects 3 weeks of tadalafil 

treatment seemingly had very little effect on blood pressure in comparison to that observed 

after 4-weeks of pacing (Figure 5.3). 

 Control 4 wk Tadalafil esHF 

Systolic (mmHg) 116±3 99±1* 98±5* 102±5 

Diastolic (mmHg) 68±5 62±2 55±5 57±5 

MABP 89±5 78±2* 74±4* 72±5 

PP 48±4 37±1* 42±4 45±3 

Table 16. Summary data for blood pressure in HF and following PDE5 inhibitor 

treatment  

Measurements taken before commencement of pacing (control), at 4-weeks of pacing (4 

wk) and after 3-weeks of further pacing concomitant with tadalafil treatment. Differences 

tested using a one-way repeated measures ANOVA (n=5). Measurements at the point of 

euthanasia for the end-stage HF (esHF) animals are shown for comparison purposes, 

differences between this group and other time points were tested using a one-way ANOVA 

(n=5). Mean ± SEM, *p<0.05 versus control. (MABP=mean blood pressure, PP=pulse 

pressure). 
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Figure 5.3 Mean data for blood pressure and heart rate measurements  

All measurements are pairwise, taken pre-pacing (Control, black), at 4-weeks of 

pacing (4-wk, red) and after 3-weeks of further pacing concomitant with tadalafil 

treatment (Tadalafil, blue). Measurements shown are for (A) systolic blood 

pressure, (B) diastolic blood pressure, (C) mean blood pressure and (D) pulse 

pressure. Mean ± SEM. Differences compared using a one-way repeated measures 

ANOVA and holm-sidak post-hoc test. Versus control *p<0.05, **p<0.01. 
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5.3.3 The effect of HF and chronic PDE5 inhibition on animal survival 

In accordance to Home Office legislation, the development of symptoms (cachexia, 

dyspnea, and fluid accumulation) requires the animal to be sacrificed, thus we use the term 

‘end-stage’ HF as the point at which symptoms prevail to the point where it is considered 

necessary to euthanise the animal. 

Figure 5.4 shows a Kaplan-Meier plot demonstrates the relative survival of animals paced 

until the end of the study. HF animals treated with a PDE5 inhibitor live longer than 

untreated animals.  

In terms of paced duration Tadalafil treated animals were tachypaced for 30±1.1 days, 

approximately 4 weeks, and treated for a further 20.7±0.3 days, approximately 3 weeks, 

with the selective, long-acting PDE5 inhibitor tadalafil. Animals destined for end-stage HF 

were paced on average for 42.6±4 days at which point they had developed symptoms of 

HF and were sacrificed. In total, tadalafil animals were paced for 50.7±1.4 days, which 

equates to a total pacing time of 15.9±8.4% greater than end-stage HF animals (p=0.03, 

n=15).  

Taken together, tadalafil treatment improves survival and cellular Ca
2+

 handling in animals 

with HF without effects on vascular resistance, which suggests that the beneficial effects of 

PDE5 inhibition are not due to changes in cardiac loading. The next set of experiments 

sought to elucidate changes to cardiac function in HF and following tadalafil treatment.  
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Figure 5.4 Relative symptom free survival in PDE5 inhibitor treated HF 

animals  

Animals were paced for 4 weeks at which point some were treated chronically with 

the PDE5 inhibitor tadalafil and paced for a further 3 weeks (blue line), other 

animals deemed for ‘end-stage’ HF were paced continually until they presented 

clinical symptoms of HF (green line), at which point they were sacrificed (n=15). 
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5.3.4 The effect of heart failure and chronic PDE5 inhibition on left ventricular 

dimension and systolic function 

5.3.4.1 Fractional area change 

Short axis echocardiography using b-mode (brightness/2-dimensional mode) allows a 

cross-sectional view through the heart to be analysed. Measuring the cross-sectional area 

of the ventricular lumen, inferior to the mitral valves, provides us with chamber 

dimensions that can be measured at both systole and diastole (Figure 5.5A). From these the 

fractional area change can be calculated, which is a function of cardiac contractility. 

Control corresponds to observations before commencement of tachypacing: pre-pacing.  

Summary data in Figure 5.5B/C shows that 4-weeks of tachypacing reduces contractility 

(pre-pacing: 0.73±0.02 cm, versus 4-week: 0.46±0.03 cm), similar to the dysfunction 

observed in end-stage heart failure (0.40±0.08 cm). Furthermore, chronic treatment with 

tadalafil had little effect on contractility compared with that observed at both 4-week and 

end stage HF (0.51±0.05 cm, Figure 5.5B/D). Also, note the accumulation of pericardial 

fluid in representative paced images (pericardial effusion (PE) marked on Figure 5.5A), as 

this demonstrates fluid decompensation associated with dilated cardiomyopathy.  
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Figure 5.5 The effect of PDE5 inhibition in heart failure on fractional area change  

Echocardiography performed before pacing (control), at 4 weeks of pacing (4-wk), after a 

further 3-weeks of pacing plus tadalafil treatment (Tadalafil), and in animals paced to end-

stage HF (HF). PE = pericardial effusion. (A) Representative short axis echocardiograms. 

Summary data for fractional area change (B) pairwise and (C/D) unpaired to show 

comparisons with HF. Data presented as fractional area change (end-systolic minus end-

diastolic area, 1 being total area change, discussed in Chapter 5.2). Mean±SEM. 

Differences compared using a one-way repeated measures ANOVA and holm-sidak post-

hoc test for pairwise data and a one-way ANOVA for unpaired data. Versus control 

*p<0.05, **p<0.01. NS=not significant. 
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5.3.4.2 Fractional shortening 

Long-axis echocardiography using m-mode (motion) allows specific ventricular lumen 

dimensions to be measured, such as internal diameters and wall thicknesses at both systole 

and diastole. The movement of the free- and septal- ventricular walls can be measured 

during systole and diastole to calculate the fractional shortening. The anatomy of the sheep 

thorax makes it impossible to obtain a 4-chamber apical view, which would be the usual 

method of calculating ejection fraction (an accurate measure of ventricular contractile 

function), thus fractional shortening, together with fractional area change, provides the 

only available indications in this model. Figure 5.6B/C show both 4-weeks of pacing and 

end-stage HF are associated with decreased ventricular contractility (pre-pacing: 0.55±0.03 

cm, versus 4-week: 0.31±0.02 cm, and HF: 0.22±0.02 cm). Furthermore, as disease 

progresses with prolonged pacing from 4-weeks to the presentation of symptoms of end-

stage HF, ventricular function worsens (Figure 5.6D, -29.9±8.8%, p<0.001). There was 

little difference observed between ventricular function in Tadalafil and end-stage HF 

