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Abstract of Thesis 

 

 

AUTONOMIC MODULATION IN A RABBIT MODEL 
OF HEART FAILURE 

	

Shui	Hao	Chin	

 

In this thesis, autonomic modulation of atrial and ventricular electrophysiology was 
studied in both normal and diseased models of rabbit hearts using isolated, dual-
innervated, Langendorff-perfused heart preparation.  In normal hearts, accentuated 
antagonism was present in heart rate changes during sympatho-vagal interaction, with a 
dominant vagal effect of heart rate reduction observed.  At the ventricular level, 
sympathetic effect prevailed with the resultant lowering of ventricular fibrillation 
threshold (VFT) and steepening of action potential duration restitution (APD-RT) 
despite concurrent vagal stimulation, suggesting a different pre-synaptic neuro-cardiac 
interaction at the ventricular level.  No sympatho-vagal interaction was demonstrated 
for ventricular refractoriness (ERP).  Beta-blockade during sympatho-vagal interaction 
abolished the prevailing sympathetic effect in ventricular electrophysiology in addition 
to raising overall VFT.  An infarct-driven heart failure model was created by surgical 
ligation of circumflex artery whilst sham model underwent open-chest surgeries with no 
coronary ligation.  A learning curve was encountered with post-operative mortality 
improved by various refinements.  Six weeks following coronary ligation, transthoracic 
echocardiography revealed cardiac remodelling evident as left atrial and ventricular 
dilatation correlating with impaired systolic function.  Ex-vivo cardiac magnetic 
resonance imaging confirmed apical myocardial scarring in heart failure rabbits.  
Systemic remodelling manifested as increased weights of heart, lungs and liver, all 
correlating with impaired systolic function.  At baseline, heart failure rabbits exhibited 
longer atrio-ventricular delay, lower VFT, steeper APD-RT, greater apico-basal 
restitution dispersion and shorter ERP when compared to the shams.  There was 
exaggerated sympathetic response in heart failure animals with significantly greater 
heart rate increment and atrio-ventricular delay shortening, VFT lowering, ERP 
shortening, APD-RT steepening, and greater apico-basal restitution dispersion.  
Simultaneously, the opposing effects of vagal stimulation were attenuated.   Infarct-
driven heart failure in rabbits following coronary ligation resulted in adverse structural 
and electrical remodelling which promotes ventricular fibrillation in response to 
autonomic dysfunction characterised by sympathetic overdrive and vagal attenuation.  
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Chapter 1:  Heart Failure and Dysautonomia 
 
 

1.1  Background 

 

Abnormal autonomic tone, otherwise known as dysautonomia, is the hallmark of certain 

cardiac conditions including myocardial ischaemia and infarction, heart failure (HF) and 

sudden cardiac death (SCD).  Indeed, clinical measurement of autonomic disturbance 

provides a robust prognostic marker for mortality, in particular SCD (Gunther et al., 2010, 

Mazzeo et al., 2011, Ponikowski et al., 1997, Vinik et al., 2011).  The autonomic nervous 

system has historically played a paramount role in the development, maintenance and 

interruption of ventricular arrhythmias (Tomaselli and Zipes, 2004), especially in the 

context of ventricular fibrillation (VF), a major cause of SCD.  Sympathetic nerve 

stimulation precipitates VF, and conversely vagal stimulation exerts direct protective 

anti-VF effects in the normal heart (Brack et al., 2011, Ng et al., 2007).  Understanding 

the mechanisms of autonomic modulation of VF will provide us an insight to 

development of novel strategies for prophylaxis against these ventricular arrhythmias 

with high fatality.  This is particularly relevant in the HF population where mortality due 

to arrhythmic death is proportionally higher in the lower NYHA classes (Hjalmarson and 

Fagerberg, 2000).  

  

This chapter summarizes experimental evidence encompassing our understanding of 

autonomic neural regulation that characterises the brain-heart axis, outlines different 

methods of assessing sympathetic and parasympathetic activities, and discusses potential 

therapeutic implications of autonomic modulation in heart failure patients. 

 

1.2 Heart Failure 

 

1.2.1 Definition of Heart Failure 

 

Heart Failure is a clinical syndrome characterised by poor tissue perfusion and fatigue of 

all dimensions due to underlying cardiac pump dysfunction.  Conventionally cardiac 

pump dysfunction has been described in the form of impaired ventricular contraction 

(namely systolic dysfunction) or less commonly impaired ventricular filling (namely 
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diastolic dysfunction).  Although the arbitrary subdivision of heart failure into two 

distinctive pathologies may aid in clinical management, it is increasingly recognised that 

these two entities could arguably, though inconclusively, be physiologically linked (De 

Keulenaer and Brutsaert, 2011, Borlaug and Redfield, 2011).  This is further corroborated 

by the linear relationship between different cardiac indexes indicative of diastolic and 

systolic impairments over a wide spectrum of ventricular ejection fractions (Yip et al., 

2002, Komamura, 2013, Januzzi et al., 2006, De Keulenaer and Brutsaert, 2009, 

Chatterjee and Massie, 2007).  Therefore, the artificial subdivision of the heart failure 

into two entities may appear pragmatic but ultimately flawed conceptually, indirectly 

demonstrating the heterogeneity of clinical spectrum in heart failure. 

 

1.2.2 Epidemiology of Heart Failure 

 

The clinical and financial burden imposed by heart failure is well recognised.  

Symptomatic heart failure afflicts up to 15 million people worldwide as reported by the 

American Heart Association (AHA) 2004 update on Heart Disease and Stroke.  

Specifically, in the United States, 5 million people are estimated to have heart failure, 

with 55,000 new diagnoses annually (Thom et al., 2006).  In the Framingham Study, the 

screening rate for heart failure is 3/1000 cases, with all identified subjects no older than 

63 years old (McKee et al., 1971).  At the end of a 34-year follow-up, there is an age-

dependent increase in the estimated prevalence of heart failure: the prevalence for the 

groups aged below 60 years of age was 8/1000 cases vs. 91/1000 cases in groups aged 

beyond 80 years of age (Ho et al., 1993). 

 

Other studies attempted to refine the epidemiology of heart failure with objective 

assessment of cardiac dysfunction.  By defining heart failure as left ventricular ejection 

fraction <30% on echocardiography, a study from Scotland conducted in a cohort of 2000 

subjects aged 25-74 years living in Glasgow reported an overall heart failure prevalence 

of 2.9% (McDonagh et al., 1997).  Symptomatic heart failure was found in1.5% of the 

cohort.  Heart failure was also shown to have predilection in male and older age: 6.4% 

prevalence in men aged 65-74 years compared to 4.9% in women of identical age group.  

A study in Minnesota investigated the prevalence of systolic and diastolic dysfunctions, 

reporting an overall prevalence of 6% for systolic dysfunction and up to 21% for diastolic 



Chapter	1	

4	
	

dysfunction (Redfield et al., 2003).    This prevalence reduced with the severity of the 

systolic and/or diastolic dysfunction.  The prevalence for moderate or severe systolic 

dysfunction was 2% whereas that for moderate or severe diastolic dysfunction was 6.7%.  

Interestingly in this study, there was a prevalence of 5.6% in moderate or severe diastolic 

dysfunction with normal ejection fraction.  Less than 50% of those with moderate or 

severe diastolic or systolic dysfunction had clinically recognised heart failure despite 

prognostic implications in all-cause mortality. 

 

With increasing life expectancy, both the prevalence and the incidence of heart failure 

are projected to increase rapidly.  In the general population, the unadjusted prevalence 

ranges 3 - 20/100 with the crude incidence being 1 – 5 cases/1000 (McMurray and 

Stewart, 2000).  In one study, age- and gender-adjusted prevalence was found to almost 

tripled over the decade of the 1990’s (McCullough et al., 2002).  A study in the United 

Kingdom demonstrated an annual referral rate of 6.5/1000 to a heart failure clinic in a 

cohort of 150,000 people, 29% of whom with subsequent clear diagnoses, giving rise to 

an annual heart failure incidence of 1.85/1000 (Cowie et al., 1999).   A Canadian study 

has projected at least doubling of the incidence of heart failure hospital admission by the 

year 2025 (Johansen et al., 2003).  

 

1.2.3 Aetiology of Heart Failure 

 

Heart failure represents the end stage of various forms of cardiovascular disease, 

accounting for its heterogeneity in clinical spectrum.  The aetiology can broadly be 

divided into several types: cardiomyopathies, overloading conditions on the myocardium, 

pericardial abnormalities, or arrhythmias (Table 1.1).   Although the culprit cardiac 

conditions have been identified, the mechanistic nature of the initial cardiac injury leading 

to ventricular impairment in heart failure remains unclear.  The link between structural 

and functional changes is complex and multi-modal, involving neuro-humoral, vascular 

and other extra-cardiac pathologies, all contributing to debilitating symptoms and 

premature deaths. 

 

Data from Framingham study has provided invaluable insights into the natural history of 

relative attribution of various cardiovascular diseases to heart failure since the 1950’s 
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(Kannel and Belanger, 1991).  Hypertension was initially accountable for 39% of heart 

failure in males and 59% in females.  Previous myocardial infarction was the second 

commonest aetiology for heart failure in males (34%) and females (13%), followed by 

valvular heart disease accounting for 7-8% of heart failure.  Over the next two decades, 

the relative contribution of hypertension and valvular heart disease dwindled as ischaemic 

heart disease become more prevalent as the etiologic contribution to heart failure, 

increasing from 22% to about 70%.  In contrast, diabetes mellitus maintain as a strong 

risk factor for heart failure, with diabetic women having an annual heart failure incidence 

of 3.0% compared to 0.4% in non-diabetic women (Bibbins-Domingo et al., 2004).  

Additional risk factors, including elevated body mass index, depressed creatinine 

clearance, raised fasting glucose level appears to further increase the annual heart failure 

incidence rate of the diabetics. 
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Table 1.1 Aetiology of heart failure 
 
Aetiology Cardiac insults 

 
Pathologies 

Cardiomyopathies Ischaemic heart disease Myocardial 
infarction/stunning/hibernation 
 

Genetic  Dilated cardiomyopathy 
Hypertrophic cardiomyopathy 
 

Infectious/inflammatory Chagas disease 
 

Metabolic Diabetes mellitus 
Obesity 
 

Toxic Alcohol 
Anti-cancer drugs e.g. 
anthracyclines, doxorubicin 
 

Infiltrative Amyloidosis 
Hemochromatosis 
 

Myocardial 
Overload 

Pressure overload Hypertension 
Aortic stenosis 
 

Volume overload Mitral regurgitation 
Aortic regurgitation 
 

Conduction 
abnormalities 

Dyssynchrony Atrio-ventricular dyssynchrony 
Inter-ventricular dyssynchrony 
Intra-ventricular dyssynchrony 
 

Bradycardias Sick sinus syndrome 
Heart block 
 

Tachycardias Atrial fibrillation 
Pacing-induced cardiomyopathy 
 

Pericardial 
diseases 

Pericarditis Constrictive pericarditis 
 

Pericardial effusions Cardiac tamponade 
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1.2.4 Prognosis of Heart Failure 

 

Heart failure imposes grave outcome in terms of morbidity and mortality (Arnold et al., 

2007, Johansen et al., 2003, McDonagh et al., 1997, Thom et al., 2006).  The Framingham 

Heart Study follow-up study reported that in the cohort of patients under 65 years of age, 

80% of males and 70% of females diagnosed with heart failure died within 8 years.  In 

particular, the 1-year mortality rate was reported to be as high as 20% whilst the 5-year 

mortality was 62% in male, and 42% in female.  Indeed, sudden cardiac death occurs at 

6 – 9 times the rate it occurs in the general population.  Interestingly the mortality rate 

observed in the Metoprolol Randomized Intervention Trial in Congestive Heart Failure 

(MERIT-HF) over a 20-month period demonstrated sudden cardiac death to be of higher 

proportional attribution to the total mortality among those with mild-moderate heart 

failure compared to those with severe heart failure.  Similarly, the Rochester 

epidemiology project that investigated 107 patients admitted with new onset heart failure 

in 1981 and 141 patients in 1991 reported a 1-year and 5-year mortality rate of 28% and 

66% respectively in the 1981 cohort, and 23% and 67% in the 1991 cohort (Senni et al., 

1999, Senni et al., 1998).  In short, there is a lack of temporal evolution in the short and 

long-term prognosis of heart failure between these studies.  In contrast, the National 

Health and Nutrition Examination Survey  (NHANES-1) conducted between 1971 and 

1975 concluded a lower 10-year mortality of 42.8% (49.8% in male and 36% in female) 

for subjects aged 25-74 years, and 65.4% (71.8% in male and 59.5% in female) for 

subjects aged 65-74 years correspondingly (Schocken et al., 1992).  However, the 

findings from NHANES-1 were confounded by several points: 1) the patients were not 

institutionalised, 2) heart failure was self-reported and 3) follow-up was incomplete.   In 

addition, there is a gender bias in heart failure survival with male having poorer prognosis.  

