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ABSTRACT 

Recent studies have revealed that around half of patients living with heart failure (HF) 

may present with heart failure with preserved ejection fraction (known as HFpEF). This 

is a condition of diastolic dysfunction in the absence of overt systolic dysfunction and is 

reported to have comparable clinical outcomes to systolic HF. These patients do not 

respond to existing therapies for HF, and HFpEF therefore represents a significant clinical 

burden. Clinical studies have recently highlighted a strong correlation between 

repolarisation abnormalities and diastolic dysfunction in HF patients, but it remains 

unclear whether this represents a causal relationship. It is possible that perturbations to 

ventricular repolarisation may act to disrupt normal intracellular calcium handling, thus 

contributing to diastolic dysfunction through impaired active ventricular relaxation. 

The present study has aimed to address this question using a direct approach to determine 

the relationship between diastolic function and ventricular repolarisation in the whole 

heart, beginning in healthy Langendorff-perfused guinea pig hearts and progressing to 

isolated working hearts from a novel deoxycorticosterone acetate (DOCA)-salt guinea 

pig model of HFpEF. Action potential duration (APD) was prolonged via 

pharmacological blockade of repolarising currents IKr and IKs to replicate changes to QT 

interval seen in the clinic, while ex vivo cardiac function was measured with the use of an 

intraventricular balloon in Langendorff-perfused hearts and a pressure-volume 

admittance catheter in working hearts. In vivo cardiac function in the guinea pig DOCA-

salt model was measured using cardiac ultrasound, while additional characterisation data 

was obtained from conscious radiotelemetry blood pressure and anaesthetised ECG 

recordings. Ex vivo characterisation included the assessment of intracellular sodium 

levels using 23Na NMR spectroscopy in isolated Langendorff-perfused hearts and western 

blotting to examine the ventricular expression of proteins involved in intracellular 

calcium handling.  

Initial experiments utilised whole-heart optical mapping to demonstrate that APD 

prolongation results in concomitant prolongation of the underlying calcium transient, 

providing proof-of-principle for the hypothesis. Cardiac function was then measured in 

the presence of APD prolongation in healthy hearts or in combination with the 
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pharmacological replication of other pathological changes commonly reported in HF. 

This was achieved using ouabain to elevate intracellular sodium and cyclopiazonic acid 

(CPA) to impair SERCA function, while QT interval was measured from ECG recordings 

and used as a surrogate of ventricular APD. These changes affect intracellular calcium 

handling and are therefore likely to be relevant to the proposed mechanism by which 

altered ventricular repolarisation could affect diastolic function. Data revealed mixed 

results, with APD prolongation resulting in mild diastolic impairment in healthy working 

hearts and Langendorff-perfused hearts under conditions of SERCA inhibition, but 

having no effect on diastolic function in working hearts in combination with ouabain and 

CPA treatment. These studies were followed by the development of a novel DOCA-salt 

guinea pig model of HFpEF, allowing the relationship between ventricular repolarisation 

and diastolic function to be assessed in a clinically relevant setting. Extensive 

characterisation data revealed this model to demonstrate many of the key characteristics 

of HF, including elevated intracellular sodium and reduced SERCA expression, which 

previous experiments had aimed to replicate. The presence of diastolic dysfunction in 

vivo was also confirmed, alongside hypertension and QT prolongation. However, APD 

prolongation in isolated working hearts from this model did not exacerbate diastolic 

dysfunction ex vivo. 

Findings from the present study indicate that ventricular repolarisation abnormalities are 

likely not a major contributor to impaired diastolic function in the failing heart.  
  



vi 

 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ............................................................................................. II 

ABSTRACT .................................................................................................................... IV 

TABLE OF CONTENTS ................................................................................................ VI 

LIST OF FIGURES .......................................................................................................... X 

LIST OF TABLES ....................................................................................................... XIV 

LIST OF ABBREVIATIONS ....................................................................................... XV 

1 INTRODUCTION ...................................................................................................... 18 
1.1 Diastolic Dysfunction in Heart Failure .................................................................. 18 

1.1.1 Defining Heart Failure with Preserved Ejection Fraction ............................... 18 
1.1.2 Current Therapies ............................................................................................ 20 

1.2 Cardiac Excitation-Contraction Coupling ............................................................. 21 
1.2.1 The Ventricular Action Potential .................................................................... 21 
1.2.2 Intracellular Calcium Handling During the Cardiac Cycle ............................. 24 
1.2.3 Action Potential Duration Modulates Intracellular Calcium Handling ........... 27 
1.2.4 Changes to Intracellular Calcium Handling in Heart Failure .......................... 29 

1.2.4.1 Alterations to SERCA Expression and Activity ....................................... 30 
1.2.4.2 Alterations to Intracellular Sodium and NCX Activity ............................. 31 

1.3 Cardiac Repolarisation ........................................................................................... 32 
1.3.1 The Myocardial Repolarisation Sequence ...................................................... 33 
1.3.2 Repolarisation Abnormalities: APD is Prolonged in Heart Failure ................ 36 
1.3.3 Impact of Repolarisation Abnormalities on Diastolic Function ..................... 40 

1.4 A Novel Treatment for Diastolic Dysfunction? ..................................................... 43 
1.5 Summary and Project Aims ................................................................................... 44 

1.5.1 Hypothesis ....................................................................................................... 45 
1.5.2 Specific Aims .................................................................................................. 45 

2 METHODS AND MATERIALS ............................................................................... 46 
2.1 General Methods .................................................................................................... 46 

2.1.1 Animal Housing and Husbandry ..................................................................... 46 
2.1.2 Isolation and Perfusion of Guinea Pig Hearts ................................................. 46 



vii 

 

2.1.2.1 Instrumentation of Langendorff-Perfused Hearts ..................................... 47 
2.1.2.2 Instrumentation of Isolated Working Hearts ............................................. 50 
2.1.2.3 Setup and Instrumentation of Langendorff Hearts for Optical Mapping .. 52 
2.1.2.4 Setup and Instrumentation of Hearts for NMR ......................................... 52 

2.1.3 In Vivo Techniques .......................................................................................... 55 
2.1.3.1 Unilateral Nephrectomy and DOCA Pellet Implantation ......................... 55 
2.1.3.2 Telemetry Device Implantation ................................................................. 57 
2.1.3.3 Cardiac Ultrasound .................................................................................... 61 

2.1.4 Blood Pressure and ECG Telemetry Data Acquisition and Analysis ............. 64 
2.1.5 NMR Spectra Acquisition and Analysis ......................................................... 65 
2.1.6 Western Blotting of Ventricular Tissue .......................................................... 67 

2.1.6.1 Isolation and Homogenisation of Ventricular Tissue ................................ 67 
2.1.6.2 Western Blotting ....................................................................................... 68 

2.2 List of Reagents ..................................................................................................... 71 
2.3 List of Pharmacological Agents ............................................................................. 72 

3 LANGENDORFF HEART STUDIES ....................................................................... 74 
3.1 Introduction ............................................................................................................ 74 

3.1.1 Hypothesis and Objectives .............................................................................. 76 
3.2 Methods ................................................................................................................. 76 

3.2.1 Relationship between APD and CaTD in the Isolated Guinea Pig Heart ....... 76 
3.2.2 Effect of Prolonging QT Interval in the Healthy Heart ................................... 80 
3.2.3 Effect of Prolonging QT Interval in the Presence of Ivabradine .................... 82 
3.2.4 Effect of Prolonging QT Interval in the Presence of SERCA Inhibition ........ 83 

3.3 Results .................................................................................................................... 85 
3.3.1 Relationship between APD and CaTD in the Isolated Guinea Pig Heart ....... 85 
3.3.2 Effect of Prolonging QT Interval in the Healthy Heart ................................... 88 
3.3.3 Effect of Prolonging QT Interval in the Presence of Ivabradine .................... 93 
3.3.4 Effect of QT Prolongation in the Presence of SERCA Inhibition .................. 98 

3.4 Discussion ............................................................................................................ 103 
3.4.1 Relationship Between APD and CaTD in the Left Ventricle ....................... 103 
3.4.2 Effect of QT Prolongation on Cardiac Function ........................................... 106 
3.4.3 Limitations of the Langendorff Model .......................................................... 109 
3.4.4 Summary and Conclusions ............................................................................ 110 

4 WORKING HEART STUDIES ............................................................................... 111 
4.1 Introduction .......................................................................................................... 111 

4.1.1 Hypothesis and Objectives ............................................................................ 113 



viii 

 

4.2 Methods ............................................................................................................... 113 
4.2.1 Characterisation of the Working Guinea Pig Heart ...................................... 114 
4.2.2 Measuring Dysfunction in the Working Heart .............................................. 118 
4.2.3 Effect of QT Prolongation in the Healthy Working Heart ............................ 122 
4.2.4 Effect of QT Prolongation in the Presence of SERCA Inhibition ................ 123 
4.2.5 Effect of QT Prolongation in the Presence of SERCA Inhibition and Elevated 

Intracellular Sodium ...................................................................................... 124 
4.3 Results .................................................................................................................. 126 

4.3.1 Characterisation of the Working Guinea Pig Heart ...................................... 126 
4.3.2 Measuring Dysfunction in the Working Heart .............................................. 129 
4.3.3 Effect of QT Prolongation in the Healthy Working Heart ............................ 134 
4.3.4 Effect of QT Prolongation in the Presence of SERCA Inhibition ................ 139 
4.3.5 Effect of QT Prolongation in the Presence of SERCA Inhibition and Elevated 

Intracellular Sodium ...................................................................................... 144 
4.4 Discussion ............................................................................................................ 150 

4.4.1 Characterisation of the Working Guinea Pig Heart ...................................... 150 
4.4.2 Relationship between QT Interval and Cardiac Function ............................. 153 
4.4.3 Limitations of this Experimental Approach .................................................. 156 
4.4.4 Summary and Conclusions ............................................................................ 157 

5 IN VIVO STUDIES .................................................................................................. 158 
5.1 Introduction .......................................................................................................... 158 

5.1.1 Hypothesis and Objectives ............................................................................ 161 
5.2 Methods ............................................................................................................... 161 

5.2.1 Model Characterisation ................................................................................. 161 
5.2.1.1 Unilateral Nephrectomy and DOCA Pellet Implantation ....................... 161 
5.2.1.2 Conscious Blood Pressure and ECG Monitoring .................................... 162 
5.2.1.3 Echocardiography and Anaesthetised ECG Recording ........................... 162 
5.2.1.4 Dissection of DOCA-Salt Hearts ............................................................ 166 
5.2.1.5 Western Blotting ..................................................................................... 166 
5.2.1.6 Function of Working DOCA-Salt Hearts ................................................ 166 

5.2.2 Hypothesis Testing ........................................................................................ 167 
5.2.2.1 Effect of Repolarisation Abnormalities on Diastolic Dysfunction in 

Failing Hearts ...................................................................................... 168 
5.2.2.2 Effect of Repolarisation Abnormalities on Intracellular Sodium Levels in 

Failing Hearts ...................................................................................... 168 
5.3 Results .................................................................................................................. 170 

5.3.1 Model Characterisation ................................................................................. 170 



ix 

 

5.3.1.1 Effect of DOCA-Salt Treatment on Blood Pressure, Heart Rate and QTc

 ............................................................................................................ 171 
5.3.1.2 Effect of DOCA-Salt Treatment on Cardiac Function In Vivo .............. 174 
5.3.1.3 Effect of DOCA-Salt Treatment on Cardiac Gross Anatomy ................. 179 
5.3.1.4 Protein Expression in DOCA-Salt Hearts ............................................... 182 
5.3.1.5 Baseline Function of Working DOCA-Salt Hearts ................................. 184 

5.3.2 Hypothesis Testing ........................................................................................ 189 
5.3.2.1 Effect of Repolarisation Abnormalities on Diastolic Dysfunction in 

Failing Hearts ...................................................................................... 189 
5.3.2.2 Effect of Repolarisation Abnormalities on Intracellular Sodium Levels in 

Failing Hearts ...................................................................................... 196 
5.4 Discussion ............................................................................................................ 205 

5.4.1 Model Characterisation ................................................................................. 205 
5.4.2 Hypothesis Testing ........................................................................................ 213 
5.4.3 Summary and Conclusions ............................................................................ 215 

6 GENERAL DISCUSSION ....................................................................................... 217 
6.1 Summary of Major Findings ................................................................................ 217 
6.2 Guinea Pig DOCA-Salt Model ............................................................................ 219 
6.3 Role of Repolarisation in Diastolic Dysfunction in Heart Failure ...................... 225 
6.4 Determination of Relaxation In Vivo ................................................................... 227 
6.5 Further Work ....................................................................................................... 230 
6.6 Concluding Remarks ........................................................................................... 232 

REFERENCE LIST ...................................................................................................... 233 

  



x 

 

LIST OF FIGURES 

Figure 1.1 Pressure volume diagram representing diastolic vs systolic HF. .................. 20 

Figure 1.2 The ventricular action potential ..................................................................... 22 

Figure 1.3 Cardiac excitation-contraction (EC) coupling ............................................... 25 

Figure 1.4 Relationship between ECG and ventricular AP parameters .......................... 33 

Figure 1.5 The myocardial repolarisation sequence ....................................................... 35 

Figure 2.1 Langendorff heart instrumentation ................................................................ 48 

Figure 2.2 Langendorff heart setup ................................................................................. 49 

Figure 2.3 Working heart instrumentation ...................................................................... 50 

Figure 2.4 Working heart setup ....................................................................................... 51 

Figure 2.5 Instrumentation for NMR perfusion .............................................................. 53 

Figure 2.6 NMR perfusion setup ..................................................................................... 54 

Figure 2.7 DOCA-salt model surgery ............................................................................. 57 

Figure 2.8 Views used in collection of cardiac ultrasound data ..................................... 62 

Figure 2.9 Timeline of DOCA-salt heart failure study ................................................... 63 

Figure 2.10 Representative 31P NMR spectrum .............................................................. 66 

Figure 2.11 Representative 23Na NMR spectrum ........................................................... 67 

Figure 3.1 Optical setup of mapping experiments .......................................................... 78 

Figure 3.2 Left ventricular regions used for action potential and calcium transient 

analysis during optical mapping experiments ................................................................. 79 

Figure 3.3 Relationship between APD50 and CaTD50 in the left ventricle ................... 86 

Figure 3.4 Relationship between APD90 and CaTD90 in the left ventricle ................... 87 

Figure 3.5 QT prolongation in the healthy heart ............................................................. 89 

Figure 3.6 Effect of QT prolongation on systolic function in the healthy heart ............. 90 

Figure 3.7 Effect of QT prolongation on diastolic function in the healthy heart ............ 91 

Figure 3.8 Effect of QT prolongation on pressure generation in the left ventricle ......... 92 



xi 

 

Figure 3.9 Effect of QT prolongation on coronary flow and QRS duration in the healthy 

heart ................................................................................................................................. 92 

Figure 3.10 QT prolongation in the presence of ivabradine ........................................... 94 

Figure 3.11 Effect of QT prolongation on systolic parameters in the presence of 

ivabradine ........................................................................................................................ 95 

Figure 3.12 Effect of QT prolongation on diastolic parameters in the presence of 

ivabradine ........................................................................................................................ 96 

Figure 3.13 Effect of QT prolongation on pressure generation in the left ventricle in the 

presence of ivabradine ..................................................................................................... 97 

Figure 3.14 Effect of QT prolongation on coronary flow and QRS duration in the 

presence of ivabradine ..................................................................................................... 97 

Figure 3.15 Effect of QT prolongation in the presence of SERCA inhibition ................ 99 

Figure 3.16 Effect of QT prolongation on systolic function in the presence of SERCA 

inhibition ....................................................................................................................... 100 

Figure 3.17 Effect of QT prolongation on diastolic function in the presence of SERCA 

inhibition ....................................................................................................................... 101 

Figure 3.18 Effect of QT prolongation on pressure generation in the left ventricle in the 

presence of SERCA inhibition ...................................................................................... 102 

Figure 3.19 Effect of QT prolongation on coronary flow and QRS duration in the 

presence of SERCA inhibition ...................................................................................... 102 

Figure 4.1 Comparison of LVP trace from PV catheter and IVB ................................. 115 

Figure 4.2 Example PV loop and ‘IVC’ occlusion from working heart setup .............. 116 

Figure 4.3 Relationship between RR interval and ECG parameters ............................. 127 

Figure 4.4 Relationship between RR interval and systolic parameters ......................... 128 

Figure 4.5 Relationship between RR interval and diastolic parameters ....................... 129 

Figure 4.6 Effect of CPA on function in the working heart .......................................... 131 

Figure 4.7 Effect of CPA on function in the working heart .......................................... 132 

Figure 4.8 Effect of CPA on systolic function in the working heart ............................. 133 

Figure 4.9 Effect of CPA on diastolic function in the working heart ........................... 134 

Figure 4.10 Effect of QT prolongation in the healthy working heart ........................... 136 



xii 

 

Figure 4.11 Effect of QT prolongation on systolic function in the healthy working heart

 ....................................................................................................................................... 137 

Figure 4.12 Effect of QT prolongation on diastolic function in the healthy working heart

 ....................................................................................................................................... 138 

Figure 4.13 Effect of QT prolongation on pressure generation in the left ventricle in the 

healthy working heart .................................................................................................... 139 

Figure 4.14 Effect of QT prolongation in the presence of SERCA inhibition .............. 141 

Figure 4.15 Effect of QT prolongation on systolic function in the presence of SERCA 

inhibition ....................................................................................................................... 142 

Figure 4.16 Effect of QT prolongation on diastolic function in the presence of SERCA 

inhibition ....................................................................................................................... 143 

Figure 4.17 Effect of QT prolongation on pressure generation in the left ventricle in the 

presence of SERCA inhibition ...................................................................................... 144 

Figure 4.18 Effect of ouabain treatment on systolic function of the working heart ..... 145 

Figure 4.19 Effect of QT prolongation in the presence of SERCA inhibition and 

elevated intracellular sodium ........................................................................................ 147 

Figure 4.20 Effect of QT prolongation on systolic function in the presence of SERCA 

inhibition and elevated intracellular sodium ................................................................. 148 

Figure 4.21 Effect of QT prolongation on diastolic function in the presence of SERCA 

inhibition and elevated intracellular sodium ................................................................. 149 

Figure 4.22 Effect of QT prolongation on pressure generation in the left ventricle in the 

presence of SERCA inhibition and elevated intracellular sodium ................................ 150 

Figure 5.1 Impact of DOCA-salt treatment on blood pressure, heart rate and QTc 

interval in conscious animals ........................................................................................ 172 

Figure 5.2 Baseline circadian rhythm in telemetered guinea pigs ................................ 173 

Figure 5.3 Impact of DOCA-salt treatment on heart rate and QTc interval in 

anaesthetised animals .................................................................................................... 174 

Figure 5.4 Impact of DOCA-salt treatment on systolic function in vivo ...................... 176 

Figure 5.5 Cardiac ultrasound images demonstrating left ventricular hypertrophy 

following DOCA-salt treatment .................................................................................... 177 

Figure 5.6 Impact of DOCA-salt treatment on diastolic function in vivo ..................... 178 

Figure 5.7 Mitral flow velocities from DOCA and sham guinea pigs .......................... 179 



xiii 

 

Figure 5.8 Impact of DOCA-salt treatment on body mass ............................................ 180 

Figure 5.9 Impact of DOCA-salt treatment on cardiac gross anatomy ......................... 181 

Figure 5.10 Impact of DOCA-salt treatment on lung wet:dry mass ............................. 181 

Figure 5.11 Impact of DOCA-salt treatment on expression of cardiac intracellular 

calcium handling proteins ............................................................................................. 183 

Figure 5.12 Impact of DOCA-salt treatment on expression of cardiac intracellular 

calcium handling proteins ............................................................................................. 184 

Figure 5.13 Baseline function in the working DOCA-salt heart ................................... 186 

Figure 5.14 Baseline systolic function in the working DOCA-salt heart ..................... 187 

Figure 5.15 Baseline diastolic function in the working DOCA-salt heart .................... 188 

Figure 5.16 Pressure generation in the left ventricle in failing DOCA-salt hearts ....... 189 

Figure 5.17 Effect of QT prolongation in the working DOCA-salt heart ..................... 191 

Figure 5.18 Effect of QT prolongation on systolic function in the working DOCA-salt 

heart ............................................................................................................................... 192 

Figure 5.19 Effect of QT prolongation on diastolic function in the working DOCA-salt 

heart ............................................................................................................................... 193 

Figure 5.20 Effect of QT prolongation on pressure generation in the left ventricle in 

failing DOCA-salt hearts ............................................................................................... 194 

Figure 5.21 Impact of DOCA-salt treatment on heart rate and QTc interval in 

anaesthetised animals .................................................................................................... 197 

Figure 5.22 Impact of DOCA-salt treatment on systolic function in vivo .................... 198 

Figure 5.23 Impact of DOCA-salt treatment on diastolic function in vivo ................... 199 

Figure 5.24 Impact of DOCA-salt treatment on cardiac gross anatomy ....................... 200 

Figure 5.25 Impact of ouabain on intracellular sodium levels in isolated guinea pig 

hearts ............................................................................................................................. 202 

Figure 5.26 Impact of QT prolongation on intracellular sodium levels in isolated failing 

guinea pig hearts ........................................................................................................... 204 

Figure 5.27 HD-X11 radiotelemetry probe upon explantation ..................................... 207 

 
  



xiv 

 

LIST OF TABLES 

Table 2.1 Composition of physiological buffers used to perfuse isolated guinea pig 

hearts ............................................................................................................................... 55 

Table 2.2 Treatment regimen for guinea pigs undergoing surgical procedures .............. 60 

Table 2.3 Primary antibodies used in western blotting protocols ................................... 69 

Table 2.4 Secondary antibodies used in western blotting protocols ............................... 70 

Table 2.5 Reagents used in experimental protocols ........................................................ 71 

Table 2.6 Pharmacological agents used in experimental protocols ................................ 72 

Table 3.1 Concentrations of E-4031 and HMR 1556 used in optical mapping study .... 77 

Table 3.2 Concentrations of E-4031 + HMR 1556 and veratridine used in QT 

prolongation study ........................................................................................................... 80 

Table 3.3 Concentrations of E-4031 + HMR 1556 used in QT prolongation with 

ivabradine study .............................................................................................................. 83 

Table 4.1 Functional parameters measured in isolated working guinea pig hearts ...... 119 

Table 5.1 Echocardiographic parameters measured in anaesthetised DOCA-salt guinea 

pigs ................................................................................................................................ 163 

Table 5.2 Summary of effects of altered myocardial repolarisation in working DOCA-

salt hearts ....................................................................................................................... 195 

Table 6.1 HFA-PEFF Algorithm for the Diagnosis of HFpEF ..................................... 220 

  



xv 

 

LIST OF ABBREVIATIONS 

AP - action potential 

APD - action potential duration 

CaMKII - calcium/calmodulin-dependent protein kinase II 

CaTD - calcium transient duration 

CDI - calcium-dependent inactivation 

CF -  coronary flow 

CO -  cardiac output 

CPA - cyclopiazonic acid 

DD -  diastolic duration 

DOCA - deoxycorticosterone acetate 

DMSO - dimethyl sulfoxide 

DQF - double quantum filtered 

EC - excitation-contraction 

ECG - electrocardiogram 

ECL - enhanced chemiluminescence 

EDPVR - end diastolic pressure-volume relationship 

ESPVR -  end systolic pressure-volume relationship 

HF -  heart failure 

HFpEF - heart failure with preserved ejection fraction 



xvi 

 

HFrEF - heart failure with reduced ejection fraction 

HR -  heart rate  

ICa-L - inward calcium current (via L-type channels) 

IK - delayed rectifier potassium current 

IK1 - inward rectifier potassium current 

IKr - rapidly activating component of the delayed rectifier potassium current 

IKs - slowly activating component of the delayed rectifier potassium current 

INa - inward sodium current 

Ito -  transient outward potassium current 

IVB - intraventricular balloon 

IVRT - isovolumic relaxation time  

LA -  left atrial  

LAA - left atrial area 

LQTS - long QT syndrome 

LV - left ventricular 

LVDP - left ventricular developed pressure 

LVEDP - left ventricular end diastolic pressure 

LVP -  left ventricular pressure 

MAP -  mean arterial pressure 

NCX - sodium-calcium exchanger 



xvii 

 

PKA - protein kinase A 

PKC - protein kinase C 

PKG - protein kinase G 

PLB - phospholamban 

RA -  right atrial  

RV - right ventricular 

SD -  systolic duration 

SERCA - sarco(endo)plasmic reticulum calcium ATPase 

SR - sarcoplasmic reticulum 

TDR - transmural dispersion of repolarisation 

TQF - triple quantum filtered 

VDI - voltage-dependent inactivation 



Introduction 

18 

 

1 INTRODUCTION 

1.1 Diastolic Dysfunction in Heart Failure 

Heart failure (HF) represents a significant clinical burden, reportedly affecting 1-2% of 

the population in western nations.1 A recent epidemiological study examining electronic 

medical records from the UK over the period from 2002-2014 revealed a 23% increase in 

the number of people living with HF during this time, representing an increase from 

approximately 750,000 - 921,000 individuals.2 It has become increasingly recognised 

that, whilst HF is traditionally associated with pump failure and reduced ejection fraction 

(EF), it may also present as a disorder of primarily diastolic function where ejection 

fraction is preserved – typically known as heart failure with preserved ejection fraction 

(HFpEF). The prevalence of HFpEF amongst HF patients in more recent studies is 

reported at around 50%, with most studies reporting comparable clinical outcomes (i.e. 

mortality rate) in HFpEF patients compared to their counterparts with reduced ejection 

fraction.3,4,5 Overall this makes HFpEF a significant global burden, in terms of both health 

(morbidity and mortality) and economic cost. 

1.1.1 Defining Heart Failure with Preserved Ejection Fraction 

Heart failure is defined as a loss of cardiac function, such that the heart can no longer fill 

with and/or eject an adequate volume of blood to meet metabolic demands or can only do 

so at the expense of raised filling pressures. Under such conditions cardiac output may be 

maintained at rest but cannot be increased to meet metabolic demand under exercise 

conditions. HFpEF has various definitions but for the purposes of recruiting patients for 

clinical trials has commonly been assigned to HF patients with an EF of ≥ 40-50%, whilst 

HF which is primarily associated with systolic dysfunction (heart failure with reduced EF 

(HFrEF)) is commonly assigned to patients with an EF of ≤ 35%. This lack of consistency 

has resulted in variation in the reported prevalence of HFpEF amongst HF patients, and 

risks obscuring the interpretation of trial data. 

The official guidelines from the European Society of Cardiology state that in order for a 

diagnosis of HFpEF to be made, 4 criteria must be met: 1) symptoms typical of HF, 2) 
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signs typical of HF, 3) normal/mildly reduced EF, without left ventricular (LV) dilation 

and 4) relevant structural disease (e.g. LV hypertrophy, left atrial (LA) enlargement) 

and/or diastolic dysfunction (determined by echocardiography).6 Direct assessment of LV 

relaxation is necessary to confirm diastolic dysfunction and can be performed using two 

different techniques. This is primarily carried out by non-invasive echocardiography 

(cardiac ultrasound), but studies have been performed using invasive cardiac 

catheterisation or a combination of the two techniques, which provides detailed 

physiological data on pressure-volume relationships in the heart and is considered to be 

a gold-standard measure of cardiac function. One such study recruited patients who met 

the Framingham criteria for congestive HF with a normal EF and showed that these 

patients demonstrated a shifted diastolic pressure-volume relationship alongside elevated 

passive stiffness.7 This is consistent with diastolic failure and differs to what would 

typically be observed in systolic failure using this approach (Fig. 1.1).   

Whilst there is some debate about the degree to which HFpEF and HFrEF may lie on a 

spectrum of HF, there is much evidence to support the separation of these two 

presentations of HF into distinct clinical conditions. One of the factors most indicative of 

the need to recognise two distinct clinical presentations of HF is the differing 

demographic between the two patient groups. Patients with HFpEF are more likely to be 

elderly females who present with comorbidities including diabetes, hypertension, chronic 

obstructive pulmonary disease, obesity, chronic kidney disease and atrial fibrillation than 

their counterparts with HFrEF.8 These differences in co-morbidities are accompanied by 

differences in the pathophysiological changes to the myocardium, including type of LV 

hypertrophy displayed (concentric vs eccentric), increased LA diameter, differing passive 

stiffness of the myocardium (a possible reflection of titin phosphorylation and isoform 

expression) and the degree of fibrosis present.9,10  

Given the broad spectrum of common comorbidities and characteristics of HFpEF, 

defining diagnostic and inclusion criteria for clinical trials remains challenging, and it 

may be that a single category for HFpEF patients is too simplistic. This has been the 

suggestion of more than one study and promotes the idea of subcategorising HFpEF 

patients according to large amounts of phenotypic data as a potential means of identifying 

patient groups who may benefit from specific therapies.11,12  
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Figure 1.1 Pressure volume diagram representing diastolic vs systolic HF. 

Pressure-volume (PV) loops are a well-accepted method of examining 
cardiac function, with the end diastolic and end systolic pressure-volume 
relationships (EDPVR and ESPVR) representing the gold standard in 
measuring diastolic and systolic function, respectively. In diastolic failure 
(red loop) there is an upwards shift in the EDPVR, indicating reduced 
compliance and therefore higher LVEDP for any given left ventricular 
volume. In systolic failure (blue loop) there is a downwards shift in the 
ESPVR, indicating reduced contractility and therefore a lower LVSP for a 
given left ventricular volume. 

1.1.2 Current Therapies 

To date, the treatments prescribed for HFpEF patients tend to revolve around the control 

of comorbidities, such as hypertension. Such studies will typically select HF patients with 

an EF greater than a defined cut-off point (e.g. ≥ 45%) and use cardiovascular-related 

hospital admissions or mortality as primary end points. One such study was the TOPCAT 

trial, which treated HFpEF patients with spironolactone; a potassium-sparing diuretic that 

also exerts anti-remodelling effects on the heart. The outcome of the trial was neutral, 
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with no beneficial effects observed in terms of hospital admissions or mortality relative 

to the placebo group.13 The same outcome is true of studies which have targeted the renin-

angiotensin system, including the I-PRESERVE trial, where the angiotensin-receptor 

blocker irbesartan was found to have no beneficial effect on outcomes in HFpEF 

patients.14 Another study looked at the potential for the phosphodiesterase-5 inhibitor 

sildenafil to enhance cardiac function in HFpEF patients in the RELAX trial. However, 

results again revealed no benefit for patients when compared to placebo.15 

Therefore, HFpEF represents a significant and growing clinical problem, which to date 

has no proven effective therapies available to patients. Consequently, further research is 

needed in order to better understand this condition and provide novel therapeutic 

strategies which can target the underlying causes of impaired ventricular relaxation. 

Repolarisation abnormalities are abundant in HF patients presenting with diastolic 

dysfunction and may represent such a target.  

1.2 Cardiac Excitation-Contraction Coupling  

Before it is possible to explain the potential role for myocardial repolarisation 

abnormalities in the development of diastolic dysfunction, is important to understand the 

principles of cardiac excitation-contraction (EC) coupling. This is the process which 

couples electrical excitation to physical contraction within the myocardium, and is central 

to the control of active contraction and relaxation in the heart. 

1.2.1 The Ventricular Action Potential 

Membrane potential is generated by imbalances in the distribution of charged ionic 

species across the sarcolemmal membrane, which flow through voltage-gated ion 

channels. Alterations in the permeability of the sarcolemmal membrane to different ions 

gives rise to the cardiac action potential (AP) waveform (Fig. 1.2).  
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Figure 1.2 The ventricular action potential 

Major currents contributing to the ventricular action potential. Depolarising 
currents are shown in red, while repolarising currents are shown in blue. 
Phases of the ventricular action potential shown in grey (0-4). Note that 
the sodium-calcium exchanger can function in forward or reverse mode, 
and as such INa/Ca may produce a depolarising or repolarising current, 
respectively. However, under normal conditions in the healthy heart INa/Ca 
will be depolarising during phase 2 and 3 of the action potential due to 
elevated intracellular calcium. Created with BioRender.com. 

The ventricular AP displays a characteristic plateau phase, produced by an opposing 

balance of depolarising and repolarising currents during phase 2 of the action potential. 

This results in a long AP duration (APD) and is fundamental in producing a prolonged 

contraction, thus enabling the ventricles to contract slowly and act as an efficient pump. 

This also creates a long refractory period that prevents the ventricles from contracting 

again prematurely during the diastolic period and, by ensuring that each contraction is 

completed within the refractory period, prevents summation of contraction and tetany (as 

occurs in skeletal muscle).16  

The upstroke of the ventricular AP (phase 0) is initiated by the rapid opening of voltage-

gated sodium channels in response to the depolarisation of neighbouring cells. This results 

in a large inward sodium current (INa) which brings about rapid depolarisation of the cell. 

This depolarisation results in the activation of repolarising current Ito, which is 

responsible for the characteristic partial repolarisation that produces the ‘notch’ seen at 
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phase 1 of the AP (note that this characteristic may only be seen in some myocyte 

populations, with epicardial cells demonstrating a more pronounced notch than 

endocardial cells). This current is comprised primarily of the outward flow of potassium 

ions and demonstrates rapid inactivation.16 Expression of the channels responsible for Ito 

varies widely between different cell types within the myocardium and species and 

contributes significantly to the APD by affecting the balance of depolarising and 

repolarising currents during the plateau.17,18 Voltage-gated calcium channels carrying the 

depolarising current ICa,L also rapidly activate upon depolarisation of the cell. This 

calcium current is responsible for bringing about contraction within cardiomyocytes (as 

discussed in section 1.2.2) and inactivates slowly, producing a prolonged inward flow of 

calcium ions during the AP plateau.19,20,21 The late sodium current (INa,Late) is a small, 

sustained inward sodium current which persists after the inactivation of the majority of 

the fast sodium channels responsible for the AP upstroke, and contributes to the plateau 

phase and APD.22 Another important player in the plateau phase of the AP is the 

sarcolemmal sodium calcium exchanger (NCX). This exchange of sodium and calcium is 

electrogenic, with 3 sodium ions being exchanged for every calcium ion.23 However, the 

direction of exchange can be either forward (calcium extrusion) or reverse (calcium entry) 

depending on both the membrane potential and concentrations of intracellular sodium and 

calcium. During phase 2 of the ventricular AP, calcium concentration within the cell is 

elevated due to the influx of calcium via ICa,L and so NCX functions in forward mode, 

extruding calcium from the cell and creating a net inward sodium current.24 This current 

is a contributor to APD as it counteracts the outward potassium currents which become 

active later during the AP plateau. 

As the AP progresses into late phase 2/early phase 3, the membrane potential drops below 

0mV and allows for activation of the rapidly activating delayed rectifier current (IKr). The 

kinetics of the potassium channels that carry this current are such that repolarising 

currents do not overwhelm the depolarising currents during phase 2, thus allowing the 

plateau to be maintained. Whilst active at potentials positive to -40mV, the channels 

become largely inactivated at potentials greater than 0mV due to a more rapid 

development of channel inactivation relative to channel activation at positive potentials.25 

Similar characteristics are displayed by the channels responsible for inward-rectifier 
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potassium current (IK1), which is the major contributing current to the resting membrane 

potential.26 Another delayed rectifier (slowly-activating IKs) becomes active at the latter 

stages of phase 2 and during phase 3 in the AP. The channels responsible for this current 

are voltage-gated but activate very slowly upon depolarisation of the cell and may 

therefore contribute to the shape and duration of the latter phases of the AP.16,27 However, 

the slow activation of these channels makes their contribution to repolarisation under 

basal conditions questionable, and some have proposed that the role of IKs may be limited 

to preventing excessively long APD under conditions of elevated heart rates or increased 

sympathetic tone, effectively providing ‘spare’ repolarisation capacity.28 This may arise 

due to these channels demonstrating slow deactivation, which results in a greater IKs at 

higher heart rates as more channels will remain in the active state following subsequent 

depolarisations, as well as their sensitivity to β-adrenergic agonists which increase IKs.29 

This feature, combined with the fact that these channels demonstrate faster activation 

kinetics at higher heart rates, means that IKs may play a key role in rate adaptation of APD 

(i.e. shortening) at higher heart rates. This remains controversial, however, with some 

studies finding no significant IKs accumulation or contribution to APD at physiological 

cardiac cycle lengths.30,31 At membrane potentials negative to -20mV, IK1 becomes active 

again and is largely responsible for the final stages of repolarisation, remaining active 

throughout phase 4 and providing the major determinant of the resting membrane 

potential in ventricular myocytes.16,26 

Therefore, the ventricular AP arises as a result of carefully balanced depolarising and 

repolarising currents (Fig. 1.2), allowing for a sustained contraction and efficient 

ventricular pump. Underlying this is the carefully controlled entry and removal of calcium 

from the cell, which is fundamental to the process of ventricular contraction and 

relaxation. 

1.2.2  Intracellular Calcium Handling During the Cardiac Cycle 

Ventricular contraction and relaxation are active processes which depend upon the 

appropriate regulation of cytosolic calcium concentration within myocytes during EC-

coupling. Subcellular microdomains are key to the process of triggering intracellular 

calcium transients, and it is important to note that the increases in calcium concentration 
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involved are localised in nature. Within cardiomyocytes, the SR forms a complex network 

of tubules which surround the myofibrils. The sarcolemmal membrane has characteristic 

invaginations called transverse (T) tubules which closely align with flattened regions of 

the SR called junctional SR cisternae, to form what are known as dyadic clefts. This 

region is composed of L-type calcium channels within the sarcolemmal membrane which 

closely appose clusters of ryanodine receptors. The formation of such microdomains 

restricts ion diffusion and so local changes in calcium concentration can occur very 

rapidly.32 An approximation of this arrangement is shown in Fig. 1.3. 

 

Figure 1.3 Cardiac excitation-contraction (EC) coupling 
Major components of cardiac EC coupling cycle in the ventricular myocyte. 
1) Following depolarisation of the sarcolemmal membrane, L-type calcium 
channels open, allowing a small amount of calcium to enter the dyadic 
cleft. 2) Calcium binds to ryanodine receptors, triggering a conformational 
change and resulting in a large release of calcium from SR stores. 3) 
Cytosolic calcium binds to troponin C resulting in a conformational change, 
allowing crossbridge cycling of the myofilaments to occur (i.e. contraction). 
4) Calcium is removed from the cytosol by active return to SR stores by 
SERCA, and extrusion across the sarcolemmal membrane in exchange 
for sodium by NCX. Calcium dissociates from troponin C, inhibiting cross 
bridge cycling of myofilaments and enabling ventricular relaxation. 
Abbreviations: sarcoplasmic reticulum (SR), ryanodine receptor (RR), 
calcium channel (CC). Created with BioRender.com. 
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In EC-coupling, depolarisation of the sarcolemmal membrane causes the opening of L-

type calcium channels, through which a small amount of calcium enters the cell (Section 

1.2.1). The resultant increase in calcium levels in the dyadic cleft brings about a 

conformational change of the ligand-gated ryanodine receptors on the surface of the 

sarcoplasmic reticulum (SR), resulting in a larger efflux of calcium from intracellular 

stores into the cytosol - a process termed calcium-induced calcium release.19 It is the 

resultant increase in cytosolic calcium concentration that is responsible for generating 

conformational changes in the contractile proteins by binding to troponin C and 

disinhibiting cross-bridge cycling of the myofilaments, allowing myocardial contraction 

to occur.33  

Following contraction, it is necessary for the myocardium to relax in order to enable 

filling to occur before the next heartbeat. This process depends on the removal of calcium 

from the cytosol, thereby inhibiting cross-bridge cycling and resulting in a lengthening of 

the sarcomere. Calcium is extruded from the cytosol via two major mechanisms: i) via 

the sarco(endo)plasmic reticulum calcium ATPase (SERCA), which pumps calcium back 

into the SR at the expense of ATP and is responsible for the bulk of calcium removal, and 

ii) via NCX, which extrudes calcium from the cell in exchange for sodium, as previously 

discussed (Section 1.2.1).34,35 This process is illustrated in Fig. 1.2. Intracellular calcium 

handling, specifically the rate-dependent removal of cytosolic calcium, is therefore 

fundamental to the process of active ventricular relaxation. Perturbations to this process 

could therefore lead to elevated cytosolic calcium levels during diastole and act to impair 

ventricular relaxation. 

Given the importance of controlling intracellular calcium concentration, there are various 

ways in which calcium entry and removal from the cytoplasm are regulated. The L-type 

calcium current is responsible for triggering and maintaining the release of calcium from 

SR stores upon depolarisation of the cell, and as such must be tightly controlled. This is 

achieved by several mechanisms. Following depolarisation of the sarcolemmal membrane 

and resultant opening of L-type calcium channels, ICa,L undergoes a slow inactivation 

during the plateau phase due to both voltage-dependant inactivation (VDI) and calcium-

dependant inactivation (CDI) mechanisms. The contribution of VDI has been shown to 

be relatively small compared to CDI, which is thought to occur as a direct result of 



Introduction 

27 

 

calcium entry via L-type channels and due to release from SR stores.21 Given that L-type 

channels are the mechanism by which calcium enters the cell and thus also contribute to 

SR calcium loading, this mechanism provides an effective negative-feedback loop that 

regulates intracellular calcium concentration on a beat-to-beat basis.36 L-type calcium 

channels also contain phosphorylation sites, allowing ICa,L to be modulated via the actions 

of calcium/calmodulin-dependent protein kinase II (CamK II), as well as via the G-protein 

cascade and protein kinase A (PKA).37,38 PKA stimulation also affects other proteins 

important in the regulation of intracellular calcium handling, including ryanodine 

receptors (which contain phosphorylation sites and serve to increase calcium release from 

the SR when phosphorylated) and phospholamban (PLB).39 PLB is a regulatory protein 

associated with SERCA, and under non-phosphorylated conditions acts to inhibit SERCA 

and reduce the rate of return of calcium to the SR. When phosphorylated, this inhibition 

by PLB is removed and rate of calcium removal is increased.40 

Therefore, the intracellular calcium transient is the key driver of myofilament contraction 

and relaxation and must be tightly controlled to ensure that calcium levels are restored to 

normal following each depolarisation of the cell. Whilst this is regulated by inherent 

activation kinetics and phosphorylation status of ion channels and proteins involved in 

calcium handling, the duration of the AP itself can also influence intracellular calcium 

handling kinetics. 

1.2.3 Action Potential Duration Modulates Intracellular Calcium Handling 

Under normal circumstances ventricular APD changes in response to heart rate, with 

longer APs occurring at lower heart rates and shortening of the AP occurring at high rates. 