(0.21±0.03 cm, Figure 5.6E), which showed a trend to be worse than the function observed 

at 4-weeks of pacing (p=0.06, Figure 5.6B). 
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Figure 5.6 The effect of PDE5 inhibition in heart failure on fractional shortening  

Echocardiography performed before pacing (control), at 4 weeks of pacing (4-wk), 

after a further 3-weeks of pacing plus tadalafil treatment (Tadalafil), and in animals 

paced to end-stage HF (HF). PE = pericardial effusion. (A) Representative long axis 

echocardiograms. Summary data for fractional shortening (B) pairwise and (C/D) 

unpaired to show comparisons with HF. Data presented as a fraction end-diastolic 

internal diameter (1 being total shortening, discussed in Chapter 5.2) Mean±SEM. 

Differences in paired data compared using a one-way repeated measures ANOVA 

and holm-sidak post-hoc test, or a paired Student’s t-test. Unpaired data compared 

using a Student’s t-test. Versus control **p<0.01. Versus 4-wk §p<0.01. NS=not 

significant.  

 

Control    HF 
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End-diastolic and end-systolic internal diameter (EDID and ESID respectively) 

measurements provide an indication of the level of ventricular dilatation associated with 

heart failure. Summary data presented in Figure 5.7 and Figure 5.8 show that both EDID 

(pre-pacing: 3.34±0.4 cm) and ESID (pre-pacing: 1.55±0.3 cm) were increased after 4-

weeks of pacing (3.68±0.2 cm and 2.65±0.3cm respectively), which was not as bad as the 

dilatation observed in end-stage HF hearts (EDID: 4.79±0.3 cm, ESID: 3.76±0.3 cm). 

Following 3 weeks of PDE5 inhibitor treatment there was neither any significant 

difference between chamber dimensions at 4-weeks nor at end-stage (EDID: 3.94±0.3 cm, 

ESID: 3.13±0.3 cm), which suggests tadalafil treatment arrested any further chamber 

dilatation. 
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Figure 5.7 The effect of PDE5 inhibitor treatment in heart failure on end-

diastolic internal diameter (EDID)  

(A) Paired summary data for EDID as measured from m-mode 

echocardiography for control (black), 4-week paced (4 wk, red), 3-week further 

pacing plus tadalafil treatment (Tadalafil, blue). (B) Paired summary data for 

EDID between control and end-stage HF (green). (C) Unpaired summary data 

for EDID between 4 wk and HF. (D) Unpaired summary data for EDID 

between HF and Tadalafil. Mean±SEM. Differences in paired data compared 

using a one-way repeated measures ANOVA and holm-sidak post-hoc test, or a 

paired Student’s t-test. Unpaired data compared using a Student’s t-test. Versus 

control **p<0.01. Versus 4-wk §p<0.01. NS=not significant.  

 



 

 176 

Figure 5.8 The effect of PDE5 inhibitor treatment in heart failure on end-

systolic internal diameter (ESID)  

(A) Paired summary data for ESID as measured from m-mode 

echocardiography for control (black), 4-week paced (4 wk, red), 3-week 

further pacing plus tadalafil treatment (Tadalafil, blue). (B) Paired summary 

data for ESID between control and HF (green). (C) Unpaired summary data 

for ESID between 4 wk and HF. (D) Unpaired summary data for ESID between 

HF and Tadalafil. Mean±SEM. Differences in paired data compared using a 

one-way repeated measures ANOVA and holm-sidak post-hoc test, or a paired 

Student’s t-test. Unpaired data compared using a Student’s t-test. Versus 

control **p<0.01. Versus 4 wk §p<0.05. NS=not significant. 
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Different animal models of heart failure use different substrates to induce cardiomyopathy. 

Pressure overload models induced by transverse aortic constriction generate hypertrophic 

cardiomyopathy, whereas tachypaced models, such as the present study, generate dilated 

cardiomyopathy. We have shown that chamber dilatation occurs in the present model of 

HF, thus we next tested whether hypertrophy is observed by measuring ventricular wall 

thickness. Figure 5.9 shows that 4-weeks of tachypacing resulted in a reduction in free wall 

thickness (pre-pacing: 0.60±0.06 cm, versus 4-weeks: 0.32±0.02 cm, p=0.002) similar to 

that observed in end-stage HF (0.35±0.03 cm, p=0.08), a 45.8±5.9% and 40.9±7.4% 

reduction respectively.  

The intraventricular septum thickness was also measured (pre-pacing: 0.69±0.07cm), 

which too was reduced following 4-weeks of pacing (45.4±6.4%, 0.37±0.02 cm, p<0.001), 

which was seemingly worse than the reduced thickness observed in end stage HF 

(29.8±9.9%, 0.48±0.05 cm, p=0.06). Together, these changes correspond to the ventricular 

dilatation observed in both diastole and systole as described above. 

Tadalafil treatment had no effect on either free wall (0.36±0.05 cm) or septal wall 

(0.39±0.05 cm) thickness as compared with either 4-weeks of pacing or end stage HF.    
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Figure 5.9 The effect of PDE5 inhibitor treatment in heart failure on 

relative wall thickness (RWT) of the left ventricular free wall (FW)  

(A) Paired summary data for RWT FW as measured from ventricular free wall 

thickness in diastole (see text) using m-mode echocardiography for control 

(black), 4-week paced (4 wk, red), 3-week further pacing plus tadalafil 

treatment (Tadalafil, blue). (B) Paired summary data for RWT FW between 

control and HF (green). (C) Unpaired summary data for RWT FW between 4 

wk and HF. (D) Unpaired summary data for RWT FW between HF and 

Tadalafil. Mean ± SEM. Differences in paired data compared using a one-way 

repeated measures ANOVA and holm-sidak post-hoc test, or a paired Student’s 

t-test. Unpaired data compared using a Student’s t-test. Versus control 

**p<0.01. NS=not significant. 
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Figure 5.10 The effect of PDE5 inhibitor treatment in heart failure on 

relative wall thickness (RWT) of the intraventricular septum (IVS) 