In the Resource Utilization Among Congestive Heart Failure (REACH) study, the overall 

median survival in female was 4.5 years compared to 3.7 years for male.  These compared 

favourably with the previous data from the combined Framingham Heart and Offspring 

study cohorts reporting a median survival of 3.2 years for female and 1.7 years for male.  

It is noteworthy that both studies shared similar mean ages at diagnosis (REACH 69.5 ± 

14.5 years vs. Framingham 70.0 ± 10.8 years) (Kannel et al., 1994, McCullough et al., 

2002). 
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Hospital admission for heart failure has served as a useful and objective index of 

measurement for morbidity.  Over the last 3 decades, heart failure has become the 

commonest cause for hospital admission (Haldeman et al., 1999).  In the United 

Kingdom, this accounted for 0.2% hospital admission rate annually, constituting 4% of 

the combined adult and geriatric hospital admissions (McMurray et al., 1993).   These 

hospital admissions were long with high readmission rate.  The mean hospital stay for 

heart failure ranged from 11 days in the acute medical ward to 29 days in the geriatric 

wards.  One third of these patients were readmitted with further symptoms of heart failure 

within 12 months.  These trends were echoed in a Canadian study evaluating over 82000 

heart failure patients in 1996-1997.  The mean hospital stay was 26.9 days with a 50% 

hospital readmission rate within the first year of the study (Johansen et al., 2003). 

 

1.3  Measurement of Sympathetic and Parasympathetic Nervous Systems 

Activity 

 

Distinctive methods have been developed over the years for assessment of specific 

aspects of sympathetic and parasympathetic nervous systems.  These non-invasive and 

invasive methods can complement one another, contributing to a global picture of 

autonomic status.  Whilst these methods provided key insights into the abnormal 

autonomic characteristics in heart failure, they remain rooted in the realm of research, 

each with their unique strength and limitations. 

 

1.3.1 Plasma Norepinephrine  

 

Central catecholaminergic neurons synthesize norepinephrine (NE), epinephrine and 

dopamine, all of which are identified by immunoreactivity for tyrosine hydroxylase 

(Saper et al., 1991, Benarroch et al., 1998).  Catecholamines have been implicated in 

modulation of sympathetic preganglionic neurons (Guyenet, 1991), facilitation of the 

baroreflex at the level of the nucleus of the solitary tract, presynaptic inhibition of C1 

neurons, and stimulation of vasopressin and corticotrophin-releasing hormone from the 

hypothalamus (Chen et al., 2004). 
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Venous plasma NE represents a crude method of assessing sympathetic neural activity as 

it relies on the immediate rate of NE reuptake and clearance from circulation (Esler et al., 

1990).  As such, sympathetic hyperactivity are represented by increased plasma NE 

levels, central sympathetic outflow, and NE plasma spillover (Pepper and Lee, 1999).  In 

normal healthy subjects, only a finite amount of NE released from sympathetic vesicles 

acts on postganglionic adrenoreceptors or spills over into plasma.  However, in the 

presence of low cardiac output in heart failure, there is an increase in NE plasma spillover 

as a result of reduction of neuronal and extraneuronal clearances.  Indeed, measurement 

of cardiac NE spillover was demonstrated by isotope dilution method to increase up to 

50-fold, similar to levels observed in healthy hearts during maximal exercise (Morris et 

al., 1997). 

 

The isotope dilution method was developed to increase the accuracy of plasma NE 

spillover measurement, taking into account of local neuronal and extraneuronal clearance 

mechanisms (Esler, 2010).  In principle, total body plasma NE spillover is determined 

from dilution of tritium-labelled NE during its steady-state infusion in tracer 

concentrations through an organ.  If arterial affluent and venous effluent are both 

collected simultaneously during the infusion of tritium-labelled NE, the local NE 

extraction (Extr) by neuronal and extraneuronal clearance systems can be calculated.  As 

such, organ-specific NE spillover (NES) can be deduced from this equation: - 

 

NES = [(NEv – NEa) + (NEa x Extr)] x PF 

 

Where NEa and NEv represent arterial and venous concentrations of unlabelled NE 

respectively, and PF represents plasma flow. 

 

Additionally, measurement of NE metabolites, i.e. tritium-labelled 

dihydroxyphenylglycol (DHPG), enhances understanding of the neuronal and 

extraneuronal clearance during abnormal NE spillover (Eisenhofer et al., 1992, Brunner-

La Rocca et al., 2001).  Whilst these mathematical models improve discrimination 

between central and regional NE spillover, other novel techniques including nuclear 

tracer imaging and microneurography have been developed to provide independent and 
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complementary topographical and functional information of sympathetic nervous 

activity. 

 

1.3.2 Neural Tracer Imaging 

 

Over the last few decades, neural imaging techniques have been developed and employed 

using several different tracers that allow for direct visualisation of sympathetic nervous 

innervation in the heart.  These tracers target molecular landmarks at the presynaptic and 

postsynaptic side as well as second messenger systems of the sympathetic nervous 

system, and are thereby capable of portraying the overall picture of sympathetic signal 

transduction.  The majority of these radiotracers mimic the structure of NE and other 

catecholamines to enable them to target the endogenous reuptake pathway of sympathetic 

neurons.  These tracers are exemplified by labelled neurotransmitters ([18F]-dopamine, 

[11C]-epinephrine), “false neurotransmitters” serving as substrate analogues ([123I]-

MIBG, [11C]-mHED, [18F]-LMI1195, [11C]-phenylephrine, [11C]-phenethylguanidines), 

and uptake-1 inhibitors ([11C]=methylreboxetine, [11C]-desipramine).  Each tracer 

possesses unique uptake and retention characteristics, contributing information on 

various aspects of neuronal reuptake, uptake-1 density, vesicular packaging, vesicular 

release, and NE metabolism.  In heart failure, a chronic state of sympathetic overdrive 

fuels a decrease in neuronal reuptake, downregulation of uptake-1 and increased synaptic 

NE content and regional spillover.  

 

The two most commonly utilised tracers in clinical practice are [123Iodine]-

Metaiodobenzylguanidine ([123I]-MIBG) and [11C]-Meta-Hydroxyephedrine ([11C]-

mHED).  The former was first developed to image neuroendocrine tumours with early 

studies identified [123I]-MIBG uptake in myocardium in inverse correlation with plasma 

and urinary catecholamines (Nakajo et al., 1983) due to its high affinity to neuronal 

uptake-1 and extraneuronal uptake-2 (Degrado et al., 1995, Dae et al., 1995).  Using semi-

quantitative analyses in single-photon emission computed tomography (SPECT), an 

estimation of sympathetic tone can be inferred from the rate of [123I]-MIBG washout, as 

well as early and late heart-to-mediastinum ratios (Narula and Sarkar, 2003).   Reduced 

late heart-to-mediastinum or raised [123I]-MIBG washout in semiquantitative myocardial 

[123I]-MIBG measurements has been shown to be a poor prognostic marker in a 
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systematic meta-analysis (Verberne et al., 2008).  Conversely beta-blockade and renin-

angiotensin–aldosterone inhibition are characterised by an increase in [123I]-MIBG uptake 

and a reduced myocardial washout.  Pertinently large-scale clinical trials have recognised 

[123I]-MIBG imaging as an independent prognostic tool in identification of heart failure 

patients at the greatest risk of disease progression (Kasama et al., 2011, Boogers et al., 

2010, Bax et al., 2008) and sudden cardiac death independent of left ventricular ejection 

fraction and B-type natriuretic peptide (Verberne et al., 2008, Tamaki et al., 2009, 

Kuramoto et al., 2011, Kioka et al., 2007, Jacobson et al., 2009). 

 

In positron emission tomography (PET), [11C]-mHED is the most widely used radiotracer 

for sympathetic neuronal imaging.  As it is devoid of postsynaptic activity, the retention 

of [11C]-mHED reflects solely presynaptic function of sympathetic neurons due to its 

selectivity for uptake-1 over other reuptake transporters (Foley et al., 2002).   [11C]-

mHED has a predilection for tissue retention in organs with complex adrenergic networks 

including the heart, adrenal glands and spleen, with gradual accumulation in the liver.  

This is supported by the findings of selective competitive inhibitors of uptake-1, including 

true or false neurotransmitters, attenuating myocardial accumulation of [11C]-mHED, 

with consequent increase in hepatic activity due to accumulation of metabolites (Tipre et 

al., 2008, Thackeray et al., 2013, Thackeray et al., 2007, Rosenspire et al., 1990, Law et 

al., 2010, Law et al., 1997, Degrado et al., 1995).   High-speed liquid chromatography 

further confirmed plasma accumulation of [11C]-mHED metabolites in guinea pigs and 

rats within 30 minutes after injection (Thackeray et al., 2007, Rosenspire et al., 1990, 

Law et al., 1997), and in human subjects within 10-20 minutes (Link et al., 1997). 

 

1.3.3 Microneurography 

 

Whist neural tracer imaging provides a means of direct visualisation of sympathetic 

innervation, microneurography allows direct multi-fibre or single-fibre microelectrode 

measurements of post-ganglionic sympathetic nerve activity, thereby serving as a real-

time recording of the dynamic sympathetic nerve and reflex controls (Wallin and Fagius, 

1988, Elam and Macefield, 2001).  Skin and muscle sympathetic nerves exhibit 

distinctive discharge patterns:  the former preferentially responding to external acoustic, 

tactile or temperature stimuli independent of cardiac cycles whilst the latter being heavily 
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entrained by input from cardiopulmonary and arterial mechanoreceptors.  As such, 

skeletal muscle sympathetic nerve activity (MSNA) possesses unique pulse-

synchronicity, firing discharges 1.1 to 1.3 seconds after the preceding R wave of the 

electrocardiogram.  At rest, MSNA is found to correlate with both cardiac and renal NE 

spillover whereas during isometric exercises, there is a concordant increase of 

sympathetic nerve activity between MSNA and cardiac NE spillover (Wallin et al., 1996, 

Wallin et al., 1992).  This phenomenon is absent in heart failure (Rundqvist et al., 1997).  

Indeed, in heart failure, evidence of sympathetic hyperactivity manifested as increased 

firing probability and frequency with possible recruitment of otherwise silent sympathetic 

nerve fibres (Elam and Macefield, 2001). 

 

1.3.4 Baroreflex Sensitivity 

 

Baroreflex sensitivity (BRS) describes the acuity of arterial baroreceptor control of the 

heart rate in response to blood pressure changes.  The heart rate changes in response to 

acute perturbation in blood pressure is thought to be an indication of reflex vagal response 

due to the preferential influence of cardiac cycles to the release of acetylcholine as 

opposed to NE.  The strength of this reflex vagal response can be assessed by three 

techniques: 1) analysis of bradycardic response following the increase of blood pressure 

with vasoconstrictors such as phenylephrine; 2) assessment of reflex sympathetic-induced 

tachycardic response following the reduction of blood pressure by vasodilators such as 

nitroprusside or nitroglycerin; and 3) direct stimulation of carotid baroreceptors with neck 

suction or unloading by neck pressure, allowing these neck manoeuvres to elicit counter-

regulatory responses from aortic arch baroreceptors.  These techniques are not without 

their limitations.  Prolonged infusion of vasoactive agents can simulate a steady state, 

leading to competing sympathetic responses.  Additionally, these vasoactive agents may 

exert a confounding effect on sino-atrial node discharges, baroreceptor nerve endings as 

well as atrial and pulmonary mechanoreceptors (Musialek and Casadei, 2000, Casadei 

and Paterson, 2000).  To circumvent these limitations, algorithms have been developed 

with the ability of identifying spontaneous concordant fluctuations in blood pressure and 

heart rate within the brief time window from continuous non-invasive or invasive 

recordings (Parati et al., 2000). 
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Central to all these three techniques is the utilization of a regression equation correlating 

changes in pulse interval to changes in systolic blood pressure during the immediate 

preceding cardiac cycles.  The gradient of the resulting graph describes the gain of the 

arterial baroreflex regulation on heart rate.  The final results therefore inform the 

sensitivity of vagal response towards stress response in blood pressure changes but lacks 

the ability to identify the root of autoimmune impairment.  Nonetheless, low BRS has 

been shown to correlate with poor prognostic outcome.  A reduced BRS after myocardial 

infarction (MI) predisposed to VF in canine MI models (Schwartz et al., 1988a).  These 

findings were extrapolated to post-MI human studies demonstrating that a depressed BRS 

of < 3ms/mmHg was associated with high arrhythmic deaths (Taggart et al., 2003, 

Schwartz et al., 1988b, La Rovere et al., 1998).   