This effect is known as rate adaptation and enables the diastolic interval to be maintained 

at higher heart rates, ensuring adequate ventricular filling. This occurs through various 

mechanisms, one of which is a reduced availability of L-type calcium channels at higher 

heart rates due to the slow recovery of these channels, with the resultant reduction in ICa,L 

causing APD to shorten.41 Other mechanisms involve the elevation of subsarcolemmal 

sodium due to the relative increase of sodium influx at higher heart rates, which increases 

the activity of the Na+,K+-ATPase. This results in a faster rate of sodium extrusion across 

the sarcolemmal membrane, thus shortening APD.42 As such, disproportionate 
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lengthening of APD for any given heart rate has the potential to disrupt normal 

intracellular calcium handling, owing to the mismatch between the period of time in 

which calcium is entering the cell and being released from the SR during depolarisation, 

and the amount of time available for calcium extrusion and ventricular relaxation. This 

disproportionate prolongation of APD is the reported situation in failing hearts and is the 

focus of the experimental hypothesis for the present study.42 There are two major ways in 

which changes to APD may alter intracellular calcium handling in this setting: changes 

to the inward calcium current via L-type calcium channels and changes to NCX activity.  

Changes to the duration of the cardiac AP influence the magnitude of ICa-L due to the VDI 

and CDI mechanisms previously discussed (Section 1.2.2) and demonstrate a resultant 

impact on cardiac contraction and relaxation. Bouchard et. al. investigated the impact of 

alterations to AP duration on ICa-L, the intracellular calcium transient and contraction in 

isolated rat ventricular myocytes using whole-cell voltage clamping and application of 

short and long AP waveforms.43 Data from this study revealed that prolonging APD 

resulted in a decreased maximal ICa-L conductance, alongside a slowing of channel 

inactivation. The prolonged opening of L-type calcium channels during the AP resulted 

in an increase in the overall calcium influx, as well as the magnitude of cell shortening (a 

finding consistent with increased SR calcium loading). Interestingly, the rate of rise of 

intracellular calcium concentration was also closely linked with ICa-L, with peak cytosolic 

calcium concentration reached more slowly with prolonged APs. This was paralleled by 

a slowing of unloaded cell shortening and delayed peak contraction in isolated myocytes. 

Similarly, a slower rate of decay in the calcium transient was observed when APD was 

prolonged, which was reflected in a slowing of relaxation. This study by Bouchard et. al. 

therefore provides important evidence on the role of APD in modulating the process of 

EC-coupling in a single myocyte, and suggests that prolongation of the AP would result 

in three fundamental changes to EC-coupling: i) an increase in force, ii), a slower rate of 

contraction and delay to peak contraction, and iii) a slower rate of calcium removal and 

relaxation. In the whole heart, diastolic function is dependent upon the synchronous 

activity of many myocytes, and therefore AP prolongation may lead to dis-synchronous 

calcium handling. This would impact on both ventricular contraction and relaxation and 

would thereby impair normal diastolic function.  
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Another mechanism via which AP prolongation may serve to alter intracellular calcium 

handling is through altered NCX activity. As previously discussed (Section 1.2.1), ion 

exchange by NCX is electrogenic and may operate in either forward mode (calcium 

extrusion) or reverse mode (calcium entry), as determined by membrane potential and 

intracellular concentrations of calcium and sodium. Depolarised potentials result in a 

reduction in activity and therefore a reduction in calcium extrusion via this mechanism.24 

An increase in APD results in a greater amount of time spent at depolarised membrane 

potentials and may therefore result in a relative increase in intracellular calcium 

concentration during diastole, or a delay in the decay of the calcium transient. In addition, 

prolongation of APD at a constant heart rate results in a reduced diastolic period, which 

has the effect of decreasing the window for forward mode NCX function and thus calcium 

extrusion. However, the relationship between the AP and NCX activity is complex and 

will also be affected by the previously described effects of APD prolongation on the 

intracellular calcium transient (i.e. prolonged transient duration and increased calcium 

influx, see above). This will have an impact on NCX activity due to the prolonged 

increase in intracellular calcium concentration which occurs as a result, thereby 

increasing the driving force for forward-mode NCX function. The overall effects of NCX 

activity on calcium transient decay and diastolic calcium levels in HF will therefore 

depend on a combination of factors which include APD, as well as intracellular sodium 

concentration and the expression of relevant calcium handling proteins in ventricular 

myocytes. 

In summary, APD represents an important mediator of EC-coupling and calcium 

influx/extrusion from the cell in isolated ventricular myocytes. Disproportionate changes 

to APD during HF therefore have the potential to disrupt normal diastolic function via 

alterations to intracellular calcium handling. 

1.2.4 Changes to Intracellular Calcium Handling in Heart Failure 

Whilst AP prolongation represents one mechanism by which calcium handling could be 

perturbed in HF, there are already several well-established causes of impaired calcium 

handling in patients and animal models of HF relating to the altered expression and/or 

function of calcium-handling proteins.  
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1.2.4.1 Alterations to SERCA Expression and Activity 

Abnormalities in calcium handling are common in heart disease and contribute to the 

impairment of diastolic function. For example, dilated cardiomyopathy is associated with 

impaired LV relaxation, and experiments using myocardial tissue from patients with 

dilated cardiomyopathy have demonstrated abnormalities in intracellular calcium 

handling that result in a delay in the return to baseline calcium levels following 

contraction.44,45 Similar findings have been demonstrated in studies using the fluorescent 

calcium indicator fura-2 in isolated cardiomyocytes from patients with HF, where results 

revealed a similar slow in the decay of the intracellular calcium transient.46 Other studies 

have performed cardiac catheterization and echocardiography in patients presenting with 

diastolic HF and demonstrated abnormalities in active relaxation.47 Given that the 

majority of cytosolic calcium is removed by SERCA during relaxation, it is perhaps not 

surprising that the abnormal calcium handling seen with HF has been linked to a reduction 

in the expression/activity of SERCA in cardiomyocytes.48 In healthy hearts, removal of 

cytosolic calcium by SERCA has been reported to account for 70% of clearance in the 

rabbit, while NCX was responsible for 28%. This shifts to 92% and 7% contribution of 

SERCA and NCX, respectively, in the rat.49,50 Guinea pigs and humans are reported to 

display similar relative contributions of SERCA and NCX to that seen in the rabbit.51 

However, this balance can shift in the presence of HF due to the changes in 

expression/activity of SERCA and/or NCX, reportedly resulting in a relatively equal 

contribution of SERCA and NCX to calcium clearance under such conditions.49 The 

potential role for reduced cytosolic calcium clearance as a contributor to impaired 

diastolic function is supported by the findings of He et. al, who examined calcium 

handling in isolated mouse cardiomyocytes from transgenic animals overexpressing 

SERCA. Results demonstrated an increase in the rate of calcium clearance from the 

cytosol and a resultant increase in the rate of relaxation.52 These findings were consistent 

with results obtained during additional experiments using isolated papillary muscles and 

in vivo investigations. 
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1.2.4.2 Alterations to Intracellular Sodium and NCX Activity  

Another change frequently reported to occur within cardiomyocytes in the presence of 

HF is an increase in intracellular sodium concentration.53, 54, 55, 56 This has been shown to 

have a major impact on intracellular calcium handling via alterations to NCX activity in 

muscle strips from failing human hearts, which demonstrate higher intracellular sodium 

concentrations relative to healthy hearts.57 The authors proposed that this enabled cardiac 

contractility to be maintained at lower hearts rates by reducing calcium extrusion via 

forward-mode NCX activity and increasing calcium influx via reverse-mode NCX. Such 

conditions would result in greater calcium loading of the SR and act to maintain 

contractile function of the myocardium. However, it was proposed that this effect is only 

beneficial in the presence of a long diastolic period, allowing for diastolic calcium levels 

to return to normal between contractions despite the impaired functioning of SERCA 

commonly reported in HF.48,49,58,59 At high heart rates, greater intracellular sodium 

concentrations were maintained in failing myocardial tissue, but the inotropic effect was 

lost. This occurred alongside the onset of diastolic dysfunction due to raised diastolic 

calcium levels and increased diastolic tension of the myocardium.  

The function of NCX may also be impacted by the activity of Na+,K+-ATPase, with 

resultant effects on intracellular calcium handling. Na+,K+-ATPase plays a vital role in 

establishing the resting membrane potential by maintaining the sodium gradient across 

the sarcolemmal membrane. The pump is electrogenic and extrudes three sodium ions for 

every two potassium ions which are pumped into the cell. The activity/expression of 

Na+,K+-ATPase is often reported to be reduced in HF,60,61,62,63 and this would be expected 

to result in an elevation of intracellular sodium concentration.64 It is also known that 

inhibition of Na+,K+-ATPase (e.g. with ouabain) has a positively inotropic effect due to 

the resultant decrease in calcium efflux via NCX exchange in response to the reduced 

sodium gradient, thereby increasing intracellular stores.60 Therefore, downregulation of 

Na+,K+-ATPase activity in HF may act to increase calcium influx via increased reverse 

mode/reduced forward mode NCX activity due to the altered sodium gradient across the 

sarcolemmal membrane. This is in line with the findings of a recent study which reported 

an increase in INa,late alongside a decrease in the Na+,K+-ATPase current in a guinea pig 

model of HF.63 The authors suggested that the resultant altered sodium gradient gave rise 
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to greater calcium influx via NCX, which was sufficient to maintain systolic function 

during the early stages of compensated hypertrophy but not following the progression to 

HF. Given that membrane potential also impacts on NCX activity (as previously 

discussed), the combination of reduced SERCA activity, increased intracellular sodium 

and prolonged APD seen with HF may serve to further alter intracellular calcium handling 

via effects on NCX, with the potential to result in elevated diastolic calcium levels and 

impaired ventricular relaxation. 

In summary, abnormalities in intracellular calcium handling are commonly reported in 

patients with HF and may arise due to multiple factors including decreased 

expression/activity of SERCA, prolonged APD, and increased intracellular sodium with 

resultant effects on NXC activity. Such alterations to calcium handling, specifically the 

rate-dependent removal of cytosolic calcium, are likely to contribute to diastolic 

dysfunction. This effect may be heightened by the reported heterogeneous nature of these 

changes, which may act to disrupt synchronous activity of the myocardium. 

1.3 Cardiac Repolarisation 

As already discussed, there is a close link between repolarisation and active relaxation 

within the ventricular myocardium. The sequence and rate of ventricular repolarisation is 

therefore fundamental to the rate-dependant removal of calcium from the cytosol which, 

when rapid and coordinated, allows for the efficient relaxation and filling of the 

ventricles. Pathological changes to cardiac repolarisation therefore have the potential to 

impair diastolic function by disrupting normal intracellular calcium handling, however, 

this potential relationship has not been thoroughly investigated.  

The sequence of depolarisation and repolarisation in the whole heart can be recorded in 

patients using electrocardiography. A typical electrocardiogram (ECG) displays three 

main features: the P wave, which reflects atrial depolarisation and contraction; the QRS 

complex, which reflects ventricular depolarisation and initiation of contraction; and the 

T wave, which reflects subsequent ventricular repolarisation and relaxation.65,66 The ECG 

is therefore a useful tool for examining repolarisation, allowing parameters such QT 

interval (a measure of ventricular AP duration) and T-wave duration (a measure of 
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ventricular dispersion of repolarisation – typically measured as Tpeak to Tend interval) to 

be determined. This relationship between APD and ECG parameters is shown in Fig. 1.4. 

 

Figure 1.4 Relationship between ECG and ventricular AP parameters 

Typical parameters reported as a measure of ventricular repolarisation 
time are QT interval and Tpeak-Tend interval. As shown in the diagram, these 
parameters directly correspond to ventricular APD and phase 3 
repolarisation. Prolongation of QT interval reflects prolongation of the 
ventricular AP (shown in red). Created with BioRender.com. 

1.3.1 The Myocardial Repolarisation Sequence 

In addition to tight control of intracellular calcium handling at the cellular level, global 

diastolic function is dependent upon synchronous activity across the whole of the 

myocardium to enable efficient relaxation and filling. There are several ion currents 

which play key roles in repolarisation of the human ventricular myocytes, as discussed in 

Section 1.2.1 (Fig. 1.2). Namely, these are: Ito, IKs and IKr and IK1. Alterations to the 
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duration and/or magnitude of such currents (i.e. changes to the expression or activity of 

ion channels associated with these currents) can impact upon APD and repolarisation of 

the myocardium.  

Under normal circumstances repolarisation of the myocardium begins first in the 

epicardium and travels through the myocardial wall with the endocardium repolarising 

last, and is opposite to the sequence that occurs upon depolarisation.65 Heterogeneities in 

repolarisation have been observed since the work of Noble & Cohen, who first 

demonstrated differences in APD between ventricular slices taken from different regions 

of the sheep heart.67 This dispersion of repolarisation occurs as a result of inherent 

regional variations in APD in cardiomyocytes across the ventricular wall and has been 

attributed to non-uniformity of ion channel expression.67 One study examined apico-basal 

differences in the cardiac AP in canine cardiomyocytes.17 The authors demonstrated that 

APD was shorter in myocytes isolated from the apex, and that this was as a result of a 

larger amplitude of Ito and IKs. Accordingly, the expression of the ion channels responsible 

for these currents was found to be higher in apical myocytes in tissue taken from both 

human and canine hearts. Such differences in APD and repolarising currents have also 

been described between the left and right ventricles.68 Transmural differences in 

repolarisation are also present in the ventricular myocardium. The longest action 

potentials within contractile cells in the healthy heart have been reported to be found 

within M cells, which are present between the epicardial and endocardial cells within the 

ventricular wall.69 This prolonged APD in M cells has been shown to be partly due to 

differences in the delayed rectifier potassium current (IK) in these cells. Liu et. al. 

demonstrated that IK was smaller in M cells when compared to that of epicardial and 

endocardial cells, and that this was due to a smaller flow of current via IKs. The 

contribution of IKr was similar in all three cell types.70 In a separate study, Zygmunt et. 

al. found that the late INa was greater in M cells compared to epicardial and endocardial 

cells.71 The authors concluded that this larger sodium current contributed to the prolonged 

APD in these cells. However, it should be noted that whilst the presence and 

characteristics of M cells have been extensively reported on ex vivo, their relevance to 

dispersion of APD/repolarisation in the human heart has been questioned. Some studies 

have suggested that the improved intercellular coupling seen in the whole heart 
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effectively abolishes the M cell characteristics seen in ex vivo experiments.72 This may 

mean that the relative contribution of transmural dispersion of repolarisation is small 

compared to apico-basal gradients.  

Figure 1.5 The myocardial repolarisation sequence 

Representative depiction of the variation in APD across the ventricular 
myocardium and the pathway of ventricular conduction. A) Apico-basal 
gradient of APD across the ventricles, demonstrating shorter action 
potentials occurring at the apex of the heart relative to the base. B) 
Transmural gradient of APD across the ventricular wall, demonstrating 
shorter action potentials occurring at the epicardium relative to the 
endocardium. C) The ventricular conduction system. Following origin of 
the depolarising wave in the SA node and conduction through the AV 
node, the left and right bundle branches carry the signal through the 
ventricular septum before Purkinje fibres innervate the ventricular apex. 
Thus, depolarisation of the ventricular myocardium originates at the apex. 
This, combined with the APD gradient across the ventricles, allows for 
coordinated contraction and relaxation of the heart with efficient ejection 
and filling. Created with BioRender.com.  

This sequence of repolarisation may play an important role in normal diastolic function, 

as demonstrated by the work from Zhu et. al. which used canine LV wedge preparations 

to investigate the relationship between ventricular repolarisation sequence and 

relaxation.66 In this study, the interval between the peak and end of the T wave (TpTe) 
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was used as a measure of transmural dispersion of repolarisation (TDR), and the effect of 

switching between endo- and epicardial pacing on the transmural relaxation initiating 

time (TREpi–Endo) was examined. This parameter was measured by an isometric 

contraction loop and defined as the difference between onset of relaxation in the 

epicardium and endocardium, whereby the onset of relaxation referred to the point at 

which dT/dt (change in tension expressed as a function of time) became zero and 

proceeded to decrease continuously. It was demonstrated that changing from endocardial 

pacing (replicating the physiological activation sequence) to epicardial pacing resulted in 

an increase in both the TpTe and TREpi–Endo in preparations isolated from the left and right 

ventricles. These data demonstrate the close association between repolarisation and 

initiation of relaxation. The authors also demonstrated that the polarity of the T wave 

could be reversed by cooling of the epicardial surface, resulting in prolonged epicardial 

APs and eventual reversal of the TDR sequence. The close link between repolarisation 

and relaxation was highlighted by the fact that the myocardial relaxation sequence was 

similarly reversed, with relaxation beginning in the endocardium.  

In summary, myocardial repolarisation occurs in a specific sequence that ensures efficient 

myocardial relaxation and filling. It has been demonstrated that altering normal 

repolarisation has a negative impact on ventricular relaxation, and this may represent a 

mechanism through which regional differences in APD could result in altered 

intracellular calcium handling, thereby impacting negatively on global diastolic function.  

1.3.2 Repolarisation Abnormalities: APD is Prolonged in Heart Failure 

Having outlined why normal repolarisation is important for the efficient relaxation and 

filling of the ventricular myocardium, it is necessary to examine the changes to 

repolarisation which occur in a setting of cardiac dysfunction and HF.    

Increases in APD are frequently reported in HF patients and are associated with delayed 

removal of cytosolic calcium. One study recorded APs from trabeculae carneae from 

patients with dilated cardiomyopathy and demonstrated increased APD in these patients 

compared to controls.45 These findings were mirrored in a separate study which examined 

APD in isolated cardiomyocytes from patients with HF using current clamping techniques 
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and revealed a prolongation of APD in these patients compared to control.46 Both groups 

also reported a delayed removal of cytosolic calcium in HF patients. Studies such as these 

show that the principles relating to APD and calcium transients demonstrated in the study 

by Bouchard et. al. (Section 1.2.3) are demonstrated in patients with HF, where diastolic 

function is known to be impaired. 

Furthermore, HF has been demonstrated to induce cell type-dependent changes in APD 

with a resultant heterogeneous impact on calcium handling. One study examined these 

factors in rabbit epicardial, M and endocardial cells from animals with HF (induced by 

chronic coronary artery ligation) and control animals.73 The data revealed that APD and 

intracellular calcium transient duration were prolonged in epicardial and M cells from 

animals with HF, but shortened in endocardial cells, when compared to control. Results 

also showed that end diastolic intracellular calcium concentration was reduced in 

epicardial cells but increased in endocardial cells compared with controls. Some of these 

findings relating to the heterogeneity of APD and calcium handling, are corroborated by 

another study, examining human ventricular wedge preparations from patients with and 

without HF prior to death.74 Such heterogeneous alterations to APD could conceivably 

act to disrupt the ventricular repolarisation sequence and impair diastolic function. 

In terms of the mechanism by which such prolongation of APD occurs in HF, there are 

several potential contributing factors. As may be expected, many depend upon alterations 

to the expression and/or activity of ion channels involved in the ventricular AP (see 

Section 1.2.1). In particular, changes to potassium current amplitudes are commonly 

reported as a cause APD prolongation in animal models of HF as well as in human 

patients. The delayed rectifier potassium current (IK) has been reported to decrease in 

large and small animal models of experimental LV hypertrophy, with IKs and IKr 

displaying different prominence in different species.75-78 However, the presence or 

absence of downregulation of IKs and/or IKr does appear to vary depending on the model 

used and there is a shortage of evidence for this type of remodelling in human HF.79-81 

The transient outward potassium current (Ito) is frequently reported to be reduced in small 

animal models of HF and is thought to arise predominantly through a reduction in the 

number of channels expressed, rather than due to altered channel kinetics.77, 78, 82 In human 

HF, Ito has also been reported to be decreased, alongside a reduction in IK1 current 
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density.83, 84 Downregulation of Ito appears to be a more consistent finding in HF, however, 

with other studies finding no change to IK1 in human HF or animal models of disease.78, 

79, 85 Therefore, there are various ways in which electrical remodelling can contribute to 

AP prolongation in HF, which the mechanism responsible likely to vary between different 

disease states and species.  

In addition to the general association between AP prolongation and HF, there is now 

evidence to suggest a direct link between diastolic dysfunction in HF and repolarisation 

abnormalities. Two recent patient studies have demonstrated a correlation between 

abnormal repolarisation and diastolic dysfunction in HF patient cohorts. The first of these 

studies addressed whether electrocardiography could provide an effective means of 

demonstrating the presence of diastolic dysfunction, a condition more commonly 

determined with the use of echocardiography.86 The authors examined the results from 

electrocardiography and echocardiography performed on patients referred to hospital 

with suspected HF. A first cohort of patients was used to statistically determine which 

ECG parameters most correlated with diastolic dysfunction. This was achieved by 

allocating patients into groups in order to grade their level of diastolic function, according 

to e’ data obtained using tissue Doppler imaging. This parameter describes the early 

velocity of the mitral annulus and is widely accepted as a useful marker of diastolic 

function. Results revealed that a prolonged QTc interval (QT interval corrected using 

Bazett’s formula) was most closely associated with reduced e’, indicative of diastolic 

dysfunction. The QTc data was then compared to other echocardiographic parameters 

associated with diastolic function, and the same association was displayed. Phase two of 

the study involved gathering data from a second cohort of patients and revealed that QTc 

prolongation was indeed associated with reduced e’. A QTc interval of >435 ms and was 

found to be highly sensitive and specific in determining the presence of diastolic 

dysfunction when applied to patients with known or suspected HF. All 

electrocardiograms and echocardiograms in this study were analysed in a blinded fashion 

by a single individual (one for each diagnostic method), while potential confounding 

factors such as variations in patient age were also corrected for. Therefore, this study 

provides a robust example of the link between abnormal repolarisation and diastolic 
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dysfunction, and the potential usefulness of electrocardiography in assessing diastolic 

function.  

The second of these studies, carried out by the same group, hypothesised that altered 

dispersion of repolarisation, as measured using the TpTe interval, may be associated with 

diastolic dysfunction.87 This is a refinement on studies using QTc, since the TpTe interval 

is solely a measure of the magnitude of ventricular dispersion of repolarisation, whereas 

the QTc interval is influenced by the duration of the QRS complex (i.e. cardiac 

conduction), which can be delayed in HF and could also impact on diastolic function. The 

authors examined TpTe intervals in resting ECGs recorded from patients referred to 

hospital for exercise echocardiography, before assessing the diastolic function and ECGs 

obtained both at rest and at peak exercise stress. The results revealed that increased TpTe 

interval significantly correlated with a reduced septal e’ velocity, as determined using 

tissue Doppler imaging. The authors also demonstrated that TpTe interval was still closely 

associated with diastolic dysfunction under exercise conditions, and that when this 

prolonged TpTe interval was taken into account, QTc was no longer associated with 

septal e’ velocity. These findings led the authors to propose that the QTc prolongation 

previously reported was a manifestation of TpTe interval prolongation, and that this 

parameter provides a better measure of diastolic dysfunction and associated repolarisation 

abnormalities. The analysis of echocardiographic and electrocardiographic data used in 

this study was, again, carried out in a blinded fashion, while confounding factors such as 

patient age, QTc interval and left ventricular mass were accounted for. 

Another clinical study by Shah et. al. was able demonstrate a link between delayed 

repolarisation/increased dispersion of repolarisation and increased severity of diastolic 

dysfunction.12 The authors aimed to categorise patients with HFpEF according to various 

ECG, echocardiographic and haemodynamic parameters, in an attempt to better 

understand this heterogeneous condition. Results revealed that the group that had the 

highest number of patients with grade III (severe) diastolic dysfunction also demonstrated 

an increase in QTc interval as a measure of delayed repolarisation. This group also 

displayed a wider QRS-T angle, indicative of increased dispersion of repolarisation. 

Significantly, these findings suggest that repolarisation abnormalities may increase in 

severity in line with diastolic dysfunction.  
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Therefore, the above studies demonstrate in a clear and unbiased manner that a correlation 

exists between abnormal repolarisation and diastolic dysfunction in patients with HF, and 

that changes to APD are abundant in HF. However, it is not possible to conclude from 

such studies whether abnormal repolarisation represents a causal factor in the 

development of diastolic dysfunction, or if such abnormalities are merely a symptom of 

a diseased myocardium. Such a correlation is a recent finding and is worthy of further 

investigation, as if these abnormalities were found to be causative in the development of 

diastolic dysfunction in HF it would open the door to range of novel therapies which may 

prove effective in the treatment of diastolic HF.  

1.3.3 Impact of Repolarisation Abnormalities on Diastolic Function 

There appears to be a correlation between prolonged APD and abnormal intracellular 

calcium handling in HF, as well as between abnormal cardiac repolarisation and diastolic 

dysfunction. However, it is far from clear how such repolarisation abnormalities affect 

relaxation in the whole heart, and whether such abnormalities represent a primary causal 

factor for the impairment of diastolic function.  

In the study by Zhu et. al. which demonstrated the effect of TDR on ventricular relaxation 

time, the authors also examined the role of this repolarisation sequence on ventricular 

diastolic function in isolated working rabbit hearts.66 In these experiments hearts were 

bathed in ATX-II, an activator of INa, which had the effect of prolonging epicardial AP 

duration and consequently reversing the sequence of transmural repolarisation. This 

reversal of the transmural repolarisation sequence resulted in a significant increase in the 

isovolumic relaxation time within the LV, with a trend towards increased LV end diastolic 

pressure. Increases in these parameters are typical of diastolic dysfunction, suggesting a 

direct impact of abnormal dispersion of repolarisation on diastolic function in the whole 

heart.  

Indeed, in addition to ex vivo studies, there is evidence to suggest a link between abnormal 

repolarisation and impaired cardiac function in patients with cardiac conditions other than 

HF. One such study examined the relationship between abnormal repolarisation and 

impaired diastolic function in patients with Behcet’s disease.88 Echocardiographic and 
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electrocardiographic data from Behcet’s and control patients was gathered during 

exercise stress-testing, and the difference between maximal and minimum QT values 

obtained during 12-lead ECG recording used as a measure of dispersion of repolarisation 

(QTd). Results revealed that Behcet’s patients displayed a significant increase in QTd 

compared to the control group and were also significantly more likely to present with 

diastolic dysfunction (as determined by prolonged isovolumic relaxation and mitral 

deceleration times). More significant, however, was the fact that those Behcet’s patients 

with diastolic dysfunction displayed increased QTd compared to those without diastolic 

dysfunction. In fact, those without diastolic dysfunction did not have QTd levels that were 

significantly different when compared to controls. This finding ties dispersion of 

repolarisation to diastolic dysfunction, although still falls short of demonstrating a direct 

functional effect of abnormal repolarisation on ventricular relaxation.  

However, the exact link between dispersion of repolarisation and diastolic dysfunction 

remains unclear. Another study looked at dispersion of repolarisation in patients with 

chronic HF and found that JTd in particular provided a good prognostic indicator of 

patients most at risk of sudden cardiac death or ventricular tachyarrhythmia.89 Such 

patients displayed evidence of diastolic dysfunction in the form of increased LV end 

diastolic pressure (LVEDP) compared to control group and showed significantly 

increased dispersion of repolarisation. However, HF patients who did not go on to suffer 

from sudden cardiac death or ventricular tachyarrhythmia during follow up also displayed 

signs of diastolic dysfunction and did not demonstrate increased dispersion of 

repolarisation. The relationship between repolarisation abnormalities and diastolic 

dysfunction, therefore, may not be as simple as cause and effect.   

Evidence from patients with congenital long QT syndrome (LQTS) may also be able to 

provide some insight into the mechanical impact of dispersion of repolarisation on the 

myocardium. Indeed, this may be an ideal setting to examine the effect of altered 

ventricular repolarisation on diastolic function, since this condition arises as a result of 

specific mutations to ion channels involved in the ventricular AP. As such, alterations to 

ventricular repolarisation occur in the absence of any of the confounding factors often 

present in HF which may also affect intracellular calcium handling (e.g. altered 

expression of SERCA/NCX). Long QT syndrome is characterised by repolarisation 
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abnormalities in affected individuals and it has been demonstrated that patients with 

congenital LQTS display increased spatial dispersion of repolarisation (measured both by 

TpTe, and the difference in QT intervals obtained between measurements from individual 

leads in a 12-lead ECG).90 In the past LQTS had often been considered a purely electrical 

disease, with repolarisation abnormalities making affected individuals prone to life-

threatening arrhythmias but not impacting on the mechanical function of the myocardium. 

However, more recently this has been demonstrated not to be the case. In a study using 

tissue Doppler imaging to assess the duration of contraction in six separate LV wall 

positions, the standard deviation of these measurements was used to determine the degree 

of dispersion of contraction.91 This study examined data from two groups of LQTS single-

mutation carriers; those with a history of relevant cardiac events, termed ‘symptomatic’, 

and those who were asymptomatic. Data revealed that the duration of contraction was 

longer in LQTS patients compared to control, as was the mechanical dispersion across 

the ventricular wall. Both parameters were also significantly greater in symptomatic 

patients compared to asymptomatic counterparts. Interestingly, the study also examined 

e’ data for these patients, a parameter commonly used as a measure of diastolic function. 

The results demonstrated a significant decrease in e’ velocity in symptomatic LQTS 

patients compared to control, and whilst asymptomatic patients were not significantly 

different to the control group, e’ values for this group fell at the midpoint between the 

control and symptomatic group. This suggests that diastolic function is increasingly 

impaired in the presence of delayed and heterogeneous repolarisation (as indicated by 

increased duration and spatial dispersion of contraction). Such findings relating to the 

mechanical implications of LQTS have also been demonstrated by several other 

studies.92,93,94 

Further evidence of a direct link between altered repolarisation and diastolic function was 

provided by a study looking into a phenomenon called ‘cardiac memory’, which describes 

changes in cardiac electrophysiology following prolonged periods of ventricular pacing.95 

This study examined myocardial repolarisation and relaxation parameters in patients with 

permanent pacemakers after varying lengths of pacing stimulus had been applied. Results 

demonstrated that all subjects showed changes in repolarisation following cessation of 

pacing, with prolongation of the QT interval appearing alongside increased isovolumic 
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relaxation time (a finding indicative of diastolic dysfunction in HF patients). The 

phenomenon of cardiac memory, as described in this study, has been reported to occur 

due to changes in the expression of ion channels involved in cardiac repolarisation 

following sustained pacing.96  

Therefore, the direct impact of delayed repolarisation or increased dispersion of 

repolarisation on diastolic function remains unclear, since the majority of studies 

currently available can demonstrate only correlation. However, one study has 

demonstrated that reversal of the transmural repolarisation sequence directly impairs 

diastolic function in an isolated working heart preparation, and numerous clinical studies 

have evidenced increased dispersion of repolarisation as a risk factor in patients with 

various cardiac conditions. A potential physiological mechanism by which repolarisation 

abnormalities could impair diastolic function has also been demonstrated in studies 

assessing the impact of heart failure on APD and intracellular calcium handling. 

Therefore, evidence from existing studies suggests there is a strong association between 

diastolic dysfunction and repolarisation abnormalities which, if causal, may open the door 

to a novel class of therapy that could benefit patients suffering from HFpEF. 

1.4 A Novel Treatment for Diastolic Dysfunction? 

Conditions that are associated with prolongation of the AP, such as LQTS and HF, are 

commonly associated with repolarisation abnormalities.12, 45, 46, 86, 87, 90, 91, 97 Given that there 

is a clear correlation between diastolic dysfunction and increased dispersion of 

repolarisation,12, 86, 87 the possibility of correcting such an abnormality using 

pharmacological agents that shorten the AP represents a tempting novel therapy for 

diastolic HF. However, the regional differences in ionic conductance across the 

ventricular myocardium mean that care must be taken when selecting drugs to correct 

abnormal dispersion of repolarisation (which often act on such ion channels), since they 

may have a heterogeneous effect. It has been shown that the physiological sequence of 

transmural repolarisation must be maintained, as it is important to the efficient diastolic 

functioning of the heart.66  
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There are several potentially suitable ion currents which affect ventricular APD and 

repolarisation that could be targeted to correct repolarisation abnormalities. Late INa 

inhibitors would act to shorten APD and may provide a suitable pharmacological means 

of correcting abnormal repolarisation. Another class of drug which may be of interest are 

those which act to increase the IKs by increasing channel activation or slowing channel 

deactivation, thus reducing APD. Alternatively, increasing IKr may act to reduce the 

pathological delay of repolarisation seen with diastolic dysfunction and LQTS. The IKr 

may represent a more suitable target for correcting delayed repolarisation given that this 

current has been shown to have similar properties across the ventricular myocardium, and 

so there may be less risk of altering the natural transmural repolarisation sequence.70 The 

Ito, which is the main contributor to phase 1 of the cardiac AP, may also represent a 

potential target for the treatment of HFpEF. A reduction in Ito has been reported in the 

diseased myocardium, and is associated with prolonged APD.84, 98 Pharmacological agents 

which serve to increase this current may therefore be able to counteract pathological 

prolongation of the AP.  

Therefore, although pharmacological correction of the prolonged repolarisation seen in 

patients with diastolic dysfunction represents a tempting novel therapy, it is associated 

with certain challenges owing to the intrinsic regional differences in ion currents found 

across the ventricular myocardium. Care must also be taken when aiming to shorten APD, 

since this has been found to be proarrhythmic.99 However, if a causal link between 

repolarisation abnormalities and diastolic dysfunction can be demonstrated, it remains an 

interesting avenue of research given the current lack of successful therapies for patients 

with HFpEF.  

1.5 Summary and Project Aims 

Clinical studies have revealed a clear correlation between repolarisation abnormalities 

and diastolic dysfunction in patients with HFpEF, and it has been demonstrated using ex 

vivo preparations that repolarisation abnormalities have a negative impact on diastolic 

function. It is likely that abnormalities in intracellular calcium handling contribute to 

diastolic dysfunction, since this process is fundamental to active ventricular relaxation 

and studies have demonstrated abnormal calcium handling in patients with HF. 
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Alterations to APD associated with HFpEF may directly affect the inward calcium current 

and subsequent calcium handling. This is supported by studies in cardiac myocytes which 

show that prolonged APD acts to slow cytosolic calcium clearance and subsequent 

relaxation. Regional heterogeneity of APD and repolarisation seen in HFpEF may 

therefore lead to dis-synchronous relaxation of the myocardium, and impaired diastolic 

function. Such a mechanism would open the door to a range of novel therapies which may 

prove effective in the treatment of diastolic HF.  

1.5.1 Hypothesis 

That repolarisation abnormalities present in the failing heart may directly impair normal 

ventricular relaxation, leading to diastolic dysfunction. This would occur via 

perturbations to normal intracellular calcium handling as a result of altered ion exchange 

across the sarcolemma during the ventricular AP due to altered membrane potential. This 

may act in combination with other factors commonly present in HF, such as the altered 

expression of calcium handling proteins, to impair intracellular calcium handling and 

active ventricular relaxation, thereby contributing directly to diastolic dysfunction.    

1.5.2 Specific Aims 

1) To examine the relationship between APD and intracellular calcium handling in 

the healthy heart.  

2) To determine the effect of prolonging APD on ventricular relaxation in the healthy 

heart, and in the presence of factors commonly associated with HF. 

3) To establish and characterise an appropriate animal model of HF with diastolic 

dysfunction. 

4) To determine the relationship between diastolic dysfunction and ventricular 

repolarisation in the failing heart.  
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2 METHODS AND MATERIALS 

2.1 General Methods 

This section will describe the general experimental setups and techniques used for the 

studies performed in this project. Specific protocols and conditions used for individual 

studies will be described in detail in the relevant results section. 

2.1.1 Animal Housing and Husbandry 

All animals used in studies were male Dunkin Hartley guinea pigs (Marshall 

BioResources) and ranged from 300-850g at the time at which experiments were carried 

out, as specified for individual studies. This variation in weight arose due to the rapid 

growth phase shown by young animals, resulting in a large weight gain during 

longitudinal in vivo studies. To allow for this, within any given study, animals were 

always age-matched. Animals were group housed where possible, and experienced 

standard 12-hour light-dark cycles with free access to food and drinking water at all times. 

Food consisted of standard guinea pig chow, hay and dried vegetables. All procedures 

were carried out according to the Animal (Scientific Procedures) Act (1986), under PPL 

70/7491 and PPL PA527CE7C with ethical approval. 

2.1.2 Isolation and Perfusion of Guinea Pig Hearts 

Animals were anaesthetised by intraperitoneal injection of pentobarbitone sodium 

(approx. 160mg/kg) and heparin sodium (150 I.U.). A surgical level of anaesthesia was 

confirmed by checking for lack of pedal reflex before removal of the heart via 

thoracotomy and immediate submersion in ice-cold physiological buffer (composition 

given in Table 2.1) to prevent ischemic damage. The ascending aorta was then exposed, 

and the heart immediately mounted onto a cannula before commencing flow of buffer via 

a gravity fed/pump system, as specified in study protocols. This enabled retrograde 

coronary perfusion at a constant pressure of 60-70 mmHg. Physiological buffer was 

gassed throughout (95% O2, 5% CO2) to maintain correct oxygenation and pH (7.4), and 

reservoir temperature was maintained using a heated bath circulator (Thermo Scientific, 
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US) to give a heart temperature of 37.5°C ±0.5°C. All glassware was flushed with boiling, 

purified water (18.2MΩ.cm) after experiments to ensure that glassware remained clean 

and no contamination occurred between experiments. 

2.1.2.1 Instrumentation of Langendorff-Perfused Hearts 

The setup for Langendorff-perfusion of hearts is detailed in Fig 2.1 & 2.2. Following 

cannulation and commencement of coronary perfusion as described in Section 2.1.2, an 

incision was made in the left atrium, allowing for the insertion of a fluid-filled balloon 

coupled to a pressure transducer into the LV. Left ventricular end diastolic pressure 

(LVEDP) could then be adjusted by altering the volume of water inside the balloon and 

left ventricular pressure (LVP) measured throughout the contraction cycle. A pacing 

catheter (EP Technologies Inc., US) was then positioned at the right ventricular apex via 

an incision in the pulmonary artery, allowing endocardial pacing to be carried out during 

the experimental protocol using a DS3 Isolated Current Stimulator (Digitimer, UK). 

Pacing current was delivered at a value of 1.5 times the capture threshold. Finally, the 

heart was submerged in a warming chamber filled by coronary effluent, allowing a 

constant temperature to be maintained throughout the protocol. An ECG was also 

recorded throughout using a silver pellet electrode submerged in the buffer-filled 

warming chamber with negative/earth electrodes attached to the metal cannula above the 

aorta, allowing a modified lead II ECG to be recorded. Physiological data (LVP and ECG) 

was recorded using a PowerLab 8/30 with BioAmp and BridgeAmp, and LabChart 7 

software (ADInstruments, Australia).  
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Figure 2.1 Langendorff heart instrumentation 

Instrumented, Langendorff-perfused guinea pig heart. 1) Pacing catheter 
positioned at the endocardial right ventricular apex via the pulmonary 
artery. 2) Fluid-filled intraventricular balloon positioned within the left 
ventricle via the left atrium. 3) Negative and earth ECG leads positioned 
on the aortic cannula. (NB. Positive silver-pellet electrode positioned in the 
fluid-filled warming chamber while heart is submerged during 
experiments). 

 

  

1.

2. 3.
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Figure 2.2 Langendorff heart setup  

The heart is cannulated via the aorta to allow retrograde perfusion of the 
coronary arteries via either a gravity or constant-pressure pump system. 
Physiological buffer is maintained at 37.5℃ using water-jacketed 
glassware and a heated bath circulator, with a glass heating coil 
positioned immediately before the aortic cannula. Where a constant-
pressure pump system was used, the pump was positioned before this 
glass heating coil. An air-filled syringe positioned above the aortic cannula 
acted as a compliance chamber and bubble-trap to prevent air entering 
the coronary circulation. The use of multiple reservoirs connected in 
parallel allowed for the switching between different concentrations of 
relevant pharmacological agents during studies.  
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2.1.2.2 Instrumentation of Isolated Working Hearts 

Working hearts were initially cannulated to achieve retrograde perfusion in the same 

manner as described above and allowed to stabilise under these conditions. Subsequently, 

the pulmonary vein was identified and cannulated, allowing for filling of the left side of 

the heart. Perfusion was then switched from the aortic to the pulmonary vein cannula, 

allowing the left side of the heart to fill and eject physiological buffer via the aortic 

cannula against a set afterload of 55mmHg, which also served to maintain coronary 

perfusion. The working heart operated under a recirculating system within which the 

preload and afterload could be varied. This setup is described in detail in Fig. 2.4. Cardiac 

function was monitored via a pressure-volume catheter (Transonic, US) positioned within 

the left ventricle, and an ECG was recorded using silver wire electrodes positioned in a 

modified Lead II configuration. Where required, pacing was performed using a bipolar 

silver wire electrode positioned on the surface of the right atrium. (Fig. 2.3). Physiological 

data (LVP and ECG) was recorded using a PowerLab 8/30 with BioAmp and LabChart 7 

software.   

 

Figure 2.3 Working heart instrumentation 

Instrumented, isolated working guinea pig heart. 1) Pressure-volume 
catheter within the aortic cannula. 2) Pulmonary vein cannula. 3) Bipolar 
pacing electrode positioned on the right atrium. 4) ECG wires positioned 
on the ventricular apex (positive), right atrium (negative) and connective 
tissue surrounding aorta (earth). 

1.

2.

3.

4.
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Figure 2.4 Working heart setup 

Recirculating system allows for heart to be initially perfused in Langendorff 
mode, whilst a cannula is secured in the pulmonary vein (PV). This allows 
for the switch to working mode, whereby the left side of the heart is filled 
via the PV and the Langendorff reservoir closed off, allowing physiological 
buffer to be ejected via the aorta and recirculated. Buffer is then filtered 
before being reintroduced to the filling reservoir. Afterload is determined 
by the height of the outflow line, and preload is determined by setting a 
fixed height of solution within the filling reservoir. A catheter port off the 
aortic cannula allows for the introduction of a pressure-volume catheter 
into the left ventricle, and a double inflow line allows partial occlusions to 
be performed which mirror IVC occlusions performed in vivo.   
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2.1.2.3 Setup and Instrumentation of Langendorff Hearts for Optical Mapping 

Although hearts used in optical mapping studies were also Langendorff-perfused, the 

requirement for the heart to be in a horizontal position necessitated isolating and 

cannulating the heart in a slightly different manner. Guinea pigs were anaesthetised as 

described above, and once surgical depth of anaesthesia was confirmed a thoracotomy 

was performed and the heart arrested using ice. The descending aorta was then identified 

and cannulated, and a small volume of ice-cold physiological buffer pushed through the 

coronary vessels using a syringe attached to the cannula. The subclavian arteries were 

then clamped to reduce loss of physiological buffer during perfusion, and the heart and 

surrounding ribcage removed leaving the spinal column intact. This allowed the heart to 

lie in a horizontal orientation during perfusion with the LV uppermost, allowing good 

exposure to the LEDs and camera. The spinal cord was destroyed using a wire prior to 

the start of the experiment to remove remaining sympathetic input during the protocol. 