(A) Paired summary data for RWT IVS as measured from intraventricular 

septum wall thickness in diastole (see text) using m-mode echocardiography 

for control (black), 4-week paced (4 wk, red), 3-week further pacing plus 

tadalafil treatment (Tadalafil, blue). (B) Paired summary data for RWT IVS 

between control and HF (green). (C) Unpaired summary data for RWT IVS 

between 4 wk and HF. (D) Unpaired summary data for RWT IVS between HF 

and Tadalafil. Mean ± SEM. Differences in paired data compared using a 

one-way repeated measures ANOVA and holm-sidak post-hoc test, or a paired 

Student’s t-test. Unpaired data compared using a Student’s t-test. Versus 

control **p<0.01. NS=not significant. 
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5.3.5 The effect of heart failure and chronic PDE5 inhibition on in vivo 

electrophysiological remodelling in HF  

Contractility is determined by electrical activity, which transmits throughout the heart and 

can be recorded non-invasively using electrocardiography (ECG), example traces are 

shown in Figure 5.11. Electrical impulses are generated by the sinoatrial node, which 

transmits electrical impulses across the atria resulting in atrial systole, the P wave on the 

ECG. Electrical impulses are channelled down into the ventricles along the His-Purkinje 

system located in the ventricular septum, which result in ventricular systole and correspond 

to the QRS complex on the ECG. Ventricular diastole and the dissipation of the electrical 

signal correspond to the T wave on the ECG. A number of parameters were measured from 

the ECG recorded in animals before pacing, at 4-weeks of pacing and following tadalafil 

treatment and are summarised in Table 17. The R-R interval as shown in Figure 5.12Ai 

corresponds to the time between each R wave and provides an indication of heart rate. R-R 

interval before pacing (561.5±42 ms) had a tendency to be decreased following 4-weeks of 

pacing (486.3±20 ms, p=0.07) and maintained decreased following tadalafil treatment 

(473.8±25 ms p=0.07). The change in R-R interval would suggest an increase in heart rate 

(HR) in the tachypaced animals, we observed possible increases in HR (pre-pacing: 112±9 

bpm, versus 4-weeks: 125±6 bpm, Tadalafil: 130±7 bpm, Figure 5.12Aii), however these 

changes did not achieve significance, most likely reflective of the low sample size 

presented in this study.  

The standard deviation of the R-R interval (SD R-R) is used as an indication of the amount 

of variability of heart rate over time, which is indicative of the autonomic control of heart 

rate. R-R variability was decreased from pre-pacing (36.8±8.5 ms, Figure 5.12Aiii) 

following 4-weeks of tachypacing (17.7±2.8 ms, p=0.009) and maintained similarly 

decreased after tadalafil treatment (18.0±3.1 ms, p=0.01). This may suggest that there is a 

degree of autonomic dysfunction present in our model of HF unchanged by tadalafil 

treatment.  

For the other parameters investigated there was no difference in P-wave duration (p=0.75), 

P-R interval (p=0.21) or QRS duration (p=0.68) as summarised in Table 17, however there 

appeared to be a tendency for an increase in Q-T interval following 4-weeks of 

tachypacing (control: 0.34±0.01s, versus 4-week: 0.36±0.01s, p=0.08, Figure 5.12B), 

which showed a tendency to be restored to control following tadalafil treatment 

(0.35±0.01s).  



 

 181 

 

 

 Control 4 wk Tadalafil 

P-wave duration (ms) 30±2 30±2 30±5 

P-R interval (ms) 80±4 100±8 90±10 

QRS duration (ms) 50±4 40±3 40±3 

Table 17. Summary data for changes in ECG parameters 

Mean ± SEM, n=8, differences compared using one-way repeated measure ANOVA.
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Figure 5.11 Representative ECG traces. 

Example traces for ECGs from one animal (top to bottom), at baseline (black), following 4 

weeks of pacing (red), following a further 3 weeks of pacing and tadalafil treatment (blue). 
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Figure 5.12 The effect of PDE5 inhibitor treatment in heart failure on electrical 

activity in the heart  

Differences in ECG parameters pre-pacing (black), post 4-weeks pacing (4 wk, red) 

and following further 3 weeks of pacing and tadalafil treatment (blue). (Ai) interval 

between R-waves (R-R interval) (ii) heart rate (HR) and (iii) R-wave variability 

(standard deviation (SD) R-R interval). (B) Changes in corrected Q-T duration (QTc). 

Differences in paired data compared using a one-way repeated measures ANOVA and 

holm-sidak post-hoc test Versus control **p<0.01.n=8 
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5.3.6 The effect of β-AR stimulation on HR in heart failure 

As shown in previous chapters of this thesis, 4-weeks of tachypacing resulted in altered β-

AR signalling, which was modulated by chronic PDE5 inhibition. This next set of 

experiments sought to investigate whether β-AR responsiveness is altered at the whole 

heart/animal level.  

Increasing doses of the selective β1 agonist dobutamine were used to stress the β-AR 

capacity of the conscious sheep. Figure 5.13A shows the decreases in R-R interval (inverse 

analogue of HR) as the dose of dobutamine was increased from 0.5 to 20 g/kg/min.  

Following 10 minutes of baseline ECG recording incremental increased doses of 

dobutamine were infused to produce a decrease in R-R interval until at least a 50% 

decrease was observed. Pre-pacing, dobutamine at increasing doses 5 and 10 g/kg/min 

resulted in a dose dependent decrease in R-R interval, 34±6% and 44±11% respectively, 

which is consistent with β1 dependent elevation of HR (Figure 5.13Ci). Following 4-weeks 

of pacing sensitivity to the agonist was lost, resulting in a lack of significantly decreased 

R-R from baseline at either 5 or 10g/kg/min (5±6% and 14±3% decrease respectively). A 

dose of 20g/kg/min was required to generate a 23±3% decrease in R-R interval. Figure 

5.13Cii shows that in different animals paced to end stage there was almost no change in 

R-R interval observed following 5 and 10g/kg of dobutamine.  

Chronic treatment with tadalafil revealed an increase in sensitivity to the β-AR agonist at 

all three doses of dobutamine (5, 10 and 20g/kg/min) showing dose-dependent decreases 

in R-R interval (15±4%, 26±5%, 33±5% decrease respectively, p<0.05 versus control no 

drug). These results correspond to the cellular data, suggesting that chronic PDE5 

inhibition restores β-AR sensitivity in HF.  