 

1.3.5 Heart Rate Variability 

 

Beat-to-beat heart rate variation is under the influence of tonic vagal control of the sinus 

node.  This is therefore a non-invasive surrogate marker of autonomic control of the heart, 

with its analysis being performed in time (e.g. the standard deviation of all non-ectopic 

pulse intervals within a specified period) or frequency (frequency domain method of 

estimating non-neural and neural contributions to short- and long-term oscillations in 

heart rate) domains.   High frequencies (0.15 – 0.5 Hz) are thought to be a representation 

of parasympathetic component of the autonomic nervous system with vagal blockade 

abolishing oscillations in heart rate within this frequency band.  Low frequencies (0.05 – 

0.15 Hz) are mediated by both sympathetic and parasympathetic nervous system and are 

affected by BRS.  This is supported by observations that the low-frequency spectral power 

was increased by manoeuvres that stimulate central sympathetic output such as standing 

up, tilting and exercising.  Conversely the spectral power in this frequency band of 0.05 

– 0.15 Hz were decreased by beta-blockade, clonidine and during sleep.  Very-low 

frequencies (< 0.05 Hz) are under the influence of many in vivo factors including renin-

angiotensin system and thermoregulation.  In heart failure, the spectral power appears to 

be markedly reduced and concentrated within the very-low- and low-frequency ranges 

(Butler et al., 1997).  Similar to BRV, heart rate variability (HRV) provides insight into 

sympathetic and parasympathetic contributions to heart rate modulation and contributes 

to estimation of prognostic outlook despite the lack of specificity to the degree of regional 



Chapter	1	

14	
	

sympathetic output.  Historically, a depressed HRV demonstrated a high sensitivity and 

specificity in predicting susceptibility to VF in MI canine models (Hull et al., 1990).  This 

is further corroborated by the finding of HRV recovery in low-risk post-MI dogs 

compared to high-risk dogs with persistent depressed HRV parameters independent of 

beta-blockade (Adamson et al., 1994).  These preclinical findings were echoed by 

subsequent human studies involving post-MI patients.  In these trials, HRV was a 

significant predictor of SCD after adjusting for clinical and demographic factors 

including ejection fraction (Farrell et al., 1991, Kleiger et al., 1987, La Rovere et al., 

1998).  Furthermore HRV improvement over time following MI coincided with 

decreasing risk of arrhythmic death (Odemuyiwa et al., 1994).  In one study, a HRV of < 

5 ms conferred a hazard relative risk of 5.3 in SCD, compared with low-risk patients with 

a HRV of > 10 ms during a follow-up period of 31 months (Kleiger et al., 1987).  Notably 

a depressed HRV have also been observed in patients with idiopathic dilated 

cardiomyopathy with a history of SCD compared to those without fatal ventricular 

arrhythmias (Lanza et al., 2000, Hoffmann et al., 1996). 

 

1.4 Mechanisms of Dysautonomia in Heart Failure 

 

HF resulting from systolic and/or diastolic dysfunction is followed by secondary damage 

to most body organs, including the vasculature, kidneys and the immune system 

(Braunwald and Bristow, 2000, Mann and Bristow, 2005).  Dysautonomia is a well-

known feature in HF, being present in all aspects of cardiovascular regulation including 

alterations to afferent activity, central processing of neuronal control, ganglionic and 

cardiac efferent innervation.  Vagal tone, which normally restrains sympathetic drive, is 

diminished in HF whilst the excitatory influences of arterial chemoreceptors (Sun et al., 

1999) and cardiac sympathetic afferent fibres (Rundqvist et al., 1997) are enhanced, 

thereby raising the sympathetic drive.   

 

1.4.1  Sympathetic Hyperactivity 

 

Heart failure is fundamentally a clinical syndrome that represents the common final 

pathway of a variety of diseases characterised by compromised cardiac contractility.  This 

leads to neurohumoral activation in an attempt to stabilise blood pressure and cardiac 
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output.  Acutely, there is hyperactivity of sympathetic nerves with resultant increase in 

its transmitters of norepinephrine and epinephrine.  This stimulates the heart to utilise its 

remaining chronotropic and inotropic reserve.  Chronically, however, the concomitant 

increase in afterload, raised energy consumption as well as hypertrophic and apoptotic 

actions on the cardiac myocyte further deteriorate cardiac function, constituting a vicious 

circle.     

 

A major hallmark of heart failure is β-adrenergic desensitisation, resulting in blunted 

adrenergic agonist effects on contractile performance (Vatner et al., 2000, Mudd and 

Kass, 2008, Movsesian and Bristow, 2005, Mann and Bristow, 2005, Lohse et al., 2003, 

Eschenhagen, 2008, El-Armouche et al., 2003b, Dorn and Molkentin, 2004).  In patients 

with heart failure as well as in isolated ventricular preparations from failing human hearts, 

the positive inotropic response to catecholamines is diminished (Feldman et al., 1987, 

Colucci et al., 1988, Bohm et al., 1988).  Conversely, force development under 

unstimulated, basal conditions (low pacing rates, low Ca2+, no catecholamines) is normal 

(Houser and Margulies, 2003, Hasenfuss and Pieske, 2002, Hasenfuss, 1998).    

Collectively, these findings point to a specific defect in the β-adrenoreceptor (AR)/cAMP 

system in heart failure. 

 

Over the years, a characteristic set of molecular alterations in components of the β-AR 

signalling pathway has been identified, including a decrease in β-AR density and mRNA 

(Engelhardt et al., 1996, Bristow et al., 1982), uncoupling of β-AR from Gs as a results 

of increased β-AR-kinase activity (Ungerer et al., 1993), as well as increased Gi protein 

and mRNA (Neumann et al., 1988, Feldman et al., 1988, Eschenhagen et al., 1992, Bohm 

et al., 1990).  In addition, the small amplifier I-1 is downregulated and dephosphorylated 

(El-Armouche et al., 2003a, El-Armouche et al., 2004), contributing to the possible 

increase in sarcoplasmic reticulum (SR)-related protein phosphatase-1 activity (Neumann 

et al., 1997), the major phosphatase dephosphorylating phospholamban (PLB) 

(MacDougall et al., 1991).  β-AR signalling abnormalities in heart failure also include 

defects in AKAP-based supramolecular complexes with impaired compartmentalisation 

of cAMP/Protein kinase A signalling (Zakhary et al., 2000, Dodge-Kafka et al., 2006, 

Diviani, 2008). 
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Indeed, hypophosphorylation of PKA substrates have been reported in the failing human 

hearts, including PLB, Troponin I, and cardiac myosin-binding protein C (Messer et al., 

2007, El-Armouche et al., 2007, Bodor et al., 1997, Bartel et al., 1996), contributing partly 

to the relaxation deficit.  However, noteworthy exceptions have been observed, in 

particular the increase in sarcolemmal Ca2+ channel (LTCC) activity (thereby suggesting 

hyperphosphorylation) (Schroder et al., 1998) and hyperphosphorylation of ryanodine 

receptors (RyR2) (Marx et al., 2000).  Both these phenomena point to cellular 

subcompartments in which the balance of phosphorylation-dephosphorylation is tilted 

towards the former.  Hyperphosphorylation at the LTCC-RyR2 interface may cause an 

increase in systolic transsarcolemmal Ca2+ influx together with an increased propensity 

for diastolic SR Ca2+ release (“Ca2+ leak”), a dangerous precondition for ectopic cardiac 

automaticity and arrhythmias (Marx et al., 2000). 

 

The phenomenon of β-AR desensitisation in heart failure appears to be one of protective 

adaptation.  The protective nature of this process can be illustrated by several 

observations.  A mouse strain which downregulates its β-AR density in response to 

chronic infusion of catecholamines was protected against cardiac toxicity compared to 

one that did not (Faulx et al., 2005).  Furthermore, a genetic variant resulting in gain of 

function of GRK5, an enzyme providing uncoupling and hence desensitisation of β-AR, 

was associated with improved survival in heart failure population among the African-

Americans (Liggett et al., 2008).  Conversely, numerous transgenic mouse models have 

shown that over-activity of the β-AR pathway induces a heart failure phenotype (Table 

1.2).  Pragmatically, therapeutic interventions to suppress β-AR desensitisation such as 

catecholamines and phosphodiesterase inhibitors lead to increased mortality (Stevenson, 

2003, O'Connor et al., 1999, Feldman et al., 1993) whilst beta-blockers are established in 

the mantra of heart failure therapy, resulting in reversed LV remodelling, improved long-

term systolic function, ultimately translating to decrease mortality in patients with chronic 

heart failure (Satwani et al., 2004, Packer, 2001, Bristow, 2000). 

 

β-AR desensitisation appears to be a dynamic process following the increase in 

norepinephrine plasma levels in heart failure.  However, the downstream molecular 

pathway following downregulation of β-AR and upregulation of Gi remains to be 

elucidated although cAMP and PKA involvements have been implicated (Hadcock et al., 
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1991, Eschenhagen et al., 1996).  It appears to be in the form of a closed-loop feedback 

system keeping intracellular cAMP concentration constant.  Indeed, despite increased 

norepinephrine plasma levels, the concentration of cAMP was normal in myocardial 

biopsies from patients with heart failure (Regitz-Zagrosek et al., 1994). 

 

The differences in phosphorylation levels between the 2 arrays of proteins, i.e. PLB, 

Troponin I and cardiac myosin-binding protein-C on one hand, and RyR2 and LTCC on 

the other, points towards compartmentalisation.  The mouse data (Table 1.2) is highly 

rewarding but creates some uncertainty.  Whilst one study supports the inhibition of I-1 

to delay the development of heart failure (El-Armouche et al., 2008), another study argues 

for I-1 overexpression as a protection against isoprenaline-induced cardiac apoptosis 

(Chen et al., 2010).   Similarly, there is a search for AC5 inhibitors (Yan et al., 2007) 

whilst paradoxically, AC6 overexpression demonstrates potential therapeutic effect 

(Phan et al., 2007).  Integrating all these opposing concepts poses a challenging task in 

searching new targets beyond beta-blockers in curbing the deleterious effects of 

sympathetic overdrive in heart failure.
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Table 1.2 Experimental mouse models on β-AR signalling and myocardiac pathology 
 
Investigator Genetic 

model 
β-AR signalling 
components 

Myocardial 
contractility 
 

Cardiac 
pathology 

Results of experimental HF models or after 
cross-breeding 

Engelhardt et al 
(Engelhardt et al., 
1999, Engelhardt et 
al., 2004) 

TG β1 ↑ at baseline in 
young 
↓↓in older 
animals 
(EF~20%) 
 

Hypertrophy, 
dilation and 
fibrosis 

Functional and morphological rescue by cross-
breeding with PLB-KO 

Cross et al 
(Cross et al., 1999) 
Milano et al 
(Milano et al., 
1994) 
Dorn et al 
(Dorn et al., 1999) 
 

TG,  
low 

β2 ↑ at baseline and 
throughout life 

No overt 
pathology 

↑ myocardial injury after IR-injury 
functional and morphological improvement of 
Gqα-TGs 
 

Liggett et al 
(Liggett et al., 
2000) 
Du et al 
(Du et al., 2000b, 
Du et al., 2000a) 
 

TG, high β2 ↑ in young 
↓ in older animals 

Hypertrophy and 
progressive HF 

Preserved contractility after MI 
Exacerbation of HF after TAC 
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Table 1.2 (Continued) 
	
Investigator Genetic 

model 
β-AR signalling 
components 

Myocardial 
contractility 
 

Cardiac 
pathology 

Results of experimental HF models or 
after cross-breeding 

Kohout et al 
(Kohout et al., 
2001) 

TG β3 ↓ systolic 
pressure under 
anaesthesia, but 
normal in 
conscious mice; 
cAMP and 
positive inotropic 
response to β3 

agonist 
 

Smaller heart Not determined 

Gaudin et al 
(Gaudin et al., 
1995) 
Iwase et al 
(Iwase et al., 1997) 
Asai et al 
(Asai et al., 1999) 
 

TG Gαs ↑ response to β-
AR stimulation in 
young  
↓ reduced EF in 
older animals 
 

Sudden death, 
arrhythmias, 
dilation and 
fibrosis 

Functional and morphological rescue by 
chronic propranolol therapy 

DeGeorge et al 
(DeGeorge and 
Koch, 2008) 

TG (cond. 
with 
tetracycline) 
 

Gαi-2 inhibitor Normal at 
baseline 

No overt 
pathology 

↑ myocardial injury after IR 
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Table 1.2 (Continued) 
	
Investigator Genetic 

model 
β-AR signalling 
components 

Myocardial 
contractility 
 

Cardiac 
pathology 

Results of experimental HF models or 
after cross-breeding 

Koch et al 
(Koch et al., 1995) 