Once in position, the heart was perfused with warmed physiological buffer via a constant 

pressure pump system, a catheter was positioned within the apex of the right ventricle to 

pace the heart and an ECG was recorded using silver wire electrodes. Physiological data 

(ECG) was recorded using a PowerLab 8/30 and LabChart 7 software.   

2.1.2.4 Setup and Instrumentation of Hearts for NMR 

Hearts used for 23Na nuclear magnetic resonance (NMR) studies were isolated and 

Langendorff-perfused in the same manner as described in Section 2.2.1. However, owing 

to the necessity of having no metal within the magnet coil (this would create noise within 

the signal), slight modifications were made to the instrumentation (Fig 2.5). This included 

cannulating hearts onto a plastic cannula and using a fluid-filled plastic cannula coupled 

to a pressure transducer and positioned within the left ventricle as a crude method of 

monitoring function. Hearts were perfused using a constant-pressure pump system at a 

pressure of 60 mmHg on a modified Langendorff rig with an ‘umbilical’ system, allowing 

the heart to be lowered into the magnet whilst being supplied with physiological buffer at 

37.5℃ (Fig. 2.6). Hearts were positioned at the centre of the microimaging coil, and the 

bore of the magnet was kept at 37°C by circulating warm water through the imaging 

gradients. Hearts were enclosed within a modified thin-walled NMR tube containing a 
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‘reference’ sodium sample and bathed in coronary effluent, with an outflow siphoning 

line to prevent overflow. Physiological data (LVP) was recorded using a PowerLab 8/30 

with BridgeAmp and LabChart 7 software. Note that the physiological buffer used in 

these experiments had a slightly modified composition (Table 2.1), as phosphorous 

spectra were collected during experiments and so the buffer could not contain phosphate.  

 

Figure 2.5 Instrumentation for NMR perfusion 

Modified instrumentation of an isolated Langendorff-perfused guinea pig 
heart on the NMR perfusion rig. Hearts are enclosed within a double-
walled glass NMR tube, which is filled by the coronary effluent and 
prevented from overflowing by a siphoning tube. Function is monitored via 
a fluid-filled catheter positioned within the left ventricle, coupled to a 
pressure transducer. A second pressure transducer is used to control 
perfusion pressure for the constant-pressure pump system. A pneumatic 
valve allows for switching between different buffers without a significant 
time lag.  
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Figure 2.6 NMR perfusion setup 

Water-jacketed, constant-pressure pump perfusion system allows the 
heart to be supplied with physiological buffer at 37.5℃ and lowered into 
the magnet via an ‘umbilical’ system. The inclusion of multiple reservoirs 
allows for switching between buffers containing different concentrations of 
relevant pharmacological agents.  
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Table 2.1 Composition of physiological buffers used to perfuse isolated guinea pig 
hearts 

Reagents were added to purified water (18.2MΩ.cm) with gentle stirring in 
the order listed, ensuring that the calcium chloride dihydrate was fully 
dissolved before adding remaining reagents in order to prevent precipitation. 
Buffer was filtered before use in experiments and kept at 4°C for a maximum 
of 5 days. Buffer was warmed and gassed with 95% O2 + 5% CO2 to maintain 
perfusate at a pH of 7.4 and temperature of 37.5℃. *N.B. This reagent was 
omitted from buffer used in NMR studies.  

Reagent Concentration (mM) 

NaCl 114.0 

CaCl22H2O 1.5 

Sodium Pyruvate 2.0 

Glucose 11.0 

KCl 4.0 

NaH2PO42H2O* 1.1 

MgSO47H2O 1.0 

NaHCO3 24.0 

 

2.1.3 In Vivo Techniques 

2.1.3.1 Unilateral Nephrectomy and DOCA Pellet Implantation 

Guinea pigs (325-525g) underwent a unilateral nephrectomy and subcutaneous 

deoxycorticosterone acetate (DOCA) pellet (Innovative Research of America, 200mg, 

60-day release) implantation in order to produce an animal model of diastolic dysfunction. 

Details of medications given to animals pre- and post-surgery are listed in Table 2.2. 

Anaesthesia was induced using 4% isoflurane inside an induction chamber and 

maintained using 2-2.5% isoflurane on a nose cone. A loss of pedal reflex and reaction to 

skin pinch at the incision site was used to indicate adequate depth of anaesthesia prior to 

commencing surgery. Animals were monitored throughout using a Rodent Surgical 

Monitor+ system (Indus Instruments, USA) coupled with ECG and rectal temperature 
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probe, enabling core body temperature to be maintained throughout. Additional heating 

was provided with an infrared lamp as necessary. Aseptic technique was practiced 

throughout the procedure, with the use of sterile instruments, drapes, gown and gloves. 

Incision sites were prepared by shaving and thorough application of iodine-based surgical 

scrub. Removal of the left kidney was carried out via a 3cm abdominal incision slightly 

left of midline, which allowed sufficient space to remove a portion of the intestines and 

obtain a clear surgical field. Intestines were displaced onto the animal’s abdomen onto 

sterile gauze swabs using cotton-tipped applicators and covered with gauze. They were 

kept moist using sterile 0.9% saline for the duration of the procedure. The blood vessels 

and ureter of the left kidney were occluded by using a curved metal ‘introducer’ to pass 

two 3-0 Mersilk sutures behind the renal hilum and tying off using surgical square knots 

(Fig. 2.7). Any additional arteries entering the kidney above or below the hilum were then 

identified and tied off (the presence of at least one additional artery was found to be 

common in guinea pigs). Once ischemia throughout the entire kidney was visually 

confirmed, the vessels were cut at the level of the surface of the kidney and the kidney 

was removed. The intestines were then replaced with the addition of several millilitres of 

saline to ensure adequate rehydration, and the abdominal muscle layers closed using 5-0 

Vicryl and a simple continuous suture pattern. The skin layer was also closed using 5-0 

Vicryl, but in this instance intradermal suturing with buried knots was used to prevent the 

animal reopening the wound upon recovery (Fig. 2.7). The incision site was then cleaned 

using reapplication of iodine surgical scrub followed by an ethanol rinse to reduce 

grooming around the incision site upon recovery.  

Following completion of unilateral nephrectomy, the animal was positioned on its front 

and a 1-2cm incision made at the scruff of the neck. Round-ended scissors were used to 

create a subcutaneous pocket allowing for the insertion of two DOCA pellets. The wound 

was then closed using a simple interrupted suture pattern and cleaned with iodine surgical 

scrub, before recovering the animal (Fig. 2.7). Once conscious, animals were transferred 

to a recovery chamber at 27°C with food and water for several hours and monitored 

closely before being returned to their home cage. Sham animals underwent an identical 

abdominal incision and wound closure without the removal of the left kidney or 

implantation of DOCA pellets.          
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Figure 2.7 DOCA-salt model surgery 

Animals included in the DOCA-salt diastolic dysfunction study underwent 
surgery for unilateral nephrectomy and DOCA pellet implantation. A) 
Image showing the method by with sutures were passed underneath the 
blood vessels and ureter of the renal hilum, using an L-shaped ‘introducer’. 
B) Image showing the positioning of the incision used to implant the DOCA 
pellets. C) Image showing positioning of the abdominal incision through 
which the nephrectomy was performed, and the intradermal suturing 
pattern used for wound closure.   

2.1.3.2 Telemetry Device Implantation 

A proportion of animals used for the DOCA-salt HF model additionally underwent 

surgery to allow the implantation of combined ECG and blood pressure telemetry devices 

(HD-X11, DSIä, US). Not all animals could be telemetered owing to constraints on the 

number of telemetry devices and available hardware for recordings. Guinea pigs (325-

525g) were anaesthetised and prepared for surgery as described above (Section 2.1.3.1). 



Methods and Materials 

58 

 

The cap on the pressure catheter of the HD-X11 implant was removed and the device 

submerged in sterile saline prior to commencing surgery. A 2-3 cm horizontal incision 

was then made on the inside right hind leg, allowing visualisation of the femoral vein and 

artery. The skin and muscle on the proximal side of the wound was retracted to ensure a 

clear view of the vessels, and vessel dilators were used to carefully separate the femoral 

artery from the femoral vein and femoral nerve. Once this was achieved, 4 sutures were 

positioned underneath the vessel: 2 long sutures to permanently occlude the distal end of 

the artery and temporarily occlude the proximal end, and 2 short sutures ready to tie 

around the pressure catheter. A few drops of lignocaine (2% w/v) were then applied to 

the vessel in order to dilate the artery (it was found that the artery and vein were very 

tightly bonded, and the vessels did not remain patent during the procedure to separate 

them). The wound was covered with sterile gauze moistened with 0.9% sterile saline 

while the lignocaine took effect, and during this time the tip of the catheter was examined 

to check whether additional gel needed to be applied – this was done if any air bubbles 

were present, and the implant returned to the sterile saline. Once the femoral artery was 

visibly patent, the distal end was tied off using a surgical square knot and the long end of 

the suture used to tension the vessel slightly. The short sutures were loosely tied using a 

single square not, so that they were ready to be tightened over the catheter. The proximal 

end of the vessel was then occluded by tensioning a long suture passed underneath the 

vessel, using a pair of small forceps. Note, the femoral artery in the guinea pig was found 

to be too delicate for the use of a vessel clip in place of tension occlusion, and often 

remained collapsed after removal of the clip making it impossible to pass the catheter 

through the vessel. Once the vessel was occluded on both sides, a small incision was made 

in the vessel wall using curved vannas sprung scissors (DBIO, DE), and the pressure 

catheter introduced using a pair of cannulation forceps to grip the catheter and a pair of 

vessel dilators to grip the vessel wall. Once the catheter was passed far enough into the 

vessel, the short sutures were loosely tied, and tension was removed from the proximal 

end of the vessel. This allowed the catheter to be passed along the femoral artery until the 

tip reached the abdominal aorta, at which point the sutures could be securely fastened 

around the catheter to prevent any blood leakage. A subcutaneous pocket was then made 

in the flank of the animal in front of the hind limb, by blunt dissection with rounded 

scissors. This was flushed with sterile saline before positioning the implant within this 
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pocket, ensuring that the pressure catheter could lie flat with no kinks, and that the 

animal’s movement would not be restricted. 

Once the pressure catheter and implant were in place, the ECG leads could be positioned. 

This was done in a modified lead II formation, with the positive lead placed on the lower 

left side of the ribcage and the negative lead placed on the upper right chest wall. The 

leads were passed subcutaneously to these sites via a hollow metal rod with a rounded 

tip, which was first used to form a channel under the skin by blunt dissection. A small 

incision (1 cm) was made in the skin at both sites on the chest wall to expose the muscle 

layer to which the lead tips would be attached. The respective leads were cut to the 

appropriate length once passed under the skin to the site of attachment, leaving enough 

slack for growth and movement of the animal. The last 5 mm of the plastic coating was 

then removed from the lead by cutting through the coating with a scalpel blade and sliding 

the plastic sheath over the wire inside. This plastic coating was left covering the tip of the 

metal wire to prevent any irritation occurring. The wire was then sutured to the muscle of 

the chest wall using 4-0 Mersilk sutures and a square surgical knot at the level just below 

where the plastic coating had been cut. The remaining exposed section of wire was then 

buried by suturing the muscle on either side together, over the top of the lead. This ensured 

a good contact with the chest wall to obtain the best possible ECG quality.  

The procedure was completed by suturing the incision in the hind limb using intradermal 

suturing and 5-0 Vicryl sutures and closing the chest wounds using simple interrupted 

sutures. Wounds were cleaned with iodine surgical scrub before recovering the animal 

and transferring to a recovery chamber at 27°C with food and water for several hours, 

prior to return to the home cage. 
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Table 2.2 Treatment regimen for guinea pigs undergoing surgical procedures 

List of analgesics, antibiotics and supplements along with doses and routes 
of administration given to animals undergoing surgery in order to control pain 
and ensure rapid recovery from procedures. 

Drug 
Route of 

Administration 
Dose Duration of Treatment 

Meloxicam (Metacam, 

2mg/ml injectable solution 

for cats and 1.5mg/ml oral 

suspension for dogs) 

Oral, s.c 0.2mg/kg 

Orally for 2 days prior 

to surgery and 4 days 

after, s.c. on day of 

surgery 

Enrofloxacin (Baytrill, 

2.5% oral suspension) 
Oral 5mg/kg 

Orally (given as 1:3 

dilution by syringe on 

day of surgery, and 

diluted in drinking water 

for 4 days following 

surgery)  

Bupivacaine (Morcaine 

Polyamp, 0.25%) s.c. 
Max. 

0.3ml/animal 

Injected at incision sites 

prior to starting surgical 

procedure 

Vitamin C (1000mg 

dispersible tablets) 
Oral 

Approx. 

1420mg/L 

Added to drinking 

water daily for 7 days 

either side of surgery  
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2.1.3.3 Cardiac Ultrasound 

Animals were anaesthetised using 4% isoflurane in an induction chamber and maintained 

at 1.5-2% isoflurane on a nose cone. Body temperature was maintained during the 

procedure with the use of a homeothermic platform and rectal temperature probe, with 

additional warmth provided from an infrared lamp as required.  

Prior to commencing cardiac ultrasound, an ECG was recorded for 1-2 minutes using a 

PowerLab 8/30 and BioAmp coupled to electrode pads on the homeothermic platform, 

onto which the animal’s paws were secured. The recording of an ECG prior to starting 

the ultrasound allowed for any changes to heart rate and QT interval to be monitored 

thought the DOCA-salt study.  

Cardiac ultrasound data was collected using a Vevo 3100 system with an MX201 10-22 

MHz transducer (FUJIFILM VisualSonics Inc, Canada). Data was collected in the 

parasternal long axis (B-mode and M-mode), short axis (B-mode and M-mode) and apical 

two-chamber view (B-mode, pulsed-wave (PW) and tissue Doppler). These three views 

are illustrated in B-mode in Fig. 2.8. Data was collected free-hand, with the aid of a tilting 

platform to achieve a clear field of view for each parameter. After the ultrasound 

procedure animals were allowed to recover on the homeothermic platform and monitored 

for a short time, before return to their home cage. 

Data was analysed using Vevo LAB 2.1.0 software (FUJIFILM VisualSonics Inc.). The 

timeline for the collection of cardiac ultrasound data from animals in the DOCA-salt study 

is shown in Fig. 2.9. 
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Figure 2.8 Views used in collection of cardiac ultrasound data 

Representative B-mode images obtained in anaesthetised DOCA-salt and 
sham control guinea pigs. A) parasternal long axis (PLAX) view, B) short 
axis (SAX) view and C) apical two-chamber view. Additional analysis of 
cardiac structure and function was obtained in M-mode for PLAX and SAX 
views, while functional data from the apical two-chamber view was 
obtained using pulsed-wave and tissue Doppler. Abbreviations: left 
ventricle (LV), right ventricle (RV), left atrium (LA), aortic valve (AV), mitral 
valve (MV), papillary muscles (PM). 
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Figure 2.9 Timeline of DOCA-salt heart failure study 

Details of the experimental timeline used for the DOCA-salt heart failure studies, including surgical procedures, serial monitoring using telemetry recording 
and cardiac ultrasound, and end-point function studies in isolated working hearts (WH).  
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2.1.4 Blood Pressure and ECG Telemetry Data Acquisition and Analysis 

Telemetry studies were carried out using HD-X11 probes and PhysioTel™ RPC-1 

receivers, coupled with Data Exchange Matrices and DataQuest A.R.T v4.33 software 

(DSI™, US). Blood pressure and ECG data was collected throughout a 24hr period on a 

weekly basis (Fig. 2.9), with sampling set to record 10s of data every minute during this 

period. Data was collected at weekends to minimise noise disturbance to the animals, and 

a 24hr period was recorded to control for any diurnal/nocturnal variation in blood pressure 

or ECG parameters. Animals undergoing telemetry recordings were single-housed in 

smaller home cages. Initial plans were to return these animals to group-housing with non-

telemetered counterparts between recordings, however this proved impossible due to 

fighting occurring between animals following the period of separation.  

Data was exported as a text file and opened in LabChart 8 for analysis. For blood pressure, 

data was averaged to provide hourly mean values which could then be further averaged 

to provide daytime and night-time values for the parameters of interest. An hour on either 

side of the switch between light and dark was excluded from this value to avoid error. For 

ECG, the ECG analysis module on LabChart was used to average 1500 beats allowing 

for manual measurement of the parameters of interest. An exception was made to this for 

one probe which had interrupted recordings, where 500 beats were averaged to allow 

mean values to be obtained using the ECG analysis software, despite the missing values.  

Similarly, these values were then averaged to give averages for the day and night with a 

central 6-hour window for day- and night-time used to provide these average values. 

Heart rate averages were obtained from the ECG data to provide a mean value for the 

same 6-hour day and night windows, thereby allowing QTc interval to be calculated. This 

was achieved using MATLAB R2019b software, which allowed the gaps in data (due to 

method used of acquiring 10s of data in every minute) and noise to be removed from the 

dataset and the remaining values averaged to provide an accurate heart rate for each 

animal. 
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2.1.5 NMR Spectra Acquisition and Analysis 

Hearts for NMR studies were isolated and instrumented as described in section 2.1.2 and 

Fig. 2.5. The NMR tube holding the heart and perfusate inside the magnet consisted of 

two nested thin-walled NMR tubes. The outer tube (25mm diameter), contained a 

reference sample used to calibrate the 23Na signal from one heart to another. This sample 

contained 500mM NaCl and 2.5mM Tm-DOTP shift reagent, set in 2% agarose.  Agarose 

was used as a matrix medium to generate a triple quantum filtered (TQF) 23Na signal, and 

the shift reagent was used to distinguish between the sodium signal originating from the 

heart/buffer and that which originates from the reference sample. The inner tube (24mm 

diameter), held the heart and perfusate.  

31P and 23Na NMR spectra was acquired on the Bruker Advance III 400 MHz 

Spectrometer 9.4T vertical-bore magnet (Bruker, US) using a 30mm 31P/23Na 

microimaging coil. Spectra were visualised using the TopSpin 3.7pl software (Bruker, 

US). The coil was tuned and matched using the adjustment controls on the coil’s probe. 

For every heart, shimming was carried out on the 23Na channel.  

Specific protocols and conditions used in studies examining the effects of ouabain and 

HF on intracellular sodium ([Nai]) will be discussed in relevant results chapters. Briefly, 

time-resolved 23Na spectra were acquired using TQF experiments with pulse sequences 

described by Eykyn and colleagues.100 Interleaved TQF and double quantum filtering 

(DQF) NMR acquisitions, consisting of 192 scans and each lasting 1 min, were recorded 

throughout experiments. Cardiac energetics were determined before and after ouabain 

treatment through acquisition of 31P spectra flanking the 23Na experiments. Phosphorous 

spectra were acquired with a 60 flip angle, 64 scans and a total experiment duration of 

5 min. 

Two components were extracted from 31P spectra for cardiac energetics assessment (Fig. 

2.10). ATP-to-PCr ratio was obtained by the ratio of the integrated area under the ATPb 

peak and PCr peak. The distance between the Pi and PCr peak (dPi) was used to determine 

intracellular pH (pHi) using the following equation:101 
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!"! = 6.72 + log (-"! − 3.17)(5.72 −	-"!)
 

 

 

Figure 2.10 Representative 31P NMR spectrum 

Representative 31P NMR spectrum obtained from a healthy Langendorff-
perfused guinea pig heart under baseline conditions according to the 
methods described. Relevant peaks allowing for the calculation of 
intracellular pH using the above equation are labelled. Abbreviations: 
phosphomonoester (PME), inorganic phosphate (Pi), phosphocreatine 
(PCr), adenosine triphosphate (ATP). 

For the analysis of 23Na spectra, area under the reference sample peak and heart peak 

were integrated for each TQF and DQF spectrum (Fig. 2.11). The mean value of the signal 

coming from the reference samples was used to normalise the heart’s signal to account 

for any differences in signal arising due to shim; the data was then further normalised to 

either heart weight (sham vs DOCA hearts) or to baseline (control vs ouabain/E4+HMR).   
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Figure 2.11 Representative 23Na NMR spectrum 

Representative triple quantum filtered (TQF) 23Na NMR spectrum obtained 
from a healthy Langendorff-perfused guinea pig heart under baseline 
conditions according to the methods described. Relevant peaks 
originating from the sodium reference sample and the heart are labelled. 

2.1.6 Western Blotting of Ventricular Tissue  

2.1.6.1 Isolation and Homogenisation of Ventricular Tissue 

Following completion of working heart study protocols in DOCA-salt animals, sections 

of tissue from the LV apex were isolated and placed into cryotubes before immediately 

submerging in liquid nitrogen. Tissue samples were stored at -80°C until homogenisation 

and biochemical analysis were carried out. Tissue samples were removed from -80°C and 

kept on dry ice.  
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Prior to homogenisation, tissue was weighed before adding a volume of homogenisation 

buffer equal to 10x tissue weight. The composition of the homogenisation buffer was as 

follows: 1:10 w/v MOPS buffer (20mM MOPS, 140mM NaCl, 5mM KCl, 1mM EDTA), 

1:100 phosphatase inhibitor and 1:1000 protease inhibitor. Tissue and buffer were added 

to a homogenisation tube and kept on ice during homogenisation. This was carried out by 

using scissors to cut the sample into small pieces, before using an electric homogeniser 

for 30s to fully homogenise sample. Homogenate was transferred to eppendorff tubes and 

kept on ice until all samples were homogenised and a protein quantification assay could 

be performed. This was performed using a DC Protein Assay kit (Bio-Rad, US), with 

bovine serum albumin (BSA) as a protein standard and phosphate-buffered saline (PBS) 

as a diluent. A standard curve was produced using serial 1:2 dilutions of BSA, while tissue 

homogenates were serially diluted 1:10. A mixing plate was prepared in a 96-well plate 

according to manufacturer’s instructions, before reading absorbance at 750nm. The 

protein concentration in each sample was then calculated from the standard curve and 

dilution factors. Samples were prepared at 10 mg/ml using PBS and 2x dilution with 

Laemelli buffer (Bio-Rad, US), before being heated at 65°C for 15 min at 1400rpm. 

2.1.6.2 Western Blotting 

Samples were loaded (200µg per well) into 4-20% TGX gels (Bio-Rad) alongside a 

protein colour standard (Bio-Rad, US) and run at 250V for 26 min, before a turbo system 

was used to transfer proteins to membranes (7 min). Membranes were blocked at room 

temperature for 1 hr with 1% casein in PBS (Bio-Rad, US), before incubating with 

primary antibodies overnight at 4°C on a plate rocker. Specific primary antibodies and 

concentrations used are listed in Table 2.3. Membranes were washed 4 times in PBST for 

15 min at room temperature on a plate rocker, before being incubated with secondary 

antibody for 90 min at room temperature. Specific secondary antibodies and 

concentrations used are listed in Table 2.4. The washing step was then repeated to remove 

the secondary antibody before adding enhanced chemiluminescence (ECL) to membranes 

for 1 min at room temperature and developing films in a dark room. Films were scanned 

using a Bio-Rad GS800 scanner and ImageLab software (Bio-Rad, US) was used for 

analysis.  
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Table 2.3 Primary antibodies used in western blotting protocols 

List of primary antibodies used, including concentration, manufacturer and 
product number. All primary antibodies were incubated with membranes 
overnight at 4°C on a plate rocker. 

Antibody Target Product # Manufacturer Concentration 

GAPDH 2118S CST 1:1000 

NCX MA3-926 ABR 1:1000 

NKATPase a1 MA1-16731 Invitrogen 1:10,000 

NKATPase a2 AB139094 Millipore 1:1000 

NKATPase β1 05-38 Millipore 1:1000 

NKATPase β2 06-171 Upstate Biotech 1:1000 

PLB Phospho Thr 17 A010-913 Badrilla 1:1000 

PLB Phospo Ser 16 A010-12 Badrilla 1:1000 

PLBTotal 05-205 Millipore 1:10,000 

PLM Phospho 63 S474C Custom-made 102 0.1µg/ml 

PLM Phospho 68 S475C Custom-made 102 0.1µg/ml 

PLMTotal Ab76597 Abcam 1:10,000 

SERCA2a MA3-910 Invitrogen 1:1000 
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Table 2.4 Secondary antibodies used in western blotting protocols 

List of secondary antibodies used, including concentration and 
manufacturer. All antibodies were incubated with membranes for 2 hours at 
room temperature on a plate rocker.  

Secondary Antibody Species Concentration 

GAPDH Rabbit 1:5000 

NCX Mouse 1:2000 

NKATPase a1 Mouse 1:2000 

NKATPase a2 Rabbit 1:1000 

NKATPase β1 Mouse 1:2000 

NKATPase β2 Rabbit 1:1000 

PLB Phospho Thr 17 Rabbit 1:2000 

PLB Phospo Ser 16 Rabbit 1:1000 

PLBTotal Mouse 1:2000 

PLM Phospho 63 Sheep 1:5000 

PLM Phospho 68 Sheep 1:5000 

PLMTotal Rabbit 1:5000 

SERCA2a Mouse 

Mouse 

Mouse 

1:5000 

Rabbit 

Rabbit 
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2.2 List of Reagents  

Table 2.5 Reagents used in experimental protocols 

List of reagents used in all experiments, including supplier. All salts listed 
were of reagent grade. 

Reagent Supplier 

4-20% mini-PROTEAN TGX Gels Bio-Rad Laboratories Ltd., UK 

Bovine Serum Albumin (BSA) Merck, UK 

CaCl22H2O VWR International, UK 

DC Protein Assay Kit Bio-Rad Laboratories Ltd., UK 

ECLTM Blotting Reagents GE Healthcare, UK 

EDTA Merck, UK 

Glucose D (+) VWR International, UK 

KCl VWR International, UK 

Laemelli Buffer Bio-Rad Laboratories Ltd., UK 

MgSO47H2O VWR International, UK 

NaCl VWR International, UK 

NaH2PO42H2O VWR International, UK 

NaHCO3 VWR International, UK 

PBS with 1% Casein Bio-Rad Laboratories Ltd., UK 
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Phosphatase Inhibitors Merck, UK 

Phosphate Buffered Saline (PBS) (10x powder) Fisher Scientific, UK 

Precision Plus Protein Dual Colour Standards Bio-Rad Laboratories Ltd., UK 

Protease Inhibitor Merck, UK 

RH237 ThermoFisher, UK 

Rhod-2, AM Ester ThermoFisher, UK 

Sodium Pyruvate VWR International, UK 

10x Tris/Glycine Buffer for Western Blots and 

Native Gels 

Bio-Rad Laboratories Ltd., UK 

Trans-Blot Turbo RTA Mini 0.2µm PVDF Transfer 

Kit 

Bio-Rad Laboratories Ltd., UK 

Tween 20 Merck, UK 

 

2.3 List of Pharmacological Agents 

Table 2.6 Pharmacological agents used in experimental protocols 

List of pharmacological agents used in all studies, including supplier. 

Pharmacological Agent Supplier 

Blebbistatin Merck, UK 
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Bupivacaine Hydrochloride (Marcain 

Polyamp 0.25%) 

AstraZeneca, UK 

Cyclopiazonic Acid (CPA) Merck, UK 

Deoxycorticosterone Acetate (DOCA) Innovative Research of America, US 

E-4031 (hydrochloride) Cambridge Bioscience, UK 

Enrofloxacin (Baytril 2.5% Oral Solution) Bayer, UK 

HMR 1556 

 

Bio-Techne Ltd, UK 

Isoflurane (Isocare Inhalation Vapour) Animalcare 

Ivabradine Hydrochloride Merck, UK 

Meloxicam (Metacam) Boehringer Ingelheim, UK 

Ouabain Octahydrate Merck, UK 

Pentobarbitone Sodium (Pentoject 20% w/v 

Solution for Injection) 

Animalcare 

Veratridine Merck, UK 

Vitamin C, 1000mg Effervescent Tablets Principle Healthcare, UK 
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3 LANGENDORFF HEART STUDIES 

3.1 Introduction 

The isolated, Langendorff-perfused heart remains a highly relevant technique in the field 

of cardiovascular research, with a broad range of applications.103, 104 Using this model, it 

is straightforward to examine the effects of pharmacologically altered electrophysiology 

on cardiac function using a standard Langendorff perfusion with intraventricular balloon 

(IVB) and ECG/monophasic AP recordings.105, 106 A modified Langendorff heart setup 

can also be employed to allow optical mapping of the ventricular myocardium and has 

useful applications for examining changes to ventricular electrophysiology.107 This 

experimental model therefore provides an excellent means to answer initial questions 

surrounding the proposed hypothesis: namely, whether APD plays a role in determining 

calcium transient duration (CaTD), and whether APD affects cardiac diastolic function.  

The guinea pig is an ideal animal model for investigating the potential link between 

repolarisation abnormalities and diastolic dysfunction, representing a small animal model 

with similar ventricular AP properties to those seen in humans. As discussed in section 

1.2.1, there are numerous ion currents which contribute to the characteristic plateau and 

repolarisation phase of the ventricular AP, namely: Ito, ICa,L, INa,L, INa/Ca, IKr, IKs and IK1. 

Expression of the relevant ion channels and the resultant contribution of these currents to 

the cardiac AP shows marked species variation, and it is important to consider this when 

designing experiments to examine the effects of altered repolarisation on ventricular 

relaxation. The guinea pig has several advantages over the more commonly used rat and 

mouse models in this regard, demonstrating both IKr, and IKs, as well as showing a 

significant contribution of INa,L to the plateau phase and similar dependence on INa/Ca for 

removal of cytosolic calcium.22, 49, 108 In contrast, rats show predominantly Ito-driven 

repolarisation with a lack of AP plateau, which can be attributed to the very high heart 

rate which must be maintained in these species.109 It should be noted that the ventricular 

AP of the guinea pig heart is not completely identical to that of humans and is commonly 

reported to lack Ito as well as demonstrating a more prominent IKs.
109 However, in terms 

of small animal species they provide the closest approximation, expressing most of the 
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major repolarising currents, and are therefore a very suitable model. In addition to 

similarities in ventricular ion channel expression, the guinea pig also represents a suitable 

model for the present studies owing to its similarity to humans in terms of EC coupling. 

It has been reported that guinea pigs and humans (along with rabbits) display similar 

contributions of NCX and SERCA to cytosolic calcium removal, with NCX accounting 

for around 28% and SERCA responsible for 70%. This is in contrast to rats (and mice) 

which demonstrate around 92% dependence on SERCA for calcium removal, with NCX 

accounting for only around 7%. 49-51 Given the importance of intracellular calcium 

handling to myocardial relaxation, and the potential role for changes to such calcium 

handling proteins in HF to disrupt this process (see Section 1.2.4), it is important that the 

chosen model is capable of mirroring the human situation as closely as possible. The 

guinea pig therefore represents the best choice of small animal model.    

It has been shown that APD is prolonged in HF and that this is associated with changes 

to the intracellular calcium transient.45-47 However, the relationship between APD and 

ventricular relaxation in the whole heart remains unclear. Before it was possible to try 

and address this, it was necessary to demonstrate that this relationship between APD and 

the intracellular calcium transient was present in the isolated guinea pig heart, using a 

whole-heart optical mapping approach. Subsequent studies could then determine whether 

prolongation of APD had any functional effects in the healthy heart.  

Additional pathologies are also present in failing hearts and may affect any relationship 

between APD and ventricular diastolic function. One such pathology which is commonly 

reported in both human patients and animal models of HF is the reduction in expression 

and/or activity of SERCA.58, 59, 110-112 As discussed in Section 1.2.2, SERCA is a key 

protein involved in the regulation of intracellular calcium and is the predominant 

mechanism by which calcium is removed from the cytosol, thereby allowing relaxation 

of the myofilaments to occur.49 A diminished ability of SERCA to perform this function 

could therefore lead to elevated diastolic calcium levels, and so subsequent studies were 

designed to try and replicate this pathology of HF in order to determine whether the 

relationship between APD and diastolic function was altered in this setting.  
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3.1.1 Hypothesis and Objectives 

Hypothesis: That repolarisation abnormalities commonly seen in HF act to prolong the 

underlying ventricular calcium transient and thereby contribute to impaired relaxation and 

diastolic dysfunction through altered intracellular calcium handling.  

The objectives are therefore as follows: 

1)  To determine the relationship between APD and CaTD in the isolated, 

Langendorff-perfused guinea pig heart.  

2) To assess whether APD prolongation had any functional implications in the 

healthy heart. 

3) To assess the effect of APD prolongation on cardiac function in the Langendorff-

perfused guinea pig heart when combined with SERCA inhibition. 

3.2 Methods 

The methods used to isolate, cannulate and instrument hearts for Langendorff perfusion 

are described in detail in Section 2.1.2. For the following Langendorff studies, male 

Dunkin Hartley guinea pigs weighing 500-700g were used. Where applicable, data were 

analysed using two-way ANOVA with Sidak’s post-hoc test to determine whether 

significant differences were present between experimental groups at each time point and 

a p value of <0.05 was deemed statistically significant. Hearts were randomly assigned 

to experimental groups and data files were blinded prior to analysis. 

3.2.1 Relationship between APD and CaTD in the Isolated Guinea Pig Heart 

In order to properly test the experimental hypothesis, the first question to be addressed 

was whether there was a direct relationship between ventricular APD and the underlying 

CaTD. In order to do this, optical mapping techniques were used to measure simultaneous 

APs and calcium transients in the LV of isolated Langendorff-perfused guinea pig hearts 

(methods described Section 2.1.2).  

Following cannulation and instrumentation, hearts were electromechanically uncoupled 

using blebbistatin (15µM) and loaded with voltage-sensitive RH237 (20µg in DMSO) 
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and calcium-sensitive Rhod-2 (200-400µg in DMSO) fluorescent dyes. Blebbistatin 

uncouples mechanical contraction from the electrical excitation of the tissue by binding 

to the myosin ADP-Pi complex, resulting in blockade of actin-myosin interaction.113 

Therefore, electrical activity of the heart is still present and may be recorded via an ECG, 

but contraction ceases to occur and motion artefact is removed. To allow pacing across a 

broad range of heart rates, hearts were perfused with ivabradine (10µM), which lowers 

intrinsic heart rate by selectively acting on the pacemaker current (If) in the sinoatrial 

node but does not affect cardiac repolarisation.114 Following a stabilisation period for this 

to take effect, hearts were paced at a baseline rate of 2Hz (120bpm). Action potential 

duration was then varied by two methods: pacing across a range of pacing rates, and 

perfusion with a range of concentrations of E-4031 and HMR 1556 which block 

repolarising potassium currents IKr and IKs, respectively. The following pacing protocol 

was then carried out under control conditions and at each concentration of drug used in 

the study, with images captured at the end of each 2 min pacing period: 2Hz (2 min), 

2.5Hz (2 min), 3Hz (2 min), 3.5Hz (2 min), 4Hz (2 min), 4.5Hz (2 min), 5Hz (2 min). 

The range of concentrations of E-4031 and HMR 1556 is detailed in Table 3.1. 

Table 3.1 Concentrations of E-4031 and HMR 1556 used in optical mapping study 

List of concentrations of E-4031 and HMR 1556 used to prolong APD during 
each phase of the experiment. Pacing protocol was performed once at each 
phase, with images captured at the end of a 2 min stabilisation period at each 
pacing rate. 

 E-4031 + HMR 1556 (nM) 

Baseline 0 + 0 

Phase 1 100 + 0 

Phase 2 100 + 300 

Phase 3 100 + 1000 

Images were captured using a MVX10 stereomicroscope (Olympus, JP) coupled to 

Evolve Delta 512 x 512 pixel EMCDD cameras (Teledyne Photometrics, US), and 

MetaMorph software (Molecular Devices LLC, CA). Data were sampled at 500Hz with 

a spatial resolution of 355µm2 per pixel (64x64 pixels). Excitation wavelength was 530 
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± 25nm, with Rhod-2 emission light collected at 585 ± 20nm and RH237 emission light 

collected at >710nm. The optical setup for this experiment is depicted in Fig. 3.1. 

 

Figure 3.1 Optical setup of mapping experiments 

Isolated guinea pig hearts were Langendorff-perfused in a horizontal 
orientation using a constant-pressure pump system. Hearts were loaded 
with RH237 and Rhod-2 dyes to enable the detection of changes in 
membrane voltage and intracellular calcium, respectively. LED light 
sources were used to illuminate the LV with an excitation wavelength (Ex) 
of 530 ± 25nm, and two separate detection cameras were used to collect 
emission light from RH237 (>710nm) and Rhod-2 (585 ± 20nm).   

For analysis, Optiq software was used to extract the AP and calcium transient data 

(developed by Francis Burton at the University of Glasgow). Action potentials and 

calcium transients were taken as an average signal from 6 predetermined square regions 

across the left ventricle, as depicted in Fig. 3.2. APD/CaTDs were taken from three 

cardiac cycles at each pacing rate at each concentration of E-4031 and HMR 1556, with 

data displayed in several ways. Averaged APD90/50 vs cycle length: this is the APD 

averaged from 3 cardiac cycles across the 6 predetermined regions plotted against each 

cycle length (from the range of pacing rates). Averaged APDs at each cycle length at each 

concentration of E-4031 and HMR 1556 are plotted individually (Fig. 3.3 A and 3.4 A). 

The same approach is also used to display CaTD90/50 (Fig. 3.3 B and 3.4 B). In order to 

aid visualisation of APD90 vs CaTD90, representative examples were plotted and 
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overlaid for a heart paced at 2Hz under baseline conditions and in the presence of the 

maximum E-4031 and HMR 1556 concentration (Fig. 3.4 D).  

Figures 3.3 C and 3.4 C show the relationship between the duration of the AP and the 

duration of the calcium transient plotted as a scatter plot from all pacing frequencies. In 

these plots, individual values for each of the three APs were taken from each of the six 

regions across the left ventricle and CaTD plotted as a function of the corresponding APD. 

This gives 18 individual points from each heart under each condition/pacing rate and was 

done for both APD/CaTD50 (Fig. 3.3 C) and APD/CaTD90 (Fig. 3.4 C).  

 

 

Figure 3.2 Left ventricular regions used for action potential and calcium transient 
analysis during optical mapping experiments  

Representative image demonstrating regions across the left ventricle from 
which action potentials and calcium transients were obtained using Optiq 
software. A) Orientation of heart during endocardial pacing via a catheter 
positioned in the apex of the right ventricle (N.B. colours simply indicate 
signal intensity and did not form part of the analysis). Squares shown 
depict the six regions across the left ventricle from which averaged signals 
were taken to obtain action potentials and calcium transients used for 
analysis. B) Representative action potentials (AP) and calcium transients 
(CaT) from each of the squares indicated in (A). 
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3.2.2 Effect of Prolonging QT Interval in the Healthy Heart 

After determining the relationship between APD and CaTD in the left ventricle, the next 

question to address was whether APD prolongation had any functional effect in the 

healthy heart. To this end, a study was conducted where Langendorff-perfused guinea pig 

hearts were perfused with incremental doses of APD-prolonging drugs, with QT interval 

used as a surrogate measure of APD. Two pharmacological mechanisms were used to 

prolong QT interval in this study: blockade of repolarising currents IKr and IKs using a 

combination of E-4031 and HMR 1556, as previously discussed, and augmentation of 

INa,L using veratridine (for concentrations used see Table 3.2). The use of a range of doses 

in the healthy heart allowed for the selection of a dose which gives clinically relevant QT 

prolongation going forward, while the use of two separate mechanisms enables any 

differential effects of targeting different currents to be identified.  

Table 3.2 Concentrations of E-4031 + HMR 1556 and veratridine used in QT 
prolongation study 

List of concentrations of E-4031 + HMR 1556 or veratridine used to prolong 
QT interval in healthy Langendorff-perfused hearts (depending on 
experimental group). 

 E-4031 + HMR 1556 (nM) Veratridine (nM) 

Baseline 0 + 0 0 

Conc. 1 30 + 0 10 

Conc. 2 100 + 0 30 

Conc. 3 100 + 10 100 

Conc. 4 100 + 30 300 

In this study, hearts were isolated and instrumented as previously described (Section 

2.1.2) and perfusion pressure was maintained at 65-70mmHg using a constant-pressure 

pump system. Hearts were paced at a rate of approximately 10bpm above their intrinsic 

rate, LVEDP set to 5-7mmHg by adjusting the IVB volume, and allowed to stabilise for 

10min. An LVEDP of 5-7mmHg was chosen based on data from pilot hearts which 
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demonstrated that an LVEDP of this magnitude was required to give a sufficient left 

ventricular developed pressure (LVDP) (>80mmHg), whilst not being so high as to risk 

ischemic damage to the endocardium. Hearts were paced at a rate just above their intrinsic 

rate rather than at a predetermined, fixed rate to avoid having to pace some hearts 

significantly higher than their intrinsic rate, as pilot data had indicated that high pacing 

rates rapidly caused hearts to develop a high LVEDP owing to the short diastolic interval 

in guinea pig hearts. Since LVEDP was to be a key parameter used to measure diastolic 

function it was important to avoid distorting this at baseline.  

Following stabilisation, hearts were subjected to a pacing protocol as follows: baseline 

pacing rate (2 min), +35bpm (2 min), baseline pacing rate (3 min), +70bpm (2 min), return 

to baseline pacing rate. Stable pacing was maintained for a minimum of 2 min at each 

pacing rate to allow LVDP to stabilise in response to increased pacing frequency. Hearts 

were then perfused with incremental concentrations of E-4031 + HMR 1556, veratridine, 

or vehicle control (DMSO) (Table 3.2) and stabilised for 10 min to allow the drug to take 

effect, before repeating the pacing protocol at each drug dose.  