After administering a dose of dobutamine great enough to produce a >50% change in R-R 

interval (or HR) from baseline, a short axis echocardiogram was recorded to measure the 

dobutamine evoked fractional area change, summary data shown in Figure 5.13B. In 

animals paced for 4-weeks and to end stage HF, cardiac contractility was reduced, however 

following treatment with the PDE5 inhibitor fractional area change was still lower than 

that observed at baseline, yet revealed greater contractile capacity as compared with the 

failing hearts.  
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Figure 5.13 The effect of β-AR stimulation in HF 

Differences in the effects of β1 stimulation in animals: pre-pacing (black), post 4-

weeks paced (red) and following a further 3 weeks of pacing plus tadalafil treatment 

(blue) and end-stage HF (green). (A) Effect of increasing concentrations of infused β1 

agonist dobutamine on R-R interval values are mean ± SEM. (B) The effect of a 

maximum dose of dobutamine required to significantly decrease R-R interval on 

cardiac fractional area change as assessed by transthoracic echocardiography. (C) 

Summary data for the effect of increasing doses of infused dobutamine (5-

20g/kg/min) on R-R interval as normalised to baseline R-R interval. HF data in Cii 

provided by Dr M. Horn and shown here for comparison purposes. For A and B: 

differences compared using a one-way repeated measures ANOVA and holm-sidak 

post-hoc test Versus control **p<0.01, solid lines represent alternative differences. 

For Ci differences were compared using a two-way repeated measures ANOVA and 

holm-sidak post-hoc test. Cii data is unpaired from Ci. Versus 1 **p<0.01, solid line 

represents all points different from 1.   
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5.4 Discussion 

Chronic treatment with the PDE5 inhibitor Tadalafil prolongs the life of an animal in HF. 

Phenotypically those animals treated with the drug have unaltered cardiovascular 

characteristics to untreated animals with little differences in cardiac contractility. However, 

chronic PDE5 inhibition restores responsiveness to β-AR stimulation in vivo. The data 

presented here provides evidence for the beneficial effects of PDE5 inhibition in a large 

animal model of HF.    

5.4.1 Large animal model of dilated cardiomyopathy (DCM) 

The present study has employed the use of a large animal model of dilated cardiomyopathy 

induced by rapid ventricular pacing. DCM is characterized by prominent increases in 

myocardial mass and volume secondary to (bi-)ventricular dilatation. This results in the 

myocardium developing a more globe-like appearance. Raised wall stress, depressed 

systolic function, abnormal diastolic filling and wall thinning are all common in a DCM 

phenotype
290

.  

In human patients symptoms of DCM include dyspnea and a reduced capacity for exercise, 

followed by cachexia and peripheral oedema in the latter stages of disease progression. Our 

group has developed and utilised a sheep model of heart failure induced by tachypacing for 

5-8 weeks
179, 276, 277

, which reflects an end-stage model of HF. The present study has 

determined HF as the phenotype presented at four weeks of tachypacing and showed in 

Chapter 4 that cellular physiology impairment is similar to that observed at end stage
179

. In 

addition, animals paced for four weeks showed cachexia with ascites and cardiac effusion. 

HF animals were dyspnoeic with observed fluid accumulation in the lungs at the time of 

killing, yet there was no difference in LW to BW ratio between normal and paced animals. 

This may be a result of the necessity to rapidly extract the heart from the chest cavity post-

mortem, which in turn results in the lungs stagnating in residual blood before they too 

could be extracted. As a function of HF, LW to BW ratio would be more reliable if dry 

lung weight was measured, alternatively BW to tibia length ratio could be calculated. 

Left ventricular dysfunction as induced by tachypacing was first described by Whipple et 

al
291

 and has since become a common methodology to reliably produce a DCM and chronic 

HF phenotype in larger animals including dogs
292

, pigs
293

 and sheep
294

. Tachypacing 

induced cardiomyopathy results in the generation of a model closely resembling human 

DCM as animals undergo similar cellular, structural and neurohumoral alterations
290

. After 
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four weeks of tachypacing systolic, mean and pulse pressures were reduced in the sheep, 

which corresponds to previous findings in different large animal species
276, 292, 293, 295

. 

Clinical studies suggest that heart failure in humans is generally associated with an 

elevated blood pressure, however concurrent vascular diseases and pharmacological 

interventions (ACE inhibitors, Ca
2+

 channel blockers, β-AR blockers) may be responsible 

for such findings. This study showed a tendency for reduced R-R interval in HF, 

corresponding to a trend for an increase in HR. Tachypaced dogs have presented with 

increased
295

 and unchanged
296

 HR and one study found no change in sheep HR following 

six weeks of tachypacing at a similar rate to the current study. The nature of tachypacing 

prevents compensatory HR changes occurring, thus upon pacing cessation one may expect 

concomitant increases in HR. Typically at least 10 minutes was allowed for animals to 

recover once pacing was ceased, which has proved adequate for HR to stabilise. Moreover, 

handling is stressful to the animals and so this also allows catecholamine surges to 

stabilize. This suggests that any changes in HR observed here are due to intrinsic 

compensations to rescue cardiac output from the failing ventricle. 

Systolic and diastolic dysfunction are important characteristics of DCM and are diagnosed 

in the clinic using echocardiography to assess myocardial internal diameters and wall 

thickness. DCM ultimately results in a failure for the heart to provide adequate perfusion 

of tissues, thus is concordant with a decreased ejection fraction. Cardiac anatomy in the 

sheep prevents capture of four-chamber apical views using echocardiography, thus 

precluding measurement of ejection fraction and chamber volumes. The present study has, 

as before
179, 276

, used 2-dimensional views to calculate fractional area change and m-mode 

views to calculate fractional shortening in order to provide an indirect measure of ejection 

fraction. Both fractional area change and shortening were reduced in the sheep left 

ventricle following four weeks of pacing, of which the latter was further reduced as HF 

progressed. Moreover, this was accompanied by systolic and diastolic dilatation that too 

worsened toward end-stage HF. Byrne et al demonstrated similar progression of HF in 

sheep, finding increasing left ventricular area and decreased fractional shortening from 

three to 10 weeks of rapid pacing
294

.  In accordance with the limitation to using 

echocardiography in the sheep as discussed above it is difficult to obtain appropriate trans-

thoracic views to measure mitral flow, which would be a useful factor in determining valve 

regurgitation associated with the myocardial dilatation observed.  
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DCM in humans as well as animal models is accompanied by ventricular wall thinning
276, 

294, 295
, which is secondary to eccentric hypertrophy. The present study found no difference 

in cellular capacitance (see 4.3); unlike previously reported in the tachypaced sheep 

model
179

, which also showed increases in myocyte length. However, similar decreases in 

left ventricular free and septal wall thicknesses were observed in the present study as 

previously reported
179, 276, 294

. Surprisingly, the intraventricular septum appeared to be 

thinner at 4-weeks of pacing than at end stage, however this may highlight the limitation of 

using one technique as the sole determinate of wall dimensions, as an oblique parasternal 

image in m-mode can result in overestimation of dimensions. Increasing the power of this 

group would allow a more robust assessment of any such changes.  