TG βARK1 Normal at 
baseline  
↓ response to β-
AR stimulation 
 

No overt 
pathology 

Not determined 

Dorn et al 
(Dorn et al., 1999) 
Koch et al 
(Koch et al., 1995) 
Harding et al 
(Harding et al., 
2001) 
Rockman et al 
(Rockman et al., 
1998) 
 

TG βARKct ↑ at baseline and 
in response to β-
AR stimulation 
throughout life 
 

No overt 
pathology 

Functional improvement of MLP-KO and 
CSQ-TGs 
synergistic beneficial effects with 
metoprolol 
no rescue of Gqα-TGs 

Matkovich et al 
(Matkovich et al., 
2006) 

KO (early 
cardiac-
specific) 
 

βARK (GRK2) Normal at 
baseline 

Normal heart 
development 

↑ force response  
↓ tachyphylaxis to isoprenaline 
accelerated catecholamine toxicity 
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Table 1.2 (Continued) 
	
Investigator Genetic 

model 
β-AR signalling 
components 

Myocardial 
contractility 
 

Cardiac 
pathology 

Results of experimental HF models or 
after cross-breeding 

Raake et al 
(Raake et al., 2008) 

KO (cond. 
Cardiac-
specific, 
with 
tamoxifen 
α-MHC-
MCM) 
 

βARK (GRK2) Normal at 
baseline 

No overt 
pathology 

↑ function and survival up to 4 months 
after MI 

Okumura et al 
(Okumura et al., 
2003b, Okumura et 
al., 2003a) 
Yan et al  
(Yan et al., 2007) 
 

KO AC5 Normal at 
baseline 

No overt 
pathology; 
protected from 
aging 
cardiomyopathy 
 

Prevention of heart failure after TAC and 
after long-term β-AR stimulation 

Lai et al  
(Lai et al., 2008) 
Roth et al 
(Roth et al., 2002) 
Gao et al 
(Gao et al., 1999) 
 

TG AC6 ↑ response to β-
AR stimulation 
but normal basal 
cAMP or 
contractility 
 

No overt 
pathology 

Functional/morphology improvement of 
Gqα-TGs; rescue after MI (Tet-regulated 
TG) 
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Table 1.2 (Continued) 
	
Investigator Genetic 

model 
β-AR signalling 
components 

Myocardial 
contractility 
 

Cardiac 
pathology 

Results of experimental HF models or 
after cross-breeding 

Antos et al 
(Antos et al., 2001) 

TG PKAc ↓↓ at baseline Sudden death, 
arrhythmias, 
dilation and 
fibrosis 
 

Functional/morphology improvement of 
Gqα-TGs; rescue after MI (Tet-regulated 
TG) 

Pathak et al 
(Pathak et al., 
2005) 

TG I-1 ↑ at baseline 
throughout life 
 
 

No overt 
pathology 
 

Preserved contractility after TAC 

Carr et al 
(Carr et al., 2002) 
El-Armouche et al 
(El-Armouche et 
al., 2008) 

KO I-1 Normal at 
baseline with 
mildly decreased 
sensitivity to β-
AR stimulation 
 

No overt 
pathology 

Partial prevention of cardiac hypertrophy 
and arrhythmias after pathological β-AR 
stimulation 

Lehnart et al 
(Lehnart et al., 
2005) 

KO PDE-4D Normal in young  
↓ in older animals 

Sudden death, 
arrhythmias, 
dilation and 
fibrosis (in older 
animals) 
 

Functional and morphological rescue 
through RyR2-KO mice (i.e. no PKA-
phosphorylation of RyR2) 
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Table 1.2 (Continued) 
	
Investigator Genetic 

model 
β-AR signalling 
components 

Myocardial 
contractility 
 

Cardiac 
pathology 

Results of experimental HF models or 
after cross-breeding 

Crackower et al 
(Crackower et al., 
2002) 
Patrucco et al 
(Patrucco et al., 
2004) 
 

KO PI3 Kγ  ↑ at baseline 
↑ basal cAMP 

No overt 
pathology 
 

↑↑ in fibrosis and dilation after TAC 

Gilsbach et al 
(Gilsbach et al., 
2007) 
 

KO α2C-AR  
(± and -/-) 

Normal in ±mice No overt 
pathology 
 

↑↑ in mortality, hypertrophy and fibrosis 
after TAC 

TG transgenic overexpression, in general cardiac-specific; KO knockout (genetic ablation); TAC transaortic constriction inducing acute pressure 
overload; MI myocardial infarction by coronary artery (LAD) ligation; IR ischaemia-reperfusion
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1.4.2 Parasympathetic Attenuation 

  

Autonomic imbalance occurs early in the natural history of HF, often preceding other 

key derangements including clinical manifestations.  In a tachycardia-induced HF 

canine model, vagal tone was found to be decrease on the 3rd day after cardiac 

dysfunction, preceding sympathetic activation (Ishise et al., 1998).  Interestingly in 

patients with symptomatic HF from mild left ventricular (LV) impairment, reduced 

parasympathetic drive was evident early on whilst in patients with asymptomatic LV 

dysfunction, sympathetic activation preceded symptoms (Grassi et al., 2001).   In all 

cases, autonomic imbalance is strongly associated with raised mortality due to lethal 

ventricular arrhythmias, irrespective of aetiology (Grassi et al., 2001).  The clinical and 

prognostic implications of raised sympathetic drive are well established (Floras, 2003), 

underpinning the undeniably important role of beta-blockers in standard HF therapy 

(CIBIS-II Investigators and Committees, 1999, Eichhorn and Bristow, 2001, 

Hjalmarson et al., 2000).  On the other hand, the reduced parasympathetic tone in HF 

has received less limelight although some studies have surfaced to highlight its 

importance in cardiac pathologies.  Indirect markers of parasympathetic tone include 

HRV and BRS.  Animal studies have inferred a correlation between reduced BRS and 

the occurrence of sudden cardiac death (De Ferrari et al., 1991, Billman et al., 1982).  

In larger studies, a depressed BRS is associated with higher risk of sudden death both 

before and after MI (Schwartz et al., 1988a).  An early clinical trial reported a strong 

association between low BRS and all-cause mortality (La Rovere et al., 1988) with 

subsequent follow-up trial demonstrating a strong association between BRS and 

malignant arrhythmias but not all-cause mortality (Farrell et al., 1992).  Several time 

domain measures of HRV, in particular those of low-frequency (typically <0.04Hz), 

have been implicated as powerful predictor of all-cause mortality following MI 

(Tuininga et al., 1994, Nolan et al., 1992, Kleiger et al., 1987, Farrell et al., 1991, Bigger 

et al., 1992).  The prognostic value of BRS and HRV has been affirmed in large-scale 

randomised clinical trials, namely ATRAMI and UK-HEART, involving post-MI 

patients (La Rovere et al., 1998) as well as patients with chronic heart failure 

respectively (Nolan et al., 1998).   
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In terms of direct measurement of vagal activity, vagal blockade in canine models with 

atropine increased the occurrence of SCD (De Ferrari et al., 1991), whereas direct 

stimulation of the cervical vagus nerve prevented VF during acute MI (Vanoli et al., 

1991), translating into  decreased mortality from 50% to 14% in over 140 days in rats 

in a separate study (Li et al., 2004a).  Whilst a large proportion of SCDs is attributable 

to ventricular arrhythmias, and may be prevented by vagal stimulation, the effect of 

vagal stimulation appears to extend beyond prevention of these arrhythmias.  It is 

thought that ectopic beats or runs of non-sustained ventricular tachycardia occur in up 

to 80% of all HF patients (Maskin et al., 1984, Podrid and Myerburg, 2005).   In rat 

model of post-MI HF, chronic right cervical vagus nerve stimulation for 3-5 months 

following MI for a period of 7 days prevented the characteristic occurrence of 

premature supraventricular and ventricular contractions (Zheng et al., 2005). Sabbah 

conducted chronic vagus nerve stimulation in canine model of microembolism-induced 

HF for a 3-month period to characterise the effect on ventricular remodelling and 

haemodynamics.  By using a negative-feedback loop to maintain heart rate at a level 

10% below baseline, vagal nerve stimulation reverses the reduction in connexion-43 

mRNA and protein expression associated with HF (Sabbah, 2011).   Reduced 

expression of connexion-43 in HF results in a disruption in cell-to-cell coupling, 

slowing ventricular conduction and increasing the dispersion of transmural action 

potential duration (APD) which is linked to increased incidence of ventricular 

arrhythmogenesis and SCD (Ai and Pogwizd, 2005, Wang and Gerdes, 1999).  This 

provides indirect evidence of anti-arrhythmic properties of vagal nerve stimulation in 

HF.  Further indirect biochemical evidence is seen in the improved survival rate in 

pacing-induced HF in dogs, characterised by lower plasma norepinephrine and 

angiotensin levels (Zucker et al., 2007). The use of clonidine, a centrally acting α2 

adrenoreceptor agonist in HF to suppress sympathetic activity hints at the potential 

antagonising role vagal nerve stimulation against the pro-arrhythmic effect of the 

sympathetic nervous system (Zhang et al., 1998).   

 

The cardiovascular physiological changes of negative chronotropy, dromotropy and 

atrial inotropy induced by vagal postganglionic nerves are mediated by acetylcholine 

(ACh) acting on muscarinic receptors (mAChRs).  Conventional thinking historically 

advocates the lack of negative ventricular inotropic effect by vagus nerve stimulation.  
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However, the advent of modern techniques reveals the presence of a dense and intricate 

network of Ach-containing nerves in both ventricles of all species studied (Taggart et 

al., 2011, Saburkina et al., 2010, Rysevaite et al., 2011, Pauza et al., 2000, Johnson et 

al., 2004, Batulevicius et al., 2005).  Studies have demonstrated the connection between 

the anti-fibrillatory effect of the vagus nerve and activation of mAChRs.  There are five 

subtypes of mAChRs (M1-M5).  ACh binds to mAChRs, on the pre-synaptic 

sympathetic nerve terminals (M3) and M2 receptors on cardiomyocytes to inhibit 

epinephrine release and/or accumulation of intracellular cAMP (Vincent and Ellis, 

1963, Stiles et al., 1984, Muscholl, 1980, Murad et al., 1962, Levy and Blattberg, 1976).  

In particular, works on the M3 receptor has shed light on vagal control of cardiovascular 

physiology.  The Gq-protein coupled to M3 mAChR is shown to modulate heart rate 

and cardiac repolarisation, regulate cell-to-cell communication, protects against 

ischaemic and oxidative injury, and promote or suppress the triggering of arrhythmias 

depending on the location and phenotype of arrhythmias (atrial – increased vs. 

ventricular – decreased) (Wang et al., 2007).  Pharmacological activation of M3 

receptors lead to reduced occurrence of ventricular arrhythmias induced by ischaemic, 

aconitine and ouabain (Wang et al., 2007).  Furthermore, overexpression of the M3 

receptor gene diminishes the occurrence of spontaneous arrhythmias in a ischaemia-

reperfusion mouse model (Wang et al., 2007).  Relevantly, M3 receptor activation can 

stimulate IKM3 (Liu Y, 2005), thereby regulating cardiac repolarisation (Wang et al., 

2012).  Additionally, calcium overload has been reduced in ventricular myocytes, 

possibly mediating the protective effect of M3 receptor activation in ischaemia-induced 

arrhythmias (Wang et al., 2012).  M3 receptor activation in response to efferent vagus 

nerve stimulation also appears to regulate the expression of connexion-43, another 

plausible explanation for its protective effect in ischaemia-induced arrhythmias (Ando 

et al., 2005).  Importantly although mechanistically unclear, there appears to be an 

increased M3 receptor expression in patients with heart failure (Wang et al., 2007). 

 

The beneficial effects of chronic vagus nerve stimulation appear to be multi-modality 

in nature.  Apart from anti-arrhythmic properties, it has been shown to reverse the 

contractile dysfunction and adverse remodelling in experimental HF models (Li et al., 

2004a, Sabbah, 2011, Sabbah et al., 2005, Zhang et al., 2009), even when applied at 

subthreshold intensities insufficient to cause chronotropic effect (De Ferrari and 
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Schwartz, 2011).  Pioneered by Schwartz et al, vagus nerve stimulation was first studied 

in eight HF patients with improvements in NYHA class, quality of life scores, 6-minute 

walk test, and LV end-systolic volume after a 6-month treatment period (Schwartz et 

al., 2008).  This success is further echoed by De Ferrari et al demonstrating an increase 

in the 6-minute walk test following vagus nerve stimulation in a 32 patient cohort, 

providing convincing evidence of improvement in exercise capacity coupled to an 

improvement in LV ejection fraction (De Ferrari et al., 2011).   In spite of the lack of 

detailed understanding of cellular mechanisms of vagus nerve stimulation in HF, multi-

centre international trials, namely INOVATE-HF and NECTAR-HF, have been 

designed and conducted to assess clinical application of chronic vagus nerve 

stimulation in HF. 