For analysis, LabChart 8 Pro with ECG and Peak Analysis modules was used. ECG 

parameters were measured using the ECG analysis tool to average 10 beats, with manual 

correction of the detection of ECG features (Fig. 3.5 A-C, Fig. 3.9 B). To analyse LVP, 

30s of data was analysed using the cyclic measurements on the data pad tool to give an 

average value for LVDP and LVEDP at each drug dose (Fig. 3.6 A, C, E and Fig. 3.7 A, 

C, E). Time from pacing spike to peak ventricular pressure was analysed manually using 

scope view to average multiple pressure cycles (Fig. 3.6 B, D, F). The peak analysis tool 

was used to analyse the average time from peak ventricular pressure to 75% relaxation 

for the same 30s section of data (Fig. 3.7 B, D, F). To aid visualisation of the effect of 

QT prolongation on LV pressure generation, data from a complete cardiac cycle was 

exported from LabChart and plotted against time on GraphPad Prism 8. Representative 

examples were selected by identifying hearts which displayed diastolic function most 

similar to the group average, with the data shown taken from baseline pacing rates at the 

highest drug dose or corresponding timepoint for vehicle control (Fig. 3.8). Coronary 

flows were calculated continuously using a calibrated LabChart channel coupled to the 

pressure transducer and STH Pump Controller (ADInstruments, Australia) which 
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monitored perfusion pressure and flow rate. Reported coronary flows represent the 

average flow rate from the 30s of data selected at the end of each pacing protocol (Fig. 

3.9 A). 

3.2.3 Effect of Prolonging QT Interval in the Presence of Ivabradine 

This study aimed to build on the findings of the previous study by examining the effects 

of prolonging QT interval in the healthy heart. Although guinea pigs display a similar, 

plateaued ventricular AP to humans, they have a much shorter diastolic interval owing to 

the higher heart rate in guinea pigs. This limits the extent to which APD can be 

pharmacologically prolonged without the heart becoming refractory, especially in an 

isolated heart where there is no sympathetic tone. This is because guinea pigs express a 

prominent IKs, and this current is augmented by sympathetic stimulation which has been 

reported as a possible mechanism for APD adaptation at higher heart rates.28, 29, 109 To this 

end, it was decided to treat hearts with ivabradine and pace at a much slower heart rates, 

thereby allowing for a much longer diastolic interval and greater QT prolongation. The 

veratridine group was also dropped in subsequent studies owing to unexpected results 

from the previous study where it was found that veratridine lowered LVEDP.  

In this study, hearts were isolated and instrumented as previously described (Section 

2.1.2) and perfusion pressure was maintained at 70mmHg (±5mmHg) using a simplified, 

gravity-fed perfusion system. Using this system, coronary flows were measured by 

collecting and weighing the coronary effluent at the end of each relevant time point. 

Hearts were initially allowed to stabilise for 10 min following instrumentation, before 

beginning perfusion with 10µM ivabradine. After a further 20 min stabilisation, hearts 

were paced at 120bpm and LVEDP was set to 6-7mmHg by adjusting the volume within 

the IVB. Hearts were then subjected to the following pacing protocol: 120bpm (1 min), 

170bpm (1 min), 220bpm (1 min), return to baseline. This protocol was then repeated 

following perfusion with each incremental concentration of E-4031 + HMR 1556/DMSO, 

allowing 15 min for stabilisation after switching to each dose (Table 3.3). 

For analysis, LabChart 8 Pro with ECG and Peak Analysis modules was used. ECG 

parameters were measured using the ECG analysis tool to average 10 beats, with manual 
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correction of the detection of ECG features (Fig. 3.10 A-C, Fig. 3.14 B). To analyse LVP, 

30s of data was analysed using the cyclic measurements on the data pad tool to give an 

average value for LVDP and LVEDP at each drug dose (Fig. 3.11 A, C, E and Fig. 3.12 

A, C, E). Time from pacing spike to peak ventricular pressure was analysed manually 

using scope view to average multiple pressure cycles (Fig. 3.11 B, D, F). The peak 

analysis tool was used to analyse the average time from peak ventricular pressure to 75% 

relaxation for the same 30s section of data (Fig. 3.12 B, D, F). To aid visualisation of the 

effect of QT prolongation on LV pressure generation, data from a complete cardiac cycle 

was exported from LabChart and plotted against time on GraphPad Prism 8. 

Representative examples were selected by identifying hearts which displayed diastolic 

function most similar to the group average, with the data shown taken from baseline 

pacing rates at the highest drug dose or corresponding timepoint for vehicle control (Fig. 

3.13). Coronary flow was calculated by collecting and weighing the coronary effluent for 

15s at the end of each pacing protocol or stabilisation period (Fig. 3.14 A). 

 

Table 3.3 Concentrations of E-4031 + HMR 1556 used in QT prolongation with 
ivabradine study 

List of concentrations of E-4031 + HMR 1556 used to prolong QT interval in 
healthy Langendorff-perfused hearts treated with 10µM ivabradine. 

 E-4031 + HMR 1556 (nM) 

Baseline 0 + 0 

Conc. 1 100 + 0 

Conc. 2 100 + 100 

Conc. 3 100 + 300 

 

3.2.4 Effect of Prolonging QT Interval in the Presence of SERCA Inhibition 

The next study aimed to build on previous studies examining the relationship between 

APD prolongation and cardiac function in the healthy heart, and determine whether 
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clinically relevant levels of QT prolongation would begin to impair diastolic function in 

the presence of a common co-pathology of HF. Therefore, this study used E-4031 and 

HMR 1556 to prolong QT interval in isolated guinea pig hearts perfused with 

cyclopiazonic acid (CPA) in order to inhibit SERCA activity. Under such conditions the 

heart may be less able to cope with increased influx of calcium as a result of prolonged 

APD since there is a reduced ability to return calcium to the SR, potentially causing 

elevated diastolic calcium levels and impaired relaxation.  

In this study, hearts were isolated and instrumented as previously described (Section 

2.1.2) and perfusion pressure was maintained at 70mmHg (±5mmHg) using a gravity-fed 

perfusion system. Hearts were initially allowed to stabilise for 15 min before being paced 

at 300bpm. During a 5 min stabilisation period at this pacing rate LVEDP was set to 6-

7mmHg by adjusting the volume of the IVB, before switching hearts to physiological 

buffer containing 1µM CPA and stabilising for 10 min. LVEDP was not adjusted after 

switching to 1µM CPA, and coronary flow was measured at the end of this period. Hearts 

were then subjected to the following pacing protocol: 300bpm (1 min), 335bpm (1 min), 

370bpm (1 min), return to baseline. Pacing protocol and coronary flow measurements 

were then repeated following the switch to perfusion with 100nM E-4031 + 30nM 

HMR 1556 (in addition to 1µM CPA), allowing 15 min for stabilisation. 

For analysis, LabChart 8 Pro with ECG and Peak Analysis modules was used. ECG 

parameters were measured using the ECG analysis tool to average 10 beats and manually 

correcting the detection of ECG features (Fig. 3.15 A-C, Fig. 3.19 B). To analyse LVP, 

30s of data was analysed using the cyclic measurements on the data pad tool to give an 

average value for LVDP and LVEDP at each drug dose (Fig. 3.16 A, C, E and Fig. 3.17 

A, C, E). The peak analysis tool was used to analyse the average time from pacing spike 

to peak ventricular pressure and time from peak ventricular pressure to 75% relaxation 

for the same 30s section of data (Fig. 3.16 & 3.17 B, D, F). To aid visualisation of the 

effect of QT prolongation on LV pressure generation, data from a complete cardiac cycle 

was exported from LabChart and plotted against time on GraphPad Prism 8. 

Representative examples were selected by identifying hearts which displayed diastolic 

function most similar to the group average, with the data shown taken from baseline 
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pacing rates at the highest drug dose or corresponding timepoint for vehicle control (Fig. 

3.18). Coronary flow was calculated by collecting and weighing the coronary effluent for 

15s at the end of each pacing protocol or stabilisation period (Fig. 3.19 A). 

3.3 Results 

3.3.1 Relationship between APD and CaTD in the Isolated Guinea Pig Heart 

As cycle length increases and repolarising currents IKr and IKs are blocked, there is a 

corresponding increase in APD within the left ventricle (Fig. 3.3 A and 3.4 A). The same 

is true of CaTD (Fig.3.3 B and 3.4 B). When APD is plotted against CaTD the data reveal 

a clear relationship between these two parameters, with interventions which cause an 

increase in APD resulting in a corresponding increase in CaTD (Fig. 3.3 C and 3.4 C). 

This is illustrated in Fig 3.4 D, which depicts overlaid APs and calcium transients from a 

heart paced at 2Hz under baseline conditions and following exposure to 100nM E-4031 

and 1000nM HMR 1556. 

 

 

 

 

 

 

 

 

 

 

 



Results Chapter 1 – Langendorff Heart Studies 

86 

 

 

  

 

 

 

 

Figure 3.3 Relationship between APD50 and CaTD50 in the left ventricle 

A) Average APD50 vs. cycle length at each concentration of E-4031 and 
HMR 1556. B) Average CaTD50 vs. cycle length at each concentration of 
E-4031 and HMR1556. C) Individual APD50 values vs. corresponding 
CaTD50 values across the range of cycle lengths and concentrations of 
E-4031 and HMR 1556 for each heart. Linear regression slope shown in 
black with corresponding r2 and p value, dotted green line shows the line 
of identity. n=4 hearts, average data plotted as mean ±SEM.  
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Figure 3.4 Relationship between APD90 and CaTD90 in the left ventricle 

A) Average APD90 vs. cycle length at each concentration of E-4031 and 
HMR 1556. B) Average CaTD90 vs. cycle length at each concentration of 
E-4031 and HMR1556. C) Individual APD90 values vs. corresponding 
CaTD90 values across the range of cycle lengths and concentrations of 
E-4031 and HMR 1556 for each heart. Linear regression slope shown in 
black with corresponding r2 and p value, dotted green line shows the line 
of identity. n=4 hearts, average data plotted as mean ±SEM. D) 
Representative AP and corresponding calcium transient from a heart 
paced at 2Hz under control conditions and after perfusion with 100nM E-
4031 + 1000nM HMR 1556. AP shown in black, calcium transient shown 
in blue, with vertical line indicating 90% repolarisation/return to baseline. 
N.B. Traces are overlaid for ease of comparison, analysis did not allow for 
resolution of the timing of calcium transient upstroke vs AP upstroke.  
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3.3.2 Effect of Prolonging QT Interval in the Healthy Heart 

A significant and comparable QT prolongation was achieved in both the veratridine and 

E-4031 + HMR 1556-treated groups at all pacing rates (Fig. 3.5 A-C). This equated to a 

14.5% QT prolongation in the E-4031 + HMR 1556-treated group and a 13.3% QT 

prolongation in the veratridine-treated group at conc. 4, relative to control at baseline 

pacing rates. A slight but significant increase in the baseline heart rate of the veratridine-

treated group relative to control was observed, but this did not result in any differences in 

QT interval between groups at baseline (Fig. 3.5 D).  

Treatment with incremental doses of E-4031 + HMR 1556 had no effect on LVDP relative 

to control at any pacing rate (Fig. 3.6 A, C, E). Veratridine, however, appeared to have a 

positive inotropic effect, with this group demonstrating a higher developed pressure at 

the maximum concentration used. This effect was apparent at baseline and +35bpm 

pacing rates but appeared to be diminished at +70bpm. These results are reflected in the 

time taken from the pacing spike to maximum LVP, with E-4031 + HMR 1556 having 

no effect at any dose or pacing rate (Fig. 3.6 B, D, F). Treatment with veratridine, on the 

other hand, resulted in a reduction in this parameter at conc. 3 & 4 at all three pacing 

rates, indicative of an increased rate of contraction in the LV.   

The systolic effects of E-4031 + HMR 1556 and veratridine are mirrored when looking 

at the diastolic function. Treatment with E-4031 + HMR 1556 had no effect on LVEDP 

at any dose or pacing rate, relative to control (Fig. 3.7 A, C, E). Treatment with 

veratridine, however, results in a clear reduction in LVEDP relative to control at all but 

the lowest dose. This effect is apparent at all three pacing rates. Neither treatment with 

E- 4031 + HMR 1556 nor veratridine has any effect on the time from LVP peak to 75% 

relaxation (Fig. 3.7 B, D, F). 

These effects can be visualised by comparing LV pressure traces from hearts in each of 

the three treatment groups, with veratridine treatment resulting in a faster rate of pressure 

generation in the LV and earlier peak contraction, increasing the available time for 

subsequent relaxation to occur and enabling a lower LVEDP to be reached (Fig. 3.8). 
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Coronary flow rate and QRS duration were also measured to check for any off-target 

effects of veratridine and E-4031 + HMR 1556 on vascular tone or cardiac conduction. 

Neither drug had any effect on either of these parameters across the range of 

concentrations tested (Fig. 3.9 A & B). 

 

 

 

Figure 3.5 QT prolongation in the healthy heart 

Effect of treatment with incremental doses of veratridine or E-4031 + 
HMR 1556 vs vehicle control on QT interval in the healthy Langendorff-
perfused guinea pig heart at three different pacing rates. Change to QT 
interval with increasing drug dose at A) baseline pacing rate, B) +35bpm, 
C) +70bpm. D) Heart rates of different treatment groups at baseline and 
increased pacing rates. Doses of veratridine/E-4031 + HMR 1556 (nM) as 
follows: Conc. 1=10/30+0, Conc. 2=30/100+0, Conc. 3=100/100+10, 
Conc. 4=300/100+30, respectively. Data presented as mean ±SEM, n=6 
hearts, # = p<0.05 in veratridine vs. vehicle control group, * = p<0.05 in E-
4031 + HMR 1556 vs. vehicle control group.   
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Figure 3.6 Effect of QT prolongation on systolic function in the healthy heart 

Effect of QT prolongation using incremental doses of veratridine or E-4031 
+ HMR 1556 vs vehicle control on systolic function in the healthy 
Langendorff-perfused guinea pig heart at three different pacing rates. 
Change in LVDP with increasing drug dose at A) baseline pacing rate, C) 
+35bpm, E) +70bpm. Change in time from pacing spike to peak LVP with 
increasing drug dose at B) baseline pacing rate, D) +35bpm, F) +70bpm. 
Doses of veratridine/E-4031 + HMR 1556 (nM) as follows: Conc. 
1=10/30+0, Conc. 2=30/100+0, Conc. 3=100/100+10, Conc. 
4=300/100+30, respectively. Data presented as mean ±SEM, n=6 hearts, 
# = p<0.05 in veratridine vs. vehicle control group.   
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Figure 3.7 Effect of QT prolongation on diastolic function in the healthy heart 

Effect of QT prolongation using incremental doses of veratridine or E-4031 
+ HMR 1556 vs vehicle control on diastolic function in the healthy 
Langendorff-perfused guinea pig heart at three different pacing rates. 
Change in LVEDP with increasing drug dose at A) baseline pacing rate, 
C) +35bpm, E) +70bpm. Change in time from LVP peak to 75% relaxation 
with increasing drug dose at B) baseline pacing rate, D) +35bpm, F) 
+70bpm. Doses of veratridine/E-4031 + HMR 1556 (nM) as follows: Conc. 
1=10/30+0, Conc. 2=30/100+0, Conc. 3=100/100+10, Conc. 
4=300/100+30, respectively. Data presented as mean ±SEM, n=6 hearts, 
# = p<0.05 in veratridine vs. vehicle control group. 

Bas
el
in
e

Con
c.
 1

Con
c.
 2

Con
c.
 3

Con
c.
 4

60

70

80

90

100

T
im

e
 f
ro

m
 L

V
P

 P
e
a
k

to
 7

5
%

 R
e
la

x.
 (

m
s)

Bas
el
in
e

Con
c.
 1

Con
c.
 2

Con
c.
 3

Con
c.
 4

60

70

80

90

100

T
im

e
 f
ro

m
 L

V
P

 P
e
a
k

to
 7

5
%

 R
e
la

x.
 (

m
s)

Bas
el
in
e

Con
c.
 1

Con
c.
 2

Con
c.
 3

Con
c.
 4

60

70

80

90

100

T
im

e
 f
ro

m
 L

V
P

 P
e
a
k

to
 7

5
%

 R
e
la

x.
 (

m
s)

A

C

B

D

E F

Bas
el

in
e

Con
c.
 1

Con
c.
 2

Con
c.
 3

Con
c.
 4

0

5

10

15

20

25

L
V

E
D

P
 (

m
m

H
g
)

Vehicle Control

Vertatridine

E4+HMR

# # #

Bas
el

in
e

Con
c.
 1

Con
c.
 2

Con
c.
 3

Con
c.
 4

0

5

10

15

20

25

L
V

E
D

P
 (

m
m

H
g
)

# #

Bas
el

in
e

Con
c.
 1

Con
c.
 2

Con
c.
 3

Con
c.
 4

0

5

10

15

20

25

L
V

E
D

P
 (

m
m

H
g
)

#
# #

Baseline Baseline

+35bpm +35bpm

+70bpm +70bpm



Results Chapter 1 – Langendorff Heart Studies 

92 

 

 

Figure 3.8 Effect of QT prolongation on pressure generation in the left ventricle 

Representative left ventricular pressure throughout a complete cardiac 
cycle from hearts treated with 100nM E-4031 + 300nM HMR 1556, 300nM 
veratridine or vehicle control at baseline pacing rate. Traces aligned to 
peak LVP to aid visualisation.  

 

 

Figure 3.9 Effect of QT prolongation on coronary flow and QRS duration in the 
healthy heart 

Effect of QT prolongation using incremental doses of veratridine or E-4031 
+ HMR 1556 vs vehicle control on coronary flow (CF) and QRS duration 
(to 90% repolarisation) in the healthy Langendorff-perfused guinea pig 
heart. A) Change in CF with increasing drug dose at baseline pacing rate. 
B) Change in QRS duration with increasing drug dose at baseline pacing 
rate. Doses of veratridine/E-4031 + HMR 1556 (nM) as follows: Conc. 
1=10/30+0, Conc. 2=30/100+0, Conc. 3=100/100+10, Conc. 
4=300/100+30, respectively. Data presented as mean ±SEM, n=6 hearts.   
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3.3.3 Effect of Prolonging QT Interval in the Presence of Ivabradine 

A significant QT prolongation was achieved using incremental concentrations of E-4031 

+ HMR 1556 in ivabradine-treated hearts at all three pacing rates (Fig. 3.10 A-C). At the 

highest concentration (100nM E-4031 + 300nM HMR 1556), this equated to a 34% QT 

prolongation at 120bpm relative to the vehicle control group. 

Treatment with E-4031 and HMR1556 had no effect on systolic function in hearts treated 

with 10µM ivabradine. This was true of at all drug concentrations and at each pacing rate, 

when using LVDP (Fig. 3.11 A, C, E) and time from pacing spike to peak LVP (Fig. 3.11 

B, D, F) as markers of systolic function. 

Interestingly, however, prolongation of QT interval using E-4031 and HMR 1556 did 

appear to affect diastolic function in ivabradine-treated hearts. When looking at LVEDP 

(Fig. 3.12 A, C, E), there was no apparent difference between E-4031 + HMR 1556 and 

vehicle control groups at any pacing rate or drug dose. However, when looking at time 

from LVP peak to 75% relaxation as a marker of diastolic function (Fig. 3.12 B, D, F), 

there was a significant increase in the relaxation time in the E-4031 + HMR 1556 group 

at the highest dose at all three pacing rates. This is suggestive of a decreased rate of 

relaxation in these hearts in response to this greater degree of QT prolongation.  

This effect on relaxation time can be visualised by comparing LV pressure traces from 

control and E-4031 + HMR 1556-treated hearts, with QT prolongation demonstrating no 

effect on the time taken to reach peak LV pressure but resulting in slower decline of 

pressure within the LV (Fig. 3.13).  

No difference in coronary flow was observed between the E-4031 + HMR 1556-treated 

and vehicle control groups at any point throughout the protocol (Fig. 3.14 A). There is an 

apparent reduction in flow once hearts have been treated with ivabradine, however, this 

is likely to reflect the reduced heart rate and therefore diminished cardiac metabolic 

demand.115 The same is true of QRS duration (Fig. 3.14 B), with no differences being 

observed between the experimental groups during the protocol. This suggests that E-4031 

and HMR 1556 did not have any off-target effects on cardiac conduction or vascular tone 

in the presence of ivabradine.  
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Figure 3.10 QT prolongation in the presence of ivabradine 

Effect of treatment with incremental doses of E-4031 + HMR 1556 vs 
vehicle control on QT interval in the healthy Langendorff-perfused guinea 
pig heart treated with 10µM ivabradine at three different pacing rates. 
Change to QT interval with increasing drug dose at A) 120bpm, B) 
170bpm, C) 220bpm. Data presented as mean ±SEM, n=8 hearts, * = 
p<0.05 in E-4031 + HMR 1556 vs. vehicle control group.   
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Figure 3.11 Effect of QT prolongation on systolic parameters in the presence of 
ivabradine 

Effect of QT prolongation using incremental doses of E-4031 + HMR 1556 
vs vehicle control on systolic function in the healthy Langendorff-perfused 
guinea pig heart treated with 10µM ivabradine at three different pacing 
rates. Change in LVDP with increasing drug dose at A) 120bpm, C) 
170bpm, E) 220bpm. Change in time from pacing spike to peak LVP with 
increasing drug dose at B) 120bpm, D) 170bpm, F) 220bpm. Data 
presented as mean ±SEM, n=8 hearts.   
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Figure 3.12 Effect of QT prolongation on diastolic parameters in the presence of 
ivabradine 

Effect of QT prolongation using incremental doses of E-4031 + HMR 
1556 vs vehicle control on diastolic function in the healthy Langendorff-
perfused guinea pig heart treated with 10µM ivabradine at three 
different pacing rates. Change in LVEDP with increasing drug dose at 
A) 120bpm, C) 170bpm, E) 220bpm. Change in time from LVP peak to 
75% relaxation with increasing drug dose at B) 120bpm, D) 170bpm, F) 
220bpm. Data presented as mean ±SEM, n=8 hearts, * = p<0.05 in E-
4031 + HMR 1556 vs. vehicle control group.  
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Figure 3.13 Effect of QT prolongation on pressure generation in the left ventricle 
in the presence of ivabradine 

Representative left ventricular pressure throughout a complete cardiac 
cycle from hearts treated with 10µM ivabradine and 100nM E-4031 + 
300nM HMR 1556 or vehicle control at baseline pacing rate (120bpm). 
Traces aligned to peak LVP to aid visualisation. 

 
 

 

Figure 3.14 Effect of QT prolongation on coronary flow and QRS duration in the 
presence of ivabradine 

Effect of QT prolongation using incremental doses of E-4031 + HMR 1556 
vs vehicle control on coronary flow (CF) and QRS duration in the healthy 
Langendorff-perfused guinea pig heart treated with 10µM ivabradine. A) 
Change in CF with increasing drug dose at baseline pacing rate (120bpm). 
B) Change in QRS duration with increasing drug dose at baseline pacing 
rate (120bpm). Data presented as mean ±SEM, n=8 hearts.   
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3.3.4 Effect of QT Prolongation in the Presence of SERCA Inhibition 

A modest but significant prolongation of QT interval was achieved using 100nM E-4031 

+ 30nM HMR 1556 in hearts treated with 1µM CPA at all tree pacing rates (Fig. 3.15 A-

C). This amounted to a 7.2% QT prolongation in the E4+HMR group, relative to the 

vehicle control group at baseline pacing rate (300bpm). 

Treatment with E-4031 and HMR1556 had no effect on systolic variables in hearts treated 

with 1µM CPA. This was true when looking at LVDP (Fig. 3.16 A, C, E) and time from 

pacing spike to peak LVP (Fig. 3.16 B, D, F) as markers of systolic function, and 

remained the case at all tree pacing rates. Importantly, both experimental groups 

demonstrate a similar impairment of systolic function in response the CPA treatment, as 

shown by a reduced LVDP and an increased time to LVP peak at all three pacing rates.  

Interestingly, modest prolongation of QT interval in the presence of SERCA inhibition 

did appear to impair diastolic function, with LVEDP showing a significant increase in the 

E-4031 + HMR 1556-treated group, relative to vehicle control (Fig. 3.17 A, C, E). This 

increase in LVEDP is apparent at all three pacing rates but does not reach significance at 

the highest pacing rate (370bpm). However, when we look at time from LVP peak to 75% 

relaxation, there is no significant effect of prolonging QT (Fig. 3.17 B, D, F), although 

there does appear to be a modest trend for the relaxation time to be longer in the E-4031 

+ HMR 1556-treated hearts at all pacing rates. Of note, again, there is a clear effect of 

treating hearts with 1µM CPA, with an impairment of diastolic function evidenced in both 

groups by an increased LVEDP and time to 75% relaxation. 

This effect on LVEDP can be visualised by comparing LV pressure traces from control 

and E-4031 + HMR 1556-treated hearts treated with CPA. QT prolongation demonstrated 

no appreciable effect on peak LVP but did cause subtle slowing of the rate of both 

pressure generation and decline in the LV, resulting in an elevated LVEDP in the E4 + 

HMR group at baseline pacing rate (300bpm) (Fig. 3.18). 

No difference in coronary flow was observed between the E-4031 + HMR 1556-treated 

and vehicle control groups at any point throughout the protocol (Fig. 3.19 A), the same 

being true of QRS duration (Fig. 3.19 B). This suggests that E-4031 and HMR 1556 did 
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not have any off-target effects on cardiac conduction or vascular tone in the presence of 

CPA.  

 

Figure 3.15 Effect of QT prolongation in the presence of SERCA inhibition 

Effect of treatment with 100nM E-4031 + 30nM HMR 1556 vs vehicle 
control on QT interval in the Langendorff-perfused guinea pig heart treated 
with 1µM cyclopiazonic acid (CPA) at three different pacing rates. Change 
to QT interval with drug treatment at A) 300bpm, B) 335bpm, C) 370bpm. 
Data presented as mean ±SEM, n=9 hearts, * = p<0.05 in E-4031 + HMR 
1556 vs. vehicle control group.   
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Figure 3.16 Effect of QT prolongation on systolic function in the presence of SERCA 
inhibition 

Effect of QT prolongation using 100nM E-4031 + 30nM HMR 1556 vs 
vehicle control on systolic function in the Langendorff-perfused guinea pig 
heart treated with 1µM cyclopiazonic acid (CPA) at three different pacing 
rates. Change in LVDP with drug treatment at A) 300bpm, C) 335bpm, E) 
370bpm. Change in time from pacing spike to peak LVP with increasing 
drug treatment at B) 300bpm, D) 335bpm, F) 370bpm. Data presented as 
mean ±SEM, n=9 hearts.   
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Figure 3.17 Effect of QT prolongation on diastolic function in the presence of 
SERCA inhibition 

Effect of QT prolongation using 100nM E-4031 + 30nM HMR 1556 vs 
vehicle control on diastolic function in the Langendorff-perfused guinea pig 
heart treated with 1µM cyclopiazonic acid (CPA) at three different pacing 
rates. Change in LVEDP with drug treatment at A) 300bpm, C) 335bpm, 
E) 370bpm. Change in time from LVP peak to 75% relaxation with drug 
treatment at B) 300bpm, D) 335bpm, F) 370bpm. Data presented as mean 
±SEM, n=9 hearts, * = p<0.05 in E-4031 + HMR 1556 vs. vehicle control 
group.   
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Figure 3.18 Effect of QT prolongation on pressure generation in the left ventricle in 
the presence of SERCA inhibition 

Representative left ventricular pressure throughout a complete cardiac 
cycle from hearts treated with 1µM cyclopiazonic acid (CPA) and 100nM 
E-4031 + 30nM HMR 1556 or vehicle control at baseline pacing rate 
(300bpm). Traces aligned to peak LVP to aid visualisation.  
 
 
 

 

Figure 3.19 Effect of QT prolongation on coronary flow and QRS duration in the 
presence of SERCA inhibition 

Effect of QT prolongation using 100nM E-4031 + 30nM HMR 1556 vs 
vehicle control on coronary flow (CF) and QRS duration in the 
Langendorff-perfused guinea pig heart treated with 1µM cyclopiazonic 
acid (CPA). A) Change in CF with drug treatment at baseline pacing rate 
(300bpm). B) Change in QRS duration with drug treatment at baseline 
pacing rate (300bpm). Data presented as mean ±SEM, n=9 hearts.   
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3.4 Discussion 

There is good evidence from clinical studies that amongst HF patients, repolarisation 

abnormalities identified using electrocardiograms are predictive of presentation with 

diastolic dysfunction, as determined by echocardiography.12, 86, 87 What these studies 

cannot determine, however, is whether such repolarisation abnormalities represent a 

causal mechanism by which impaired myocardial relaxation occurs in HF. Studies using 

isolated cells or tissue preparations from patients with HF have illustrated an association 

between APD prolongation and altered intracellular calcium handling,46 as well as 

between APD prolongation, abnormal intracellular calcium handling and impaired 

relaxation.45 Manipulation of APD in healthy cells results in a larger influx of calcium 

into the cell, with a slower decay of the calcium transient and a reduced rate of 

relaxation.43 In the whole heart, if calcium clearance could not be matched to this larger 

influx of calcium due to prolonged APD, this could result in elevated diastolic calcium 

levels and cause impaired relaxation. This scenario may be particularly likely in the 

setting of HF, where studies report a reduction in SERCA activity and/or expression 

which would hinder cytosolic calcium clearance within cells.58, 59, 110-112 However, the 

extent to which isolated cell/tissue work extends into a whole-heart setting remains 

unclear. Therefore, the present studies aimed firstly to demonstrate the relationship 

between APD and CaTD in the guinea pig Langendorff heart model, and secondly to 

explore the effects of prolonging APD on cardiac function.  

3.4.1 Relationship Between APD and CaTD in the Left Ventricle 

The optical mapping data clearly demonstrate a positive linear relationship between APD 

and CaTD in the left ventricle of the isolated Langendorff-perfused guinea pig heart. This 

means that when the AP is prolonged, there is a concomitant increase in the duration of 

the calcium transient. This study provides proof-of-principle for the proposed mechanism 

by which repolarisation abnormalities may act to impair diastolic function by perturbing 

normal intracellular calcium handling, resulting in delayed relaxation and possible 

elevation of diastolic calcium concentration.  
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Data from this study reveals that calcium transients and APs demonstrate an almost one-

to-one ratio in terms of duration in the isolated guinea pig heart preparation (Fig. 3.3 and 

3.4). It has previously been reported that the intracellular calcium transient triggered by 

cardiac APs is significantly longer that the AP itself.39 However, many studies have been 

conducted in isolated cell preparations rather than whole hearts and may not have 

recorded simultaneous APs and calcium transients at physiological temperatures and 

heart rates, both of which could affect the results. Indeed, data from the present study is 

in close agreement with similar studies using human ventricular wedge preparations, with 

one such study using a near-identical experimental setup, recording APD and CaTD 

simultaneously using optical mapping with RH237 and Rhod-2 fluorescent dyes.74 Data 

from this study used the parameter CaTD80-APD80 to report transmural differences in 

the duration of the calcium transients and APs, and demonstrated that CaTD80 was 

modestly greater than APD80, with the most closely-related APD and CaTD found in the 

sub-epicardial layer (where the difference between the durations of the calcium and 

electrical transients (CaTD80-APD80) was approximately 50 ms, with a baseline APD of 

approximately 400 ms). That is, the calcium transient was about 10% longer than the 

prevailing AP at all cycle lengths. Bearing in mind that optical mapping of the whole 

heart provides data from the epicardial surface of the heart, the data from these human 

heart preparations is essentially similar to the measurements in the present guinea pig 

optical mapping study. A second study also made use of optical mapping to 

simultaneously record APD and CaTD in isolated Langendorff-perfused rabbit hearts and 

reported very similar durations of APs and calcium transients at a given cycle length, with 

CaTD being slightly shorter than APD in this instance.116 Data from isolated guinea pig 

ventricular myocytes has previously demonstrated that the calcium transient is completed 

within approximately the same time frame as the AP.117 Studies in isolated rabbit 

cardiomyocytes which simultaneously measured calcium transients and APs reported a 

modestly greater CaTD80 relative to APD90 at physiological stimulation frequencies 

(around 12% at 2 Hz), however, this increased to give much greater relative duration of 

calcium transients at non-physiological stimulation frequencies commonly used in 

isolated cell studies (approx. 37% at 0.2 Hz).55 Another study demonstrated significantly 

longer CaTD relative to APD in isolated guinea pig myocytes, however, experiments in 
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this instance were conducted at room temperature and at a non-physiological stimulation 

frequency (0.25Hz).118  

It is worth noting that Rhod-2 can, under some circumstances, become sequestered into 

mitochondria rather than remaining in the cytosol. This can lead to a portion of the 

positive signal arising due to mitochondrial calcium transients, rather than cytosolic 

calcium transients following CICR, which could confuse findings. Indeed, one study 

using isolated rat trabeculae reported 55% of Rhod-2 fluorescence arose from 

mitochondria following selective permeabilization of mitochondrial and sarcolemmal 

membranes.119 However, sequestering of Rhod-2 into mitochondria is influenced by the 

loading conditions used, with many studies using isolated cardiomyocytes and a cold-

warm loading protocol to induce mitochondrial Rhod-2 loading and loss of Rhod-2 from 

the cytosol.120 In addition, a study using isolated guinea pig cardiomyocytes demonstrated 

Rhod-2 fluorescence to originate predominantly from the cytoplasm using confocal 

microscopy. Rhod-2 fluorescence localisation was compared to that of a probe which is 

sequestered into the mitochondria (TMRE). Membrane permeabilization was then 

employed to confirm the cytosolic localisation of the calcium signal.121 Therefore, given 

that the present study was conducted under conditions of warm loading with subsequent 

imaging conducted in a timely manner, in a species previously demonstrated to show 

cytosolic Rhod-2 loading, it is likely that the confounding effects of mitochondrial Rhod-

2 loading are minimal. 

Furthermore, simultaneous recording of APs and calcium transients in isolated guinea pig 

hearts using optical mapping with RH237 and Rhod-2 has been well characterised in a 

study by Choi & Salama.122 This study demonstrated that these fluorescent dyes can 

successfully be used together for the simultaneous detection of calcium transients and 

APs, with no evidence of ‘cross-talk’ between the dyes. Data from this study also 

indicated that the calcium transient was not substantially longer than the AP at cycle 

lengths of 300ms, and so does not contradict the findings from the present study. These 

findings were also true of a second study using a similar approach but with different dyes 

in isolated guinea pig hearts.123 Of note, the authors of the first study determined that an 

acquisition speed of 4kHz was required in order to accurately resolve the delay between 

AP and calcium transient upstrokes, and also averaged voltage and calcium signals from 
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very small regions of ventricular epicardium (0.8mm2). Given that the present optical 

mapping study was conducted with a sampling speed of 500Hz and spatial averaging 

across much larger regions of the ventricular surface, this may go some way to explaining 

the lack of resolution between the rate of the upstrokes of the AP and calcium transients, 

potentially resulting in a loss of resolution of transient morphologies. Despite this, the 

present study provides good evidence of a potential mechanism by which repolarisation 

abnormalities could perturb normal intracellular calcium handling, thereby contributing 

to diastolic dysfunction in HF.  

3.4.2 Effect of QT Prolongation on Cardiac Function 

The first study examining the effect of QT prolongation on cardiac function in this chapter 

highlights the relevance of the method of QT prolongation that is employed. It was 

initially decided to have two QT prolongation groups, one using veratridine to prolong 

QT interval by augmentation of the late sodium current, and one using E-4031 and 

HMR 1556 to prolong QT through blockade of the delayed rectifier potassium currents. 

This was in order to reproduce methods used to prolong APD in previous studies by other 

groups66, 124 and to replicate mechanisms known to prolong QT in both acquired and 

inherited LQTS (i.e. sodium channel gain of function and potassium channel loss of 

function). Data from the present study revealed that a clinically relevant level of QT 

prolongation (13-15% relative to control) had no impact on cardiac function when 

blockade of IKr and IKs was the pharmacological method used. However, when INa,L was 

augmented a significant increase in LVDP and rate of contraction was observed, 

alongside a significant decrease in LVEDP. These positive inotropic and lusitropic effects 

likely reflect increased intracellular calcium stores as a result of reduced NCX activity 

(forward mode) or increased reverse-mode NCX activity, which occurs in response to the 

resultant elevated intracellular sodium.54 Indeed, elevated intracellular sodium 

concentration is a reported effect from studies using similar drugs to augment the late 

sodium current.125 This would cause positive inotropy due to greater calcium 

influx/reduced calcium efflux via NCX and therefore increased SR loading, with a 

resultant increased rate of contraction. The shortening of time-to-peak contraction and 

fall in LVEDP as a result of veratridine treatment was unexpected and the mechanism 

uncertain. Greater inotropy and reduced forward mode NCX might be expected to raise 
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rather than lower LVEDP, however, it is possible that these two unexpected effects are 

related. That is, the decreased time-to-peak contraction appears to allow for earlier 

relaxation, hence allowing a lower end diastolic pressure to be achieved. Of note, this 

effect on LVEDP may be unique to the guinea pig Langendorff model, since the short 

diastolic interval in these animals (as a result of the long AP to high heart rate ratio) means 

that there is no significant ‘diastolic pause’ in LVP between contractions (i.e. LVP is 

effectively sinusoidal). Regardless of mechanism, the observed functional effects 

following veratridine treatment are likely independent of any direct effects of APD 

prolongation on ventricular relaxation itself, given the similar degree of QT prolongation 

achieved in the E4+HMR group which showed no functional differences. This difficulty 

in attributing functional effects to AP duration alone when targeting INa,L lead to the 

decision to only continue with IKr and IKs blockade going forward. 

As discussed above, the nature of the relationship between APD and heart rate in the 

guinea pig is such that there is a limited scope for prolonging QT interval in isolated heart 

preparations. This is likely compounded by the fact that guinea pigs demonstrate a very 

prominent IKs,
109 which would normally act to shorten APD in the presence of β-

adrenergic stimulation (and thus high heart rates) in vivo, an element which is lacking in 

a denervated isolated preparation. To this end, it was decided to conduct an experiment 

under conditions where the heart rate could be slowed in the isolated guinea pig heart to 

create a longer diastolic pause, mimicking that seen in humans. This provided the scope 

to prolong QT interval to a greater extent and understand whether QT prolongation alone 

could begin to have measurable effects on cardiac relaxation. Therefore, hearts were 

perfused with ivabradine prior to blockade of IKr and IKs, allowing them to be paced at a 

much slower rate (120bpm) and a maximum QT prolongation of 34% to be achieved. 

Clinically speaking, this is equivalent to the QT prolongation which might be seen in 

patients with symptomatic LQTS91 and is therefore a substantial but clinically relevant 

effect size (although it does exceed that observed in HF). In this study, an increase in the 

time to 75% relaxation was observed with maximal QT prolongation, suggesting that 

ventricular relaxation was indeed impaired under these conditions. This provides 

evidence that calcium handling may be altered in the presence of marked APD 
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prolongation in the healthy heart, although the functional effect appears to be small in this 

case given that LVEDP remained unaffected. 

The degree of QT prolongation achieved in the isolated guinea pig heart in these studies 

compares favourably to the reported QT prolongation seen in diastolic dysfunction and 

LQTS patients in the literature. The percentage QT prolongation achieved using 

veratridine in the first study varied from 4-22% with increasing drug dose, whereas the 

QT prolongation with E4+HMR treatment ranged from 8-23%. This increased to 34% 

when a higher dose of E4+HMR was used in conjunction with ivabradine in the second 

study. From the literature, percentage prolongation of heart rate-corrected QT interval 

(QTc) in patients with diastolic dysfunction has been reported at 7.4% in Grade I diastolic 

dysfunction, 9% in grade II diastolic dysfunction, and 11% in grade III diastolic 

dysfunction.86 If this is expanded to include QTc prolongation in LQTS patients, studies 

report a prolongation of 18% and 23% in asymptomatic and symptomatic single mutation 

carriers, respectively. This increases to 43% in double mutation carriers.91 Therefore, the 

percentage of pharmacologically induced QT prolongation achieved in the present study 

falls within the range observed in humans with disorders associated with cardiac 

repolarisation abnormalities. 

Thus far, data suggest that in the healthy heart where calcium handling is not impaired 

and maladaptation (e.g. fibrosis) is not present, APD prolongation alone is not sufficient 

to result in a significant impairment of ventricular relaxation. Healthy hearts may be able 

to cope with any minor increases in calcium entry to the cell or delays in the onset of 

relaxation without displaying diastolic dysfunction. Going forward, it was therefore 

important to replicate some the common co-pathologies of HF in the isolated heart model 

and determine whether this affected the relationship between APD and diastolic function.   

Data from the present study indicate that modest QT prolongation in the presence of 

SERCA inhibition results in diastolic dysfunction, as evidenced by an elevated LVEDP. 

This was in the absence of any significant change in the rate of ventricular relaxation and 

may be indicative of elevated diastolic calcium levels under these conditions, resulting in 

impaired ventricular relaxation. The return of calcium to SR stores by SERCA is the 

major mechanism for calcium removal from the cytoplasm following a ventricular AP. It 
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has been shown that the level of SERCA expression is reduced in failing hearts. One study 

reported a 47% reduction in mRNA levels for this protein relative to ventricular samples 

from control hearts.58 A similar study examined the protein levels of SERCA and reported 

a decrease of 36% in failing vs non-failing human heart tissue.59 In addition to 

contributing to reduced SR loading and contractile dysfunction, this could also serve to 

impede cytosolic calcium clearance and impair ventricular relaxation. Therefore, it seems 

possible that such changes to SERCA activity may leave hearts vulnerable to impaired 

diastolic function as a result of altered calcium transient dynamics caused by APD 

prolongation.  

3.4.3 Limitations of the Langendorff Model 

Whilst studies in the isolated, Langendorff-perfused guinea pig heart have provided some 

insight into the possible relationship between APD and diastolic function in the whole 

heart, there are some issues with this approach. Although some changes to parameters 

associated with relaxation (i.e. time to 75% relaxation, or LVEDP) were observed with 

substantial QT prolongation or QT prolongation in the presence of SERCA inhibition, 

they were not evident simultaneously. This suggests the phenotype was either very mild 

or that this model was not sensitive enough to detect subtle changes in diastolic function. 

This possibility was also indicated by some inconsistencies observed with the general 

setup of the guinea pig Langendorff heart. It was found that the IVB volume required to 

give a starting LVEDP of 5-7mmHg was very variable, suggesting that 

positioning/morphology of the balloon was having an effect on the reported end diastolic 

pressure. The presence of the balloon also appeared to make hearts prone to arrhythmia, 

such that the pacing rate had to be set substantially higher than the intrinsic heart rate to 

achieve stable pacing, contributing to the issue of a lack of diastolic interval previously 

discussed. From the data, increasing pacing rate had a clear effect on LVEDP at higher 

heart rates but not at lower the heart rates used in the ivabradine study, indicating that 

hearts were functioning at the upper limits of normal physiological reserve at baseline. 