The heart is greatly influenced by the autonomic nervous system. Increased circulating 

catecholamines measured in HF patients results in a greater sympathetic tone, which 

ultimately leads to β-AR dysfunction, is associated with a concomitant decrease in 

parasympathetic tone leading to further left ventricular dysfunction
297

. The resultant loss of 

autonomic tone may manifests in the loss of heart rate variability as observed in the current 

study. Precise blockade of both sympathetic and parasympathetic nervous systems would 

be required to examine the exact changes in autonomic contribution occurring in the sheep 

model of HF.  

The QT interval is a standard measure of ventricular repolarization and thus corresponds to 

the action potential duration, which can be measured from both whole hearts in vivo and 

single myocytes in vitro. As HR increases, the refractory period and thus the time for 

repolarisation of the ventricles must also increase
298

. Therefore it is well documented that 

action potential duration (APD) and thus QT will change with alterations in HR. For this 

reason QT has been corrected for using a Bazett's correction, which is most commonly 

used for humans in a clinical setting
299

. As this formula is derived using normal human HR 

(60 bpm) as a correction factor there may be some limitation to its use for correcting sheep 

QT interval (resting HR >80 bpm). Human heart failure is associated with both structural 

and electrical changes to the myocardium and as such is associated with a prolongation of 

the APD
300, 301

. Moreover, in a canine model of HF a prolonged APD was observed in vivo 

following 3 weeks of rapid pacing
302

, which may indicate the possible prolonged QT 

interval observed in the current study. As action potentials were not measured in this study 

such changes to QT interval can only be speculated and further work would be required to 

measure the APD in the present model of HF.   
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5.4.2 The effect of PDE5 inhibition on the DCM phenotype 

PDE5 inhibitor therapy was originally developed for the treatment of angina, with 

subsequent therapeutic targeting of erectile dysfunction and pulmonary hypertension. 

PDE5 inhibition thus traditionally is considered a therapy for vascular disorders. The 

present study has shown that BP and HR was unaffected by chronic tadalafil treatment.  

When administered acutely the PDE5 inhibitor sildenafil transiently decreased BP in both 

normal and HF patients with no effect on HR
303

. In studies of HF patients chronically 

treated with sildenafil there were no effects on BP or HR observed
304

. Some have shown 

that chronic PDE5 inhibition may have varying effects on both pulmonary and systemic 

vascular resistance
165, 248, 305-307

. Changes in cardiac output could facilitate changes in 

vascular resistance without effects on blood pressure, which may explain this conflicting 

evidence. Further investigation into the effect of chronic PDE5 inhibition on pulmonary 

wedge pressures and systemic vascular resistance in the sheep model of HF are required to 

confirm any such differences. It should be noted that a limitation to the present study is the 

lack of BP data for animals at end-stage HF, however it is possible that chronic PDE5 

inhibition is preventing any worsening of BP.  

The present study has shown that Ca
2+

 handling in the failing ventricle is positively 

modulated by chronic PDE5 inhibition, which appears to be independent of changes in BP. 

The amplitude of the systolic Ca
2+

 transient is an important determinate of myocardial 

contractility, which is attenuated by at least 4-weeks of tachypacing in the sheep. 

Measurements of left ventricular area change and shortening determine relative myocardial 

contractility and provide an estimate of ejection fraction. As discussed above, the 

tachypaced sheep model of HF is associated with decreased ventricular function. Despite 

any changes in Ca
2+

 handling facilitated by chronic PDE5 inhibition, there was no change 

in ventricular contractility. Furthermore, cardiac contractility in Tadalafil animals was 

tantamount to that observed in end-stage HF animals. Chronic PDE5 inhibition is known to 

recover contractility in TAC mice
123, 274

, in rats with a compromised mitral valve
308

 and 

following PDE5-siRNA targeting in post-MI mice hearts. Furthermore, chronic PDE5 

inhibitor treatment improved contractility in humans with left and right heart failure
265, 309, 

310
. 

The majority of these studies also report that PDE5 inhibition reduced both systolic and 

diastolic ventricular dimension, of which there was no reversal following three weeks of 

PDE5 inhibition in the tachypaced sheep heart. Our laboratory has previously reported that 
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the sheep model of HF is associated with wall thinning and eccentric hypertrophy
179, 276

, 

the former of which was shown to some extent unaffected by chronic PDE5 inhibitor 

therapy in the current study. PDE5 inhibition is known to reverse pre-existing hypertrophy 

through inhibition of the pro-hypertrophic calcineurin/NFAT and ERK1/2 signalling 

pathways
123

. Such signalling pathways are beyond the present investigation but further 

work would be required to firstly test whether they are activated in a tachypaced model of 

HF and whether PKG signalling interacts in this scenario.  

Little difference was observed in most electrophysiological parameters of the whole heart 

of animals treated chronically with the PDE5 inhibitor than that observed following 4-

weeks of pacing. However, the small increases in the QT interval following 4 weeks of 

rapid pacing were no longer observed following chronic PDE5 inhibitor treatment. As 

discussed above, such changes in QT interval may be associated with changes in APD. 

Such discussion here is limited by the lack of evidence from the current study to support 

this. Although as APD is determined by several ionic conductances it is likely that changes 

in these may contribute to the changes in QT interval observed. Eisner et al reviewed that 

changes in potassium and calcium currents along with NCX and calcium activated chloride 

currents all contribute to action potential duration
311

, of which the current study has shown 

no difference in steady state ICa-L, which suggests that further work may elucidate changes 

in those other contributing currents.  

Most studies maintained PDE5 inhibition for between 3 weeks and 1 year using sildenafil 

to inhibit PDE5 at concentrations of 100 mg/kg/day for rodents and 100-150 mg/day in 

humans. To my knowledge no previous studies investigated the effect of tadalafil as a 

PDE5 inhibitor on haemodynamics in HF. Tadalafil is >1000x selective for PDE5 than 

sildenafil and therefore makes it more appropriate for a ‘once-a-day’ therapy
312, 313

. 