 

1.5 Heart Failure and Nitric Oxide 

 

Nitric oxide (NO) is produced by three isoforms of NO synthase (NOS): NOS 1 

(neuronal), NOS 2 (inducible) and NOS 3 (endothelial).  NOS expression is found in 

endothelial cells, myocytes and neuronal cells, regulating a wide variety of biological 

functions in a site-specific manner (Guix et al., 2005, Lundberg et al., 2008, Massion 

et al., 2003, Moncada et al., 1991).  NOS positive autonomic neurons express mainly 

NOS 1 but NOS 3 and NOS 2 immunostaining have been found in neurons and 

astrocytes in the brainstem (Lin et al., 2007, Chan et al., 2003).  NOS 1 and NOS 3 are 

under tight transcriptional control and their protein levels can be markedly altered in a 

variety of conditions including heart failure.  In autonomic nerves and most vascular 

beds, NOS 1 and NOS 3 are downregulated in heart failure(Patel et al., 1996, 

Bauersachs and Widder, 2008) but there are exceptions such as in cardiac tissue 

(Danson et al., 2005).  In the heart, NO appears to modulate the actions of the 

parasympathetic nervous system, regulating the change in heart rate (HR) in response 

to parasympathetic stimulation (Conlon and Kidd, 1999).  Although there is a 

suggestion that NO acts presynaptically to reduce the bradycardic response to vagus 

nerve stimulation (VNS) (Herring et al., 2000), other investigators have noted that NO 

modulates changes in AV conduction in response to VNS in a similar manner, 

suggesting that NO has a role in the ventricular effects of VNS (Conlon and Kidd, 

1999).  Subsequently a direct evidence of vagus-mediated NO release was obtained in 
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a study using NO-sensitive dye (DAF-2 DA) (Brack et al., 2009).  Indeed, these vagus-

mediated NO releases occur independently of muscarinic receptors as perfusion with 

atropine at a concentration sufficient to block changes in HR and effective refractory 

period (ERP) did not influence the vagal effect on DAF-2 fluorescence (Brack et al., 

2011).   

 

In heart failure, the cellular signalling pathways and transcription factors responsible 

for altered NOS expression are not well defined.  The influences of NO on cardiac 

function are complex, probably reflecting site-specific modes of NO-signalling that are 

spatially located in different subcellular compartments (Champion et al., 2003).  

Genetic studies have shown that autonomic imbalance in HF could be linked to an 

endothelial NOS promoter polymorphism.  Patients homozygous for this 

polymorphism had HRV parameters indicating increased sympathetic drive and 

reduced parasympathetic tone (Binkley et al., 2005).  Furthermore, dysregulation of the 

NO pathway can have a deleterious effect on contractile function.  Pertinently chronic 

vagus nerve stimulation normalises both mRNA and gene expression of NOS in canine 

models of mircroembolism-induced HF (Sabbah, 2011).  Currently there is a paucity of 

information on how alterations of NOS expression may alter ventricular arrhythmia 

susceptibility, particularly in HF.  In addition, the role on the NO-dependent anti-

fibrillatory effects of vagus nerve stimulation remain to be crystalised in experimental 

HF studies.   

 

1.6 Autonomic Nerve Innervation and the Effect of Myocardial Infarction 

 

Ventricular myocardium is richly innervated by sympathetic nerve fibres and to a lesser 

degree by vagal nerve fibres, rendering both attractive targets to be modulated 

following MI.  Both nerve fibres exhibited a heterogeneous, location-sensitive density 

gradient, i.e. from basal/high to apical/low regions.  Detailed neuroanatomical 

information is lacking on rabbit heart, the latter a preferred experimental model to 

investigate arrhythmogenesis, remodelling and HF in the setting of MI relevant to the 

human counterpart of these conditions.  Apart from the death of actual ventricular 

myocardium, transmural MI results in the death of sympathetic nerves within the infarct 

areas (i.e. denervation) (Stanton et al., 1989, Zipes, 1990), rendering these areas 
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refractory to sympathetic nerve stimulation or norepinephrine infusion (Li et al., 

2004b).  It has been demonstrated that peri-infarct sites show effective refractory period 

(ERP) shortening with stellate ganglia stimulation and norepinephrine infusion, 

whereas remote non-infarcted sites showed heterogeneous effects on ERP (Zipes et al., 

1983).  Yet, most of these remote non-infarcted sites showed ERP shortening with 

norepinephrine infusion, and a few showed ERP shortening with stimulation of either 

the left or the right stellate ganglion, but not both.   In addition, these non-infarcted sites 

were hypersensitive to adrenergic transmitters with no detectable differences in β-

adrenergic receptor density, Gs α–subunit density, or affinity in the apical vs. basal areas 

(Inoue and Zipes, 1988, Kammerling et al., 1987, Warner et al., 1993).  Transmural MI 

in dogs resulted in a loss of efferent sympathetic nerves in non-infarcted apical sites as 

early as 5-20 minutes following occlusion of the diagonal branch of the left anterior 

descending artery, with more significant loss occurring within 3 hours (Inoue and Zipes, 

1988).  Henceforth, disruption of sympathetic fibres terminating within and axons 

passing through these areas has the potential to greatly exacerbate the natural 

electrophysiological response from autonomic activation, even in areas of viable 

remote non-infarcted myocardium.  In rabbits with epicardially applied phenol to 

achieve regional denervation, activation recovery interval (ARI), a surrogate of APD, 

was shortened in 98% of denervated regions by norepinephrine with an augmented 

shortening and dispersion of ARI in more severely denervated regions, implying 

supersensitivity in the adjacent regions (Yoshioka et al., 2000).  However, left stellate 

stimulation shortened ARI in only 30% of denervated areas with ARI prolongation in 

the remaining 70%.   In summary, transmural MI not only create a substrate for scar-

related ventricular arrhythmias, but also disrupts innervation to myocardial sites distant 

to the infarct, contributing to heterogeneous electrophysiological responses key in 

promoting further ventricular arrhythmias. 

 

With time, sympathetic denervation occurring in the acute setting of MI and HF, is 

followed by an adaptive process characterised by nerves regrowing, otherwise known 

as “nerve sprouting”.  This phenomenon can lead to heterogeneous hyper-innervation 

(Cao et al., 2000b, Chen et al., 2001).   Nerve sprouting has been demonstrated in the 

right atrial free wall, right atrial isthmus, and right ventricle in dogs after 

radiofrequency catheter ablation (Okuyama et al., 2004).  Histologically, hyper-
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innervation has been illustrated as co-localization of Schwann cells, sympathetic nerves 

and axons (Chen et al., 2001).  Further observation of regional hyper-innervation was 

obtained in explanted native hearts of transplant recipients suffering from ischaemic or 

idiopathic cardiomyopathy, with the most abundant sprouting found in the peri-infarct 

and peri-vascular myocardial regions (Cao et al., 2000b).  Infusion of nerve growth 

factor (NGF) into thoracic sympathetic nerves promotes cardiac nerve sprouting 

coupled with increased SCD in dogs with an MI (Cao et al., 2000a).  Conversely 

infusion of NGF into the left stellate ganglion of normal dogs resulted in nerve 

sprouting with no consequence on occurrence of ventricular arrhythmias and sudden 

cardiac death.  NGF infusion into left or right sympathetic chains was also shown to 

produce differential effects on QT interval and hence susceptibility to ventricular 

arrhythmias.  NGF infusion into the left stellate ganglion caused LV nerve sprouting 

with resultant QT prolongation and SCD occurring in 50% of dogs, whereas right 

stellate ganglionic infusion of NGF caused right ventricular nerve sprouting, shortened 

QT interval with no evidence of SCD (Zhou et al., 2001).  These findings provide the 

additional evidence of pathological lateral control from sympathetic nerves in MI-

induced HF.   

 

In HF, there is reduced vagal ganglionic transmission, altered mAChR density and 

composition, as well as attenuated acetylcholinesterase activity.  Muscarinic blockade 

exerted a more modest effect on HR in experimental HF models compared to normal 

hearts (Bibevski and Dunlap, 1999, Dunlap et al., 2003).  In the absence of HF, 

muscarinic blockade increases cardiac norepinephrine spillover but in HF, there exists 

a blunting of parasympathetic response over sympathetic activity (Azevedo and Parker, 

1999).  In spite of these physiological observations, there is no data to date on 

parasympathetic innervation in the peri-infarct setting.   

 

1.7 Autonomic Nerve Stimulation, Electrical Restitution and SCD 

 

The onset of ventricular tachycardia and more relevantly lethal VF is believed to be 

associated with breakup of spiral waves or rotors into multiple wavelets and oscillations 

(Weiss et al., 2000).  This belief led to the understanding of APD restitution (Chialvo 

et al., 1990, Taggart et al., 1990) – a myocardial property which describes the 



Chapter	1	

31	
	

relationship between APD and its preceding diastolic intervals (DI) (Boyett and Jewell, 

1980).  Conventionally the restitution hypothesis adopts the steepness of restitution 

curve as a surrogate marker of arrhythmia vulnerability, and has been validated as an 

additional risk stratification tool in susceptible patients (Selvaraj et al., 2007).  

Restitution curves with a steep gradient of >1 provides large changes in APD for small 

changes in DI, thereby promoting complex unstable ventricular arrhythmias.  This is in 

contrast with a shallow slope where small changes in DI only lead to small changes of 

APD, encouraging conduction blocks and wave breaks (Cao et al., 1999, Gilmour and 

Chialvo, 1999, Karma, 1994, Qu et al., 1999).  Under sympathetic nerve stimulation, 

an apex-base difference in restitution kinetics has been demonstrated in normal rabbit 

hearts, with a basal predilection of APD shortening (Mantravadi et al., 2007).   This 

spatial heterogeneity of restitution kinetics was attributed to regional differences in the 

expression of tyrosine hydroxylase and KCNQ1 protein, suggesting a greater density 

of sympathetic nerves and IKS respectively at the base of the heart (Cheng et al., 1999, 

Kawano et al., 2003).  In porcine models and humans, restitution slope was increased 

by sympathetic activation with epinephrine, adrenaline or isoproterenol (Taggart et al., 

2003, Taggart et al., 1990).  In rabbits, similar phenomenon was seen with physiological 

stimulation of sympathetic nerves in the isolated innervated rabbit heart, leading to an 

increased susceptibility to VF and alternans level (Ng et al., 2007).  In canine models 

of SCD, VT was demonstrated by 2 distinct types of left sympathetic nerve stimulation: 

low amplitude bursts and high amplitude spike discharges, with the latter being more 

arrhythmic in nature (Zhou et al., 2008).  High level of left stellate ganglionic activity 

was found to precede premature ventricular contracts and VT (Ogawa et al., 2007).  In 

a canine HF model, the heightened left stellate ganglionic activity was associated with 

an increased QT interval and QT variability index (Piccirillo et al., 2009), as well as 

vulnerability to ventricular arrhythmias.  The link between adrenergic activity and 

arrhythmic susceptibility is further supported by evidence that in humans, left cardiac 

sympathetic denervation (LCSD) yields a favourable outcome in several cardiac 

conditions characterized by adrenergically driven life-threatening arrhythmias.   

 

Historically the concept of LCSD was first suggested by Fancois-Franck (Francois-

Franck, 1899) in 1899 as a therapeutic option for angina and subsequently implemented 

by Jonnesco (Jonnesco, 1921) , who, in 1916, performed the first unilateral section of 
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the left stellate ganglion in a patient incapacitated by angina and arrhythmias.   As a 

therapeutic option, LCSD is partially effective in patients susceptible to ventricular 

arrhythmias (Estes and Izlar, 1961, Zipes et al., 1968).  In particular, some patients with 

long QT syndrome were protected (Moss and McDonald, 1971), with one patient 

remaining symptom-free for 36 years (Schwartz et al., 1975).  This protection against 

ventricular arrhythmia in long QT patients were postulated to be due to a reduction in 

T-wave alternans (Schwartz and Malliani, 1975) and absence of post-denervation 

supersensitivity (Schwartz and Stone, 1982), thereby raising the VF threshold 

(Schwartz et al., 1976).  The therapeutic scope of LCSD broadens into post-MI patient 

population, resulting in a reduction in SCD incidence from 22% to 3% (Schwartz et al., 

1992).  Recently, similar therapeutic benefit of LCSD has also been demonstrated in 

other potentially lethal cardiac conditions such as catecholaminergic polymorphic 

ventricular tachycardia (Wilde et al., 2008) and VT storm (Bourke et al., 2010).  In spite 

of the encouraging results of LCSD on curbing ventricular arrhythmias, not all patients 

are responsive to this type of treatment, highlighting the need to develop additional 

approaches of autonomic modulation.  One such alternative intervention is VNS where 

early evidence suggests protection against VF (Brack et al., 2011) utilising an NO-

dependent pathway in healthy rabbit heart (Brack et al., 2007).   