Given that LVEDP represented the main readout for diastolic function in these studies, 

this brought into question the sensitivity/reliability of measuring this variable in this 

manner. In addition, isovolumic relaxation is only a component of normal auxotonic 

relaxation in the heart in vivo. Measuring isovolumic function may therefore give a 
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distorted or insensitive index of diastolic function. As such, going forward it was decided 

to develop an isolated working guinea pig heart as a model, which may provide more 

sensitive and reliable physiological information about the influence of QT prolongation 

on diastolic function in an auxotonically contracting working heart preparation. 

3.4.4 Summary and Conclusions 

In the isolated guinea pig heart ventricular CaTD is closely linked to APD, and will show 

a corresponding increase in duration in response to interventions which prolong AP. This 

has potential implications for diastolic function in the presence of prolonged APD due to 

the essential role of calcium removal from the cytoplasm in ventricular relaxation. 

Clinically relevant levels of APD prolongation alone are not sufficient to impair diastolic 

function in the healthy heart, however, there is evidence that larger APD prolongation 

possible at lower heart rates does act to slow the rate of ventricular relaxation, and that 

diastolic function is impaired by APD prolongation in the presence of impaired 

intracellular calcium handling.  
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4 WORKING HEART STUDIES 

4.1 Introduction 

The isolated working heart is another well-established experimental model used in 

cardiovascular physiology and pharmacology.126-131 It is a versatile model with many 

applications; however, the working heart may have a particular advantage over the 

Langendorff heart when it comes to studying cardiac contractility due to its closer 

approximation of normal physiology in this regard. In the working heart, the left side of 

the heart is filled with physiological buffer that is then ejected via the aorta against a 

defined hydrostatic pressure forming the ‘afterload’, which in turn determines perfusion 

of the coronary vasculature (Section 2.1.2, Fig. 2.4). This is far more similar to the 

situation in vivo than that seen in the Langendorff heart, where the left ventricle is 

undergoing isometric contraction against a fixed volume (in the form of a fluid filled 

IVB).  

In the working heart, as in vivo, contraction is initially isovolumic (although, as a result 

of torsion, not necessarily isometric) which is then followed by a period of shortening 

against an afterload after the aortic valve opens and ventricular ejection proceeds. In this 

way, the isolated heart performs external work. After peak ejection, the fall in aortic 

pressure is initially influenced by aortic compliance and Windkessel effects. However, 

after the closure of the aortic valve, relaxation proceeds initially isovolumically before 

the mitral valve reopens and the ventricle refills. Both contraction and relaxation can 

therefore be considered to be auxotonic and very similar to that in vivo.   

The Langendorff heart, instrumented with an IVB, is also potentially prone to error as a 

means of recording intraventricular pressure, with factors such as air bubbles and 

gauge/rigidity of the plastic line chosen to connect the balloon to the pressure transducer 

having the potential to dampen the signal, resonate or introduce noise.132 In addition to 

this, there is some discussion as to whether the measurement of the rate of pressure 

decline in the isolated heart provides an accurate assessment of calcium-dependent 

changes to the rate of relaxation under conditions of isometric contraction. It has been 
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proposed that under these conditions factors other than removal of cytosolic calcium may 

determine the rate of relaxation, unlike unloaded myocytes where calcium clearance from 

the cytosol is the major mechanism behind initiation of relaxation.133-135 

In addition to a more physiologically relevant contraction and relaxation cycle, another 

advantage of the working heart is that a pressure-volume catheter can be introduced into 

the left ventricle to record high-fidelity physiological data. We have therefore used a 

working heart with an admittance catheter introduced into the left ventricle via the aortic 

valve to record beat-to-beat ventricular pressures and volumes. Due to the small size of 

the catheter, there is no interference with normal cardiac contraction, and no irritation to 

the endocardium resulting in the proarrhythmic state observed in the guinea pig 

Langendorff heart in the previous studies. Given that no markedly different effects were 

observed at the higher pacing rates in the Langendorff studies (Chapter 3), this meant that 

isolated working hearts could be allowed to run at their intrinsic rate for the most part 

during these studies, thereby removing the potential for causing impaired diastolic 

function at baseline due to high pacing rates. 

The use of an admittance catheter provides a large number of clinically familiar variables 

useful for the assessment of subtle changes in cardiac function. These include maximal 

rates of pressure increase and decline (dP/dt max and dP/dt min), time constants of 

relaxation (tau) and the potential for measuring end-systolic and end-diastolic pressure-

volume relationships (as indices of ventricular contractility and compliance, respectively) 

by performing partial ‘preload occlusions’ (Fig. 2.4 and 4.2). The acquisition of pressure-

volume data in this manner represents the gold standard measure of systolic and diastolic 

function both experimentally (in vivo) and in clinical settings.136-138  

Given the absence of significant changes to diastolic function with QT prolongation in 

the Langendorff heart, it was considered necessary to move to the working heart where 

the hypothesis could be tested in a more physiologically relevant model. The studies 

described in this chapter therefore aim to build on those in Chapter 3 and further explore 

the relationship between APD and diastolic function. In addition, the role of concomitant 

co-pathologies of HF will be explored. 
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As has already been discussed in Chapter 1 (Section 1.2.4), changes in the expression 

and/or activity of SERCA are known to occur in HF and these will profoundly influence 

the shape and recovery of the cytosolic calcium transient. This decline in intracellular 

calcium uptake is counterbalanced in the failing heart by an increase in sarcolemmal 

calcium extrusion via increased expression and activity of NCX. The shift from 

intracellular calcium uptake to sarcolemmal extrusion is likely to render calcium removal 

from the cytoplasm more dependent on: i) membrane potential, and ii) intracellular 

sodium concentration. The former would increase the likelihood of APD influencing 

relaxation of the calcium transient, and the latter is a co-morbidity widely associated with 

HF.53-56    

4.1.1 Hypothesis and Objectives 

Hypothesis: Prolonged APD in the presence of elevated intracellular sodium and 

impaired SERCA function will act to impair ventricular relaxation via alterations to 

intracellular calcium handling. This hypothesis is best tested in an auxotonically 

contracting working heart model using clinically recognised indices of systolic and 

diastolic function.   

Objectives are, therefore: 

1) To develop and fully characterise a working guinea pig heart model, with respect 

to normal function and identification of useful systolic and diastolic functional 

variables.  

2) To investigate the relationship between APD/ventricular repolarisation and 

diastolic function the healthy working heart. 

3) To determine whether the presence of pharmacologically induced impairment of 

intracellular calcium handling (replicating that seen in HF) affects the relationship 

between APD and repolarisation in the working heart. 

4.2 Methods  

The methods used to isolate, cannulate and instrument hearts for working heart perfusions 

are described in detail in Section 2.1.2. Where applicable, data were analysed using two-
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way ANOVA with Sidak’s post-hoc test to determine whether significant differences 

were present between experimental groups at each time point and a p value of <0.05 was 

deemed statistically significant. Hearts were randomised to study groups and experiments 

and analysis were conducted in a blinded fashion. 

4.2.1 Characterisation of the Working Guinea Pig Heart  

Before it was possible to tackle any more of the questions surrounding the hypothesis, it 

was first necessary to characterise the working guinea pig heart model. Although the 

working heart experimental setup enabled preload and afterload to be altered (Fig. 2.4), 

the pressures used in these protocols were informed by a study which looked at the 

metabolic performance of a working guinea pig heart over a range of preloads and 

afterloads.139 The working hearts in the present study were therefore set to work under a 

preload of 15mmHg and an afterload of 55mmHg, to enable performance at maximal 

efficiency.  

Figure 4.1 shows a representative trace from an IVB used in a Langendorff-perfused 

guinea pig heart (in red), compared to a trace obtained using a PV catheter in a working 

guinea pig heart (in black). From these traces it can be seen that there are substantial 

differences in the morphology of the LV pressure trace obtained with these two 

experimental models, with the Langendorff heart showing a very symmetrical shape and 

no appreciable diastolic interval. In comparison, the working heart shows different rates 

of contraction and relaxation, with an asymmetric LV pressure trace more typical of that 

observed in vivo. In addition, there is a greater diastolic pause with a true end diastolic 

pressure morphology. This difference in the morphology of the pressure trace and the 

closer approximation to what is observed in vivo gives confidence that the PV catheter 

provides more physiological data which may be more sensitive to changes in cardiac 

function. In addition, studies conducted to examine the frequency-response 

characteristics of similar IVB setups have demonstrated a flat frequency response at 

frequencies ranging well beyond those seen in the contracting guinea pig heart.132 Thus, 

the differing morphology obtained between pressure catheter and IVB is unlikely to be 

due to any artificial dampening of the pressure signal. The presence of a ‘true’ end 

diastolic pressure also means that this parameter, which formed the major readout of 
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diastolic function in the Langendorff studies, may provide more reliable data on the 

diastolic function of the heart.  

 

Figure 4.1 Comparison of LVP trace from PV catheter and IVB 

Comparison of left ventricular pressure trace from A) a pressure-volume 
(PV) catheter positioned within the left ventricle of a working heart, 
introduced via the aortic valve, and B) an intraventricular fluid-filled balloon 
(IVB) coupled to a pressure transducer, introduced into the left ventricle of 
a Langendorff-perfused heart via the left atrium. Note the symmetrical 
appearance and lack of true diastolic pause in the Langendorff pressure 
trace (red), whereas the working heart trace (black) shows a true EDP 
morphology and different rates of contraction and relaxation during the 
cardiac cycle, as would be seen in vivo.  

Examples of the pressure-conductance loops and preload occlusions obtained in the 

guinea pig working heart model are shown in Fig. 4.2. Good quality loops were obtained 

in most hearts, although it can be seen that the morphology of the ejection phase differs 
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slightly from the domed appearance of loops obtained in vivo, which is likely a reflection 

of the abnormal afterload experienced by isolated working hearts. Other phases of the 

cardiac cycle appeared similar to that observed in vivo, and the end diastolic point was 

generally well detected by LabChart PV loop analysis software when analysing 

occlusions, however, it was found that the rounded ejection phase often made the accurate 

detection of the end systolic point challenging.    

 
Figure 4.2 Example PV loop and ‘IVC’ occlusion from working heart setup 

Representative examples of A) pressure-volume (PV) loops obtained 
using a PV catheter within the left ventricle of an isolated working guinea 
pig heart and B) modified ‘IVC’ occlusions performed by abruptly partially 
occluding inflow to the left side of the working heart to enable end diastolic- 
and end systolic pressure-volume relationships to be determined – 
referred to as preload occlusions (blue and red lines, respectively). N.B. 
Raw LV conductance data displayed on x-axis owing to inability to 
correctly calibrate volume calculation on ADV500 PV System used (see 
discussion Section 4.4.1).   

Once it had been established that the combination of the working guinea pig heart and PV 

catheter provided a good means of collecting accurate data about cardiac function, it was 

necessary to characterise the relationship between various functional parameters and heart 

rate. This was to avoid the need to pace hearts in future studies, thus avoiding the issue 

of potentially stressing hearts at high pacing rates under baseline conditions. In addition, 

the fact that the working heart preparation was found to be very stable (i.e. did not 
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demonstrate the same propensity for arrythmias observed in the Langendorff preparation 

when using an IVB) and that little effect of high heart rate was observed in the previous 

Langendorff studies rendered pacing unnecessary. However, given that pharmacological 

interventions used in subsequent studies would affect heart rate it was important to 

understand how functional variables would change in response to heart rate under 

baseline conditions.  

To this end a study was conducted where healthy hearts were treated with low, 

incremental doses of ivabradine to gradually lower heart rate, before atrial pacing was 

used to gradually increase heart rate again in a series of small steps. Hearts were initially 

cannulated and allowed to stabilise in Langendorff-mode for 15 min, before switching to 

working mode and allowing a further 15 min for stabilisation. Incremental concentrations 

of ivabradine were then added to the physiological buffer in 0.2µM steps (up to a 

maximum concentration of 0.6µM) to gradually lower heart rate to approximately 

120bpm. Heart rate was then gradually increased again using atrial pacing (at 1.5x capture 

threshold) in 20bpm steps (allowing 2 min at each pacing rate) up to a maximum heart 

rate of 310bpm. This allowed data to be recorded across the range of physiological heart 

rates which would be observed in subsequent studies, and the relationship between 

various cardiac parameters and cardiac cycle length (i.e. RR interval) could then be 

plotted (Fig. 4.3-4.5).  

For analysis, data from 8 individual hearts were plotted with 10s of data analysed for each 

heart rate (both paced and unpaced during ivabradine application, with data analysed after 

each 10bpm reduction in heart rate). For analysis, LabChart 8 Pro with blood pressure 

and ECG analysis modules was used (Fig. 4.3-4.5). To analyse LVP variables, the blood 

pressure analysis module was used to analyse LVP and new channels created for dP/dt 

max, dP/dt min, systolic duration, diastolic duration, tau and end diastolic pressure. ECG 

variables were measured using the ECG analysis tool to average 10 beats, with manual 

correction of the detection of ECG features. Each point was plotted against the 

corresponding RR interval to give the relationship between heart rate and each variable 

of interest, and a linear regression analysis carried out on the combined group data to give 

the slope and r2 value for each parameter.  
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The average heart rate in the working guinea pig heart was determined by taking the 

average from these 8 hearts following the 30 min stabilisation period at the start of the 

protocol and was determined to be 242bpm. This, combined with the slope of the 

relationship between RR interval and each functional parameter, allowed a formula to be 

calculated which would allow parameters to be corrected for heart rate in subsequent 

studies. The formula used was: 

4(5) = 4 + 6("7 − 242)	1000  

For the above equation, a was equal to the recorded value of the parameter of interest at 

any given heart rate, b was equal to the slope of the relationship between that parameter 

and RR interval, and HR was equal to the heart rate at which the parameter was recorded. 

The corrected value was referred to as a(c) (e.g. LVEDP became LVEDP(c)). 

4.2.2 Measuring Dysfunction in the Working Heart 

Having set up a satisfactory working heart model and established the relationship between 

various functional parameters and cardiac cycle length, it was next important to 

understand which of these parameters could provide useful and reliable information about 

the presence of cardiac dysfunction. Table 4.1 outlines the different functional parameters 

measured in working heart preparations, and how these values are obtained from the raw 

data. 
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Table 4.1 Functional parameters measured in isolated working guinea pig hearts 

List of functional parameters measured, alongside physiological significance 
and method of deriving values from the raw pressure-conductance/coronary 
and aortic flow data in working heart studies. Abbreviations: stroke volume 
(SV), coronary flow (CF), aortic flow (AF), heart rate (HR), cardiac output 
(CO), stroke work (SW), end-systolic pressure-volume relationship 
(ESPVR), end-diastolic pressure-volume relationship (EDPVR), left 
ventricular developed pressure (LVDP), systolic duration (SD), left 
ventricular end diastolic pressure (LVEDP), diastolic duration (DD). * See 
Fig. 4.2 for example. 

Functional 

Parameter 

Definition/Method of 

Calculation 
Physiological Significance 

SV 
Volume ejected per cardiac 

cycle: (CF+AF)/HR. 

Systolic and diastolic function: 

largely influenced by contractility 

and ventricular compliance in the 

working heart (where filling and 

afterload pressure are fixed). 

CO 

CF+AF per unit time. 

Expressed per gram of 

ventricular mass to account for 

differences in heart size. 

Systolic and diastolic function: 

product of SV and HR. 

SW 

Area of the pressure-

conductance loop: product of 

LVP and conductance/volume. 

Systolic function: measure of the 

work performed by the LV to 

eject blood during each 

contraction. 
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ESPVR 

The beat-to-beat relationship 

between end-systolic pressure-

volume points under variable 

preload. Measured by 

temporary, partial occlusion of 

preload line.* 

Systolic function: the slope of the 

ESPVR provides a load-

independent measure of 

ventricular contractility. 

EDPVR 

The beat-to-beat relationship 

between end-diastolic pressure-

volume points under variable 

preload. Measured by 

temporary, partial occlusion of 

preload line.* 

Diastolic function: the slope of the 

EDPVR provides a measure of 

passive ventricular stiffness. 

LVDP 

Maximum pressure reached 

within the LV during the 

cardiac cycle, minus LVEDP. 

Systolic function: reduced LVDP 

may indicate reduced 

contractility. 

dP/dt(max) 
Maximum rate of pressure 

increase within the LV. 

Systolic function: increased 

dP/dt(max) reflects increased 

contractility during isovolumic 

contraction. 

SD 

Time from the start of the 

cardiac cycle (at LVEDP) to 

dP/dt(min). 

Systolic function: duration may be 

influenced by rate of contraction. 
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LVEDP 

Pressure within the LV at end 

diastole (following atrial 

contraction, prior to ventricular 

contraction). 

Diastolic function: elevated 

LVEDP at a fixed filling pressure 

indicates reduced ventricular 

compliance. 

dP/dt(min) 
Maximum rate of pressure 

decline within the left ventricle. 

Diastolic function: increased 

dP/dt(min) reflects improved 

relaxation during isovolumic 

relaxation. 

DD 
Time from dP/dt(min) to end of 

cardiac cycle. 

Diastolic function: duration may 

be influenced by the rate of 

relaxation. 

Tau 

Exponential time constant of 

ventricular pressure decay 

during isovolumic relaxation. 

Diastolic function: pre-load 

independent measure of relaxation 

during the isovolumic phase. 

 

In order to determine which of these parameters provided the best indication of changes 

to cardiac function, a study was conducted where working guinea pig hearts were treated 

with incremental concentrations of CPA. Given that inhibition of SERCA activity with 

CPA should affect both systolic and diastolic function, this allowed various functional 

parameters to be assessed at each concentration of CPA to determine which parameters 

were best able to detect the resultant perturbation of normal cardiac function. The specific 

protocol for this study is as follows. Hearts were initially cannulated and allowed to 

stabilise in Langendorff-mode for 15 min, before switching to working mode and 

allowing a further 15 min for stabilisation. Baseline measurements were recorded at this 

point, and preload occlusions performed. CPA was then added to the physiological buffer 

at a concentration of 1µM and given 20 min to take full effect, before repeating 

measurements and occlusions. This was repeated for 5 and 10µM concentrations of CPA.  
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For analysis, LabChart 8 Pro with blood pressure and PV loop modules was used (Fig. 

4.6-4.9). To analyse LVP variables, the blood pressure analysis module was used to 

analyse LVP and new channels created for dP/dt max, dP/dt min, systolic duration, 

diastolic duration, tau and end diastolic pressure, with 10s of data analysed for each time 

point. Parameters associated with LVP were presented as corrected values to account for 

differences in heart rate using the formula determined in the previous study (Section 

4.2.1). Cardiac output was calculated by collecting and weighing the coronary effluent 

for 15s at the end of each time point and combining this with the aortic flow obtained 

from a flow meter in the afterload line. The ventricles were weighed at the end of each 

experiment, allowing cardiac output to be expressed as ml/min/g of ventricular mass. 

Stroke volume was calculated by dividing the total cardiac output by the heart rate. The 

ESPVR and EDPVR was calculated by analysing the preload occlusions performed at 

each time point using the PV loop module.  

4.2.3 Effect of QT Prolongation in the Healthy Working Heart 

Having determined that cardiac dysfunction could be successfully detected in the working 

heart model, the first stage of addressing the experimental hypothesis was to examine the 

effects of prolonging the AP in the healthy heart. Therefore, a simple study was designed 

where QT interval was prolonged using a combination of E-4031 and HMR 1556 in 

healthy working guinea pig hearts. 

Hearts were initially cannulated and allowed to stabilise in Langendorff-mode for 15 min, 

before switching to working mode and allowing a further 15 min for stabilisation. 

Baseline measurements were recorded at this point before adding 100nM E-4031 and 

30nM HMR 1556 or DMSO vehicle control to the physiological buffer, allowing 20 min 

for the drugs to take full effect, and repeating measurements.  

For analysis, LabChart 8 Pro with blood pressure and ECG analysis modules was used 

(Fig. 4.10-4.12). To analyse LVP variables, the blood pressure analysis module was used 

to analyse LVP and new channels created for dP/dt max, dP/dt min, systolic duration, 

diastolic duration, tau and end diastolic pressure, with 10s of data analysed for each time 

point. Variables associated with LVP were presented as corrected values to account for 
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differences in heart rate using the formula determined in the previous study (Section 

4.2.1). ECG parameters were measured using the ECG analysis tool to average 10 beats, 

with manual correction of the detection of ECG features and QT interval presented as 

QTc, according to the appropriate formula. To aid visualisation of the effect of QT 

prolongation on LV pressure generation, data from a complete cardiac cycle was exported 

from LabChart and plotted against time on GraphPad Prism 8. Representative examples 

were selected by identifying hearts which displayed diastolic function most similar to the 

group average. Cardiac output was calculated by collecting and weighing the coronary 

effluent for 15s at the end of each time point and combining this with the aortic flow 

obtained from a flow meter in the afterload line. The ventricles were weighed at the end 

of each experiment, allowing cardiac output to be expressed as ml/min/g of ventricular 

mass. Stroke volume was calculated by dividing the total cardiac output by the heart rate. 

4.2.4 Effect of QT Prolongation in the Presence of SERCA Inhibition 

Once the relationship between APD and cardiac function had been examined in the 

healthy heart, it was next important to determine how this might be affected by common 

co-pathologies associated with HF. Therefore, a study was conducted where hearts were 

treated with E-4031 and HMR 1556 to prolong QT interval in the presence of SERCA 

inhibition. 

Initially, hearts were cannulated and allowed to stabilise in Langendorff-mode for 15 min, 

before switching to working mode and allowing a further 15 min for stabilisation. 

Baseline measurements were recorded at this point before adding 5µM CPA to the 

physiological buffer and allowing 15 mins for the drug to take effect before measurements 

were recorded. Hearts were then treated sequentially with 100nM E-4031 followed by 

30nM HMR 1556 (or DMSO vehicle control), allowing 15 min for stabilisation at each 

dose before repeating measurements. 

For analysis, LabChart 8 Pro with blood pressure and ECG analysis modules was used 

(Fig. 4.13-4.15). To analyse LVP variables, the blood pressure analysis module was used 

to analyse LVP and new channels created for dP/dt max, dP/dt min, systolic duration, 

diastolic duration, tau and end diastolic pressure, with 10s of data analysed for each time 
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point. Variables associated with LVP were presented as corrected values to account for 

differences in heart rate using the formula determined in the previous study (Section 

4.2.1). ECG parameters were measured using the ECG analysis tool to average 10 beats, 

with manual correction of the detection of ECG features and QT interval was presented 

as QTc, according to the appropriate formula. To aid visualisation of the effect of QT 

prolongation on LV pressure generation, data from a complete cardiac cycle was exported 

from LabChart and plotted against time on GraphPad Prism 8. Representative examples 

were selected by identifying hearts which displayed diastolic function most similar to the 

group average. Cardiac output was calculated by collecting and weighing the coronary 

effluent for 15s at the end of each time point and combining this with the aortic flow 

obtained from a flow meter in the afterload line. The ventricles were weighed at the end 

of each experiment, allowing cardiac output to be expressed as ml/min/g of ventricular 

mass. Stroke volume was calculated by dividing the total cardiac output by the heart rate.  

4.2.5 Effect of QT Prolongation in the Presence of SERCA Inhibition and 

Elevated Intracellular Sodium 

In order to build on the premise of investigating the relationship between APD and cardiac 

function in the failing heart, the next study aimed to prolong QT interval in the presence 

of both SERCA inhibition and elevated intracellular sodium. To achieve this, working 

guinea pig hearts were treated with a combination of CPA and ouabain before using E-

4031 and HMR 1556 to prolong QT. 

Before this study could be carried out it was necessary to identify a suitable dose of 

ouabain which would act to elevate intracellular sodium, as would be apparent by the 

presence of positive inotropy in the healthy heart. To this end, a preliminary study was 

conducted where working hearts were exposed to incremental concentrations of ouabain, 

and the effects on systolic parameters recorded. Hearts were cannulated and allowed 

15 min to stabilise in Langendorff-mode, before switching to working mode and allowing 

a further 15 min for stabilisation. Baseline measurements were recorded at this point 

before the following concentrations of ouabain were added: 100nM, 200nM and 300nM. 

Each dose was given 20 min to take effect and functional parameters were recorded at 

5 min intervals. 
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Following the identification of 200nM ouabain as an appropriate dose to elevate 

intracellular sodium, the study examining the effects of APD prolongation on cardiac 

function in the presence of HF co-pathologies was conducted. Hearts were initially 

cannulated and allowed to stabilise in Langendorff-mode for 15 min, before switching to 

working mode and allowing a further 15 min for stabilisation. Baseline measurements 

were recorded at this point before adding 5µM CPA and 200nM ouabain to the 

physiological buffer and allowing 15 mins for the drugs to take effect before 

measurements were recorded. Hearts were then treated with 100nM E-4031 and 30nM 

HMR 1556 (or DMSO vehicle control), allowing 15 min for stabilisation before repeating 

measurements. 

For analysis, LabChart 8 Pro with blood pressure and ECG analysis modules was used 

(Fig. 4.16-4.19). To analyse LVP variables, the blood pressure analysis module was used 

to analyse LVP and new channels created for dP/dt max, dP/dt min, systolic duration, 

diastolic duration, tau and end diastolic pressure, with 10s of data analysed for each time 

point. Variables associated with LVP were presented as corrected values to account for 

differences in heart rate using the formula determined in the previous study (Section 

4.2.1). For the ouabain dose-finding study, only systolic parameters were calculated, and 

were expressed as raw values to avoid errors in the detection of positive inotropy. ECG 

parameters were measured using the ECG analysis tool to average 10 beats, with manual 

correction of the detection of ECG features and QT interval was presented as QTc, 

according to the appropriate formula. To aid visualisation of the effect of QT prolongation 

on LV pressure generation, data from a complete cardiac cycle was exported from 

LabChart and plotted against time on GraphPad Prism 8. Representative examples were 

selected by identifying hearts which displayed diastolic function most similar to the group 

average. Cardiac output was calculated by collecting and weighing the coronary effluent 

for 15s at the end of each time point and combining this with the aortic flow obtained 

from a flow meter in the afterload line. The ventricles were weighed at the end of each 

experiment, allowing cardiac output to be expressed as ml/min/g of ventricular mass. 

Stroke volume was calculated by dividing the total cardiac output by the heart rate.  
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4.3 Results 

4.3.1 Characterisation of the Working Guinea Pig Heart 

Of the ECG parameters measured, QT interval demonstrated the closest relationship with 

RR interval, demonstrating a clear positive correlation with a relatively high goodness of 

fit (r2 = 0.73) (Fig. 4.3 A). This means that as heart rate slows QT interval becomes longer 

and is the expected effect as APD adapts to slower heart rate. The other ECG parameters 

examined, namely Tp-Te interval, PR interval and QRS duration, show little to no 

relationship with RR interval, and as such do not vary much in response to altered heart 

rate (Fig.4.3 B-D). 

When looking at the relationship between systolic parameters and heart rate, LVDP 

demonstrates a negative correlation with RR interval (Fig. 4.4 A). This means that LVDP 

will increase at higher heart rates, which is as expected given the positive force-frequency 

relationship in the guinea pig heart. This is backed up by a negative dP/dt max- and 

positive systolic duration-RR correlation, which means that at higher heart rates the 

ventricular myocardium contracts at a faster rate and so spends a shorter period of time 

in systole (Fig. 4.4 B and C). These parameters all show clear relationships with heart 

rate, and so will benefit from correction using the calculated formula (Section 4.2.1). 

The diastolic functional parameters examined also show a relationship with heart rate 

(Fig. 4.5 A-D). LVEDP and dP/dt min both appear to show a modest positive correlation 

with RR interval, with hearts demonstrating a higher EDP and slower rate of relaxation 

at slower heart rates. A more substantial positive tau- and diastolic duration-RR 

correlation is demonstrated, indicating that hearts relax more slowly and thus spend a 

longer time in diastole at slower heart rates. Again, these parameters will benefit from 

being presented in a corrected format using the appropriate formula, thus enabling results 

in future studies to be analysed independently from heart rate effects. 
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Figure 4.3 Relationship between RR interval and ECG parameters  

Relationship between RR interval (i.e. cardiac cycle length) and ECG 
parameters in working guinea pig hearts paced across a range of heart 
rates in the presence of ivabradine (max. 0.6µM). Relationships between 
A) QT interval, B) Tp-Te interval, C) PR interval and D) QRS duration and 
RR interval are shown. Slope of relationship with r2 and p value for each 
parameter are also given and relate to a linear regression analysis of 
group data from all 8 hearts.  
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Figure 4.4 Relationship between RR interval and systolic parameters  

Relationship between RR interval (i.e. cardiac cycle length) and ECG 
parameters in working guinea pig hearts paced across a range of heart 
rates in the presence of ivabradine (max. 0.6µM). Relationships between 
A) LVDP, B) dP/dt max, and C) systolic duration and RR interval are 
shown. Slope of relationship with r2 and p value for each parameter are 
also given and relate to a linear regression analysis of group data from all 
8 hearts. 
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Figure 4.5 Relationship between RR interval and diastolic parameters  

Relationship between RR interval (i.e. cardiac cycle length) and ECG 
parameters in working guinea pig hearts paced across a range of heart 
rates in the presence of ivabradine (max. 0.6µM). Relationships between 
A) LVEDP, B) dP/dt min, C) tau, and D) diastolic duration and RR interval 
are shown. Slope of relationship with r2 and p value for each parameter 
are also given and relate to a linear regression analysis of group data from 
all 8 hearts. 

4.3.2 Measuring Dysfunction in the Working Heart 

Treatment with CPA causes a reduction in heart rate, with this effect becoming significant 

at 5µM (Fig. 4.6 A). This is accompanied by a reduction in cardiac output and stroke 

volume, both of which also display significance at 5µM (Fig. 4.6 B & C). The fact that 

the reduction in cardiac output occurs alongside a reduction in stroke volume indicates 

that this effect is likely independent of the reduced heart rate. 
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Data obtained from PV loops and preload occlusions were also analysed to determine 

whether useful information about cardiac function could be obtained in this manner from 

the working guinea pig heart preparation. Fig 4.7 A demonstrates that stroke work (i.e. 

the area of the PV loop) closely mirrors the effects seen on cardiac output and stroke 

volume, demonstrating a significant reduction with increasing doses of CPA, reaching 

significance at a concentration of 5µM. The ESPVR and EDPVR were also examined but 

showed no change at any dose of CPA (Fig. 4.7 B & C). The EDPVR in particular 

demonstrates large variation between hearts and thus is unlikely to detect changes in 

cardiac function with the group sizes used in these studies.  

Treatment with CPA enabled a clear impairment of systolic function to be detected in 

working guinea pig hearts (Fig. 4.8 A-C). Corrected LVDP was reduced in the presence 

of increasing concentrations of CPA, with this reduction reaching significance at 5µM. 

The rate of pressure development within the ventricle appeared to be more sensitive to 

the effects of CPA, with dP/dt max(c) demonstrating a significant reduction from the 

lowest concentration of 1µM. Similarly, corrected systolic duration showed a large 

increase in response to CPA treatment, although this only became apparent at 5 and 10µM 

concentrations.  

Impairment of diastolic function was also detected in working guinea pig hearts treated 

with CPA (Fig. 4.9 A-C). Interestingly, LVEDP(c) did not appear to be sensitive to 

impaired ventricular relaxation as a result of SERCA inhibition, demonstrating little or 

no change at any concentration of CPA. The rate of pressure decline in the ventricle did 

respond to CPA treatment however, with dP/dt min(c) showing a dose-dependent 

reduction in response to CPA, although this did not reach significance until 10µM. This 

was mirrored by an increase in tau(c) in response to CPA, indicating a slowing of 

relaxation, although this reached significance from 5µM concentrations. Corrected 

diastolic duration, perhaps unexpectedly, showed a significant decrease in response to 

CPA treatment, although this effect appeared to be lost at 10µM. 
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Figure 4.6 Effect of CPA on function in the working heart 

Effect of incremental doses (max. 10µM) of cyclopiazonic acid (CPA) on 
function in the isolated working guinea pig heart. The effects of each dose 
of CPA on A) heart rate, B) cardiac output and C) stroke volume are 
shown. Data presented as mean ±SEM, n=5 hearts, * = p<0.05 vs. 
baseline.  
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Figure 4.7 Effect of CPA on function in the working heart 

Effect of incremental doses (max. 10µM) of cyclopiazonic acid (CPA) on 
function in the isolated working guinea pig heart, as measured by 
pressure-volume loop parameters. The effects of each dose of CPA on A) 
stroke work, B) end systolic pressure-volume relationship and C) end 
diastolic pressure-volume relationship are shown. Data presented as 
mean ±SEM, n=4-5 hearts (parameters only recorded if high-quality 
pressure-volume loops were obtained), * = p<0.05 vs. baseline. 
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Figure 4.8 Effect of CPA on systolic function in the working heart 

Effect of incremental doses (max. 10µM) of cyclopiazonic acid (CPA) on 
systolic function in the isolated working guinea pig heart. The effects of 
each dose of CPA on A) LVDP, B) dP/dt max and C) systolic duration. 
Data presented as mean ±SEM, n=4-5 hearts, * = p<0.05 vs. baseline. 
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Figure 4.9 Effect of CPA on diastolic function in the working heart 

Effect of incremental doses (max. 10µM) of cyclopiazonic acid (CPA) on 
diastolic function in the isolated working guinea pig heart. The effects of 
each dose of CPA on A) LVEDP, B) dP/dt min C) diastolic duration and D) 
tau. Data presented as mean ±SEM, n=4-5 hearts, * = p<0.05 vs. baseline. 
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Diastolic function did demonstrate some change in response to QT prolongation in the 

working guinea pig heart, independent of effects on heart rate (Fig. 4.12 A-C). Whilst 

LVEDP(c) showed no change in response to E-4031 + HMR 1556 treatment, DD(c) and 

tau(c) both showed a significant increase in response to treatment, relative to vehicle 

control. This was accompanied by a slight but non-significant reduction in dP/dt min(c) 

and suggests that ventricular relaxation was slowed in response to APD prolongation. 

Visualisation of LVP traces from control and E-4031 + HMR 1556-treated hearts reveals 

that QT prolongation may have resulted in a slight slowing of pressure generation and 

decline in the LV during all but early pressure development (Fig. 4.13). It should be noted 

that these LVP traces represent raw data which is not corrected for the effects of variation 

in heart rate following QT prolongation. 
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Figure 4.10 Effect of QT prolongation in the healthy working heart 

Effect of treatment with 100nM E-4031 + 30nM HMR 1556 vs vehicle 
control in the healthy working guinea pig heart. Effect of treatment with E-
4031+HMR 1556 on A) QTc interval, B) heart rate, C) coronary flow, D) 
cardiac output and E) stroke volume. Data presented as mean ±SEM, n=6 
hearts, * = p<0.05 in E-4031 + HMR 1556 vs. vehicle control group.   
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Figure 4.11 Effect of QT prolongation on systolic function in the healthy working 
heart 

Effect of treatment with 100nM E-4031 + 30nM HMR 1556 vs vehicle 
control on systolic functional parameters corrected for heart rate in the 
healthy working guinea pig heart. Effect of treatment with E-4031+HMR 
1556 on A) LVDP(c), B) dP/dt max(c) and C) systolic duration(c). Data 
presented as mean ±SEM, n=6 hearts.  
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Figure 4.12 Effect of QT prolongation on diastolic function in the healthy working 
heart 

Effect of treatment with 100nM E-4031 + 30nM HMR 1556 vs vehicle 
control on diastolic functional parameters corrected for heart rate in the 
healthy working guinea pig heart. Effect of treatment with E-4031+HMR 
1556 on A) LVEDP(c), B) dP/dt min(c), C) diastolic duration(c) and D) 
tau(c). Data presented as mean ±SEM, n=6 hearts, * = p<0.05 in E-4031 
+ HMR 1556 vs. vehicle control group.   
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Figure 4.13 Effect of QT prolongation on pressure generation in the left ventricle in 
the healthy working heart 

Representative left ventricular pressure throughout a complete cardiac 
cycle from working guinea pig hearts treated with 100nM E-4031 + 30nM 
HMR 1556 or vehicle control (unpaced). Traces aligned to peak LVP to 
aid visualisation. 

4.3.4 Effect of QT Prolongation in the Presence of SERCA Inhibition 

Treatment with E-4031 + HMR 1556 in the presence of CPA resulted in a significant 

increase in QTc and a significant decrease in heart rate relative to vehicle control (Fig. 

4.14 A & B). Although treatment with 5µM CPA caused an apparent reduction in 

coronary flow, cardiac output and stroke volume this did not differ between the 

experimental groups and there was no further effect of treatment with E-4031 and HMR 

1556 on these parameters (Fig. 4.14 C-E).  

There was no evident impairment of systolic function in response to QT prolongation in 

the presence of SERCA inhibition (Fig. 4.15 A-C). Although treatment with CPA resulted 

in a substantial reduction in dP/dt max(c), there was no further effect of E-4031 and HMR 
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Visualisation of the LVP traces from E-4031 + HMR 1556-treated hearts reveals a slight 

slowing of the rate of pressure generation in the left ventricle, alongside a slowing of the 

early phase of pressure decline compared to control hearts (Fig. 4.17). QT prolongation 

appeared to have little effect on the maximum rate of pressure decline or LVEDP, 

although LVDP was slightly reduced. Again, these LVP traces represent raw data which 

is not corrected for the effects of variation in heart rate following QT prolongation. 
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Figure 4.14 Effect of QT prolongation in the presence of SERCA inhibition 

Effect of treatment with 100nM E-4031 + 30nM HMR 1556 vs vehicle 
control in the presence of 5µM cyclopiazonic acid (CPA) in the working 
guinea pig heart. Effect of treatment with E-4031+HMR 1556 on A) QTc 
interval, B) heart rate, C) coronary flow, D) cardiac output and E) stroke 
volume in the presence of SERCA inhibition. Data presented as mean 
±SEM, n=6 hearts, * = p<0.05 in E-4031 + HMR 1556 vs. vehicle control 
group.   
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Figure 4.15 Effect of QT prolongation on systolic function in the presence of 
SERCA inhibition 

Effect of treatment with 100nM E-4031 + 30nM HMR 1556 vs vehicle 
control on systolic functional parameters corrected for heart rate in the 
presence of 5µM cyclopiazonic acid (CPA) in the working guinea pig heart. 
Effect of treatment with E-4031+HMR 1556 on A) LVDP(c), B) dP/dt 
max(c) and C) systolic duration(c). Data presented as mean ±SEM, n=6 
hearts.   
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Figure 4.16 Effect of QT prolongation on diastolic function in the presence of 
SERCA inhibition 

Effect of treatment with 100nM E-4031 + 30nM HMR 1556 vs vehicle 
control on diastolic functional parameters corrected for heart rate in the 
presence of 5µM cyclopiazonic acid (CPA) in the working guinea pig heart. 
Effect of treatment with E-4031+HMR 1556 on A) LVEDP(c), B) dP/dt 
min(c), C) diastolic duration(c) and D) tau(c). Data presented as mean 
±SEM, n=6 hearts.   
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Figure 4.17 Effect of QT prolongation on pressure generation in the left ventricle in 
the presence of SERCA inhibition 

Representative left ventricular pressure throughout a complete cardiac 
cycle from hearts treated with 5µM cyclopiazonic acid (CPA) and 100nM 
E-4031 + 30nM HMR 1556 or vehicle control on working guinea pig hearts 
(unpaced). Traces aligned to peak LVP to aid visualisation. 

4.3.5 Effect of QT Prolongation in the Presence of SERCA Inhibition and 
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absence of any significant effect on stroke volume. The rate of pressure development was 

also affected by ouabain treatment, with dP/dt max showing an increase at both 

concentrations. Although not significant, an increase in LVDP was also observed at both 

concentrations of ouabain alongside a significant decrease in systolic duration. 

Altogether, these changes are indicative of a positive inotropic effect of ouabain 

treatment, which was greater at a 200nM concentration. 
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Figure 4.18 Effect of ouabain treatment on systolic function of the working heart 

Effect of treatment with incremental doses of ouabain (max. 200nM) on 
systolic function in the working guinea pig heart. Effect of treatment with 
ouabain on A) heart rate, B) cardiac output, C) stroke volume, D) dP/dt 
max, E) LVDP and F) systolic duration. Data presented as mean ±SEM, 
n=3 hearts, * = p<0.05 vs. baseline.   
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although coronary flow was significantly different between E4+HMR and vehicle control 

groups at the last time point, this may have arisen due to a difference between the groups 

at baseline (Fig. 4.19 C). 

A slight effect on systolic function was observed in response to prolongation of QTc by 

E-4031 and HMR 1556 in the presence of SERCA inhibition and elevated intracellular 

sodium (Fig. 4.20 A-C). Whilst no effect of CPA + ouabain treatment was observed on 

LVDP(c) or SD(c), a modest decrease in dP/dt max(c) was observed. Treatment with 

E- 4031 and HMR 1556 resulted in a modest but significant increase in SD(c) relative to 

vehicle control, suggestive of an increased contraction time in the LV and possible mild 

systolic impairment.  

Diastolic function was unaffected by QT prolongation in the presence of SERCA 

inhibition and elevated intracellular sodium (Fig. 4.21 A-C). Treatment with CPA and 

ouabain appeared to result in a decrease in dP/dt min(c), alongside a modest increase in 

DD(c) and tau(c). Upon subsequent prolongation of QTc by treatment with E-4031 and 

HMR 1556, there was no effect on any of the measured diastolic parameters relative to 

vehicle control. 