Moreover 20mg tadalafil was shown to increase intraocular pressure in sheep, which 

shows such a dose is effective for eliciting haemodynamic responses. The plasma 

concentration of tadalafil was not measured in the present study, however Figure 5.4 

provides compelling evidence for the effectiveness of this therapy on the survival of sheep 

in HF. 

5.4.3 PDE5 inhibition resensitises the failing heart to β-AR stimulation  

Heart failure is associated with a decreased sensitivity of the myocardium to β-AR 

stimulation, which is observed at both the whole animal and myocyte level. Such 
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desensitisation has been observed in tachypacing induced HF, including the sheep
179, 314

, 

which may be due to increased circulating catecholamines
294

, as consistent with human 

HF.  

Unlike that observed previously by our laboratory, the current study revealed that 4-weeks 

of pacing was not sufficient to completely attenuate the β-AR responsiveness of isolated 

mycoytes (see 4.3.6.1); demonstrating a reduced response of β-AR stimulation on changes 

to ICa-L, yet no difference in the size of the evoked Ca
2+

 transient. In order to test the β-AR 

capacity of HF animals in vivo increasing doses of the β-AR agonist dobutamine were 

infused Figure 5.13. As the systolic Ca
2+

 transient is an analogue of myocardial 

contractility it was surprising that cardiac contractility in response to β-AR stimulation, as 

assessed by echocardiography, was attenuated following 4-weeks of pacing to a similar 

level to those animals paced until end-stage HF. Furthermore, 4-week paced animals 

required up to 20 g/kg/min of dobutamine before significant changes in HR were 

observed, which may also suggest sinus node dysfunction in these animals. The 

underpowered nature of the in vitro data may suggest a possible reason for the discrepancy 

observed here, however as dobutamine is more selective for β1 adrenoreceptors and 

isoprenaline (see Chapter 3) is a non-selective β-adrenoreceptor agonist, changes to β-

adrenoreceptor density cannot be ruled out. Further work would be required to assess 

differences in sarcolemmal distribution and expression of β-adrenoreceptors in the 

tachypaced sheep model of HF. 

Animals chronically treated with the PDE5 inhibitor tadalafil are more responsive to β-AR 

stimulation at both the myocyte and whole heart level. Heart rate was dose-dependently 

increased above baseline following 5 to 20 g/kg/min of dobutamine, and β-AR stimulated 

contractility was equally greater than that measured at 4-weeks of pacing and end-stage 

HF. The dobutamine stress test was performed in animals immediately before the time of 

killing and so the previous tadalafil treatment was provided the day before. This was 

ensured to prevent any acute interactions of PDE5 inhibition with the study as increases in 

systolic and diastolic function evoked by dobutamine in HF patients was markedly blunted 

when pre-treated with sildenafil
165

. In humans with congested HF 12 weeks of sildenafil 

treatment facilitated a tendency for an increase in capacity for a 6 minute walk stress test, 

which was not observed in a placebo treated cohort
315

. Furthermore, in a rodent model of 

mitral regurgitation resulting in chronic left ventricular dysfunction, four months of 

sildenafil treatment restored exercise capacity
308

. Together with the findings of the present 
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study this suggests that chronic PDE5 inhibition positively modulates β-AR signalling in 

the failing ventricle.  

5.5 Study limitations 

Here the limitations to the use of the HF and chronically treated model will be explored 

with reference to the experiments presented in both this and the previous chapter.  

The rapid ventricular pacing model of HF is well established in our laboratory
179, 276, 277

. 

Generally the length of time of pacing is correlated with the severity of HF, however as 

severity is a complicated spectrum it is almost impossible to tell, especially in the sheep, 

the degree of HF presented. For the animals at end stage, HF is determined as the point of 

fluid accumulation and breathlessness, which was generally not as obvious at the 4-week 

point of pacing. Thus as tadalafil treatment was initiated at the 4-week point it is 

impossible to tell at which stage of severity of HF the animals were at. This uncertainty 

may account for the premature loss of one animal during the study.  

In vivo measurements were always performed at least 10 minutes after the pacemaker was 

turned off in order to allow the heart to stabilise, however this does not take into account 

the stress of handling the animal and the likely increased level of circulating 

catecholamines, which may influence blood pressure and heart rate. Furthermore, in the 

present study ECG analysis was performed on 1-5 minute periods of ECG recordings, 

which would usually be assessed over a 24-hour period in humans. Body temperature and 

hormonal influences and genetic variability have not been corrected for in the analysis, 

which may confer inconsistencies in the measurements obtained.    

Tadalafil is considered a more selective PDE5 inhibitor than sildenafil and appears to be 

beneficial to the failing myocardium. When applied acutely to myocytes sildenafil was 

negatively inotropic, however the present study has not tested the acute effects of tadalafil. 

Further, tadalafil treatment was only administered to a HF group of animals; a control 

group was not treated alongside. In HF, tadalafil treatment had no effect on blood pressure 

or HR; however from the present study we cannot be certain of the alternative 

cardiovascular effects PDE5 inhibition may have in the normal population. Although, 

treating HF similarly to the present study is more applicable to human physiology as HF 

treatment would not normally be provided prophylactically.  
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In order to assess the availability of cAMP and cGMP in tissue from the different 

experimental animal models used the present study used a colorimetric cyclic nucleotide 

ELISA, however one would question the reliability of such an experimental procedure as 

we know that cyclic nucleotides bind substrates to activate them, thus effectively lowering 

their cytosolic concentrations. Furthermore, cyclase inhibitors were not used, which may 

result in further production of cyclic nucleotides beyond physiologically relevant levels. I 

believe that a more reliable method of assessing cyclic nucleotide availability would be to 

test the activity of PKA and PKG in protein samples. 

Time constraints prevented PDE expression and activity assays to be performed in tissue 

from Tadalafil animals, which restricts the ability to compare and conclude any changes to 

that observed in HF. These experiments are required to confirm the validity of the 

mechanisms proposed. 

5.6 Conclusion 

Chronic PDE5 inhibition prevents the progression of heart failure and resensitises the 

myocardium to β-AR stimulation. These beneficial effects in HF are most likely due to the 

positive effects observed at the myocyte level described in Chapter 2 and are unlikely due 

to mechanical unloading of the heart as blood pressures were unaffected. Steady state 

contractility was not altered and the dilatation and wall thinning phenotypical of HF were 

not reversed, however the current study is limited by only a 3-week period of treatment. 