 

1.8 Conclusion 

 

The study of the intricate interplay between the neurological system and the 

cardiovascular system has led to the emergence of a new field known as 

Neurocardiology.  As our understanding of the biochemical and physiological 

interactions of the brain-heart axis expands via preclinical and clinical studies, 

realisation of the significant link between pathophysiology and clinical outcome in 

terms of heart failure progression and arrhythmic death is forged.   Over the last few 

decades, there has been great stride in dissecting the molecular, histological and 

anatomical characteristics of the sympathetic nervous system.  The disparate research 

in the other arm of the autonomic system, namely the parasympathetic nervous system, 

has afforded an opportunity to further our knowledge in the global contribution of the 

autonomic nervous system in heart failure.  Functional studies of vagus nerve 

stimulation in preclinical studies of normal heart and MI models lead naturally to 
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translation into human clinical trials.  A better understanding of the global and regional 

innervations, as well as the complex interaction between the sympathetic and 

parasympathetic nervous system, is of paramount importance in crystalising the idea of 

manipulating the autonomic nervous system for therapeutic purposes in heart failure. 
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Chapter 2:  Thesis Aims and Layout 

 

2.1 Aims of Study 

 

Dysautonomia, typified by sympathetic overdrive and parasympathetic attenuation, is a 

prominent feature of heart failure, and has been discussed in detail in Chapter 1.  In 

spite of the epidemiological link between autonomic imbalance and fatal ventricular 

arrhythmias demonstrable in both experimental and clinical models, our understanding 

of the mechanistic link between autonomic dysfunction and adverse electrical 

remodelling in heart failure remains incomplete.   Most animal studies involve the use 

of in vivo diseased model which confounded the study of neuro-cardiac interaction in 

heart failure due to the presence of circulating humoral factors and autonomic reflexes.  

Throughout this study, an in vitro Langendorff-perfused rabbit heart with intact dual-

autonomic innervation, first developed by Ng et al (Ng et al., 2001) was used to 

examine various aspects of whole-heart electrophysiology under direct autonomic nerve 

stimulation, thereby circumventing the confounding issue of circulating humoral factors 

and autonomic reflexes that occur in vivo.  The first part of the study aims to extend pre-

existing knowledge of the effect of separate autonomic nerve stimulation on atrial and 

ventricular electrophysiology by examining sympatho-vagal interaction with different 

stimulation sequences and frequencies in normal rabbit hearts.  However, the main aim 

of this study is to assess potential structural and electrical remodelling in a rabbit heart 

failure model, in particular assessing the effect of autonomic modulation on various 

aspects of whole-heart electrophysiology.  In the second part of the study, a rabbit 

surgical heart failure model was developed at the Department of Cardiovascular 

Sciences, University of Leicester.  An infarct model of heart failure was induced 

followed coronary ligation surgeries in rabbits, a model first developed and 

characterised by Pye et al (Pye and Cobbe, 1996) at the Department of Medical 

Cardiology, Glasgow Royal Infirmary. This heart failure model provides an ideal 

vehicle to study the effect of sympathetic and vagal stimulations on atrial, atrio-

ventricular and ventricular electrophysiology. 
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2.2  Thesis Layout 

 

Chapter 3 outlines all the experimental methods involved in the studies described in this 

thesis.  These comprise:- 

 

a) surgical procedure of coronary artery ligation to produce myocardial infarction and 

subsequent heart failure in rabbits 

b) transthoracic echocardiography to assess in vivo cardiac chamber size and 

contractile function 

c) cardiac magnetic resonance imaging to assess ex vivo myocardial scarring 

d) assessment of cardiac and systemic remodelling by organ weights 

e) the use of Langendorff-perfused, dual-innervated in vitro rabbit heart preparation 

for assessment of various electrophysiologic parameters in response to autonomic 

stimulation 

 

Furthermore, the challenges of building a surgical heart failure model in rabbits during 

the study period were discussed and illustrated with mortality data. 

 

Chapter 4 describes the effect of sympatho-vagal interaction on heart rate response and 

ventricular electrophysiology in normal rabbit hearts.  Experiments were designed in 

two protocols depending of the sequence of sympathetic and vagal stimulations.  In 

addition, frequency response of heart rate and ventricular electrophysiology during 

autonomic stimulation was also examined. 

 

Chapter 5 extends upon the works of Chapter 4 by assessing the effect of adrenergic 

blockade by metoprolol tartrate on heart rate and ventricular electrophysiology during 

sympatho-vagal interaction.  In this study, two compositions (acetate-free vs. acetate-

containing) of Tyrode solutions were used to assess for modulation of beta-blockade 

during sympatho-vagal interaction. 

 

Chapter 6 details cardiac and systemic remodelling in rabbit heart failure model.  

Transthoracic echocardiography was performed to assess for changes in cardiac 

chamber sizes and contractile performance.  Ex vivo cardiac magnetic resonance 
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imaging were performed on whole heart specimens from both heart failure and sham 

groups to assess for myocardial scarring.  Wet and dry weights of hearts, livers and 

lungs were measured in both heart failure and sham groups to assess for evidence of 

systemic remodelling in the form of fluid congestion. 

 

Chapter 7 describes the effect of direct sympathetic and vagal stimulation on atrial, 

atrio-ventricular and ventricular electrophysiology on hearts procured from rabbits 8 

weeks after their corresponding coronary ligation or sham procedure.  At the atrial level, 

heart rate was assessed in response to graded increment in stimulation strength and 

frequency of sympathetic, right and left vagal stimulation.  At the atrio-ventricular 

level, atrio-ventricular delay was measured during atrial pacing at baseline as well as 

during low- and high-frequency autonomic nerve stimulations.  Finally, at the 

ventricular level, ventricular fibrillation threshold and effective refractory periods were 

measured at baseline, and during sympathetic and vagal stimulations.  Monophasic 

action potentials were recorded at the base and apex of the heart, allowing for regional 

measurements of action-potential-duration restitution.  Apico-basal restitution 

dispersion was subsequently derived.  Comparison of all measured electrophysiologic 

parameters were made between the heart failure and the sham group to assess for 

evidence of electrical remodelling in response to dysfunctional autonomic tone in heart 

failure. 

 

Chapter 8 is a synopsis of the thesis, summarising the results of all experimental works 

with proposals for future studies using the sustainable surgical heart failure model 

developed in this study. 
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Chapter 3:  General Methods 

 

3.1 Coronary Artery Ligation in the Rabbit 

 

3.1.1 Background 

 

Experimental models of heart failure contribute significantly to the advancement of our 

understanding of the pathophysiology and development of effective therapy modalities in 

heart failure.  Animal models are often relied upon to answer questions not easily resolved 

by clinical observations in patients with heart failure.  A variety of animal models of heart 

failure have been developed over the years to mimic clinical phenotypes of these patients 

with some success.  The use of a particular experimental model of heart failure depends 

not only on the scientific questions to be addressed, but also on ethical and financial 

constraints, accessibility to the animal species in question, as well as reproducibility of 

the relevant heart failure model.  Table 3.1 illustrates the various animal models of heart 

failure discussed in this chapter with the corresponding clinical phenotypes induced. 

 

Rat models have been a popular choice due in part to their low cost and shorter gestation 

period, thereby allowing for a bigger study sample size.   Nonetheless, important 

differences exist in myocardial structures and functions between rats and humans.  In 

healthy rats, myosin predominates in heavy-chain isoform only with the β-myosin 

isoform predominating under alterations in haemodynamic or hormonal state 

(Swynghedauw, 1986).  Calcium cycling differs in that calcium removal is achieved 

predominantly by sarcoplasmic reticulum calcium pump with insignificant role from the 

Na+/Ca+ exchanger (Hasenfuss, 1998).  Relevant to the underlying electrophysiologic 

tone in this thesis, the myocardial action potential duration in rats is short, lacking a 

plateau phase (Varro et al., 1993).  In contrast, larger animal models such as dogs and 

rabbits, exhibit greater similarity with humans in terms of β-myosin isoform distribution, 

excitation-contraction coupling process and limited coronary collateral circulation. 

 

In this thesis, heart failure is induced in rabbits by myocardial infarction via complete 

coronary ligation.  This results in variable loss of myocardial function over eight weeks 

depending on the initial myocardial infarct size.  Echoing what has been observed in heart 
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failure patients, this model of heart failure is characterised by left ventricular dilatation, 

reduced systolic function, increased filling pressures with neurohumoral activation as 

demonstrated in rats (van Veldhuisen et al., 1994, Teerlink et al., 1994, Pfeffer et al., 

1979), dogs (Sabbah et al., 1991) and rabbits (Pye and Cobbe, 1996, Pye et al., 1996).  

The poor development of coronary collateral circulation in rabbits, as in humans and pigs, 

allows for well-defined infarct sizes with corresponding variability in subsequent 

myocardial impairment (Maxwell et al., 1987).  In essence, the rabbit heart failure model 

employed in this thesis serves as a powerful and clinically relevant model to study the 

effect of electrophysiologic disturbances by dysautonomia in heart failure. 

 

3.1.2 Method 

 

Adult male New Zealand White rabbits (2.5 – 3.5 kg) were sedated with a subcutaneous 

injection containing a mixture of Medetomidine Hydrochloride (Sedator, 0.2 mg/kg), 

Ketamine (Narketan, 10 mg/kg) and Butorphanol (Torbugesic, 0.05 mg/kg).  An 

indwelling cannula was inserted into the marginal ear vein through which a 5 mL warmed 

normal saline was given.  Further subcutaneous injections of meloxicam (Metacam, 0.2 

mg/kg) and enrofloxacin (Baytril, 0.2 mL/kg) was given, the former as a pre-emptive 

analgesia and the latter a pre-operative antibiotic prophylaxis.  The rabbit was intubated 

in prone position with the neck supported in a hyperextended position.  An uncuffed size 

3 endotracheal tube was inserted with the aid of a disposable straight blade (Miller 1) 

laryngoscope.  The anterior chest wall was shaved and cleaned with Hibidil in isopropyl 

alcohol. 

 

Upon being transferred into the operating room, the rabbit was placed on a 

thermostatically-controlled operating table which has been pre-warmed.  Throughout the 

surgery, the body temperature is monitored through a rectal temperature probe.  The 

rabbit was placed on the right lateral position with its left paw extended parallel with the 

lower jaw and secured.  The endotracheal tube was secured by taping to the operating 

table and was connected to a Harvard small animal ventilator (Harvard Apparatus Ltd, 

Edenbridge, Kent, UK).  The rabbit was ventilated with a 1:1 mixture of nitrous oxide 

and oxygen containing 1 – 1.5% isofluorane at a tidal volume of 30 mL and a respiratory 

rate of 55 min-1.   The anterior chest wall was further cleaned with Hibidil in isopropyl 
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alcohol under sterile condition.  The first to the fourth ribs were each injected with 0.2 

mL bupivacaine (Marcaine).  A left thoracotomy was performed with judicious dissection 

through the 4th intercostal space.  The left lung was gently retracted with small gauze.  

Once the heart was in view, the pericardium was incised.  An apical tie was placed with 

4 / 0 Ethicon suture through the ventricular apex, allowing the heart to be lifted up for 

easier manipulation.  The left circumflex artery was identified and ligated halfway 

between the atrio-ventricular groove and the ventricular apex with 4 / 0 Ethicon suture, 

producing an immediate infarct area covering 30 – 40% of the left ventricle.  The rabbits 

differ from the humans in their coronary circulation in that the left anterior descending 

artery is short, supplying a small area of the interventricular septum whereas the left 

circumflex artery with its marginal branch extending to the ventricular apex supplies most 

of the left ventricular free wall, including the ventricular apex.  Similar to humans, rabbits 

demonstrate very little collateral coronary circulation, allowing a homogenous apical 

infarct to be formed by ligation of the left circumflex artery (Figure 3.1).  Ventricular 

fibrillation occurred in approximately 30% of coronary ligation cases, usually 15 – 19 

minutes following occlusion.  Defibrillation was achieved with initially a gentle flick of 

the heart, and if necessary with a 5 J DC shock using small sterilised paddles applied on 

the epicardial surface of the heart. 