Visualisation of the LVP traces from control and E-4031 + HMR 1556-treated hearts 

reveals little effect of QT prolongation on LVDP/LVEDP or on the maximal rates of 

pressure increase or decline in the LV, in agreement with the reported average results 

(Fig. 4.22). Again, there does appear to be a slowing of the early phase of pressure decline 

in the LV following QT prolongation in the E4 + HMR group relative to vehicle control. 
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Figure 4.19 Effect of QT prolongation in the presence of SERCA inhibition and 
elevated intracellular sodium 

Effect of treatment with 100nM E-4031 + 30nM HMR 1556 vs vehicle 
control in the presence of 5µM cyclopiazonic acid (CPA) and 200nM 
ouabain in the working guinea pig heart. Effect of treatment with E-
4031+HMR 1556 on A) QTc interval, B) heart rate, C) coronary flow, D) 
cardiac output and E) stroke volume in the presence of SERCA inhibition 
and elevated intracellular sodium. Data presented as mean ±SEM, n=6 
hearts, * = p<0.05 in E-4031 + HMR 1556 vs. vehicle control group.   
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Figure 4.20 Effect of QT prolongation on systolic function in the presence of 
SERCA inhibition and elevated intracellular sodium 

Effect of treatment with 100nM E-4031 + 30nM HMR 1556 vs vehicle 
control on systolic functional parameters corrected for heart rate in the 
presence of 5µM cyclopiazonic acid (CPA) and 200nM ouabain in the 
working guinea pig heart. Effect of treatment with E-4031+HMR 1556 on 
A) LVDP(c), B) dP/dt max(c) and C) systolic duration(c). Data presented 
as mean ±SEM, n=6 hearts, * = p<0.05 in E-4031 + HMR 1556 vs. vehicle 
control group.   
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Figure 4.21 Effect of QT prolongation on diastolic function in the presence of 
SERCA inhibition and elevated intracellular sodium 

Effect of treatment with 100nM E-4031 + 30nM HMR 1556 vs vehicle 
control on diastolic functional parameters corrected for heart rate in the 
presence of 5µM cyclopiazonic acid (CPA) and 200nM ouabain in the 
working guinea pig heart. Effect of treatment with E-4031+HMR 1556 on 
A) LVEDP(c), B) dP/dt min(c), C) diastolic duration(c) and D) tau(c). Data 
presented as mean ±SEM, n=6 hearts.   
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Figure 4.22 Effect of QT prolongation on pressure generation in the left ventricle in 
the presence of SERCA inhibition and elevated intracellular sodium 

Representative left ventricular pressure throughout a complete cardiac 
cycle from working guinea pig hearts treated with 5µM cyclopiazonic acid 
(CPA) and 200nM ouabain in the presence of 100nM E-4031 + 30nM 
HMR 1556 or vehicle control. Traces aligned to peak LVP to aid 
visualisation. 

4.4 Discussion 

4.4.1 Characterisation of the Working Guinea Pig Heart 

The working guinea pig heart was found to provide a physiological and stable model 

which circumvented the need to pace hearts during protocols, avoiding the issues 

associated with this approach. The admittance catheter provided high-fidelity data, 

allowing for detailed assessment of LV function.  

One issue which was encountered with this experimental setup related to the use of the 

admittance catheter and the calculation of volume within the left ventricle. Calculation of 

volume using admittance catheters relies in part upon knowing the resistivity of the blood 

within the left ventricle.136 Although this can be measured and inputted into the hardware 

for use in this calculation, it was discovered that the resistivity of the physiological 

crystalloid buffer used in these experiments differed from blood to the extent that it lay 

outside the range allowed for by the software on the ADV500 PV System used, rendering 
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continue experiments with raw pressure-conductance (uncalibrated volume) loops, rather 

than pressure-volume loops. Stroke volume could still be calculated based on cardiac 

output, and so this did not affect the scope of data available from studies to a large extent, 

with the exception of not being able to calculate EF. 

The ivabradine study provided a good insight into the relationship between heart rate and 

various parameters in the working heart preparation, and informed future studies. Using 

this approach, it was possible to develop a formula which allowed 

functional/electrophysiological variables to be corrected for variation in heart rate in 

subsequent studies. This was particularly important given that the interventions used were 

known to affect heart rate and so differences between groups could be related to changes 

in heart rate rather than the intervention per se. This study also highlighted that Tp-Te, 

which is often used as a measure of ventricular dispersion of repolarisation,66, 87 was not 

reliable as a means of measuring changes in repolarisation in this preparation. This was 

due to morphological variability in the T wave recorded in the ECG’s which occurred 

between hearts and between experimental protocols, often making it difficult to determine 

the peak of the T wave. However, QT interval was unaffected by this and QTc was 

therefore used to measure changes to repolarisation. This had the added benefit of 

providing a surrogate for APD which was useful when comparing data to existing studies 

which may use APD or QT interval as a readout for ventricular repolarisation.  

The next question which was addressed when characterising the working guinea pig heart 

was how dysfunction could be measured, i.e. which functional variables would provide 

sensitive and reliable detection of changes to systolic and diastolic function? This was 

addressed by treating healthy hearts with incremental doses of CPA to impair SERCA 

activity, which would act to impair both systolic and diastolic function.140-142 This enabled 

various parameters to be measured and their sensitivity to dysfunction determined by 

looking at the effects of CPA at increasing doses, as well as allowing an appropriate dose 

of CPA to be identified for use in later studies. The results demonstrate that the effects of 

CPA are easily apparent from basic cardiac parameters such as heart rate, cardiac output 

and stroke volume. However, when looking at data from ‘pressure-volume’ loops, 

changes to stroke work precisely mirrored those seen in cardiac output and stroke volume 

and therefore did not provide further useful information. When looking at the ESPVR and 
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EDPVR obtained from preload occlusions, no change in systolic and diastolic function 

was apparent using this approach. Indeed, the ESPVR did not successfully detect systolic 

impairment at any concentration of CPA and it was found that the LabChart PV loop 

analysis module was not able to reliably identify the true end systolic point, given the 

more sloping appearance of the ejection phase from loops obtained in the working heart. 

Similarly, the reported EDPVR using this approach was found to be so variable as to be 

unable to detect any change in diastolic function. Therefore, these loop parameters were 

not considered to be the best method of assessing changes to ventricular function in 

studies going forward. Parameters collected from the LV pressure trace, on the other 

hand, were found to provide much better sensitivity in detecting functional changes as a 

result of CPA treatment. To measure systolic function, LVDP, dP/dt max and systolic 

duration (all corrected for heart rate) were all able to detect the impairment of systolic 

function with CPA treatment, with dP/dt max appearing to be the most sensitive, showing 

a significant reduction from the lowest concentration of CPA. The results for diastolic 

function appeared to be a little more complicated, with LVEDP(c) found to be somewhat 

variable and unable to detect changes to diastolic function. Corrected dP/dt min and tau 

both demonstrated a concentration-dependent effects of CPA treatment indicating a 

slowing of relaxation, with tau appearing to be the most sensitive. However, corrected 

diastolic duration demonstrated a perhaps unexpected reduction with CPA treatment 

which was lost at the highest concentration. This may be indicative of a slowed 

rate/initiation of contraction due to reduced SR calcium release, thereby causing a delay 

in the onset of relaxation. This would tie in with the increase in systolic duration observed 

but does not explain why the effect on diastolic duration was lost at the highest 

concentration of CPA, perhaps demonstrating that this parameter is not a reliable indicator 

of diastolic impairment.  

One point of note is the morphological change observed in the LVP traces in working 

hearts following treatment with E-4031 and HMR 1556. It appears as though QT 

prolongation results in a slowing of the first portion of pressure decline in the LV 

following peak systolic pressure. It is likely that this portion of the cardiac cycle relates 

to the ejection phase during systole, prior to closure of the aortic valve. This is supported 

by the fact that the working heart rig operates at a fixed afterload of 55mmHg, which 
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coincides with the approximate pressure at which this slowed phase of LVP decline 

increases again. Therefore, this observation relates to reduced contractility rather than 

impaired active relaxation and is not detected by variables such as dP/dtmin and LVEDP, 

which measure effects during later portions of the cardiac cycle. As such, these variables 

likely provide a good measure of changes to active relaxation and so are ideal for the 

purposes of the present study. It is likely that these changes to contractility following 

treatment with E-4031 and HMR 1556 can be explained by the reduction in heart rate 

following QT prolongation in these hearts resulting in reduced cardiac contractility, 

owing to the positive force-frequency response in the guinea pig heart. This ties in with 

the general lack of changes in measured systolic variables, which were corrected for 

differences in heart rate.  

Therefore, the present study was able to establish that the working guinea pig heart 

demonstrated improved physiological function over the Langendorff-perfused heart. A 

comprehensive characterisation study making use of ivabradine and atrial pacing in 

healthy hearts was able to reveal the relationship between variables of interest and heart 

rate, allowing the creation of a formula to calculate corrected values obtained in 

subsequent unpaced studies and account for differences in heart rate. A further 

characterisation study using CPA to impair cardiac function was able to identify which 

parameters obtained using the admittance catheter were best able to detect impairment of 

systolic and diastolic function, and so represented suitable parameters to examine in 

future studies. Therefore, the working guinea pig heart setup used in these studies has 

been thoroughly characterised and determined to be a more suitable model to conduct 

studies going forward in order to address the remaining research questions. 

4.4.2 Relationship between QT Interval and Cardiac Function 

Given the change of experimental model it was necessary to repeat the baseline study to 

examine the relationship between QT interval and diastolic function in the healthy 

isolated heart. The findings in the working heart differed from those in the Langendorff-

perfused heart, highlighting the difference in these preparations. In the working heart 

prolongation of the QT interval had no impact on systolic function but did result in an 

increase in corrected diastolic duration and tau, indicating a slowing of ventricular 
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relaxation. This is in agreement with studies in healthy isolated ventricular myocytes that 

have shown a slowing in the onset and rate of decline of the calcium transient with 

subsequent slowing of relaxation in response to prolonged APD.43 This has been proposed 

to occur due to various factors, including a delay in the closing of L-type calcium 

channels, and an increased calcium influx/reduced calcium efflux via NCX in response 

to the prolonged membrane depolarisation.24, 43 Therefore, the results from this study 

support the hypothesis that repolarisation abnormalities such as prolonged APD/delayed 

repolarisation can impair ventricular relaxation by delaying or reducing cytosolic calcium 

removal.  

Since the data from the baseline study in the working heart differs to that observed in the 

Langendorff-perfused heart, it was important to repeat the study which aimed to examine 

the relationship between QT prolongation and diastolic function in the presence of 

reduced SERCA activity, as is often observed in HF.58, 59, 110-112 The dose of CPA used to 

achieve this was informed from the CPA characterisation study carried out in working 

hearts and was higher than that used previously in Langendorff-perfused hearts (5µM vs.  

1µM), since it was apparently better-tolerated in the working heart. The chosen dose 

caused detectable systolic and diastolic dysfunction without being so severe as to risk 

impaired coronary flow due to excessive reduction of cardiac output. Under these 

conditions, prolongation of QT interval using the same concentration of E-4031 and 

HMR 1556 as in the baseline study caused no detectable impairment to systolic or 

diastolic function, relative to control. This is perhaps surprising, since it might be assumed 

that inhibition of SERCA activity would exacerbate the slowing of relaxation observed 

in the baseline study which presumably occurred as a result of altered intracellular 

calcium handling. Based on the experimental hypothesis, impaired relaxation as a result 

of prolonged APD would occur because of a delayed or slowed removal of calcium from 

the cytosol, thereby impeding myofilament dissociation and relaxation. A reduction in 

the activity of SERCA should act to compound this by further reducing the removal of 

cytosolic calcium. However, it is also possible that this effect is balanced out by reduced 

SR loading as a result of SERCA inhibition in this setting. Perhaps this slowed relaxation 

is no longer seen in this study because the impaired SERCA activity results in smaller SR 

stores and a subsequent smaller release of calcium. This resultant smaller calcium 
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transient (which is evident from the reduced LVDP(c) in response to CPA treatment) may 

be able to be removed at a sufficient rate so as not to impede relaxation in the ventricle.  

Given that it is known that APD prolongation and reduced SERCA activity/expression 

are commonly reported alongside diastolic impairment in HF, it is perhaps the case that 

the model used in the above study did not sufficiently replicate the failing heart for the 

true relationship between repolarisation and diastolic function to be determined. Another 

commonly reported abnormality in failing hearts is elevated intracellular sodium.53-55 This 

may act to further impair intracellular calcium handling by altering the activity of NCX, 

thereby working to decrease calcium extrusion or even increase calcium influx via this 

mechanism as a result of the altered sodium gradient across the sarcolemmal membrane.57 

Given that the combination of reduced SERCA activity and elevated intracellular sodium 

could interact to further perturb intracellular calcium handling, it was important to 

conduct a study which would combine these factors in the presence of abnormal 

repolarisation. In order to achieve this, a combination of ouabain and CPA was used to 

elevate intracellular sodium and impair cytosolic calcium removal by reducing N+,K+-

ATPase and SERCA activity. 

An initial study using ouabain alone was used to identify an appropriate dose of ouabain 

to use in the isolated working guinea pig heart that would elevate intracellular sodium (as 

confirmed by the presence of positive inotropy). A concentration of 200nM was selected 

for use in further studies since this demonstrated a mild positive inotropy and higher doses 

(300nM) were found to cause most hearts to go into ventricular fibrillation. When hearts 

were treated with E-4031 and HMR 1556 to prolong QT interval in the presence of both 

elevated intracellular sodium and impaired SERCA activity in a subsequent study, there 

was little evidence of any impairment of cardiac function. This was with the exception of 

a modest increase in corrected systolic duration, indicating a possible mild systolic 

impairment, although this was not accompanied by any change in LVDP(c) or 

dP/dtmax(c) that would give confidence in this observation. Therefore, although baseline 

studies did appear to show an effect of prolonging APD on diastolic function in the 

working heart, this effect was absent when common co-pathologies of HF were 

pharmacologically induced alongside QT prolongation. This may reflect the interplay 

between the systolic and diastolic functional effects of impairing SERCA activity, i.e. 
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both will be affected since both cytosolic calcium removal and SR calcium stores will be 

reduced. The reduction in the size of the calcium transient may enable cardiomyocytes to 

cope with a larger influx of calcium due to prolonged APD without relaxation becoming 

impaired. Elevation of intracellular sodium and the resultant effects on NCX activity may 

not be enough to counteract these effects on SR calcium stores, and as such will not 

change the fact that APD prolongation is insufficient to impair intracellular calcium 

handling and induce diastolic dysfunction in this setting. 

4.4.3 Limitations of this Experimental Approach 

Although the present study has established that the working guinea pig heart represents a 

stable experimental model which displays good physiological function, it is unclear 

whether these experiments have disproven the hypothesis or merely not succeeded in 

pharmacologically replicating key elements of HF. Whilst it can be assumed with some 

confidence that CPA and ouabain treatment resulted in impaired SERCA activity and 

elevated intracellular sodium, what cannot be known is the relative effect size compared 

to that observed in HF. This could be critical in how these factors interact with alterations 

to repolarisation and affect the calcium transient. Additionally, not all factors commonly 

reported in HF could be replicated. One other change that is commonly reported is an 

increase in NCX expression, which can contribute to altered calcium handling in HF by 

increasing calcium entry into the cell via reverse-mode function.143, 144 Indeed, this could 

be central to the hypothesis and explain some of the results thus far, since an increase in 

calcium entry via this mechanism could override the reduced calcium release from 

depleted SR stores. This could potentially exacerbate delayed calcium removal from the 

cell as a result of prolonged APD and reduced SERCA activity and may have altered the 

outcome of the present studies if this could have been replicated. Additionally, many other 

factors which contribute to intracellular calcium handling in the ventricular myocardium 

could be affected in HF and may affect the relationship between repolarisation and 

relaxation. These include factors which would be affected by altered phosphorylation 

status in a diseased heart (e.g. as a result of the increased β-adrenergic signalling often 

seen145, 146) and include altered phosphorylation of calcium handling proteins such as L-

type calcium channels, ryanodine receptors and phospholamban, as well as factors like 

myofilament calcium sensitivity and titin phosphorylation. Additionally, structural 
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remodelling of the heart (including hypertrophy and fibrosis) is likely to play a key role 

in impaired relaxation.  

4.4.4 Summary and Conclusions 

The working guinea pig heart has been shown to provide a good experimental model in 

which changes to systolic and diastolic function can be detected. There is some evidence 

that prolongation of APD in this model causes impairment of diastolic function in the 

absence of other impairments to intracellular calcium handling. However, attempts to 

replicate common co-pathologies of HF using pharmacological means in this model have 

not yielded clear answers to the research questions posed. There is a clear need to 

elaborate on these findings and investigate the relationship between repolarisation 

abnormalities and diastolic function in failing hearts which will more accurately represent 

the broad range of pathological changes which affect intracellular calcium handling and 

are commonly observed in HF. Therefore, an animal model of HF with diastolic 

dysfunction will be developed in order to achieve this.  
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5 IN VIVO STUDIES 

5.1 Introduction 

One of the major challenges associated with understanding the mechanisms behind 

HFpEF is the identification and characterisation of a suitable animal model. The literature 

reveals HFpEF to be a very heterogeneous condition, with a broad patient demographic 

presenting with a range of comorbidities (Section 1.1.1). This is also apparent in the lack 

of effect of novel therapies investigated in clinical trials and may be partially attributable 

to the failure to identify suitable patient groups for a therapy, with patient cohorts either 

being too broad or too narrow in their definitions (Section 1.1.2). Developing an animal 

model which encompasses the myriad of conditions associated with HFpEF is clearly not 

practical, but it is important to choose a model which displays appropriate cardiac features 

when planning experiments to explore the underlying mechanisms of diastolic 

dysfunction.  

One model which has been proposed to provide a good model of HFpEF is the DOCA-

salt rodent model. This model has typically been used to study hypertension in rats and 

mice but has also been shown to progress into cardiac hypertrophy and failure with 

suitable dose and duration of exposure to DOCA, combined with a high salt intake 

exacerbated by the removal of one kidney. It has been demonstrated that, in mice, this 

model displays many of the features associated with HFpEF including preserved EF, 

reduced E/e’, elevated LVEDP and increased slope of the EDPVR.147 Interestingly, this 

model has also been shown to produce cardiac hypertrophy and clinical signs of HF in 

the guinea pig, although no functional cardiac studies were performed.148, 149 Given the 

advantages of using a guinea pig model when studying cardiac repolarisation 

abnormalities (Section 3.1) and the stated suitability of the DOCA-salt model in mice 

from the literature,147 it was decided to establish and characterise a guinea pig DOCA-salt 

model of diastolic dysfunction and HF in which to further explore the relationship 

between ventricular repolarisation and diastolic function in the failing heart. 
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Since the guinea pig DOCA-salt model is not well established and no functional data is 

available to characterise disease progression, it was important to generate data to address 

this during the development of this model as a novel model of HFpEF. Functional changes 

to diastolic function can be monitored in vivo using cardiac ultrasound, with such data 

forming a critical part of the diagnostic criteria for HFpEF clinically.6 Certain cardiac 

ultrasound parameters have been reported to be particularly indicative of diastolic 

dysfunction in murine models of HF. These include left atrial area (LAA) and isovolumic 

relaxation time (IVRT), both of which will increase in response to impaired active 

relaxation in the left ventricle.150 These parameters, along with other systolic and diastolic 

functional markers, were monitored during disease progression in the guinea pig DOCA-

salt model so that comparisons to the literature concerning patients and animal models 

with diastolic dysfunction could be made. See Table 5.1 for details. It is not known 

whether the guinea pig DOCA-salt model demonstrates abnormalities of cardiac 

repolarisation with disease progression, as is often observed in HFpEF patients.12, 86, 87 To 

address this, QTc interval was monitored in both conscious animals using radiotelemetry, 

and in anaesthetised animals during the collection of cardiac ultrasound data. Since 

hypertension is another well-established comorbidity of HFpEF6 and feature of the rodent 

DOCA-salt model,147, 149, 151 blood pressure was also monitored throughout the study in 

conscious telemetered animals.  

Having characterised the progression to cardiac dysfunction and hypertension in the 

guinea pig DOCA-salt model in vivo, further studies were conducted using isolated hearts 

and ventricular tissue to determine whether other common features of HF were present 

and test how ex vivo cardiac function compared to healthy hearts. One of the key features 

which a suitable model of HF with diastolic function should demonstrate is changes to 

the activity and/or expression of proteins involved in intracellular calcium handling. In 

the literature, this has been reported to involve a reduction in SERCA expression, which 

may also be associated with reduced SERCA activity as result of reduced phospholamban 

phosphorylation.58, 59, 110-112 The expression levels of NCX have also been reported to be 

increased in some models of HF, with resultant implications for calcium handling 

(Section 1.2.4). Changes to the expression of proteins involved in calcium handling have 

not previously been reported in the guinea pig DOCA-salt model, therefore the present 
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study assessed this using western blotting. Physical changes to the myocardium were also 

determined at the macroscopic level by weighing myocardial tissue to determine the 

presence of hypertrophy in DOCA-salt hearts. 

Another frequently reported change observed in failing hearts is elevated intracellular 

sodium.53-55, 58, 59, 110-112 This has important implications for intracellular sodium handling 

due to resultant changes to NCX activity and may exacerbate the effect of repolarisation 

abnormalities on intracellular calcium handling (Section 1.2.4.2). One way in which this 

can be measured in the isolated Langendorff-perfused heart is with the application of 

multiple quantum filtered 23Na nuclear magnetic resonance (NMR) spectroscopy.100 A 

full technical description of the mechanism behind this technique is outwith the scope of 

this report, for a detailed review see Hutchison et. al. 1991.152 Briefly, previous studies 

have demonstrated that intracellular sodium in the heart can be distinguished from 

extracellular sodium by comparing triple quantum filtered (TQF) and double quantum 

filtered (DQF) sodium spectra obtained using a 23Na microimaging NMR coil and a 

reference sample of known sodium concentration.100 It has been shown in rats that the 

DQF signal originates solely from the extracellular portion of sodium, whereas the TQF 

signal is composed of intracellular sodium signal with a 64% contribution from 

extracellular sodium.153 In mice, there has been shown to be a smaller extracellular sodium 

contribution to the TQF signal at 47%.100 An increase in TQF signal in the absence of an 

increase in the DQF signal would therefore correspond to an increase in intracellular 

sodium levels in the heart, when appropriately normalised to a reference sodium sample.  

Finally, the questions raised by the experimental hypothesis could be addressed by 

examining the relationship between abnormal ventricular repolarisation and diastolic 

dysfunction in failing hearts expressing key characteristics of HFpEF. This was achieved 

by building on the foundations outlined in the previous results chapter, using the guinea 

pig working heart preparation and inducing prolonged ventricular repolarisation by 

treatment with E-4031 and HMR 1556 to achieve pharmacological blockade of IKr and 

IKs.  
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5.1.1 Hypothesis and Objectives 

Hypothesis: Repolarisation abnormalities contribute to impairment of diastolic function 

in the failing heart.  

The objectives were therefore as follows: 

1) To develop and characterise a guinea pig DOCA-salt model of HF with impaired 

diastolic function.  

2) To determine whether repolarisation abnormalities contribute to diastolic 

dysfunction in the failing heart in this model. 

5.2 Methods 

The general methods used in this chapter are discussed in Chapter 2. The following 

section will provide details of the specific protocols used in individual studies. 

5.2.1 Model Characterisation 

The first portion of this chapter deals with the development and characterisation of the 

guinea pig DOCA-salt model as a novel model of diastolic dysfunction in HF. The 

methods used to provide a detailed understanding of the pathophysiological 

characteristics of this model will be described, before going on to discuss the use of the 

characterised model to address the questions raised by the experimental hypothesis.  

5.2.1.1 Unilateral Nephrectomy and DOCA Pellet Implantation 

Guinea pigs (325-525g) underwent unilateral nephrectomy and DOCA pellet 

implantation according to the surgical method described in Section 2.1.3. A DOCA dose 

of 6.67mg/day was delivered via two subcutaneously implanted pellets with a 60-day 

release time. DOCA-salt animals were given a 1% NaCl drinking solution from 7 days 

post-surgery, while sham controls remained on tap water throughout the study.  
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5.2.1.2 Conscious Blood Pressure and ECG Monitoring 

A subset of guinea pigs from two DOCA-salt cohorts underwent additional surgical 

procedures to enable the implantation of combined blood pressure and ECG telemetry 

devices (HD-X11 probes, DSITM). Details of the surgical procedure for this process are 

given in Section 2.1.3.2, while details of the hardware, software and approach to data 

collection and analysis are given in Section 2.1.4. Data was collected at baseline (7 days 

after recovery from telemetry device implantation), and then weekly after animals had 

started on 1% NaCl drinking water (Fig. 2.8). In the second telemetered cohort, control 

animals had telemetry device implantation combined with sham nephrectomy surgery in 

order to limit the number of surgical procedures, and so recordings began 1 week 

following the switch to 1% NaCl drinking water in this group. Approximately half of the 

animals in each cohort were telemetered in order to provide information about changes to 

blood pressure and ECG parameters, with half remaining untelemetered owing to 

constraints on the available hardware. Longitudinal data on mean arterial pressure 

(MAP), HR and QTc were analysed, although statistical analysis was not performed 

owing to small group sizes.  

5.2.1.3 Echocardiography and Anaesthetised ECG Recording  

In order to monitor in vivo cardiac functional changes, all animals undergoing the DOCA-

salt protocol underwent serial cardiac ultrasound scans at baseline and every two weeks 

following commencement of the switch to 1% NaCl drinking water. Details of the 

methods used to collect cardiac ultrasound data are given in Section 2.1.3.3. Animal I.D’s 

were coded at the time of data to collection so that the files could be analysed in a blinded 

fashion at a later date, avoiding any biasing of results. Files were only unblinded after 

analysis on Vevo LAB 2.1.0 software (FUJIFILM VisualSonics). EF for each animal was 

taken as the average value obtained from three different measurements: parasternal long 

axis LV trace (B-mode), parasternal long axis LV trace (M-mode) and short axis LV trace 

(B-mode). Tissue doppler measurements were taken from the mitral annulus of the left 

ventricular free wall and pulsed wave doppler used to measure mitral flow, and an average 

of three measurements was used to obtain the values for IVRT, E, A, e’ and S wave 

velocity. The apical two-chamber view was used to determine LAA at peak atrial diastole. 
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Statistical analysis was performed using two-way ANOVA with Sidak’s post hoc test, 

with a p value of less than 0.05 deemed statistically significant. 

Table 5.1 Echocardiographic parameters measured in anaesthetised DOCA-salt 
guinea pigs 

List of parameters measured, alongside method of deriving values from 
cardiac ultrasound data in anaesthetised DOCA-salt animals and 
physiological significance/limitations. Abbreviations: ejection fraction (EF), 
parasternal long axis view (PLAX), short axis view (SAX), end diastolic 
volume (EDV), end systolic volume (ESV), cardiac output (CO), stroke 
volume (SV), left ventricular (LV), isovolumic relaxation time (IVRT), left atrial 
area (LAA), diastolic dysfunction (DD). *See Fig. 5.7 for example.  

Functional 

Parameter 

Definition/Method of 

Calculation 
Physiological Significance/Limitations 

EF 

Taken as average from: M-

mode LV trace in PLAX, 

M-mode LV trace in SAX 

and B-mode LV trace in 

PLAX 

Systolic function: reduced EF is indicative of 

reduced contractility and therefore SV. EF 

can remain normal in diastolic HF as EDV 

falls proportionately with SV due to reduced 

ventricular compliance. 

CO 
Calculated from M-mode 

LV trace in PLAX 

Systolic and diastolic function: product of SV 

and HR. 

SV 

Difference between EDV 

and ESV. Calculated from 

M-mode LV trace in PLAX 

Systolic and diastolic function: influenced by 

preload, afterload and contractility. SV in 

failing hearts is more susceptible to changes 

in afterload.  

LV Mass 
Calculated from M-mode 

LV trace in PLAX 

Increases in LV mass indicate LV 

hypertrophy. 
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S Wave 

Velocity 

Peak S wave velocity, 

measured from the mitral 

annulus of the LV free wall 

using tissue doppler 

Systolic function: represents longitudinal LV 

contraction. Correlates well with EF.154 

IVRT 

Measured using pulsed 

wave doppler as the time 

from aortic valve closure to 

mitral valve opening in the 

apical two-chamber view* 

Diastolic function: reflects the time constant 

of relaxation, tau. Prolongations indicates 

slowed relaxation; however, this parameter 

can be affected by loading conditions and 

HR. Can undergo pseudonormalisation as 

mitral valve opens earlier under conditions of 

elevated LA pressures.155-157 

LAA 

Traced at peak atrial 

diastole in the apical two-

chamber view 

Diastolic function: increased LA size is an 

indicator of chronically elevated LV filling 

pressures.158 

E Wave 

Velocity 

Early mitral inflow 

velocity. Measured using 

pulsed wave doppler in the 

apical two-chamber view*  

Diastolic function: proportional to the ratio 

between LA pressure and the time constant 

of relaxation, tau. Correlates with LA/filling 

pressure only in the presence of HF, 

Measurement can become difficult at high 

HR if waves fuse.159 

A Wave 

Velocity 

Late mitral inflow velocity, 

measured using pulsed 

wave doppler in the apical 

two-chamber view*  

Diastolic function: increases to A wave 

velocity (relative to E wave velocity) are 

indicative of a greater reliance on the atrial 

contribution to LV filling. Measurement can 

become difficult at high HR if waves fuse.  
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e’ Velocity 

Early diastolic velocity of 

the mitral annulus. 

Measured from the mitral 

annulus of the LV free wall 

using tissue doppler 

Diastolic function: inversely proportional to 

the time constant of relaxation, tau. Provides 

a relatively load-independent measure of 

early ventricular relaxation and elastic recoil. 

Value varies at different sites of 

measurement within the LV.159, 160 

E/A 

Ratio of peak early mitral 

inflow velocity (E) to peak 

late mitral inflow velocity 

(A). 

Diastolic function: correlates with LA/filling 

pressure. Poor correlation in the presence of 

preserved systolic function (EF>50%). 

Reversal may indicate DD as LV filling 

becomes dependent on atrial contribution, 

however, pseudonormalisation may occur 

with disease progression. Value declines with 

age.161-163 

E/e’ 

Ratio of peak early mitral 

inflow velocity (E) to peak 

early diastolic velocity of 

the mitral annulus (e’)  

Diastolic function: correlates with LA/filling 

pressure with both impaired (EF<50%) and 

preserved systolic function (EF>50%). 

Increased E/e’ is associated with increased 

risk of mortality in HF patients. Correlation 

with LV filling pressures may be lost in the 

presence of mitral regurgitation or abnormal 

septal motion.159, 161, 164 

While animals were anaesthetised, ECGs were recorded prior to the collection of cardiac 

ultrasound data, as described in Section 2.1.3.3. This data was used to provide information 

about changes to cardiac repolarisation and heart rate in response to DOCA-salt treatment. 

For analysis, LabChart 8 software with the ECG analysis module was used, with an 

average of 50 beats used to determine the QT interval and heart rate for each animal. The 

QT interval was corrected according to the formula described in Section 4.2.1 and 



Results Chapter 3 – In Vivo Studies 

166 

 

statistical analysis was performed using two-way ANOVA with Sidak’s post hoc test, 

with a p value of less than 0.05 deemed statistically significant.  

5.2.1.4 Dissection of DOCA-Salt Hearts 

Following completion of isolated heart protocols, the myocardium was dissected and 

weighed to provide information relating to gross anatomical changes as a result of DOCA-

salt treatment. The atria were first removed and weighed separately, before removing and 

weighing the right ventricular free wall. The apex of the remaining ventricular 

myocardium was then removed, weighed and snap frozen by immediate submersion in 

liquid nitrogen for biochemical analysis. The remaining myocardial mass was then 

weighed to provide the total heart mass for each animal. In addition to heart tissues, a 

section of lung was removed, blotted dry and weighed at the point of heart isolation, 

before being dried overnight in an oven at 60°C to provide a wet-to-dry lung mass ratio. 

This would enable any evidence of oedema as a result of HF to be detected. Finally, the 

right tibia of each animal was removed, and the length measured using a calliper to enable 

heart mass to tibia length ratio to be determined for each animal. This was deemed a more 

reliable measure of cardiac hypertrophy then heart mass to body mass ratio, given that it 

was found that DOCA-salt animals did not gain as much weight as their sham 

counterparts during the study.  

5.2.1.5 Western Blotting 

Western blotting was used to identify changes in the expression of key calcium-handling 

proteins in the left ventricle in response to DOCA-salt treatment. The details of the precise 

protocol used for western blotting, including antibody concentrations, are given in 

Section 2.1.6.  

5.2.1.6 Function of Working DOCA-Salt Hearts 

Following completion of the DOCA-salt protocol at 7 weeks post-salt, animals were 

terminally anaesthetised with an overdose of pentobarbitone (i.p.) and hearts excised and 

perfused under working conditions as described in Section 2.1.2. The initial aim of these 



Results Chapter 3 – In Vivo Studies 

167 

 

working heart studies was to determine the differences in cardiac function between 

DOCA and sham animals under baseline conditions. To this end, hearts were cannulated 

and allowed to stabilise for 15 min under Langendorff conditions, before switching to 

working mode and allowing an additional 15 min of stabilisation. Hearts were 

instrumented with an intraventricular pressure-volume catheter and silver wire ECG 

electrodes in a modified lead II arrangement during this stabilisation period, as described 

in Section 2.1.2.2. Once stabilisation was complete, baseline measurements, including 

coronary and aortic flow were collected to form the basis of the functional assessment of 

failing DOCA vs. healthy sham hearts.  

For analysis, LabChart 8 with ECG and blood pressure analysis modules was used, with 

average values acquired from 10s of continuous data recording at the end of the 

stabilisation period. Where relevant (i.e. a relationship between the parameter and heart 

rate exists), these data were displayed as a corrected value to account for differences in 

heart rate between individual preparations. This process is described in Section 4.2.1. The 

presence of significant differences between DOCA and sham groups was determined 

using an unpaired Student’s t-test, with a p value of less than 0.05 deemed to be 

statistically significant. 

Following the collection of baseline data both groups were treated with 100nM E-4031 + 

30nM HMR 1556 to induce delayed cardiac repolarisation, recorded as increased QT 

interval. Hearts were allowed to stabilise for 20 min following the addition of drug before 

functional data was collected, including coronary and aortic flow, enabling a comparison 

of the functional effects of abnormal cardiac repolarisation in healthy vs. failing hearts to 

be made (Section 5.2.2.1). Once this portion of the protocol was complete hearts were 

dissected and the relevant tissue portions weighed and/or snap-frozen for further analysis 

(Section 5.2.1.3). 

5.2.2 Hypothesis Testing  

The latter portion of this chapter largely involves the use of the characterised DOCA-salt 

model of HF with diastolic dysfunction to test whether any relationship exists between 

repolarisation abnormalities and diastolic function in HF.  
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5.2.2.1 Effect of Repolarisation Abnormalities on Diastolic Dysfunction in Failing 

Hearts  

In order to determine whether diastolic dysfunction in the failing heart is augmented by 

repolarisation abnormalities, data from working DOCA-salt and sham control hearts were 

collected following exposure of hearts to 100nM E-4031 + 30nM HMR 1556, as 

described in Section 5.2.1.5 above. In this instance, data for each variable were displayed 

as change from baseline values obtained prior to the addition of E4+HMR. This allowed 

for a comparison of the effect of QT prolongation in failing vs. healthy hearts to be made, 

i.e. do failing hearts show a different functional response to abnormal repolarisation than 

healthy hearts due to the underlying pathophysiological changes discussed previously? 

LabChart 8 with ECG and blood pressure analysis modules was used to obtain average 

values acquired from 10s of continuous data recording following treatment with 100nM 

E-4031 and 30nM HMR 1556. Where relevant (i.e. a relationship between the variable 

and heart rate exists), data were corrected to account for differences in heart rate between 

individual preparations. This process is described in Section 4.2.1. The presence of 

significant differences between DOCA and sham groups was determined using an 

unpaired Student’s t-test, with a p value of less than 0.05 deemed to be statistically 

significant. 

5.2.2.2 Effect of Repolarisation Abnormalities on Intracellular Sodium Levels in 

Failing Hearts  

An additional cohort of DOCA-salt animals was established in order to examine the 

potential role of intracellular sodium elevation in the pathologies seen in the DOCA-salt 

animals, and whether repolarisation abnormalities may affect this. This was explored 

using 23Na NMR spectra acquisition and determining whether the TQF signal (a large 

portion of which relates to intracellular sodium levels) changes in response to different 

conditions. The specific details of the experimental setup and hardware/software used to 

achieve this are given in the General Methods Chapter, Section 2.1.5. Briefly, hearts were 

isolated and cannulated for this purpose as described in Section 2.1.2 & 2.1.2.4. Initial 

NMR studies were carried out in healthy guinea pig hearts and used ouabain to elevate 

intracellular sodium via blockade of the Na+,K+-ATPase in the presence or absence of 
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100nM E-4031 + 30nM HMR 1556. In this study, the hearts used were the same as those 

used in the working heart study used to examine the effect of QT prolongation on cardiac 

function under baseline conditions in the working heart. At the end of the working heart 

protocol, the cannula to which the aorta was fixed was removed from the working heart 

rig with the heart still attached and immediately submerged in ice-cold physiological 

buffer, before being immediately transferred to the NMR rig and reperfused with warmed 

physiological buffer. Hearts which had been assigned to the E4+HMR experimental 

group were perfused with the same concentration of these drugs from the outset (100nM 

E-4031 + 30nM HMR 1556), and those which had been assigned to the vehicle control 

group were perfused with control buffer from the outset. Following instrumentation and 

stabilisation, hearts were lowered into the magnet and allowed a further 10 min to stabilise 

before subjected to the following protocol: 31P spectra acquisition, 15 min of 23Na spectra 

acquisition under baseline conditions, switch to physiological buffer containing 200nM 

ouabain and a further 35 min of 23Na spectra acquisition, before carrying out a final 31P 

spectra acquisition. Triple- and double-quantum filtered 23Na spectra were acquired in an 

interleaved fashion throughout the relevant period of the protocol, as described in Section 

2.1.5. Acquisition of 31P spectra at the start and end of the protocol allowed for the 

assessment of cardiac energetics and intracellular pH, thereby assessing the stability of 

the isolated heart preparations throughout the protocol (Section 2.1.5).  

For analysis, TQF heart spectra were integrated and first normalised to the averaged 

reference spectrum under baseline conditions, before being normalised to baseline 

experimental values so that the effect of ouabain on sodium load within hearts could be 

established. The DQF heart spectra were first integrated and normalised to the average 

reference DQF spectrum under baseline conditions, before being normalised to 

experimental baseline values. The 31P spectra were used to calculate the ATP to PCr ratio 

and intracellular pH, as described in Section 2.1.5. The presence of statistically significant 

differences between groups was determined using two-way ANOVA with Sidak’s post 

hoc test or an unpaired Student’s t-test, as appropriate to the number of comparisons being 

made, and a p value of less than 0.05 was deemed to be statistically significant.      

Having determined a strategy for measuring intracellular sodium elevation in healthy 

isolated guinea pig hearts, a subsequent study aimed to measure intracellular sodium 
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levels in DOCA vs sham hearts, and address whether repolarisation abnormalities affect 

intracellular sodium levels in the failing heart. An additional DOCA-salt cohort was 

characterised using cardiac ultrasound, anaesthetised ECG/heart rate recordings and 

identification of gross cardiac anatomical changes to ensure the same cardiac phenotype 

was achieved (see General Methods and Section 5.2.1). Following completion of the 

DOCA-salt protocol at 7 weeks post-salt, animals were anaesthetised by an overdose of 

pentobarbitone (i.p.) and hearts excised and perfused for 23Na NMR spectra acquisition 

as described in Section 2.1.5. The protocol for the NMR study was as follows: hearts were 

allowed to stabilise for 15 min before baseline 31P spectra acquisition, then 10 min of 23Na 

spectra acquisition under baseline conditions before switching to physiological buffer 

containing 100nM E-4031 + 30nM HMR 1556 and a further 20 min of 23Na spectra 

acquisition, before carrying out a final 31P spectra acquisition.  

For analysis, TQF heart spectra were integrated and first normalised to the averaged 

reference spectrum under baseline conditions, before being normalised to heart weight to 

account for cardiac hypertrophy in DOCA animals. The DQF heart spectra were first 

integrated and normalised to the average reference DQF spectrum under baseline 

conditions, before being normalised to experimental baseline values. The 31P spectra were 

used to calculate the ATP to PCr ratio and intracellular pH, as described in Section 2.1.5. 

The presence of statistically significant differences between groups was determined using 

two-way ANOVA with Sidak’s post hoc test or an unpaired t test, as appropriate to the 

number of comparisons being made, and a p value of less than 0.05 was deemed to be 

statistically significant.         

5.3 Results 

5.3.1 Model Characterisation 

Initial studies were conducted in order to characterise the guinea pig DOCA-salt model 

as a novel model of HF with diastolic dysfunction. This section will describe data which 

were collected in order to characterise model progression and determine the resultant 

effects on cardiac function. 
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5.3.1.1 Effect of DOCA-Salt Treatment on Blood Pressure, Heart Rate and QTc 

Radiotelemetry was used in a subset of animals throughout the DOCA-salt protocol to 

monitor changes to blood pressure, heart rate and cardiac repolarisation in conscious 

animals. Heart rate and QTc interval were additionally measured at intervals throughout 

the protocol in anaesthetised animals prior to performing cardiac ultrasound scans.  

There was a clear effect of DOCA-salt treatment on MAP and heart rate, with DOCA 

animals demonstrating apparent increases in these variables relative to their sham 

counterparts from 4 weeks post-salt (Fig. 5.1 A-D). There was no obvious effect of 

DOCA-salt treatment on QTc interval in the limited number of animals from which 

telemetry data was available (Fig. 5.1 E & F). Another interesting observation from the 

telemetry data was a lack of any strong circadian rhythm in the guinea pig. Although there 

may be a subtle elevation in nighttime heart rate (Fig. 5.2 A), this appears to be variable, 

and is not reflected in any obvious cyclic changes to mean arterial pressure (Fig. 5.2 B). 

Similarly, the average weekly values across all variables did not appear to differ between 

day and night-time (Fig. 5.1).    
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Figure 5.1 Impact of DOCA-salt treatment on blood pressure, heart rate and QTc 
interval in conscious animals  

Data gathered from conscious DOCA and sham guinea pigs using 
combined blood pressure and ECG telemetry at baseline (week 0), 2, 4 
and 6 weeks post-salt. Daytime averages for mean arterial pressure (A), 
heart rate (C) and QTc interval (E). Night-time averages for mean arterial 
pressure (B), heart rate (D) and QTc interval (F). Data presented as mean 
± S.E.M., n=2-3, statistical analysis not performed due to low group sizes. 
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Figure 5.2 Baseline circadian rhythm in telemetered guinea pigs  

Data gathered from conscious radiotelemetered guinea pigs under 
baseline conditions. Average heart rate obtained during continuous 
recording during day and night-time periods (A) and average mean arterial 
pressure during day and night-time periods (B). Data presented as mean 
± S.E.M., n=4. N.B. Data recorded over a continuous 24hr period and 
duplicated on the x-axis to allow for visualisation of any circadian rhythm 
present. 