When PDE5 is chronically inhibited in the rodent heart challenged with transverse aortic 

constriction then hypertrophy and function was restored, however the different 

pathophysiology of a tachypaced heart, which resembles more similarly human DCM, such 

anti-hypertrophic benefits were not seen. Further work is required to assess the pathways 

involved in the cardioprotection provided by chronic PDE5 inhibition as it remains that the 

effects described here may be attributed to the large spectrum of species variation in the 

myocardium between small and large mammals.  
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Chapter 6 
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6 General Discussion 

The aim of this thesis was to understand the role of cGMP and PDE5 in the ovine 

ventricular myocardium and whether they can be manipulated in order to be beneficial in 

HF. This study has shown that acute PDE5 inhibition was negatively inotropic, yet 

paradoxically to the failing ventricle chronic PDE5 inhibition had positive effects on 

steady state Ca
2+

 handling, improved β-AR reserve and prolonged longevity.  

6.1 Acute PDE5 inhibition is negatively inotropic 

In the normal ventricular myocyte PDE5 is located at the z-disk and exclusively commands 

control of the NO-stimulated sGC-derived pool of cGMP. Acute PDE5 inhibition results in 

cGMP accumulation, which results in three possible outcomes, (1) PKG-dependent 

phosphorylation of the L-type Ca
2+

 channel, PLN and TnI, promoting reduced inotropy and 

increased lusitropy, (2) activation of PDE2 resulting in increased cAMP hydrolysis, and (3) 

inhibition of PDE3 resulting in decreased cAMP degradation. The latter two effects are 

determined by the concentration of cGMP. Two out of the three outcomes result in a 

reduction in cardiac contractility. Many previous studies have described relative degrees of 

negative modulation of contractility, species depending, following acute PDE5 inhibition, 

to which we can now include the sheep. Sildenafil reduced ICa-L and Ca
2+

 transient in 

control sheep ventricular myocytes.  

A reduction in ICa-L, Ca
2+

 transient and SR Ca
2+

 content was observed in the failing 

ventricular myocyte as compared with a control cell. The observation of reduced cAMP-

PDE expression and activity, as well as trends for increased cGMP-PDE activity reveals a 

mechanism by which cyclic nucleotide signalling is altered in the failing ventricle. In 

addition, β-AR responsiveness was reduced in HF, which suggests a role for either β-

adrenoreceptor dysfunction, altered downstream signalling or a combination of the two. 

However, despite apparent dissociation of intracellular signalling pathways PDE5 

inhibition still showed tendencies to negatively modulate myocyte contractility: reduced 

ICa-L. The lack of effect on the Ca
2+

 transient is most likely due to disruption of 

compartmentalised cGMP resulting in stochastic PKG activation.  

6.2 Chronic PDE5 inhibition improves Ca
2+

 transients and β-AR responsiveness 

The main aim of this study was to understand how PDE5 inhibition is beneficial to the 

failing myocardium. Chronic PDE5 inhibition prolonged the life of HF animals, reducing 
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the onset of clinical signs. PDE5 inhibition in HF substantially increased baseline Ca
2+

 

transient and maintained whole heart contractility. Chronic PDE5 inhibition also restored 

the β-AR responsiveness of the failing myocardium at both the myocyte and whole heart 

level. Structurally, there was no reverse remodelling observed following PDE5 inhibition, 

however at the myocyte level there was a partial recovery of the t-tubular network. 

Mechanistically, chronic PDE5 inhibition results in greater phosphorylation of downstream 

targets of PKA and PKG, thus it appears that this therapy leads to a restoration of cyclic 

nucleotide signalling in failing myocytes. 

6.3 Why is chronic PDE5 inhibition beneficial to the failing myocardium? 

The present study shows that PDE5 inhibition is beneficial to the failing myocardium. I 

have discussed the intracellular signalling pathways that may interact to enable recovery of 

Ca
2+

 handling and β-AR responsiveness following PDE5 inhibition in HF, such as PDE2 

activation and PDE3 inhibition. However more work is still required to fully understand 

how chronic PDE5 inhibition is beneficial. Inhibition of PDE5 ultimately leads to 

increased cGMP and thus increased PKG activation. I have discussed the effects of 

downstream PKG activity in previous discussions and so the following discussion will 

explore some other ways in which PDE5 inhibition may be beneficial in HF, they are 

summarised in Figure 6.1. 

Regulators of G-protein signalling (RGS) initiate the termination of the G-protein by 

stimulating the GTPase activity of the G subunit, thus promoting the reformation of the 

inactive G-protein heterotimer
118

. Gq signalling is important for stimulating the 

intracellular signalling pathways involved in cardiac hypertrophy and remodelling 

following pressure overload
316

 and is selectively targeted by RGS2
317

. Selective RGS2 

knockout in mice results in a faster progression of cardiac remodelling in response to 

pressure overload
121

. The present study has shown that animals survive longer following 

treatment with a PDE5 inhibitor. PDE5 inhibition results in increased cGMP 

concentrations and PKG activity. Such increased PKG activity has previously been shown 

to be responsible for cardioprotection in pressure overloaded mice
123

. Furthermore, PKG 

can directly activate RGS proteins
121, 318

. In RGS2 knockout mice PDE5 inhibition did not 

have similarly cardioprotective effects, yet still increased PKG activity to the same extent 

as control
121

. Experiments to assess the activity and expression of RGS in the sheep 

myocardium in HF and chronic tadalafil treatment may reveal more about the mechanism 

of prolonged longevity in this model. 
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Figure 6.1 How is PDE5 inhibition beneficial in HF? 

Phosphodiesterase (PDE); transverse-tubules (t-tubules); cyclic adenosine/guanosine 

monophosphate (cAMP/cGMP); protein kinase G (PKG); regulators of G-protein 

signalling (RGS); extracellular signal-regulated kinase (ERK); G-protein couples receptor 

(GPCR). Arrows represent activation, solid end lines represent inhibition.  
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Oxidative stress is considered an important aspect of the pathophysiology of the failing 

ventricle (as reviewed
319

). Increased free radicals cause mitochondrial damage and 

ultimately lead to cardiac remodelling and apoptosis. Pressure overloaded mice undergo 

left ventricular chamber remodelling which is associated with the expression of myocardial 

oxidative stress markers
272

. Interestingly, this study reported increased PDE5 expression, 

which was attenuated following treatment with antioxidants. Furthermore, the 

cardioprotective effect of chronic PDE5 inhibition was linked to the attenuation of 

increased myocardial oxidative stress
272

. This may have implications for the results 

reported in the present study.  