 

A 20-minute waiting time ensued following the ligation of the left circumflex artery, or 

in the case of the sham operation, following the apical tie.   After 20 minutes had elapsed, 

an injection of dexamethasone (Duphacort 0.2%, 0.1 mL/kg) was given into the 

pericardial sac to prevent post-operative pericarditis.  The collapsed left lung was then re-

inflated by collusion of the ventilator outlet.  The chest was closed in layers using 1 / 0 

Monocryl interrupted sutures for the 4th and the 5th ribs, 3 / 0 Ethicon interrupted sutures 

for the muscular and subcutaneous layers, and finally 5 / 0 Vicryl continuous sutures for 

subcuticular layer.  Further analgesia was given as subcutaneous injections with 0.2 mL 

bupivacaine locally at the incision site, and systemically with buprenorphine (Temgesic, 

0.05 mg/kg).  The rabbit was given a further 15 mL isotonic saline intravenously to 

replace any perioperative fluid loss.  Atipamezole (Atipam, 1 mg/kg) was given 

subcutaneously as a sedative-reversal agent.  Once the animal regained consciousness, it 

was transferred to the post-operative room to recover in a closely monitored, warm and 

clean environment.  The animals were only sacrificed 8 weeks post-operatively for the 
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terminal experimental studies in order to allow for the development of the heart failure 

following coronary ligation. 

 

Sham-operated rabbits would undergo similar surgeries involving thoracotomy, 

pericardiotomy and ligation of the ventricular apex for manipulation.  Coronary ligation 

was not performed in this group of rabbits serving as controls.  Experimental studies were 

performed at 8 weeks post-operatively so as the controls would be similar in their maturity 

as their counterparts which had undergone coronary ligation.
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Table 3.1 Common animal models of heart failure 

Species Model 
 

Investigator Functional features 

Rat Coronary ligation Kajstura et al 
(Kajstura et al., 1994) 
Teerlink et al 
(Teerlink et al., 1994) 
Van Veldhuisen et al 
(van Veldhuisen et al., 
1994) 
Anversa et al 
(Anversa et al., 1992, 
Anversa et al., 1995) 
 

Studies of heart failure progression; survival studies 

Aortic banding Feldman et al 
(Feldman et al., 1993) 
Weinberg et al 
(Weinberg et al., 1994) 
 

Studies of transition from hypertrophy to failure; survival studies 

 Toxic 
cardiomyopathy  

Szabo et al 
(Szabo et al., 1975) 
Krenek et al 
(Krenek et al., 2009) 
 

Myocyte loss; decreased myocardial performance 
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Table 3.1 Common animal models of heart failure (continued) 

Species Model 
 

Investigator Functional features 

Rat Spontaneous 
hypertension 

Bing et al 
(Bing et al., 1991) 
Boluyt et al 
(Boluyt et al., 1994) 
Li et al 
(Li et al., 1997) 
Holycross et al 
(Holycross et al., 1997) 
Gomez et al 
(Gomez et al., 1997) 
Khadour et al 
(Khadour et al., 1997) 
 

Studies of transition from hypertrophy to failure; apoptosis; extracellular matrix 
alterations 

Salt-sensitive 
hypertension 

Dahl et al 
(Dahl et al., 1962) 
Inoko et al 
(Inoko et al., 1994) 
 

Studies of transition from hypertrophy to failure 

Aorto-caval fistula Garcia et al 
(Garcia and Diebold, 
1990) 
Liu et al 
(Liu et al., 1991) 

Left ventricular hypertrophy; moderate LV dysfunction 
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Table 3.1 Common animal models of heart failure (continued) 

Species Model 
 

Investigator Functional features 

Dog Pacing tachycardia Whipple et al 
(Whipple et al., 1961-
1962) 
Moe et al 
(Moe et al., 1993, Moe 
and Armstrong, 1999) 
Huntington et al 
(Huntington et al., 
1998) 
Grima et al 
(Grima et al., 1994) 
 

Studies of remodelling, neurohumoral activation and subcellular dysfunction 

 Coronary ligation Sabbah et al 
(Sabbah et al., 1991) 
Schwartz et al 
(Schwartz and Stone, 
1980) 
Vanoli et al 
(Vanoli et al., 1991) 
 

Studies on progression of heart failure and ventricular arrhythmias 

 Toxic 
cardiomyopathy 
 

Maling et al 
(Maling and Highman, 
1958) 
 

Left ventricular structural changes and arrhythmias 
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Table 3.1 Common animal models of heart failure (continued) 

Species Model 
 

Investigator Functional features 

Dog Direct-current 
shock 

Mehta et al 
(Mehta et al., 1978) 
McDonald et al 
(McDonald et al., 
1994b, McDonald et al., 
1992, McDonald et al., 
1994a, McDonald et al., 
1990) 
 

Studies of remodelling, bioenergetics and therapeutic interventions 

 Genetic Calvert et al 
(Calvert et al., 1997b, 
Calvert et al., 1997a) 
 

Spontaneous cardiomyopathy in Doberman Pinscher dogs 

 Volume overload Kleaveland et al 
(Kleaveland et al., 
1988) 
McCullagh et al 
(McCullagh et al., 1972) 
Nagatsu et al 
(Nagatsu et al., 1994) 
Tsutsui et al 
(Tsutsui et al., 1994) 
 

Aorto-caval fistula, mitral regurgitation 
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Table 3.1 Common animal models of heart failure (continued) 

Species Model 
 

Investigator Functional features 

Dog Vena caval 
constriction 

Lischitz et al 
(Lifschitz and Schrier, 
1973) 
Underwood et al 
(Underwood et al., 
1992) 
 

Low output failure, neurohumoral changes 
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Table 3.1 Common animal models of heart failure (continued) 

Species Model 
 

Investigator Functional features 

Rabbit Coronary ligation Pye et al 
(Pye and Cobbe, 1996, 
Pye et al., 1996) 
 

Studies of altered calcium cycling and altered electrophysiologic responses 

Volume and 
pressure overload 

Magid et al 
(Magid et al., 1994) 
Ezzaher et al 
(Ezzaher et al., 1991, 
Ezzaher et al., 1992) 
Gilson et al 
(Gilson et al., 1990) 
 

Myocardial alterations similar to failing human myocardium 

Pacing tachycardia Murakami et al 
(Murakami et al., 1996) 
Liu et al 
(Liu and Zucker, 1999) 
 

Neurohumoral alterations similar to failing human myocardium 

Toxic 
cardiomyopathy 

Pye et al 
(Pye and Cobbe, 1996, 
Pye et al., 1996) 
Downing et al 
(Downing and Chen, 
1985) 
 

Studies of altered calcium cycling and altered electrophysiologic responses 
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Figure 3.1 Apical infarct following ligation of circumflex artery in rabbit heart 
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3.2 Challenges of Building a Leporine Heart Failure Model by Coronary 

Ligation 

 

3.2.1 Background 

 

This study represents a maiden attempt to create a heart failure rabbit model by coronary 

ligation at the Department of Cardiovascular Sciences in collaboration with Central 

Research Facility (CRF).  This collaboration is instrumental as the CRF provides high-

standard of pre-, intra- and post-operative care as well as welfare for rabbits undergoing 

this surgical procedure.   All procedures were performed in strict accordance with the 

Animals (Scientific Procedures) Act 1986 and the current Guide for the Care and Use of 

Laboratory Animals published by the National Institute of Health (NIH Publication No. 

85-23, revised 2011). 

 

In total, forty-seven surgeries were performed in this study, 27 of which were coronary-

ligation procedures, representing 58% of the total procedures over the study period.  The 

overall surgical survival in this study is 55%, defined as rabbits surviving for 8 weeks 

post-operatively when the rabbits were sacrificed for terminal experiments (Figure 3.2).  

Twenty-one rabbits were prematurely culled due to various intra- and post-operative 

complications detailed in the following sections. 

 

Figure 3.2 Overall survival in rabbits undergoing coronary ligation and sham 

procedures 
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3.2.2 Pre-operative Animal Weight 

 

In this study, rabbit weight at the time of surgery was 3.2 ± 0.1 kg.  There was no statistical 

difference in pre-operative weight in rabbits undergoing coronary ligation (HF group) or 

sham procedures (SHM group).   

 

The first 4 rabbits in this study had lower mean weight at 1.6 ± 0.1 kg at the time of 

surgery.  All 4 rabbits died prematurely following surgery.  As such, heavier rabbits were 

subsequently selected for this study.  Further analysis revealed that rabbits with weights 

with at least 2.7 kg were required to ensure post-operative survival (Figure 3.3).  Analysis 

of four different weight classes recorded a survival rate of 80% for rabbits weighing 2.70 

– 2.99 kg, 52% for rabbits weighing 3.00 – 3.29 kg, and 75% for rabbits weighing at least 

3.30 kg. 

 

Figure 3.3 Premature mortality by pre-operative rabbit weight 

 

 

 

3.2.3 Type of Surgeries: Coronary Ligation or Sham Procedures 

 

In this study, 26 rabbits survived for 8 weeks until the terminal experiments.  Of these 

rabbits, 14 underwent coronary ligation (HF group) (Figure 3.4).   Meanwhile, 13 rabbits 
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in the HF group were culled prematurely, thereby indicating a lower survival rate in this 

group (Figure 3.5).  Although this could suggest that coronary ligation per se carries a 

higher post-operative mortality, the contribution of heart failure progression to the 

mortality in HF group may play a part. 

 

Figure 3.4 Overall survival of rabbits by procedure type 

 

 

 

Figure 3.5 Survival rate of rabbits undergoing coronary ligation (HF) vs. sham 

(SHM) procedures 
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3.2.4 Premature Mortality 

 

In this study, 21 rabbits died prematurely, 7 of which died during surgery.  Intra-operative 

mortality was attributed to incorrect endotracheal tube placement, cardiogenic shock or 

ventricular fibrillation refractory to internal defibrillation (Figure 3.6). 

 

Fourteen rabbits developed post-operative complications requiring premature culling.  Of 

these 14 rabbits, post-mortem examination was performed on 12 rabbits.  Organs 

comprising hearts, lungs, livers, lymph nodes as well as trachea with main bronchi were 

harvested and sent for histopathological analyses.  Majority of the post-operative 

mortality was due to tracheitis with alveolar oedema and pneumonia seen in 23% of cases 

respectively (Figure 3.7).  In most of these cases, complications occurred within 2 weeks 

following surgery culminating in premature culling (Figure 3.8).  During this study, it 

was found that post-operative complications tended to occur around 7-10 days post-

operatively. 

 

Figure 3.6 Timing of premature mortality in rabbits 
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Figure 3.7 Histopathological findings in rabbits undergoing post-mortem 

examination following premature death 

 

 

 

 

Figure 3.8 Timing of post-operative premature mortality in rabbits 

 

 

 

3.2.5 Refinements and Learning Curve 

 

The building of a surgical heart failure model in this study presented a unique and 

challenging learning journey.  The principles of 3 “R”s, i.e. replacement, reduction and 

refinement, have been adhered to in an attempt to minimise intra- and post-operative 

mortality and ultimately permitting humane use of animals in research studies.  In this 

respect, the rabbit heart failure model developed in this study is irreplaceable by another 
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experimental model that will afford comprehensive study of pathophysiological changes 

of whole heart and peripheral organs in heart failure.  Nonetheless, the number of rabbit 

surgeries have been reduced to the minimum, allowing for meaningful data to be obtained 

at terminal experiments.  Additionally, the initially high post-operative mortality 

provided valuable insights in developing refinements in pre-operative preparations, 

surgical and intubation techniques as well as post-operative care. 

 

Various refinements were implemented throughout the study period, guided by advice 

from named veterinary surgeon at the CRF.  These refinements were tabulated in 

chronological order in Table 3.2.  These ranges from selecting appropriate pre-operative 

pre-medications and ventilator settings to post-operative analgesia and antibiotic 

prescription.  In most cases of premature culling, post-mortem examinations were 

performed to inspect and obtain vital organ specimens to be sent for histopathological 

analyses, thus guiding specific refinements to be implemented throughout the study 

period (Figure 3.9).   

 

The initial learning curve in the development of this surgical model of heart failure was 

steep, being evident from the high initial premature intra- and post-operative mortality.  