In anaesthetised DOCA and sham animals no differences were observed in heart rate 

between groups, however, a significant increase in QTc interval was apparent in DOCA 

animals relative to their sham counterparts from 4 weeks post-salt (Fig. 5.3).  
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Figure 5.3 Impact of DOCA-salt treatment on heart rate and QTc interval in 
anaesthetised animals 

Heart rate and QTc interval changes in anaesthetised DOCA and sham 
guinea pigs at baseline (week 0), 2, 4 and 6 weeks post-salt. A) Heart rate 
and B) QTc interval. Data presented as mean ± S.E.M., n=7-8, * = p<0.05 
vs. sham. 

5.3.1.2 Effect of DOCA-Salt Treatment on Cardiac Function In Vivo 

Serial cardiac ultrasound measurements were performed throughout the DOCA-salt 

protocol in order to monitor cardiac function. Owing to the smaller body mass observed 

in DOCA animals relative to their sham counterparts as a result of the DOCA protocol 

(Fig. 5.8), certain cardiac ultrasound parameters which are likely to change with body 

mass under baseline conditions (e.g. LV mass) were expressed as a ratio of body mass to 

allow for better comparison between groups.  

Systolic function was preserved in DOCA animals, with no differences between groups 

observed for any of the parameters measured (Fig. 5.4). This was true for EF, a key 

observation in HFpEF patients, as well as for cardiac output, stroke volume and S wave 

velocity, which reflects the rate of left ventricular contraction as determined by tissue 

Doppler imaging. Whilst no significant increase in calculated LV mass was observed in 

the DOCA group, there does appear to be a trend towards increased LV mass to body 

mass ratio in this group compared to sham animals. Indeed, LV hypertrophy was apparent 

when looking at B-mode images from sham vs DOCA animals at 6 weeks post-salt (Fig. 

5.5). 
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In contrast, several markers of diastolic dysfunction were observed in DOCA-salt treated 

animals (Fig. 5.6). There was a rapid and sustained elevation in IVRT in the DOCA group 

that is indicative of impaired ventricular relaxation. This was accompanied by a 

significant increase in LAA, reportedly also a key marker of diastolic dysfunction as 

ventricular filling becomes more dependent on the atrial contribution. No change was 

observed in the ratio of early and late mitral inflow velocity (E/A) on average in the 

DOCA group relative to sham counterparts, nor in the ratio of the early mitral inflow 

velocity and early diastolic velocity of the mitral anulus (E/e’). The increase in IVRT was 

clearly visible in the DOCA group when looking at mitral flow velocities using pulsed-

wave Doppler (Fig. 5.7). 
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Figure 5.4 Impact of DOCA-salt treatment on systolic function in vivo  

Cardiac systolic function in anaesthetised DOCA and sham guinea pigs at 
baseline (week 0), 2, 4 and 6 weeks post-salt, as determined using cardiac 
ultrasound. A) Ejection fraction, B) cardiac output/body mass, C) stroke 
volume/body mass, D) S wave velocity and E) left ventricular mass/body 
mass. Data presented as mean ± S.E.M., n=5-8. 
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Figure 5.5 Cardiac ultrasound images demonstrating left ventricular hypertrophy 
following DOCA-salt treatment  

Cardiac ultrasound images obtained from anaesthetised DOCA and sham 
guinea pigs at 6 weeks post-salt. Parasternal long axis view of sham (A) 
and DOCA (C) hearts, taken on closure of the aortic valve at end systole. 
Short axis view of sham (B) and DOCA (D) hearts, taken at peak diastole. 
Abbreviations: left ventricle (LV), right ventricle (RV), left atrium (LA), aortic 
valve (AV), papillary muscles (PM). 
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Figure 5.6 Impact of DOCA-salt treatment on diastolic function in vivo 

Cardiac diastolic function in anaesthetised DOCA and sham guinea pigs 
at baseline (week 0), 2, 4 and 6 weeks post-salt, as determined using 
cardiac ultrasound. A) Isovolumic relaxation time, B) left atrial area/body 
mass, C) E/A ratio and D) E/e’ ratio. Data presented as mean ± S.E.M., 
n=5-8, * = p<0.05 vs. sham. 
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Figure 5.7 Mitral flow velocities from DOCA and sham guinea pigs 

Mitral flow velocities obtained using pulsed-wave Doppler in the apical 
two-chamber view in anaesthetised sham (A) and DOCA (B) guinea pigs 
at 6 weeks post-salt. DOCA animals demonstrate clear prolongation of 
isovolumic relaxation time (IVRT) and, in this example, a reversal of the 
E/A ratio indicating impaired ventricular relaxation and increased reliance 
on left atrial contribution to ventricular filling. 

5.3.1.3 Effect of DOCA-Salt Treatment on Cardiac Gross Anatomy 

Treatment with DOCA-salt had a significant impact on the growth of DOCA animals 

compared to their sham counterparts (Fig. 5.8). There was no difference in body mass 

between groups at baseline and while both groups gained weight during the protocol, 

DOCA animals were significantly smaller at termination of the protocol.  

Based on the observed effects on body mass, cardiac gross anatomy (i.e. mass of cardiac 

tissues) was expressed as a ratio relative to the tibia length of each animal (Fig. 5.9). 

While right atrial (RA) mass ratio showed no change in DOCA animals relative to sham, 

there was a significant increase in LA mass ratio in DOCA animals, indicative of LA 

hypertrophy. LV hypertrophy in DOCA animals was also apparent while, perhaps 
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unexpectedly, right ventricular (RV) mass ratio was lower in DOCA-salt animals. It 

should be noted that this represents the mass of the RV free wall relative to tibia length, 

with the intraventricular septum being included in the LV mass calculation. 

No evidence of pulmonary oedema was evident in DOCA-salt animals relative to sham 

counterparts, as determined by wet to dry lung mass ratio (Fig. 5.10).  

 

Figure 5.8 Impact of DOCA-salt treatment on body mass 

The body mass of sham and DOCA-salt treated guinea pigs at A) baseline 
and B) termination of protocol (7 weeks post-salt). Data presented as 
mean ± S.E.M. with all individual values shown, n=8-9, * = p<0.05 vs 
sham.  
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Figure 5.9 Impact of DOCA-salt treatment on cardiac gross anatomy 

The myocardial mass of sham and DOCA-salt treated guinea pigs at 
termination of protocol (7 weeks post-salt), expressed vs. tibia length. A) 
Left atrial mass:tibia length ratio, B) right atrial mass:tibia length ratio, C) 
left ventricular mass:tibia length ratio and D) right ventricular mass:tibia 
length ratio. Data presented as mean ± S.E.M. with all individual values 
shown, n=7-9, *= p<0.05 vs sham. 

 

Figure 5.10 Impact of DOCA-salt treatment on lung wet:dry mass 

Wet:dry ratio of lung tissue in sham and DOCA-salt treated guinea pigs at 
termination of protocol (7 weeks post-salt). Data presented as mean ± 
S.E.M. with all individual values shown, n=8-9. 
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5.3.1.4 Protein Expression in DOCA-Salt Hearts   

Western blotting was used to determine any changes in the level of expression of several 

key proteins that play a role in intracellular calcium handling in the myocardium in 

response to DOCA-salt treatment. A significant increase in the expression of NCX was 

observed in DOCA animals, alongside a significant decrease in SERCA2a relative to 

GAPDH (Fig. 5.11 A & B). No significant changes were observed in the level of 

expression of total phospholamban or in the levels of phospholamban phosphorylated at 

serine-16 or threonine-17, although there appears to be a trend towards reduced threonine-

17 phosphorylation in DOCA animals (Fig. 5.11 C & D). The α2 and β1 subunits of the 

Na+,K+-ATPase also demonstrated an increase in response to DOCA-salt treatment, with 

a possible trend towards an increase in the β2 subunit as well (Fig. 5.12 A & B). No 

changes in the expression of Na+,K+-ATPase regulatory protein phospholemman (total or 

phosphorylated) were observed in DOCA animals relative to their sham counterparts (Fig. 

5.12 C & D).    
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Figure 5.11 Impact of DOCA-salt treatment on expression of cardiac intracellular 
calcium handling proteins 

Effect of DOCA-salt treatment on the level of expression of key proteins 
involved in intracellular calcium handling in left ventricular tissue at 7 
weeks post-salt. A) Quantified level of expression of the sodium-calcium 
exchanger and SERCA2a relative to GAPDH, B) representative blots 
showing expression of NCX, SERCA2a and GAPDH in sham and DOCA 
animals, C) quantified level of serine-16 and threonine-17 phospholamban 
phosphorylation, relative to total phospholamban expression and D) 
representative blots showing phosphorylated and total phospholamban 
expression in sham and DOCA animals. Data presented as mean ±S.E,M., 
n=6-8, * = p<0.05 relative to sham. Blots performed and analysed by Dr 
Lauren Albee. 
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Figure 5.12 Impact of DOCA-salt treatment on expression of cardiac intracellular 
calcium handling proteins 

Effect of DOCA-salt treatment on the level of expression of key proteins 
involved in intracellular calcium handling in left ventricular tissue at 7 
weeks post-salt. A) Quantified level of expression of the sodium-
potassium ATPase subunits relative to GAPDH, B) representative blots 
showing sodium-potassium ATPase subunit expression in sham and 
DOCA animals, C) quantified level of serine-63 and serine-68 
phospholemman phosphorylation relative to total phospholemman 
expression and D) representative blots showing phosphorylated and total 
phospholemman expression in sham and DOCA animals. Data presented 
as mean ±S.E,M., n=6-8, * = p<0.05 relative to sham. Blots performed 
and analysed by Dr Lauren Albee. 

5.3.1.5 Baseline Function of Working DOCA-Salt Hearts 

Following the 7-week DOCA-salt protocol, hearts were isolated from DOCA and sham 

animals and perfused under working conditions. Under baseline conditions, no difference 

was observed in QTc interval or heart rate in DOCA-salt hearts compared to sham 

counterparts (Fig. 5.13 A & B). There appeared to be a trend towards a reduced stroke 
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volume in DOCA hearts, while coronary flow and cardiac output (adjusted for ventricular 

mass) were both significantly decreased in DOCA hearts (Fig. 5.13 C-E).  

Clear systolic dysfunction was observed in failing DOCA hearts, which demonstrated 

reduced LVDP, reduced maximum rate of left ventricular pressure increase and increased 

systolic duration (Fig. 5.14).  

Diastolic dysfunction was also evident in DOCA hearts under baseline conditions (Fig. 

5.15). A significant increase in LVEDP was observed in DOCA hearts, alongside a 

reduction in the maximum rate of pressure decline within the left ventricle and decreased 

diastolic duration. No significant changes were observed in the time constant of relaxation 

(Tau).  

These systolic and diastolic effects can be visualised by examining LVP traces from 

DOCA and sham hearts (Fig. 5.16). Failing hearts demonstrate a clear reduction in the 

rate of pressure development in the LV, also showing a reduced maximum rate of pressure 

decline and an elevated LVEDP. 
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Figure 5.13 Baseline function in the working DOCA-salt heart 

Baseline functional parameters in working DOCA-salt hearts at 7 weeks 
post salt, relative to sham hearts. A) QTc interval, B) heart rate, C) stroke 
volume, D) coronary flow and E) cardiac output in DOCA vs. sham hearts 
under baseline conditions following stabilisation period. Data presented as 
mean ±SEM, n=7-9, * = p<0.05 in DOCA vs. sham group.   
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Figure 5.14 Baseline systolic function in the working DOCA-salt heart 

Baseline systolic function in working DOCA-salt hearts at 7 weeks post 
salt, relative to sham hearts. Values shown are corrected for heart rate: A) 
left ventricular developed pressure, B) dP/dt max and C) systolic duration 
in DOCA vs. sham hearts under baseline conditions following stabilisation 
period. Data presented as mean ±SEM, n=7-9, * = p<0.05 in DOCA vs. 
sham group.   
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Figure 5.15 Baseline diastolic function in the working DOCA-salt heart 

Baseline diastolic function in working DOCA-salt hearts at 7 weeks post 
salt, relative to sham hearts. Values shown are corrected for heart rate: A) 
left ventricular end diastolic pressure, B) dP/dt min and C) diastolic 
duration in DOCA vs. sham hearts under baseline conditions following 
stabilisation period. Data presented as mean ±SEM, n=7-9, * = p<0.05 in 
DOCA vs. sham group.   
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Figure 5.16 Pressure generation in the left ventricle in failing DOCA-salt hearts 

Representative left ventricular pressure throughout a complete cardiac 
cycle from working DOCA-salt or sham control guinea pig hearts. Traces 
aligned at peak LVP for ease of comparison. 

5.3.2 Hypothesis Testing 

This section will describe studies which were conducted to examine the relationship 

between ventricular repolarisation and diastolic dysfunction in HF, using the guinea pig 

DOCA-salt model of HFpEF following the determination of this to be a suitable model 

based on characterisation data.   

5.3.2.1 Effect of Repolarisation Abnormalities on Diastolic Dysfunction in Failing 

Hearts  

Following the 7-week DOCA-salt protocol, hearts were isolated form DOCA and sham 

animals and perfused under working conditions. Results are displayed as change from 

baseline values following the addition of 100nM E-4031 + 30nM HMR1556 in order to 

determine any difference in the response of failing DOCA hearts to altered cardiac 

repolarisation, relative to control hearts.  

A similar degree of QT prolongation was achieved in DOCA-salt and sham control hearts 

using treatment with 100nM E-4031 and HMR 1556, and there was no difference in the 

resultant change to heart rate between groups (Fig. 5.17 A & B). Changes to coronary 

flow and cardiac output following treatment with E4+HMR were also similar in DOCA-
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salt hearts relative to nonfailing sham hearts, although stroke volume appeared to be 

slightly reduced in response to E4+HMR in DOCA animals, while in sham animals stroke 

volume was increased (Fig. 5.17 C-E). 

Systolic function in DOCA hearts demonstrated a similar response to that of sham hearts 

following QT prolongation with E4+HMR (Fig. 5.18). Increases to dP/dt max and systolic 

duration were observed in both groups, while LVDP was largely unaffected.   

Whilst not significant, some differences in response to E4+HMR treatment were observed 

in DOCA hearts relative to sham in terms of diastolic functional parameters (Fig. 5.19). 

Whilst diastolic duration and tau tended to increase in both groups, LVEDP decreased in 

the DOCA group in response to QT prolongation while in the sham group LVEDP 

increased. A similar trend was seen with dP/dt min, with the DOCA group demonstrating 

a greater mean dP/dt min following treatment with E4+HMR while the sham group 

demonstrated a reduced dP/dt min. However, it should be noted that these apparent 

differences in response were subtle.  

This lack of significant functional effect of QT prolongation on cardiac function in 

DOCA-salt hearts is illustrated in Fig. 5.20, which shows that similar morphological 

differences are present between LVP traces of DOCA and sham hearts following E4 + 

HMR treatment when compared to baseline conditions (Fig. 5.16). 

These effects are summarised in Table 5.2, which demonstrates the mean response of 

DOCA vs sham hearts to altered myocardial repolarisation as a result of treatment with 

100nM E-4031 + 100nM HMR 1556 for the parameters discussed.  
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Figure 5.17 Effect of QT prolongation in the working DOCA-salt heart 

Effect of treatment with 100nM E-4031 + 30nM HMR 1556 on functional 
parameters in working DOCA-salt hearts at 7 weeks post salt, relative to 
sham hearts. A) QTc interval, B) heart rate, C) stroke volume, D) coronary 
flow and E) cardiac output in DOCA vs. sham hearts following QT 
prolongation. Data presented as mean change relative to baseline values 
(i.e. before addition of E4+HMR) ±S.E.M., n=7-9.   

 

0

20

40

60

80
Δ

Q
Tc

 (m
s)

Sham   DOCA

E4+HMR

-4

-2

0

2

4

Δ
C

F 
(m

l/m
in

/g
)

Sham   DOCA

E4+HMR

-25

-20

-15

-10

-5

0

5

Δ
C

O
 (m

l/m
in

/g
)

Sham   DOCA

E4+HMR

-100

-80

-60

-40

-20

0

Δ
H

R
 (b

pm
)

Sham   DOCA

E4+HMR

-150

-100

-50

0

50

100

150

Δ
SV

 (µ
l)

Sham   DOCA

E4+HMR

A

D

B

E

C



Results Chapter 3 – In Vivo Studies 

192 

 

 

Figure 5.18 Effect of QT prolongation on systolic function in the working DOCA-salt 
heart 

Effect of treatment with 100nM E-4031 + 30nM HMR 1556 on systolic 
function in working DOCA-salt hearts at 7 weeks post salt, relative to sham 
hearts. Values shown are corrected for heart rate: A) left ventricular 
developed pressure, B) dP/dt max and C) systolic duration in DOCA vs. 
sham hearts following QT prolongation. Data presented as mean ±SEM, 
n=7-9, * = p<0.05 in DOCA vs. sham group.   
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Figure 5.19 Effect of QT prolongation on diastolic function in the working DOCA-
salt heart 

Effect of treatment with 100nM E-4031 + 30nM HMR 1556 on diastolic 
function in working DOCA-salt hearts at 7 weeks post salt, relative to sham 
hearts. Values shown are corrected for heart rate: A) left ventricular end 
diastolic pressure, B) dP/dt min and C) diastolic duration in DOCA vs. 
sham hearts following QT prolongation. Data presented as mean ±SEM, 
n=7-9, * = p<0.05 in DOCA vs. sham group.   
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Figure 5.20 Effect of QT prolongation on pressure generation in the left ventricle in 
failing DOCA-salt hearts 

Representative left ventricular pressure throughout a complete cardiac 
cycle from working DOCA-salt or sham control guinea pig hearts treated 
with 100nM E-4031 + 30nM HMR 1556. Traces are aligned to peak LVP 
for ease of comparison. 
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Table 5.2 Summary of effects of altered myocardial repolarisation in working DOCA-salt hearts 

Summary data showing the functional effects of altered myocardial repolarisation as a result of treatment with E4+HMR in working 
DOCA-salt hearts, relative to sham counterparts. Values shown represent the mean group values for each functional parameter 
under baseline conditions and following the addition of 100nM E-4031 + 30nM HMR 1556 to prolong QT interval. Yellow highlighting 
denotes parameters which have increased in response to E4+HMR treatment, relative to baseline, while blue highlighting denotes 
parameters which have decreased. Green boxes indicate parameters which demonstrate an opposite response to E4+HMR treatment 
in failing DOCA-salt hearts relative to sham controls.    

  QTc 

(ms) 

HR       

(bpm) 

SV  
(µl) 

CO 

(ml/min/g) 

LVDP(c) 

(mmHg) 

dP/dt max(c) 

(mmHg/s) 

SD(c)    

(s) 

LVEDP(c) 

(mmHg) 

dP/dt min(c) 

(mmHg/s) 

DD(c) 

(s) 

Tau(c) 

(s) 

SHAM Baseline 146 252 503 63 93 2882 0.147 4.6 -2566 0.103 0.019 

 +E4+HMR 187 200 541 55 93 2972 0.149 5.3 -2493 0.110 0.021 

DOCA Baseline 146 241 428 47 84 2218 0.153 8.0 -1896 0.096 0.022 

 +E4+HMR 180 199 420 38 82 2277 0.156 7.2 -1965 0.103 0.023 
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5.3.2.2 Effect of Repolarisation Abnormalities on Intracellular Sodium Levels in 

Failing Hearts  

An additional cohort of DOCA-salt animals was established in order to determine the 

potential role for elevated intracellular sodium in diastolic dysfunction, and any 

relationship between this and delayed ventricular repolarisation. Initial data concerns the 

characterisation of this cohort to ensure that the same cardiac phenotype was achieved. 

In anaesthetised animals, differences in baseline heart rate (and therefore QTc) were 

observed in this cohort and therefore additional comparisons were made between baseline 

and 6 weeks (shown in red), as well as between DOCA and sham animals at each time 

point (shown in black) to enable interpretation of the data (Fig. 5.21). As a result of these 

baseline differences, changes to QT interval are less clear in this cohort: DOCA animals 

demonstrate a higher QTc interval at 6 weeks relative to their sham counterparts, but this 

occurs alongside a reduction in QTc from baseline values in the sham group. DOCA 

animals also had a lower HR at the 6 weeks post-salt ECG recording, relative to baseline 

values. Such differences in HR between baseline and 6 weeks make any effects on QTc 

difficult to determine, particularly given the correction formula for QT interval was 

developed in working hearts and cannot be validated in vivo. Sham animals demonstrated 

a reduced QTc interval at 6 weeks vs baseline. This may simply be a reflection of 

inconsistent anaesthetic levels at the 6 week ECG recording in this group, with both heart 

rate and QTc in sham animals demonstrating larger variance at this timepoint. Overall, 

baseline differences in ECG and HR recordings between DOCA and sham animals make 

it difficult to draw conclusions about the effect of DOCA-salt treatment on QTc interval 

in this cohort of animals.  
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Figure 5.21 Impact of DOCA-salt treatment on heart rate and QTc interval in 
anaesthetised animals 

Heart rate and QTc interval changes in anaesthetised DOCA and sham 

guinea pigs at baseline (week 0) and 6 weeks post-salt. A) Heart rate and 

B) QTc interval. Data presented as mean ± S.E.M., n=5-6, * = p<0.05 vs. 

sham. N.B. Statistical comparisons shown for baseline vs 6 weeks (in red) 

and for DOCA vs. sham at each timepoint (in black) owing to differences 

in HR and QTc at baseline.  

Cardiac ultrasound data reveals the same preservation of systolic function (Fig. 5.22) 

alongside impairment of diastolic function (Fig. 5.23) previously observed. DOCA 

animals demonstrate preserved EF, and show similar cardiac output, stroke volume and 

S wave velocity to their sham counterparts. Calculated LV mass does not show an 

increase. 

Diastolic function does, however, show some impairment in DOCA-salt animals (Fig. 

5.23). Although DOCA animals did demonstrate a slightly lower IVRT at baseline, this 

was markedly elevated at 6 weeks post-salt, while the IVRT of sham animals remained 

unchanged. LAA was also significantly elevated in DOCA animals compared to sham 

counterparts at 6 weeks post-salt. It should be noted that a reduction in LAArea/BM at 6 

weeks is an expected effect in healthy animals due to growth (statistical analysis shown 

in red). This was demonstrated by serial cardiac ultrasound scans in previous cohorts (see 

Fig. 5.6). A loss of this reduction in LAArea/BM is reflective of higher LAA in DOCA 

animals relative to sham counterparts (raw data not shown). Displaying data as 

LAArea/BM helps to account for the reduced body mass of DOCA animals. No 

significant changes to E/A or E/e’ ratios were observed in response to DOCA-salt 

treatment.  
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Figure 5.22 Impact of DOCA-salt treatment on systolic function in vivo  

Cardiac systolic function in anaesthetised DOCA and sham guinea pigs at 

baseline (week 0) and 6 weeks post-salt, determined by cardiac 

ultrasound. A) Ejection fraction, B) cardiac output/body mass, C) stroke 

volume/body mass, D) S wave velocity and E) left ventricular mass/body 

mass. Data presented as mean ± S.E.M., n=5-6. 
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Figure 5.23 Impact of DOCA-salt treatment on diastolic function in vivo 

Cardiac diastolic function in anaesthetised DOCA and sham guinea pigs 

at baseline (week 0) and 6 weeks post-salt, determined by cardiac 

ultrasound. A) Isovolumic relaxation time, B) left atrial area/body mass, C) 

E/A ratio and D) E/e’ ratio. Data presented as mean ± S.E.M., n=5-6, * = 

p<0.05. N.B. Additional statistical comparisons comparing baseline to 6 

weeks within DOCA and sham groups are shown for LAA/BM (graph B, in 

red).     

 

No significant increase in LA mass was found in DOCA animals at 7 weeks post salt 

when hearts were isolated, with the same being true of RA mass (Fig. 5.24 A & B). LV 

mass, relative to tibia length, appeared to trend towards being higher in DOCA animals 

relative to sham, while RV mass was significantly lower in DOCA animals, as previously 

observed (Fig. 5.24 C & D). 
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Figure 5.24 Impact of DOCA-salt treatment on cardiac gross anatomy 

The myocardial mass of sham and DOCA-salt treated guinea pigs at 

termination of protocol (7 weeks post-salt), expressed vs. tibia length. A) 

Left atrial mass:tibia length ratio, B) right atrial mass:tibia length ratio, C) 

left ventricular mass:tibia length ratio and D) right ventricular mass:tibia 

length ratio. Data presented as mean ±S.E,M,, n=5-6, *= p<0.05 vs sham. 

Prior to measuring intracellular sodium in DOCA-salt hearts, a study was conducted to 

measure sodium in healthy guinea pig hearts with 200nM ouabain used to elevate 

intracellular sodium in the presence or absence of 100nM E-4031 and 30nM HMR 1556. 

This allowed the ability to detect sodium elevation using NMR in isolated guinea pig 

hearts to be determined. 

A modest but consistent increase in 23Na TQF signal is observed in response to 200nM 

ouabain in both E4+HMR and vehicle control groups (Fig. 5.25 A). The 23Na DQF signal 

appears less stable but shows no significant changes in response to ouabain in either group 

(Fig. 5.25 B). Although not achieving significance, the average 23Na TQF signal is lower 

at baseline when compared to the average signal following treatment with ouabain 

(amounting to an 11% increase), indicative of elevated intracellular sodium (Fig. 5.25 C). 
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Prolongation of QT interval by treatment with E-4031 + HMR 1556 had no impact on 

intracellular sodium elevation by ouabain (Fig. 5.25 D). No significant changes to cardiac 

energetics (ATP to phosphocreatine ratio) or intracellular pH occurred throughout the 

experimental protocol, indicating that the isolated heart preparations remained in good 

condition throughout (Fig.5.25 E & F).  
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Figure 5.25 Impact of ouabain on intracellular sodium levels in isolated guinea pig 
hearts 

Effect of treatment with 200nM ouabain on intracellular sodium levels in 

the presence/absence of 100nM E-4031 + HMR 1556 in isolated guinea 

pig hearts, as determined using 23Na NMR. A) Triple quantum filtered 

(TQF) 23Na signal representative of intracellular sodium concentration, B) 

double quantum filtered 23Na signal representative of extracellular sodium 

concentration, C) average 23Na TQF signal at baseline and following 

addition of 200nM ouabain in vehicle control hearts, D) average 23Na TQF 

signal at baseline and following addition of 200nM ouabain in vehicle 

control vs. E4+HMR group, E) ATP to phosphocreatine ratio at the start 

and end of the protocol and F) intracellular pH at the start and end of the 

protocol. Data presented as mean ±S.E.M., n=4. NMR studies 
conducted and analysed by Dr Yujin Chung. 

Hearts from DOCA-salt animals demonstrate a modest but consistent increase in 23Na 

TQF signal relative to heart mass compared to sham counterparts (Fig. 5.26 A). The 23Na 

DQF signal remains relatively stable throughout the course of the protocol and does not 
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vary between groups (Fig. 5.26 B). The average baseline 23Na TQF signal relative to heart 

mass is significantly higher in DOCA hearts (~24% vs. sham), however, treatment with 

100nM E-4031 + 30nM HMR 1556 has no effect on intracellular sodium in either group 

(Fig. 5.26 C & D). DOCA hearts demonstrate a significant increase in ATP to 

phosphocreatine ratio from baseline to the end of protocol, indicative of improved cardiac 

energetics (Fig. 5.26 E). No significant changes to intracellular pH occurred throughout 

the experimental protocol, indicating that the isolated heart preparations remained in good 

condition throughout (Fig.5.26 F).  
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Figure 5.26 Impact of QT prolongation on intracellular sodium levels in isolated 
failing guinea pig hearts 

Effect of QT prolongation with 100nM E-4031 + HMR 1556 on intracellular 

sodium levels in hearts isolated from DOCA-salt or sham-treated guinea 

pigs at 7 weeks post-salt, as determined using 23Na NMR. A) Triple 

quantum filtered (TQF) 23Na signal representative of intracellular sodium 

concentration, B) double quantum filtered 23Na signal representative of 

extracellular sodium concentration, C) average 23Na TQF signal at 

baseline in sham and DOCA hearts, D) average 23Na TQF signal at 

baseline and following addition of 100nM E-4031 + 30nM HMR 155 in 

sham vs. DOCA group, E) ATP to phosphocreatine ratio at the start and 

end of the protocol and F) intracellular pH at the start and end of the 

protocol. Data presented as mean ±S.E.M., n=5-6. NMR studies 
conducted and analysed by Dr Yujin Chung. 
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5.4 Discussion  

5.4.1 Model Characterisation 

This study has been able to demonstrate that the guinea pig DOCA-salt model represents 

a very effective model of HF with diastolic dysfunction, displaying many of the 

associated characteristics observed both clinically and in other animal models of HF.  

The initial challenge associated with setting up the guinea pig DOCA-salt model was 

establishing the correct dose and route of administration of DOCA. The DOCA-salt 

model is widely used in rats and mice for both hypertension and HF studies, and as a 

result has very variable reported doses, routes of administration and durations of 

exposure.148, 149, 165-169 The only reported use of the DOCA-salt model in guinea pigs was 

from two studies published by the Tritilli group,148, 149 which contained two different 

methods of drug administration (subcuticular pellet and 5x weekly intramuscular 

injections) that varied greatly in dosage. After consideration of the literature it was 

decided that subcutaneous pellet-delivery of a continuous daily dose of DOCA was the 

most appropriate method, and a dose was selected which could be modified as appropriate 

(each animal was to be implanted with 3x 200mg pellets, therefore the number of pellets 

could be adjusted to alter the dose). The Tiritilli studies also used a 0.9% NaCl + 0.2% 

KCl drinking solution, instead of the more usual 0.9-1% NaCl. Given that no justification 

was provided for this change, a solution of 1% NaCl was chosen for the present study. 

An initial pilot study with the chosen dose (data not shown) revealed that DOCA animals 

lost weight following the switch to 1% NaCl drinking solution, indicating that the DOCA 

dose was too high. Anorexia and trembling were reported as side-effects of high DOCA 

dose in guinea pigs by the Tiritilli group, therefore this initial pilot study was terminated 

and a second pilot cohort performed with a reduced dose (2x 200mg pellets/animal, 

6.67mg/day). This lower dose was selected as a suitable dose since animals gained weight 

throughout the study (albeit at a slower rate than their sham counterparts) and exhibited 

normal behaviour.  

Having established a suitable surgical method and dosing protocol, a subsection of the 

next two cohorts of animals were telemetered with combined ECG and blood pressure 
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radiotelemetry devices to provide information about ventricular repolarisation (QTc 

interval) and blood pressure in conscious animals. This did not yield very large group 

sizes owing to failure to successfully record physiological data from a number of 

telemetered animals, which displayed signal noise rather than ECG/blood pressure traces 

in the weeks after implantation, despite apparently successful surgery. The reason for this 

did not become clear until the end of the protocol, at which point the probes were removed 

from the animals under terminal anaesthesia at the time of heart excision for working 

heart studies. It was discovered that in most of these telemetered animals, the ECG leads 

had become detached from their anchor points in the chest wall (originally in a modified 

lead II positioning) and had become wound lengthwise around the body of the probe itself 

(Fig. 5.23). In many cases this had resulted in twisting of the pressure catheter as well due 

to rotation of the probe, thus resulting in a loss of ECG and blood pressure data. Strangely, 

the longitudinal wrapping of the ECG lead around the probe was remarkably neat. The 

reason for this is unclear but seemed to be a consistent effect with femoral artery 

cannulation and positioning of the probe in the right flank. The neatness and 

reproducibility of the longitudinal lead-wrapping suggests that there is a fundamental 

problem with this placement in this guinea pig model. However, time and cost constraints 

prevented the repetition of this cohort and exploration other placement options. 

  



Results Chapter 3 – In Vivo Studies 

207 

 

 

Figure 5.27 HD-X11 radiotelemetry probe upon explantation 

Representative image showing HD-X11 combined blood pressure and 

ECG radiotelemetry probe upon explantation at 7 weeks post-salt. Probes 

were contained within a fibrous capsule upon explantation, fixing ECG 

leads in the position in which they had been held inside the animal. It was 

found in many of the animals that the ECG leads (positive lead in red 

silicone casing, negative lead in clear silicone casing) became detached 

from their anchor points in the chest wall and wrapped around the probe, 

resulting in a loss of ECG signal and, often, twisting of the pressure 

catheter with resultant additional loss of pressure signal.  

Despite this, remaining data from probes which did successfully record physiological data 

throughout the protocol indicate that guinea pigs have a MAP of around 60-70 mmHg, 

which shows a substantial increase to around 110 mmHg by 6 weeks post-salt. This may 

be a slightly lower baseline blood pressure when compared to mice or rats, but this 

observation is in good agreement with the limited literature available on conscious guinea 

pigs.170, 171 Telemetry data also suggests that conscious DOCA-salt guinea pigs may 

develop a higher heart rate than sham counterparts. This may reflect an increased 

sympathetic tone due to the presence of HF, as is reported to be the case both clinically 

and in animal models.172-175 Telemetry data revealed no difference in QTc interval between 

conscious DOCA and sham animals.  

In comparison, data from anaesthetised animals reveals that no difference in heart rate 

between groups was observed, whilst a clear prolongation of QTc interval was present in 

DOCA-salt animals relative to their sham counterparts. It should be noted that the group 

sizes in the anaesthetised recordings are much larger than for the conscious telemetry data 

ECG Leads

Explanted probe contained 
within fibrous capsule

Point at which pressure 
catheter exits the probe 
body
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(due to the issues with the telemetry probes described above), and so any increase in QTc 

interval may simply have been lost due to low group sizes in conscious animals. Certainly, 

any effect of anaesthetic would have been equal between groups and light anaesthesia 

was maintained throughout recording, as evidenced by the physiological heart rate. 

Indeed, the heart rate in anaesthetised animals was in fact higher than that of conscious 

animals, which is perhaps contradictory to what one might expect. This is likely an effect 

of the stress of handling and removal from home cage prior to the recording of ECG’s, 

since this was done immediately upon induction of anaesthesia. It should also be noted 

that direct comparison of in vivo and ex vivo QTc intervals may not be advisable, since 

the formula used to correct for heart rate variation was developed using data from isolated 

hearts which are free from the influence of circulating catecholamines which will affect 

the relationship between QT interval and heart rate. However, there was no difference in 

heart rate between anaesthetised DOCA and sham animals and so there will have been no 

skewing of the data by application of the correction factor i.e. the difference between 

groups is genuine.  

The echo data reveals a strong phenotype of diastolic dysfunction with preserved systolic 

function in DOCA-salt animals. This is typical of HFpEF and is in good agreement with 

other reports from animal models of diastolic dysfunction. Of note is the rapid and 

sustained increase in IVRT in DOCA-salt animals as well as the increased LAA, which 

have both been reported to be of particular significance when assessing the presence of 

diastolic dysfunction in mouse models of HF.150 In the present study, LAA was used as a 

surrogate of LA volume and measurements normalised to the body mass of individual 

animals to account for differences in LA size, which is known to vary with body size.176 

LAA and/or LA volume are accepted as important and sensitive markers of diastolic 

dysfunction clinically, indeed, LA maximum volume index (LA peak systolic volume 

corrected for body surface area) is recommended as one of four diagnostic variables to be 

assessed in order to establish the presence of diastolic dysfunction by the American 

Society of Echocardiography and the European Association of Cardiovascular Imaging.177 

LA volume has been found to increase in line with disease severity and has been proposed 

to act as a marker of chronic diastolic dysfunction, as opposed to the ‘snapshot’ of 

ventricular filling pressures provided by other measures such as E/e’.178-180 Although not 
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routinely used as an independent diagnostic marker in the clinic, changes to IVRT as a 

result of diastolic dysfunction are well-established. The lack of utilisation of IVRT for 

diagnostic purposes is due to the complexity of the relationship between IVRT and 

ventricular relaxation, since both increases and decreases to this parameter can be 

indicative of diastolic dysfunction.177, 181 An increase in IVRT as observed in the present 

study has been suggested to represent underlying impairment of ventricular relaxation, 

whilst a shortening of IVRT is characteristic of restrictive filling patterns. Indeed, in 

mouse models of HF LAA has been recommended to provide the best indication of 

chronic diastolic dysfunction, with IVRT providing a means to further distinguish 

between impaired ventricular relaxation vs restrictive filling phenotype.150 The key 

diagnostic marker of diastolic dysfunction cited for use in the clinic is the E/e’ ratio, with 

E/A ratio considered to be useful for the assessment of diastolic function when other 

parameters are also suggestive of diastolic dysfunction but not definitive.177, 182 Data from 

the present study reveals no strong association between these parameters and diastolic 

dysfunction in the DOCA-salt guinea pig model, however, there may be several 

contributing factors to this observation. One such factor relates to the technical challenge 

of acquiring a good apical 4-chamber view in the guinea pig. There is very limited data 

available concerning the use of echocardiography in guinea pigs, and so establishing 

whether mitral flow/tissue doppler measurements reflected normal physiological values 

was not possible from the literature. Additionally, it is well-reported that achieving 

consistent readings of early and late mitral flow velocities is very challenging in species 

with a high heart rate, with the peaks often fusing together. The presence of increases to 

E/e’ is also reported to be model-dependent, with a mouse model of HFpEF showing no 

change to this parameter despite the presence of other markers of diastolic dysfunction.150 

Together, these observations may account for the lack of change in these parameters in 

this model. Overall, cardiac ultrasound data revealed DOCA-salt guinea pigs to display 

overt markers of diastolic dysfunction with preserved ejection fraction, indicating that it 

may provide a suitable model of HFpEF. 

Baseline data from isolated working heart preparations was in good agreement with the 

diastolic findings from the echo data, demonstrating a clear diastolic dysfunction in 

DOCA-salt hearts under baseline conditions. This was evident from a significant increase 
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in LVEDP alongside a significant reduction in dP/dt min, which have been reported to be 

indicative of impaired ventricular filling and active relaxation, respectively.183 The value 

of LVEDP is known to be load-dependant, and as such will vary with factors external to 

the heart. This may be accounted for by collecting the value of LVEDP over a range of 

loading conditions and expressing the result as an EDPVR.183, 184 However, in the present 

study sham and failing hearts were assessed under isolated working conditions and 

experienced identical preload and afterload. As such, this could be argued to represent a 

load-independent ‘version’ of LVEDP values which are normally obtained in vivo, 

providing a readout of diastolic function comparable to that of the EDPVR. The same 

load-dependence is reported for dP/dt min which, again, may be somewhat controlled for 

by assessing this parameter under isolated working conditions.183, 185-187 

Interestingly, unlike the echo data, systolic function was also found to be impaired in 

working DOCA-salt hearts. This, taken alongside the fact that seemingly apparent 

differences in heart rate and QTc interval in DOCA animals detected using telemetry and 

anaesthetised ECG recordings were also lost, may indicate increased sympathetic tone in 

DOCA-salt animals in vivo. It may be the case that the development of increased 

sympathetic tone in DOCA-salt animals arose in order to maintain cardiac output, 

resulting in a ‘masking’ of systolic failure and an elevated resting heart rate. Upon 

isolation of the hearts and removal of sympathetic tone, this compensatory increase in 

systolic function would be lost, resulting in the functional phenotype seen in the isolated 

hearts. Indeed, increased sympathetic tone is commonly reported in HF.172-175  

This isolation-induced loss of adrenergic tone may also account for the loss of QTc 

prolongation in isolated DOCA-salt hearts. Adrenergic signalling is clearly important in 

modulating IKs, which is known to play a predominant role in determining APD in the 

guinea pig ventricle.109 This may seem counterintuitive since adrenergic stimulation is 

known to increase IKs and therefore shorten the ventricular AP, however, it is possible 

that IKs may have become downregulated in the face of excessive stimulation therefore 

prolonging QT interval. Upon subsequent isolation of the hearts, rather than the DOCA-

salt hearts ‘losing’ the QTc prolongation observed in vivo, the sham control hearts 

underwent a prolongation of QTc interval in response to the loss of baseline sympathetic 

tone, as one would expect. There are numerous reports of IKs downregulation in models 
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of HF which often also display APD/QTc prolongation that could support this theory.75, 

109, 188, 189 However, one reported mechanism by which this occurs (phosphorylation of 

KCNE1 by activated PKC)190 is not present in guinea pigs and has in fact been reported 

to increase IKs current amplitude.191 However, downregulation of IKs alongside QTc 

prolongation in guinea pig models of LV hypertrophy has still been reported previously.192 

Additionally, the degree of QT prolongation achieved using the combination of E-4031 

and HMR 1556 to achieve blockade of IKr and IKs was almost identical (22.5% vs. 22.8% 

in sham) which may seem surprising if IKs is downregulated. However, this is not 

necessarily contradictory if IKs is minimally active under baseline conditions in the 

absence of sympathetic activation, as has been reported to be the case.28, 30, 193 Under such 

circumstances the majority of the QT prolongation seen in response to E4+HMR 

treatment would stem from the effects of E-4031 on IKr. Therefore, the mechanism of QT 

prolongation in the guinea pig DOCA-salt model may involve downregulation of IKs in 

response to a prolonged increase in sympathetic tone, but further investigations would be 

required to confirm this.  

Data concerning alterations to expression of key proteins involved in intracellular calcium 

handling reveal clear differences between DOCA-salt and sham animals. Ventricular 

tissue from failing hearts demonstrated increased NCX protein levels and decreased 

SERCA2a protein levels, both of which are widely reported in both human and animal 

failing hearts.59, 143, 194-197 Indeed, elevated NCX expression in a setting of reduced SERCA 

activity/expression is proposed to be one mechanism by which systolic function could be 

preserved in failing hearts. This would occur as a result of increased calcium entry into 

the cell via reverse-mode NCX during early repolarisation, thus supplementing the 

depleted SR calcium stores in the face of reduced SERCA function. However, this altered 

NCX activity is proposed to be protective only at lower heart rates, with higher heart rates 

resulting in elevated diastolic intracellular calcium levels and further impairment of 

ventricular relaxation.57  

DOCA-salt animals also demonstrated an increase in the protein expression of the α2 and 

β1 subunits of the Na+,K+-ATPase, with what appears to be a trend towards an increase in 

the β2 subunit expression. The increase in the α2 subunit is particularly marked (~141% 

vs sham) and is in contrast with the prevailing observations from the literature, which 
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often report a decrease in this subunit in other animal models of hypertension or 

hypertrophy/HF,60-63 whilst there are reports of this subunit expression remaining 

unchanged in failing human hearts.198, 199 Interestingly, another study using a guinea pig 

aortic banding model found a significant increase in the expression of the α2 subunit 

alongside increased NCX expression and decreased SERCA2a, in line with the findings 

of the present study.200 However, this is not true of all guinea pig models, with the study 

by Ke et al. demonstrating decreases in the expression of both α1 and α2 Na+,K+-ATPase 

subunits in a guinea pig aortic banding model. This study is particularly interesting as two 

separate time points were examined which, based on functional cardiac ultrasound data, 

represented a compensated hypertrophy phase (60 days post-banding) and subsequent 

progression into HF (150 days post-banding).63 Western blotting and 

immunofluorescence staining revealed a significant decrease in α1 subunit expression at 

both timepoints alongside a decrease in the α2 subunit at 150 days, although this decrease 

appeared to be less marked compared to α1 (the expression of the α2 subunit was not 

examined at the 60-day timepoint). The authors proposed that a decrease in the Na+,K+-

ATPase current, alongside an increase in INa,late, alters calcium exchange by NCX to limit 

systolic impairment in the compensated hypertrophy phase. A subsequent decrease in 

SERCA function was reported during the HF phase, which coincided with contractile 

impairment and an increased relative contribution of NCX to calcium extrusion. This is 

clearly in contrast to the findings of the present study, which reported increased Na+,K+-

ATPase subunit expression alongside decreased SERCA and increased NCX expression. 