Cellular proliferation, differentiation and survival are dependent on signalling through 

ERK proteins, a member of the mitogen activated protein kinase family
320

. 

Cardioprotection against ischaemia-reperfusion injury and myocardial infarction have been 

linked to ERK signalling
321, 322

. Other pathways involved in cardiac remodelling include 

Akt-PI3K and their downstream effector GSK3β. Such signalling pathways are activated 

following pressure overload in mice
123

. All of these pathways are phosphorylated by PKG, 

induced by chronic PDE5 inhibition and contribute to the remodelling and cardioprotection 

proffered by PDE5 inhibition
123, 323

. The models used in these studies are very different to 

the tachypacing induced failure presented in this study, however it would be very 

interesting to test whether these pathways are involved here. 

Cardiac hypertrophy and remodelling are important pathophysiological aspects of heart 

failure. The calcium dependent phosphatase calcineurin is involved in the activation of 

downstream signalling pathways associated with remodelling including ERK
324

. The main 

hypertrophic role of calcineurin is through dephosphorylation of nuclear factor of activated 

T-cell (NFAT) transcription factors, encouraging their translocation to the cell nucleus, 

resulting in cardiac transcription
325

. Inhibition of this pathway reduces cardiac hypertrophy 

and heart failure progression in animal models of the disease
325

. Calcineurin signalling is 

inhibited by PKG, the activation of which resulted in an NO-dependent reduction in 

cardiac myocyte hypertrophy
326

. Furthermore, chronic treatment of the PDE5 inhibitor 

sildenafil in a TAC model of heart failure resulted in reduced calcineurin expression and 

calcineurin/NFAT signalling as compared with untreated animals
123

. Together, this 

suggests that chronic PDE5 inhibition can attenuate remodelling pathways in heart failure, 

which may suggest a role for the arrested chamber dilatation observed in the present study. 
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It would be very interesting to explore such remodelling signalling pathways in greater 

detail 

T-tubules are an important component in the compartmentalization of signals as they are 

densely populated with β-adrenoreceptors, L-type Ca
2+

 channels and AKAPs. The 

organization of these specialized membrane invaginations is disrupted in HF leading to a 

large reduction in cell capacitance. Mechanical detubulation can result in a 60% reduction 

in ICa-L
327

, which most likely contributes to the attenuated ICa-L observed in the failing 

ventricle. At 4-weeks of pacing t-tubules are severely disrupted in the tachypaced sheep 

heart, which is partially recovered following 3-weeks of PDE5 inhibition (personal 

communication, Jessica Caldwell). Similarly in rats with right ventricular failure following 

pulmonary pressure overload, chronic treatment with the PDE5 inhibitor sildenafil 

reversed t-tubule remodelling
328

. Further, in an infarct model of left ventricular HF Chen et 

al reported β-blocker therapy similarly restored t-tubule density
329

. The present study 

reported very little vascular effect of PDE5 inhibition in the sheep, suggesting that t-tubule 

remodelling is not secondary to a reduction in left ventricular unloading. Together this may 

present a mechanism by which t-tubule reverse remodelling as activated by intracellular 

signalling pathways contributes to the restored Ca
2+

 handling associated with chronic 

PDE5 inhibition in the failing myocardium. 

Indeed, there may be other mechanisms by which cGMP, PKG and even direct PDE5 

inhibition alone may be beneficial to the failing myocardium.  
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6.4 Further work 

Following on from the work presented here the most important question that needs to be 

answered is whether PDE5 inhibition alters SR Ca
2+

 content and if so, how? By applying 

caffeine to isolated cardiac myocytes in the presence of the PDE5 inhibitor and in 

myocytes taken from animals chronically treated with a PDE5 a much clearer picture of 

how cGMP modulates Ca
2+

 handling in the normal and diseased myocardium. 

A greater insight into the altered signalling pathways involved in the chronically treated 

animals would be beneficial. By determining the expression and activity level of GRK, β-

arrestin and RGS it could be determined whether chronic PDE5 inhibition modulates the 

control of β-adrenoreceptors themselves. This may highlight an important mechanism by 

which PDE5 inhibition restores β-AR responsiveness in the failing sheep heart.  

In personal communication with another PhD student we know that there is a partial 

restoration to the t-tubular network in HF animals chronically treated with the PDE5 

inhibitor. β-adrenoreceptors and L-type Ca
2+

 channels are mainly localized in t-tubules. As 

these structures are disrupted in HF, which is associated with decreased β-AR 

responsiveness and reduced ICa-L, there would be scope for immunostaining of these 

proteins to understand how they are relocated in HF. Further, PDE2 and PDE5 localise in 

similar regions, thus immunostaining could reveal whether chronic PDE5 inhibition 

restores intracellular compartments, which may reveal mechanisms by which β-AR 

responsiveness and Ca
2+

 handling are restored in HF.  

Using super resolution microscopy it would be possible to visualize cyclic nucleotide 

compartmentalisation, which would further reveal whether there is a reorganisation of 

signalling in failing myocytes chronically treated with the PDE5 inhibitor. Alternatively 

many studies have employed the use of a FRET-based sensor for cyclic nucleotide 

signalling, which can be used to study local PDE activity.  

As the present study has shown that chronic PDE5 inhibition prolongs the life expectancy 

of HF animals it would be very interesting to test how long a tachypaced animal could 

survive whilst being chronically treated with the PDE5 inhibitor. This may reveal reverse 

remodelling of the heart as observed in the longer chronic treatment studies of Kass et al. 

Finally, further experiments need to have a greater number of cells added to the mean data 

e.g. PDE5 inhibition and β-AR responsiveness in HF. 
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6.5 General conclusion 

Chronic PDE5 inhibition improves ventricular function in the failing human ventricle, by 

which mechanism is not fully understood. HF is associated with altered Ca
2+

 handling and 

β-AR reserve, which was shown in this study to be improved following chronic PDE5 

inhibition. The exact mechanisms by which PDE5 inhibition provides these beneficial 

effects are yet to be elucidated, however this study shows to some degree that a restoration 

in the signalling pathways that govern myocardial contractility are improved. Furthermore, 

the evidence in this study may be more directly comparable to human disease than those 

previous studies, which have used mostly small animal and rodent models of HF. It is 

unlikely that ‘a magic bullet’ therapy for HF will ever be discovered, however the present 

study provides evidence, which may implicate the introduction of chronic PDE5 inhibition 

as a contender for future therapeutic strategies for this disease.  
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