However, these interactions are complex, and the relative expression of the individual 

subunits is likely to be important. Na+,K+-ATPase is composed of an α subunit core which 

provides the catalytic binding sites for sodium, potassium, cardiotonic steroids (e.g. 

ouabain) and ATP, while the outer β subunit is required for trafficking to the sarcolemmal 

membrane.201 The α2 isoform demonstrates a preferential localisation to transverse tubule 

membranes over the α1 isoform202, 203 and has been suggested to play an important role in 

indirectly regulating intracellular calcium stores as a result of co-localisation with NCX 

in this restricted cytosolic region.204-206 Indeed, it has been demonstrated that the α2 subunit 

and NCX share the same subcellular localisation205, 207 and there is some evidence that 

changes to Na+,K+-ATPase subunit expression can drive compensatory changes to NCX 

expression.60 It is known that inhibition of Na+,K+-ATPase (e.g. with ouabain) has a 
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positively inotropic effect due to the resultant decrease in calcium efflux via NCX 

exchange in response to the reduced sodium gradient, thereby increasing intracellular 

stores.60 In a setting where NCX expression is increased in response to reduced α-NKA 

subunit expression (as is often reported in HF), it is proposed that this would work to 

prevent any changes to intracellular calcium stores by compensating for the reduced 

sodium gradient with increased calcium extrusion.60 In our model the increase in α2 

isoform expression is accompanied by an increase in NCX which, according to this 

theory, would actually increase the overall calcium extrusion from the cell. However, we 

also see elevated intracellular sodium and AP prolongation in our model, alongside a 

preservation of systolic function in vivo, which could imply that NCX is also being driven 

to lower calcium extrusion/increased calcium influx due to these other factors known to 

affect its activity. These interactions are complex and should not be oversimplified.   

Gross anatomy also revealed DOCA-salt guinea pigs to demonstrate LV hypertrophy in 

accordance with other models of HFpEF (Fig. 5.9), although there was an absence of any 

pulmonary oedema (Fig. 5.10). This may reflect an incomplete transition from the 

compensated hypertrophy phase to overt HF in this model, phases which were identified 

in the guinea pig aortic banding model by Ke et. al.63 However, DOCA animals did 

demonstrate a clear loss of SERCA expression, and a loss of SERCA function was shown 

to correspond with the transition to HF in the aortic banding model, and so defining when 

this transition occurs is likely not straightforward. It may be of interest in future 

experiments to extend the length of exposure to DOCA-salt treatment and determine 

whether more overt clinical signs of HF manifest as a result.  

5.4.2 Hypothesis Testing 

Having established a suitable model of diastolic dysfunction in HF, it remained to test the 

experimental hypothesis that altered ventricular repolarisation may act to further impair 

diastolic function in the failing heart. In order to do this, isolated working DOCA-salt and 

sham control hearts were exposed to pharmacological prolongation of QT interval, as was 

previously performed under the same experimental setup (Results Chapter 2). Using this 

experimental approach was appropriate since baseline characterisation revealed that QTc 

prolongation was not present in isolated working DOCA-salt hearts, and this intervention 
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had been previously well-characterised in terms of the effect on function in healthy hearts 

in the isolated setting. Data was displayed as a change in each parameter relative to 

baseline values, so that it could be determined whether failing hearts responded 

differently to abnormal repolarisation compared to healthy counterparts. Although no 

significant differences were observed between DOCA and sham heart response to QT 

prolongation, there were three parameters in which DOCA hearts demonstrated an 

opposite response to treatment when compared to sham counterparts: stroke volume, 

LVEDP and dP/dt min (Table 5.2). It is not clear whether these responses represent a true 

difference in the function of DOCA vs sham hearts, owing to the modest size of the 

changes and the lack of statistical significance. However, such differences are interesting 

because, in contrast to sham hearts, DOCA hearts demonstrate a reduction in LVEDP in 

response to QT prolongation alongside an increased maximum rate of pressure decline, 

both of which are indicative of an improvement of diastolic function and would be in 

contrast to the experimental hypothesis. In hindsight, it would perhaps have been of 

benefit to perform an incremental prolongation of QT interval with E4+HMR in isolated 

DOCA-salt and sham hearts, to determine whether this effect demonstrated a dose-

dependent relationship.  

Given the importance of intracellular sodium concentration in the interplay between 

ventricular repolarisation and intracellular calcium handling, it was decided that it was 

important to understand how our interventions might affect sodium levels in the failing 

heart. Initial studies were conducted in order to demonstrate that changes to intracellular 

sodium could be measured in the isolated Langendorff-perfused guinea pig heart using 
23Na NMR spectroscopy, and to determine the effect of altered ventricular repolarisation 

on intracellular sodium levels in the healthy heart. Whilst ouabain resulted in an 

apparently modest but measurable increase in intracellular sodium (~11% from baseline) 

there was no effect of pharmacological prolongation of QT interval in this setting, in 

agreement with earlier working heart studies which demonstrated no functional changes 

under such conditions. An additional cohort of DOCA-salt animals revealed that failing 

hearts demonstrate a greater degree of elevated intracellular sodium, approx. 24% relative 

to sham hearts. This elevated intracellular sodium in DOCA-salt hearts is in line with the 

reported findings from both clinical studies and animal models of HF, including other 
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guinea pig models of HF.53-56 Such an elevation of intracellular sodium would likely 

contribute to altered NCX activity, potentially leading to altered intracellular calcium 

handling57 (Section 1.2.4.2). However, this is likely to have complex effects given that 

we also see an upregulation of NCX protein expression and a prolongation of APD in 

DOCA-salt animals, and we have no measure of intracellular calcium concentration in 

our model. All of these factors will also feed into NCX activity and direction of function. 

The working DOCA-salt heart studies reveal a modest improvement to LVEDP and dP/dt 

min in DOCA-salt hearts with QT prolongation whilst control hearts show a modest trend 

in the opposite direction. Could it be possible that the increased APD in this setting simply 

allows a larger window for NCX (which is upregulated in this setting) and SERCA to 

remove more calcium from the cytoplasm and aid ventricular relaxation? Further 

information about changes to the intracellular calcium transient kinetics would be 

required in our model to interpret these findings. Whole-heart optical mapping or isolated 

myocyte calcium recordings would be invaluable in understanding the potential 

mechanisms involved. However, we do know that treatment with E4+HMR did not affect 

intracellular sodium levels in either healthy or failing hearts, and so any effects observed 

are independent of alterations to the sodium gradient.  

One other limitation of the current study is the lack of data concerning potential structural 

changes to the myocardium which could impair relaxation via passive mechanisms (e.g. 

fibrosis, titin phosphorylation etc.). It may be that a major source of diastolic dysfunction 

in this model relates to changes in the physical properties of the ventricular myocardium 

as a result of remodelling, rather than changes to calcium transient dynamics. It would be 

useful to be able to address the balance of causal factors in future studies.    

5.4.3 Summary and Conclusions 

Extensive characterisation data gathered as part of this study indicates that guinea pigs 

treated according to the outlined DOCA-salt protocol provide a very suitable model of 

diastolic dysfunction in HF. In vivo data reveals prolongation of QTc interval alongside 

increased IVRT and LAA with preserved EF, typical of models of HFpEF. Myocardial 

dysfunction (both systolic and diastolic) was also confirmed in isolated working heart 

preparations using a pressure-volume catheter. In addition to this, DOCA-salt hearts also 
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demonstrated elevated NCX protein expression with reduced SERCA expression and 

elevated intracellular sodium levels. Overall, these data indicate that this is a novel model 

of diastolic dysfunction in HF which will be of great value to future studies investigating 

the mechanisms of this disease – particularly where the different electrophysiological 

characteristics of the rat and mouse heart make these species less suitable as models of 

human disease.   

 In terms of the experimental hypothesis, data from failing DOCA-salt guinea pig hearts 

indicated that ventricular repolarisation abnormalities do not contribute to diastolic 

dysfunction in this model. This is in agreement with previous preliminary studies 

conducted in healthy working guinea pig hearts, in which key features of HF were 

replicated pharmacologically (Results Chapter 2). Further studies would be needed to 

understand the underlying mechanisms of diastolic dysfunction in the present model of 

HF, however, data from the present study provides valuable insight into the role of 

ventricular repolarisation in diastolic dysfunction.  
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6 GENERAL DISCUSSION 

6.1 Summary of Major Findings 

Recent studies have revealed a correlation between ventricular repolarisation 

abnormalities and diastolic dysfunction in failing hearts, however, it is unclear whether 

or not this represents a causal relationship. The present study has aimed to address this 

question using a direct approach to determine the relationship between diastolic function 

and ventricular repolarisation in the whole heart, beginning in healthy Langendorff-

perfused hearts and progressing to isolated working hearts from a novel guinea pig model 

of HF with diastolic dysfunction. In non-HF models, APD was prolonged via 

pharmacological blockade of repolarising currents IKr and IKs to replicate the changes to 

QT interval seen in the clinic. This was then built upon by pharmacologically replicating 

other factors which are commonly reported to be present in HF, namely elevated 

intracellular sodium and impaired SERCA function. Such factors affect intracellular 

calcium handling and are therefore likely to be relevant to the proposed mechanism by 

which altered ventricular repolarisation could affect diastolic function (i.e. perturbed 

intracellular calcium handling leading to a delay or reduction in the removal of cytosolic 

calcium during diastole). These experiments culminated in the development of a novel 

guinea pig model of HF with diastolic dysfunction, allowing the relationship between 

ventricular repolarisation and diastolic function to be assessed in a setting of HF.  

Initial studies utilising optical mapping in healthy, Langendorff-perfused guinea pig 

hearts demonstrated that the intracellular calcium transient is prolonged in response to 

prolongation of the AP. This effect occurs with both APD prolongation due to altered 

pacing frequency and pharmacological blockade of repolarising currents. Subsequent 

studies in healthy Langendorff-perfused hearts demonstrated no functional effect of 

prolonging APD at normal heart rates. However, when heart rate was slowed to allow 

more extensive APD prolongation, or when SERCA activity was pharmacologically 

impaired, subtle changes to diastolic function were detected, namely an increased 

relaxation time and elevated LVEDP, respectively. These conditions are relevant to the 

experimental hypothesis because QT prolongation is able to occur to a greater extent in 
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the human heart, owing to the increased ‘diastolic pause’ seen at lower heart rates, and a 

reduction in SERCA expression and/or activity is commonly reported in failing hearts. 

Ultimately, it was apparent that the Langendorff-perfused heart, coupled with an IVB to 

measure LVP, could not provide a sensitive enough measure of subtle changes to diastolic 

function, prompting a switch to the working guinea pig heart with an intraventricular 

pressure-volume catheter as the experimental model in subsequent experiments.  

Extensive characterisation of the working heart model provided baseline data which gave 

confidence that the working heart provided a closer approximation of normal physiology 

than the Langendorff heart, as well as enabling the development of a formula to account 

for the contribution of variations in HR to functional indices. The initial findings from 

Langendorff studies of modest changes to diastolic function in response to QT 

prolongation alone did appear to be somewhat replicated using the working heart setup in 

the form of an increase in the time constant of relaxation, tau, although this occurred in 

the absence of any changes to LVEDP or dP/dtmin. Subsequent experiments, however, 

failed to replicate findings from Langendorff studies when looking at the impact of 

pharmacologically induced ventricular repolarisation abnormalities on diastolic function 

in the presence of sodium elevation and/or impaired SERCA activity. No strong 

associations between diastolic function and ventricular repolarisation abnormalities were 

demonstrated as a result of these studies, however, it was felt that it was important to 

explore this relationship in the failing heart where other pathologies may be present which 

contribute to this interaction.  

The guinea pig DOCA-salt model was identified as a potentially suitable model for heart 

failure with diastolic dysfunction based on literature which proposed this to be a suitable 

model for HFpEF in the mouse.147 This is a relatively novel model in the guinea pig and 

there is no existing functional data available on diastolic or systolic function in DOCA-

salt guinea pig hearts, necessitating extensive characterisation before working heart 

studies to test the experimental hypothesis could be conducted. This was done using 

serial, combined blood pressure and ECG radiotelemetry recordings alongside cardiac 

ultrasound and anaesthetised ECG recordings. Cardiac gross anatomy on termination was 

also examined, alongside baseline function of working hearts, allowing for comparison 

of in vivo and ex vivo cardiac hypertrophy and functional measurements. Findings 
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revealed the guinea pig DOCA-salt model to demonstrate diastolic dysfunction alongside 

preserved systolic function in vivo, with QT prolongation also present in anaesthetised 

QTc recordings and elevated heart rate and blood pressure in conscious animals. LA and 

LV hypertrophy were also present and, despite in vivo measurements revealing no systolic 

dysfunction using clinically accepted measures, ex vivo measurements in working 

DOCA-salt hearts revealed systolic dysfunction under baseline conditions. NMR studies 

confirmed the presence of elevated intracellular sodium in failing DOCA hearts, while 

western blotting revealed reduced SERCA expression and increased NCX expression 

commonly reported in HF. Overall, characterisation data demonstrates the guinea pig 

DOCA-salt model to be a very suitable model for exploring the role of ventricular 

repolarisation abnormalities in diastolic dysfunction in HF. The experimental hypothesis 

was then tested by pharmacologically prolonging ventricular repolarisation in isolated 

working DOCA-salt and sham hearts. Data revealed that diastolic function was not further 

impaired in failing hearts in response to QT prolongation, indicating that ventricular 

repolarisation abnormalities are likely not the major cause of diastolic dysfunction seen 

in failing human hearts presenting with QT interval abnormalities in the clinic. Possible 

reasons for this, alongside other contributing mechanisms, will be discussed below.  

6.2 Guinea Pig DOCA-Salt Model 

The present study aimed to address whether the abnormalities of ventricular 

repolarisation commonly seen in patients presenting to the clinic with HF may causally 

contribute to diastolic dysfunction in HFpEF. In order to properly investigate this, it was 

necessary to develop an animal model of HFpEF which displayed key clinical criteria, 

giving confidence that it mirrored the human condition as closely as possible. Therefore, 

when considering the findings of the study, it is relevant to ask whether the guinea pig 

DOCA-salt model meets the criteria to be defined as a model of HFpEF. There are four 

diagnostic steps, according to the European Society of Cardiology (ESC)208, which must 

be followed in order for a confident diagnosis of HFpEF to be given, detailed in Table 

6.1.  
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Table 6.1 HFA-PEFF Algorithm for the Diagnosis of HFpEF 

Recommended steps to confirm a clinical diagnosis of HFpEF, according to 

the Heart Failure Association (HFA) of the European Society of Cardiology 

(ESC).
208

 Additional column summarises characterisation data from the 

guinea pig DOCA-salt model in the context of this algorithm. 

Step Diagnostic Approach 
Guinea Pig DOCA-

Salt Model 

P: Pretest Assessment 

Assessment of the presence of any risk 

factors associated with HF as well as 

signs and/or symptoms of HF. 

Elevated HR, 

tachycardia, reduced 

weight gain. 

E: Echocardiographic 

and Natriuretic Peptide 

Score 

Comprehensive echocardiographic 

assessment and measurement of serum 

levels of natriuretic peptides. 

Preserved EF, LA 

enlargement, LV 

hypertrophy w/o LV 

dilation.  

F1: Functional Testing 

in Case of Uncertainty 

Exercise stress echocardiography and 

invasive haemodynamic measurements. 

To be conducted in case of uncertainty 

following the previous steps. 

Elevated filling 

pressures (LVEDP) 

from ex vivo pressure-

volume measurements. 

F2: Final Aetiology 

Further tests to determine disease 

aetiology e.g. cardiovascular magnetic 

resonance, cardiac or non-cardiac 

biopsies, genetic testing etc. 

Decreased SERCA and 

increased NCX 

expression, elevated 

intracellular sodium. 

 

The guinea pig DOCA-salt model demonstrates substantial arterial hypertension 

alongside elevated resting heart rate and reduced weight gain, thereby satisfying the initial 

criteria for step ‘P’. Arterial hypertension is listed as a risk factor for HF, while 

tachycardia and loss of appetite/weight loss/tissue wasting are listed as signs and 

symptoms of HF according to ESC guidelines.209 Step ‘E’ involves echocardiographic 
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assessment of diastolic function and measurement of serum natriuretic peptides, after 

which a score can be assigned to patients according to the presence of major and minor 

criteria based on perturbations to particular functional variables and serum levels of 

natriuretic peptides. Although this scoring system cannot be applied directly, since 

normal values of cardiac functional parameters are not the same in guinea pigs and not 

all echocardiographic variables were measured, DOCA-salt guinea pigs clearly 

demonstrate preserved EF, LA enlargement and LV hypertrophy in the absence of left 

ventricular dilation. Alone, these findings are sufficient for a diagnosis of HFpEF, 

according to the authors of the algorithm, if echocardiography is carried out as part of 

step ‘P’.208 Natriuretic peptide levels were not measured in DOCA-salt guinea pigs but 

are not required for a diagnosis of HFpEF because a substantial proportion of patients 

with HFpEF, diagnosed by invasive techniques, do not have elevated natriuretic peptide 

levels. This is believed to be due to the fact that the main driver for elevated natriuretic 

peptide levels is increased LV wall stress, which may be absent in HFpEF patients due to 

the characteristic LVH in the absence of LV dilation.208, 210, 211 Step ‘F1’ is only required 

in case of uncertainty in the previous steps, which does not appear to be the case with the 

DOCA-salt guinea pig model. However, if ex vivo LV pressure-volume studies are 

interpreted in a similar light to invasive haemodynamic measurements in patients, then 

the elevated filling pressures demonstrated by elevated LVEDP in DOCA hearts can be 

taken as proof of the presence of HFpEF, according to the algorithm. Step ‘F2’ concerns 

further testing to identify any specific diseases or underlying pathologies which may be 

the cause of HFpEF in individual patients and is suggested to aid the provision of more 

targeted therapies. This is not especially relevant to an animal model of disease, but 

further characterisation data from DOCA-salt guinea pigs did reveal abnormalities in 

calcium handling proteins and elevated intracellular sodium in DOCA hearts, both of 

which are characteristic of HF.53-56, 58, 59, 110-112, 143, 194-197 Taken together, characterisation 

data from the present study suggests that the guinea pig DOCA-salt model meets clinical 

criteria, set out by the ESC, to be defined as a model of HFpEF. 

Having established that the guinea pig DOCA-salt model presents with HFpEF that meets 

clinical diagnostic criteria, it is useful to consider the advantages afforded by this model 

over other rodent models of diastolic dysfunction and HF. Some of these advantages have 
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been discussed previously and relate to the increased similarity of cardiac physiology 

between guinea pigs and humans when compared to murine species. Guinea pigs have a 

plateaued ventricular AP expressing many of the same ion currents as humans, which 

differs significantly from the triangular AP seen in rats and mice, as is necessitated by the 

very high heart rate in these species.22, 108, 109 Ventricular intracellular calcium handling in 

guinea pigs is also more similar to humans, with SERCA and NCX contributions to 

cytosolic calcium clearance falling at around 70% and 30% respectively, compared to 

around 97% SERCA contribution in rats and mice.49 All of these factors make the guinea 

pig a very suitable species of choice for studies involving cardiac electrophysiology and 

calcium handling and may allow more parallels to be drawn to human conditions. The 

DOCA-salt model also offers several advantages over other common animal models of 

HF. This model offers a more rapid onset of disease and cardiac remodelling than pressure 

overload models such as transverse aortic constriction, with this approach in the guinea 

pig reported to take 150 days to induce decompensated HF.63 The surgical skill and 

training required to perform unilateral nephrectomy and pellet implantation compared to 

transverse aortic constriction is also significantly less, and there is no requirement to 

ventilate. The simpler surgical procedure also translates into improved animal survival 

and recovery. Combined with the close similarities to clinical HFpEF demonstrated by 

the present study, these advantages make the guinea pig DOCA-salt model a valuable 

research tool in order to improve our understanding of the mechanisms involved in 

HFpEF. 

The possible mechanism for the contribution of repolarisation abnormalities to diastolic 

dysfunction in HF has been extensively discussed (Sections 1.2.3 & 1.2.4). However, 

other mechanisms may be involved in the development of impaired ventricular relaxation 

and, based on data from the present study, are likely to be the driving force behind onset 

in the guinea pig DOCA-salt model. This model acts in the same manner as 

hyperaldosteronism and, combined with high salt intake, results in elevated circulating 

blood volume due to increased sodium and chloride retention alongside increased 

potassium excretion, both of which act to increase water retention. The resultant 

hypertension is likely exacerbated by increased sympathetic tone and altered 

neurohumoral pressor baroreflexes as a result of increased mineralocorticoid receptor 
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activation and sodium retention.151, 212 The increase in afterload due to arterial 

hypertension is a direct driving force for cardiac remodelling with progression to cardiac 

dysfunction and failure.213 However, there is evidence to suggest that DOCA treatment 

may also elicit direct effects on the heart, with studies reporting the expression of 

mineralocorticoid receptors in myocardial tissue which bind aldosterone and may act to 

induce cardiac remodelling.214 Chronic administration of aldosterone has been shown to 

induce cardiac fibrosis in rats, associated with increased expression of collagen type I and 

III.215 Studies have also demonstrated that this induction of cardiac fibrosis in response to 

type I mineralocorticoid receptor occupancy is independent of increases in blood 

pressure.216 One proposed mechanism by which binding of aldosterone to 

mineralocorticoid receptors brings about fibrosis is by increasing levels of free 

intracellular calcium. Indeed, it has been shown that administration of calcium channel 

blockers alongside chronic infusion of aldosterone acts to reduce collagen deposition at 

sites of cardiac fibrosis.215 The authors proposed that calcium acts to regulate the process 

of fibrosis in such models by altering the collagen turnover and growth of myofibroblasts. 

Therefore, the administration of DOCA, a mineralocorticoid agonist, may act to bring 

about cardiac remodelling independently of hypertension, which could contribute to some 

of the changes in cardiac function observed in this study. Indeed, if activation of 

mineralocorticoid receptors does exert its effects on cardiac fibrosis via elevated levels of 

intracellular free calcium, this could also have a profound and direct effect on diastolic 

function and result in elevated LV filling pressures (e.g. LVEDP) and delayed/slowed 

ventricular relaxation. Western blotting data from the present study reveals that the 

DOCA-salt guinea pig hearts demonstrate altered expression levels of intracellular 

calcium handling proteins SERCA and NCX, which could also lead to elevated diastolic 

calcium levels due to an impaired ability to clear cytosolic calcium. This would be 

compounded by the elevated intracellular sodium levels identified using 23Na NMR, 

which would decrease the driving force for calcium extrusion by NCX. Elevated diastolic 

calcium levels, as a consequence of various potential mechanisms, are therefore a very 

possible contributor to impaired ventricular diastolic function in this model.  

There may also be a role for the sarcomeric protein titin the guinea pig DOCA-salt model 

of HFpEF. Cardiac titin possesses an extensible region, giving the protein an elastic 
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property and allowing for the generation of passive tension upon stretching of the 

sarcomere.217 This is important for cardiac function as it contributes to diastolic wall 

tension and determination of ventricular filling during diastole.218 It has been reported that 

alterations to the relative expression of the N2B/N2BA titin isoforms, or the degree of 

phosphorylation of titin, may contribute to the pathogenesis of heart disease. One protein 

kinase which is capable of phosphorylating titin is PKCα, with phosphorylation by this 

kinase resulting in increased passive tension muscle strips and cardiomyocytes from 

several species.219, 220 This isoform of PKC has been shown to demonstrate increased 

activity and/or expression in models of cardiac hypertrophy and failure and could 

therefore contribute to diastolic dysfunction via increased phosphorylation of titin.221-223 

PKCα and can also undergo pathological activation and cleavage to a more active 

fragment by calpains in the calcium-overloaded heart.224 Therefore, titin dysregulation 

represents a potential mechanism which may contribute to the impairment of diastolic 

function in the guinea pig DOCA-salt model of HFpEF.     

There is evidence that oxidative stress may also play a role in the pathogenesis of cardiac 

dysfunction in DOCA-salt rodent models.225 Studies have previously implicated 

aldosterone-mediated activation of a Nox2-containing NADPH oxidase in the 

upregulation of fibrotic activity in mineralocorticoid-dependent hypertension.226 It has 

also been shown that expression of nNOS is increased in diseased hearts, and it is 

proposed that increased production of nitric oxide may negatively impact on cardiac 

contractility.227 Indeed, this role for oxidative stress in disease progression would only 

increase the suitability of the DOCA-salt guinea pig as a model of HFpEF, according to 

a novel paradigm for this condition which has recently been proposed.228 In this review, 

the authors propose that a systemic proinflammatory state arises due to comorbidities 

associated with HFpEF, causing endothelial cells in the coronary microvasculature to 

produce reactive oxygen species. This is proposed to limit nitric oxide in adjacent 

cardiomyocytes, thereby decreasing the activity of PKG, and result in pro-hypertrophic 

environment with reduced phosphorylation of titin and a stiffened myocardium. 

Aldosterone has been shown to bring about superoxide production by NADPH oxidase 

in endothelial cells via mineralocorticoid receptor activation, which may act to replicate 

this microvascular oxidative stress in DOCA-salt animals.229 
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Therefore, there are many contributing mechanisms to diastolic function in the normal 

ventricular myocardium, both active and passive. These interactions should not be over-

simplified, and it is likely that pathological changes to a combination of these factors 

contribute to the impairment of ventricular relaxation in any given model of diastolic 

dysfunction, with the DOCA-salt guinea pig being no exception. 

6.3 Role of Repolarisation in Diastolic Dysfunction in Heart Failure 

The experiments conducted as part of this study set out to address the experimental 

hypothesis concerning a potential role for abnormal ventricular repolarisation in HF as a 

contributor to diastolic dysfunction. The mechanisms via which this could act to impair 

normal diastolic function have been extensively discussed, however, data from the studies 

did not support the hypothesis. This was true in both healthy isolated working hearts, 

those in which pathological characteristics of HF had been replicated pharmacologically 

and in failing hearts. As already discussed, the guinea pig DOCA-salt model represents 

an excellent novel model of HFpEF, demonstrating many of the key characteristics of HF 

as reported in other models and clinically, including repolarisation abnormalities in vivo. 

Therefore, the model in which the hypothesis was tested was highly suitable. This leaves 

the question of whether the experimental approach used was able to fully address the 

hypothesis. In order to understand this, it is useful to look at the literature on this subject.  

There is a growing interest in the use of ranolazine, a INa,late blocker currently licensed for 

the treatment of  angina, as a treatment for diastolic dysfunction in HF and LQTS. One 

such study examined the effect of ranolazine on contractility and relaxation in 

isometrically contracting muscle strips from failing human hearts.230 Results 

demonstrated no significant impairment of systolic function (measured by twitch force 

amplitude and SR calcium loading), while frequency-dependent onset of diastolic 

impairment (measured by diastolic tension) was ameliorated by 30% following ranolazine 

treatment. Further investigations in isolated rabbit ventricular myocytes led the authors 

to suggest that this was due to ranolazine acting to reduce intracellular sodium 

concentration and subsequent diastolic calcium loading. Another study conducted a small 

randomised, double-blind and placebo-controlled trial to determine whether ranolazine 

may provide a suitable therapy for patients with HFpEF.231 Ranolazine was given 
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intravenously for 24hr, at the start of which invasive haemodynamic measurements were 

taken, and then given orally for 13 days with echocardiography performed at the start and 

end of this period. Some evidence of diastolic improvement with ranolazine infusion was 

observed, with a decrease in LVEDP. However, this occurred alongside a decrease in 

cardiac output and no evidence of improved active relaxation was observed, with tau and 

dP/dtmin remaining unchanged. Similarly, echocardiography revealed no improvement in 

diastolic function at either time point. A third patient study looked at the effect of three 

months of ranolazine treatment on diastolic function in patients with angina.232 

Echocardiography revealed improved diastolic function in the ranolazine treatment group 

with improvements in functional parameters including E/A ratio and IVRT. This study 

did not report the effects of ranolazine on QT interval in these patients, however, the 

previous study demonstrated an increase in QT interval following ranolazine treatment 

which was particularly marked at the end of the infusion protocol. Whilst listed as non-

significant, this increase was present in raw QT values as well as when two separate 

correction formulas were applied and was not present in the control group.231 This is a 

very unexpected result given that one would expect inhibition of the late sodium current 

to shorten APD, since this current contributes to the plateau phase of the AP, and 

particularly in light of the fact that ranolazine has been suggested as a suitable therapy for 

patients with LQTS. Indeed, one study looked at the effect of therapeutic doses of 

ranolazine (delivered during an 8-hour intravenous infusion) in patients with LQT3 on 

diastolic function using echocardiography.233 These patients have a mutation which 

results in a sustained inward sodium current, thus prolonging cardiac repolarisation. 

Ranolazine infusion resulted in a 26ms shortening of QTc interval in LQTS patients and 

an improvement in diastolic function as evidenced by reduced IVRT, increased E wave 

velocity and decreased E wave deceleration time. Interestingly, this corresponds to the 

24- or 27ms increase in QTc interval (depending on correction used) reported following 

ranolazine infusion in HFpEF patients.231 

Clearly the literature surrounding the effects of ranolazine on ventricular repolarisation 

and diastolic function is not straightforward. The picture is complicated by the use of 

ranolazine in patients with a variety of underlying health conditions. There is also a 

question as to whether ranolazine mediates all of its effects via its action on the late 
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sodium current. One study examined the effects of ranolazine treatment on diastolic 

function in DOCA-salt mice, based on the hypothesis that these animals may demonstrate 

increased INa,late due to oxidative stress,234 with resultant delayed calcium removal from 

the cytosol.235 Echocardiography revealed diastolic dysfunction which was partially 

ameliorated by ranolazine treatment, however, the DOCA-salt mice displayed no 

difference in INa,late or calcium transient dynamics. Further investigation revealed that the 

effects of ranolazine were in fact due to increased calcium sensitivity in the myofilaments 

which was reversed by ranolazine treatment. Overall, whilst ranolazine may exert some 

positive effects on diastolic function, it seems likely that these effects are not mediated 

directly via alterations to cardiac repolarisation or APD. Rather, these effects likely occur 

due to the influence of ranolazine on intracellular sodium concentration and/or 

intracellular calcium handling, be this via direct or indirect mechanisms. This could have 

short-term effects on parameters such as LVEDP if diastolic calcium levels were reduced 

but may also have long-term implications on factors such as cardiac fibrosis given that 

calcium is an important intracellular signalling molecule. If this is indeed the case, 

interventions which alter repolarisation without affecting intracellular sodium 

concentration, and therefore calcium transient dynamics, are unlikely to influence 

diastolic function in the acute setting. This is in agreement with the present findings, 

where 23Na NMR revealed no effect of QT prolongation by IKr and IKs blockade on 

intracellular sodium concentration. Therefore, the experimental approach used achieved 

its aim of isolating the role for ventricular repolarisation abnormalities in diastolic 

function, but perhaps does not provide full insight into the bigger picture of how this may 

interact with underlying calcium transient dynamics and signalling.  

6.4 Determination of Relaxation In Vivo 

One significant conclusion from the present study is that prolonging the intracellular 

calcium transient by QT prolongation has no appreciable impact on diastolic function in 

healthy or failing hearts. This suggests that the recovery of the calcium transient is not a 

key determinant of myocardial relaxation in vivo. It has been proposed that there are four 

principle determinants of relaxation.134 These are: i) rate of calcium removal from the 

cytosol, ii) myofilament crossbridge kinetics, iii) the elastic properties of the myocardium 
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and within cardiomyocytes and iv) afterload. It is likely that these factors may have 

different contributions to myocardial relaxation in different settings i.e. isolated cells vs 

intact hearts in vivo. This would explain the findings of studies which have indicated the 

importance of the calcium transient decay or diastolic calcium levels in determining rates 

of relaxation in ex vivo tissue or isolated cell preparations.43, 45, 236 Such studies have 

reported that slowing of the intracellular calcium transient recovery impacts negatively 

on relaxation or cell shortening (used as a surrogate for relaxation in isolated cell work). 

One important caveat that applies to many of these studies is that such work is often 

carried out at unphysiological pacing rates or temperatures and under conditions where 

preload, afterload, tissue elastance and three-dimensional geometry are all markedly 

different to the intact heart. This means that caution must be used when extrapolating 

findings to an in vivo, whole-heart setting. Indeed, other studies have demonstrated that 

dissociation of calcium from troponin C occurs before the onset of relaxation during 

isometric contraction, implying that other factors predominate in determining the rate of 

myocardial relaxation.133   

However, there are also studies which indicate that calcium may not be the primary 

determinant of myocardial relaxation, even in diseased hearts. One such study examined 

relaxation and calcium transient dynamics in human myocardial strip preparations and 

revealed findings which could be interpreted to support calcium not being a major 

determinant of myocardial relaxation.237 Studies were performed at physiological pacing 

rates and allowed for the simultaneous measurement of force and free intracellular 

calcium, with data revealing that a sudden increase in pacing rate (from 60 to 180bpm) 

resulted in proportional increases in diastolic calcium in tissue from both control and 

failing myocardial strips (taken from patients with hypertensive heart disease or 

hypertensive heart disease combined with HFpEF). Interestingly, this increase in diastolic 

calcium only resulted in increased diastolic force in the diseased muscle strips. This may 

be indicative of elevated resting calcium levels prior to rate increase in diseased 

myocardium (since the technique used was not quantitative), however, elemental analysis 

revealed that resting calcium concentration was only significantly increased in muscle 

strips from patients who had HFpEF in combination with hypertensive heart disease, 

relative to control. This suggests that elevated calcium levels alone are not sufficient to 
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explain the increased diastolic tension in diseased myocardium at higher heart rates. 

Another study used isolated, Langendorff-perfused rabbit and rat hearts loaded with 

aequorin to determine whether diastolic dysfunction brought about by low-flow ischemia 

was worsened by further elevation of intracellular calcium by delivery of calcium bolus.238 

Ischemia resulted in elevated diastolic calcium levels and slowed calcium transient 

decline, alongside elevated diastolic pressure (measured by intraventricular balloon). 

Interestingly, further increasing intracellular calcium concentration by calcium bolus 

resulted in no further increase in diastolic pressure or worsening of the delay in the decline 

of the calcium transient. This led the authors to conclude that diastolic dysfunction due to 

ischemia does not occur as a direct result of elevated diastolic calcium levels.  

If it is to be accepted that the calcium transient recovery is not a major determinant of 

ventricular relaxation then the question remains, which factors do represent key 

mechanisms of ventricular relaxation in healthy and diseased hearts? As mentioned 

above, elastance within the myocardium and individual cardiomyocytes likely plays an 

important role in determining the rate of relaxation. Titin is a major contributor to 

myocardial elastance at the cellular level in both healthy and diseased hearts (Section 

6.2), with collagen likely becoming a more significant determinant in the diseased, 

fibrotic myocardium. In recent years, there has also been increasing interest in the role of 

the mechanical control of relaxation in the myocardium.239 There is evidence that 

myocardial strain rate (i.e. the speed of myocardial lengthening) may interact with 

myofilament crossbridge kinetics and contribute to determining the subsequent rate of 

myocardial relaxation. It has been observed that there is a period of strain (lengthening) 

in healthy hearts during the portion of the cardiac cycle termed the ‘proto-diastolic phase’ 

by Wiggers, and it is proposed that this brief lengthening which occurs at the end of 

systole will aid the rapid closure of the aortic valve.240 Indeed, work using load-clamping 

techniques in isolated trabeculae from various species has demonstrated that this end-

systolic strain rate is a determinant of relaxation rate, and that this occurs as a result of 

detachment of actin-myosin cross-bridges due to this partial re-lengthening of the 

myocardium during end systole.241 This is proposed to come about because sarcomere 

lengthening acts to reduce the duration of crossbridge formation. Thus, as the 

myocardium lengthens at end systole, sarcomeric shortening favours this state of 
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shortened crossbridge duration which facilitates subsequent relaxation as calcium is 

removed from the cytosol and actin-myosin binding becomes inhibited.239, 241 

Interestingly, this period of peak strain rate at end systole has been shown to be lost in 

some diseased hearts, including those with diastolic dysfunction.242, 243 Given the findings 

related to the regulatory role of end systolic strain rate and myocardial relaxation rate, it 

is possible that this could contribute to impaired diastolic function in diseased hearts in a 

manner that is independent of both CaTD and APD.241  

Therefore, although regulation of intracellular calcium is undoubtedly fundamental to the 

process of EC coupling, diastolic calcium concentration and/or the rate of decay of the 

calcium transient may not be the key determinant of myocardial relaxation in intact 

healthy or diseased hearts in vivo. It is likely that there are a multitude of contributing 

mechanisms to normal myocardial relaxation ranging from passive elastic properties, 

conferred by factors such as titin isoform expression and phosphorylation state, to 

mechanical and biomolecular factors such as myocardial strain and myofilament 

crossbridge kinetics and calcium sensitivity. This interaction is likely to become much 

more complex in the diseased heart, where varying pathologies could alter the normal 

contributions of all of the above factors to myocardial relaxation. 

6.5 Further Work 

The overt diastolic dysfunction observed in the novel guinea pig DOCA-salt model of 

HFpEF characterised in the present study, coupled with the lack of obvious connection to 

repolarisation abnormalities as postulated in the experimental hypothesis, leave questions 

surrounding the cause of dysfunction in this model. As the model itself appears to be a 

valuable contribution to the armoury of techniques available for exploring the mechanism 

of diastolic dysfunction in HFpEF, it would be of interest to better understand the 

pathogenesis of disease even in the absence of a direct role for repolarisation 

abnormalities. There are several approaches which could be used in other to elucidate 

this. 

One obvious point of interest in improving understanding of this model would be the 

characterisation of the intracellular calcium transient in failing DOCA-salt hearts. 
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Comparison of calcium transient dynamics using whole heart optical mapping would be 

one method of approaching this and could provide information about any changes to 

CaTD or rate of decay relative to healthy hearts. It would also allow any different effects 

of QT prolongation on calcium handling in failing vs healthy hearts to be determined. 

The assessment of calcium transient dynamics in isolated ventricular myocytes may be 

of interest. This would allow for additional characterisation of calcium transient dynamics 

to that described above, with the possibility of determining SERCA and NCX activity 

and contribution to cytosolic calcium clearance using techniques such as caffeine 

application. However, any data obtained from isolated cardiomyocytes should be treated 

with some caution as it may not mirror the underlying pathophysiology in an intact heart. 

Indeed, the present study has already highlighted differences between in vivo and ex vivo 

cardiac function from the same model, and it is likely that differences would be greater 

still in isolated cells.  

Isolated cell work would also allow for the possible mechanism behind the QT 

prolongation in failing guinea pig DOCA-salt hearts to be examined. If it could be 

identified which ion currents may be responsible for these alterations to ventricular 

repolarisation, it may help to determine whether the pharmacological methods of QT 

prolongation used in the present study provided an approximation of the changes seen in 

vivo, or whether a different approach may be more informative in future studies.  

Histological examination of ventricular tissue from DOCA-salt hearts to determine the 

level of fibrosis present would also be a useful addition to the characterisation data for 

this model. This could be coupled with additional western blotting studies to look at titin 

isoform expression and phosphorylation status. Together, these data would help to inform 

about the contribution of passive mechanisms to diastolic dysfunction in the guinea pig 

DOCA-salt model of HFpEF. 

Finally, the possible contribution of sympathetic tone to repolarisation abnormalities in 

the model was discussed in detail in Section 5.4.1. Performing functional studies in 

isolated working hearts necessitates that any influence of increased sympathetic tone is 

lost, and indeed, QT prolongation was not present in isolated DOCA-salt hearts. It may 

therefore be relevant to replicate such studies in an in vivo setting, with the administration 
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of QT-altering drugs prior to/during cardiac ultrasound or invasive cardiac 

catheterisation. This could help to determine whether this may be a significant factor in 

the lack of effect on diastolic function in this setting. Alternative methods of altering 

cardiac repolarisation may also have more far-reaching effects, as seen with ranolazine in 

LQT3 patients. In order better understand this, one approach would be to first determine 

a pharmacological means of prolonging or shortening the AP which does affect 

intracellular sodium concentration, and then look at the effects of chronic administration 

on diastolic function in vivo in the guinea pig DOCA-salt model.  

6.6 Concluding Remarks 

The present study set out to understand the role of ventricular repolarisation abnormalities 

in diastolic dysfunction in HF. This was addressed using isolated working heart 

preparations with pharmacological manipulation of ventricular repolarisation to replicate 

the changes in QT interval observed in the clinic. These studies culminated in the 

development and characterisation of a novel guinea pig model of HFpEF, which met 

clinical criteria for the diagnosis of HFpEF and displayed many of the same pathological 

changes. These included repolarisation abnormalities comparable to those seen in 

patients, giving confidence in the DOCA-salt guinea pig as a suitable model in which to 

test the experimental hypothesis. QT prolongation in failing guinea pig DOCA-salt hearts 

had no discernible impact on the level of diastolic dysfunction in these hearts. This was 

in agreement with initial studies in healthy isolated hearts, indicating that there was no 

fundamental role for repolarisation abnormalities and diastolic dysfunction in an acute 

setting. 

To conclude, the present study has succeeded in isolating repolarisation abnormalities as 

a single factor in a myriad of contributing factors to diastolic dysfunction in HF and 

scrutinising their contribution to the impairment of diastolic function. Results 

demonstrate that, alone, ventricular repolarisation abnormalities are not sufficient to 

induce or exacerbate diastolic dysfunction in the isolated working heart. 
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