Nevertheless, the various targeted refinements act synergistically to eventually abolish 

any premature mortality in the last 3 months of the 24-month period when surgeries were 

carried out (Figure 3.10).
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Table 3.2 Refinements developed during the course of building a surgical heart failure model in rabbits 
 
Date of 
Surgery 
 

Refinements Type of Refinements 

25/11/13 1. Premedication regime given as intramuscular injections based on traditional practices of 
terminal experiments: medetomidine, ketamine and butorphanol tartrate 

2. Eye cream following intubation 
 

Anaesthetic 

27/01/14 1. Isofluorane to maintain anaesthesia during intubation 
2. Removing need for mattress sutures during skin closure 
3. Use 5-0 Vicryl for skin closure 

 

Anaesthetic 

09/07/14 Premedication regime changed to combination of ketamine, xylazine and butorphanol tartrate  
 

Anaesthetic 

16/07/14 1. Premedication regime reverted back to medetomidine, ketamine and butorphanol tartrate 
2. Duphacort (declomethasone) injected into pericardial sac prior to rib closure to prevent 

adhesion/pericarditis 
 

Anaesthetic 
Surgical 

08/12/14 Standardise use of post-op Baytril for 7-10 days 
 

Infection control 

11/02/15 1. Premedications given as subcutaneous injections 
2. Disposable laryngoscope with straighter, longer blade 
3. Intubation BEFORE shaving to minimise risk of ET tube friction with trachea 
 

Anaesthetic 
Respiratory 

11/03/15 1. Routine post-op enrofloxacin (Baytril) changed to trimethoprim/sulfadiazine (Tribrissen) 
2. Use of humidified air and steroid in the event of upper airway noise 

 

Infection control 
Respiratory 
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Table 3.2 (continued) 
	
Date of 
Surgery 
 

Refinements Type of Refinements 

16/03/15 Lower limit of pre-op weight set at 2.7 kg (ideal weight: 3 kg ± 10%) 
 
 

Surgical 
Respiratory 

13/04/15 1. Water-based jelly to lubricate end of ET tube 
2. Inline humidifier attached to inflow tube 
3. Reduce ventilator rate and tidal volume to ~ 40rpm and 20mL 
4. Humidified air for 3-4 days post-operatively 

 

Respiratory 

10/06/15 1. Nebulised air through jet nebuliser in recovery room immediately post-surgery   
2. Nebulised air for at least 1 hour every day for 7 days post-operatively 

 

Respiratory 

01/07/15 1. Connecting tube kit to avoid direct connection from vaporizer to ventilator – preventing 
pressure build up 

2. Transparent cuffed ET tube to ensure ET tube in trachea (visualisation of condensation) 
3. No humidifier to be used for next batch of surgeries 
4. Wet hay for 10 days post-operatively 

 

Respiratory 

06/07/15 1.   To prevent O2 saturation desaturation 
       - Intermittent re-inflation of left lung required during 20-minute waiting time 
       -  Minimise surgical time from skin incision to thoracotomy 
2.    Plastic cover to support rabbit (esp. neck) when transferring from pre-op room to theatre after 

intubation 
 

Respiratory 
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Table 3.2 (continued) 
	
Date of 
Surgery 
 

Refinements Type of Refinements 

13/07/15 1. Transparent cuffed ET tube size 2.5mm 
2. Successful re-inflation of left lung by inflating the cuff with 2.5 mL air and clamping outflow 

tube 
 

Respiratory 
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Figure 3.9 Temporal association of refinements with premature post-operative mortality in rabbits 
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Figure 3.10 Time trend of percentage premature mortality in rabbits 
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3.3 Transthoracic Echocardiography 

 

3.3.1 Background 

 

Transthoracic echocardiography is a non-invasive imaging technique that employs 

ultrasound to establish diagnoses of various cardiovascular diseases through assessment 

of structural and functional status of the beating heart.  The range of frequencies of the 

ultrasound wave utilised depends on the mode of studies, from 2 MHz in adult 

transthoracic studies to 7 MHz for harmonic imaging, transoesphageal studies and 

paediatric echocardiography.  Generation of transthoracic echocardiographic images is 

accomplished by a transducer containing a layer of piezoelectric crystals capable of 

transmitting and receiving high-frequency ultrasound waves to and from the thoracic 

cavity, thereby detecting echoes reflected back from the heart and great vessels.  The 

resulting electrical signals, generated by echoes from structures closest to the transducer 

to structures most distant to the latter, are amplified and transformed to covey spatial 

resolution of cardiac structures.  On the other hand, temporal resolution is provided by 

multiple sweeps of ultrasound waves across a sector over time.   

 

Historically the development of cardiac ultrasound is credited to Inge Edler and Mellmuth 

Hertz.  The collaboration between Dr. Edler, a cardiologist, and Dr. Hertz, a physicist, 

was borne out of the interest in developing a diagnostic tool to evaluate patients with 

mitral stenosis prior to undergoing surgery at the time (Edler and Lindstrom, 2004).  

Eventually, with Hertz being the first human volunteer, they were the first to demonstrate 

movement of the “left atrial wall” with ultrasound, subsequently proven to be that of the 

anterior mitral valve leaflet through further cadaveric studies (Feigenbaum, 1996, Edler 

and Gustafson, 1957, Edler, 1961).  Dr. Harvey Feigenbaum who was at that time 

interested in measuring left ventricular volumes and pressures for assessment of 

compliance, became the first physician to record the presence of pericardial effusion as 

echo-free space in a patient.  These observations were subsequently validated by animal 

studies (Feigenbaum et al., 1966, Feigenbaum et al., 1965).  Dr. Feigenbaum’s work in 

developing M-mode echocardiography for the measurement of left ventricular 

dimensions spearheaded clinical utility of echocardiography, with similar success being 

reported by other investigators (Popp and Harrison, 1970, Pombo et al., 1971, 
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Feigenbaum et al., 1972).    Following the use of M-mode, two-dimensional 

echocardiography developed by Griffith and Henry (Griffith and Henry, 1974), 

conventional Doppler study by Baker et al (Rushmer et al., 1966, Baker et al., 1977), as 

well as colour Doppler flow imaging in the 1980’s (Omoto et al., 1984, Helmcke et al., 

1987) further expanded the clinical role of echocardiography. 

 

Echocardiography plays a pivotal role in the diagnosis and management of heart failure.  

Among all modalities available for cardiac imaging, transthoracic echocardiography 

remains the modality of choice in all causes of heart failure due to its portability, safety 

and non-invasiveness.  Systolic heart failure characterised by a dilated left ventricle and 

a reduced ejection fraction can therefore be reliably diagnosed by echocardiography.  As 

early as 1975, left ventricular ejection fraction has been shown to provide important 

clinical and prognostic indicator for left ventricular performance (Nelson et al., 1975).  

Left ventricular volumes, namely end-diastolic, end-systolic and stroke volume, can be 

measured from two-dimensional echocardiography, providing a reliable estimation of 

ejection fraction in both canine (Buda and Zotz, 1986) and human studies (Stamm et al., 

1982).  Relevant to this thesis, echocardiography on normal healthy rabbits is proved to 

be feasible (Fontes-Sousa et al., 2006, Casamian-Sorrosal et al., 2014).  More 

importantly, the rabbit heart failure model used in this thesis, originally established in the 

Department of Cardiology, Glasgow Royal Infirmary, have also been validated by 

transthoracic echocardiography to provide reliable information on structural changes and 

haemodynamic status of the left ventricle in heart failure induced by coronary ligation 

(Pye et al., 1996).   

 

3.3.2 Method 

 

Transthoracic echocardiography was conducted on the rabbits 1-2 week prior to 

euthanasia for terminal experimental studies of ex vivo assessment of electrophysiological 

performance.  This was performed using a 5 MHz paediatric probe with a SoniVue 

sonograph.  The rabbit was sedated with a subcutaneous injection containing a 

combination of Medetomidine Hydrochloride (Sedator, 0.2 mg/kg), Ketamine (Narketan, 

10 mg/kg) and Butorphanol Tartrate (Torbugesic, 0.05 mg/kg).   A small area of the 

anterior chest wall was shaved to allow for an optimal echocardiographic window.  The 
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animal was positioned on a left lateral position.  Transthoracic echocardiography 

generally required 40-45 minutes to obtain sufficient echocardiographic parameters and 

images for post-hoc analyses.  During this period, oxygen saturation of the sedated rabbit 

was closely monitored with pulse oximetry.  Upon completion of echocardiography, all 

rabbits were recovered from their sedation with Atipamezole Hydrochloride (Atipam, 

1mg/kg). 

 

The following echocardiographic parameters were obtained in the M-mode under 

parasternal long-axis view during end-systole and end-diastole (Figure 3.11a):- 

 

1. left atrial systolic diameter (LAD) 

2. end-diastolic (LVEDD) and end-systolic left ventricular internal diameter 

3. interventricular septal thickness (IVS) 

4. left ventricular posterior wall thickness (LVPW) 

 

In parasternal short-axis view at a level just below the tips of the mitral valve leaflets, 

endocardial border was tracked and marked during the end-diastolic and end-systolic 

frame captured.  This allows automatic computation of end-diastolic and end-systolic 

endocardial area (Figure 3.11b). 

 

Using all the aforementioned echocardiographic parameters, fractional area change 

(FAC) and ejection fraction (EF) can be calculated, reflecting the percentage of left 

ventricular area and volume reduction respectively during systole in long and short axis. 
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Figure 3.11 Parasternal echocardiographic windows in rabbits illustrating long-axis 

view of mitral valve in M-mode (Figure 3.11a) and short axis view of basal left 

ventricle (Figure 3.11b) 

 

Figure 3.11a  Figure 3.11b 
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3.4 Measurements of Ventricular Fibrillation Threshold and Ventricular 

Refractoriness in Langendorff-perfused Rabbit Hearts 

 

3.4.1 Background 

 

The Langendorff heart preparation was first pioneered in 1895 based on the observation 

by Oskar Langendorff that an excised mammalian heart which had stopped contracting 

could resume contraction for hours following a connection between its corresponding 

aorta with a reservoir of blood (Langendorff, 1895).    This phenomenon was based on 

the premises that the pressure generated by the blood within the aorta closed the aortic 

valve, thereby directing blood through the coronary vasculature to maintain cardiac 

contractility.  This experimental set-up has proven to be reproducible by means of 

appropriate cardiac preparation and equipment (Curtis and Hearse, 1989b).  The 

underlying principle of Langendorff heart preparation involves cannulation of aorta to 

allow perfusate to enter coronary vasculature with either constant flow or constant 

pressure, thereby permitting measurement of either coronary vascular resistance or 

coronary flow respectively.  The heart rate is determined by the sinoatrial node which 

reflects species variation (Johns and Olson, 1954).  In both rats and mice, the in vivo heart 

rates (Mitchell et al., 1998, Curtis and Walker, 1986, Curtis et al., 1987, Curtis et al., 

1985) were correspondingly higher than those in the Langendorff preparations (Curtis 

and Hearse, 1989b), (Yamada et al., 1990, Stables and Curtis, 2009, Nakata et al., 1990, 

Farkas and Curtis, 2002, Curtis and Hearse, 1989a, Bernier et al., 1989).  In rabbits, the 

heart rate in the Langendorff preparation (Rees and Curtis, 1993a, Rees and Curtis, 

1993b) is similar to that in conscious animals (Murakami et al., 1996), i.e. ~ 200 beats 

per minute.  This is believed to be due to underlying species-dependent autonomic tone 

whereupon sympathetic removal occurs with Langendorff preparation and thus has less 

of an effect in rabbits than rodents owing to less sympathetic control on the baseline heart 

rate in the former. 

 

In this study, isolated Langendorff perfused rabbit heart with intact autonomic 

innervation was used (Ng et al., 2001).  This model overcomes several shortcomings 

compared to other models.  First, it addressed the issue of in vivo heart performance being 

confounded by the influences of circulating catecholamines and haemodynamic reflexes 
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during direct autonomic nerve stimulations.  Second, it exhibited a physiological cardiac 

response under corresponding autonomic nerve stimulation as compared to in vitro 

studies using exogenous pharmacological agents, such as isoproterenol, to mimic the 

autonomic nerve activity. 

 

3.4.2 Method 

 

3.4.2.1 Isolation of Heart with Intact Dual Autonomic Innervation 

 

Isolation of rabbit heart with intact dual-innervated autonomic nerves was described in a 

previous study (Ng et al., 2001).  Adult male New Zealand White rabbits were 

premedicated with subcutaneous injection of sedatives comprising a combination of 

Medetomidine Hydrochloride (Sedator, 0.2 mg/kg), Ketamine (Narketan, 10 mg/kg) and 

Butorphanol Tartrate (Torbugesic, 0.05 mg/kg).  After 10 – 15 minutes, once the animal 

was fully sedated, the ear marginal vein was cannulated.  One thousand IU heparin was 

given intravenously.  The animal was shaved from neck to abdominal area.  A midline 

cervical incision was made to isolate trachea.  General anaesthesia was maintained by 

intravenous injections of Propofol.  The trachea was intubated with a 5 mm plastic tube 

which was secured by Silk sutures.  Positive pressure ventilation was initiated and 

maintained by a small-animal ventilator (Harvard Apparatus Ltd, Edenbridge, Kent, UK) 

with O2-air mixture at 60 breaths min-1.  The common carotid arteries were identified, 

isolated and tied off with Silk sutures.  The adjacent vagus nerves on each side were 

partially dissected at mid-cervical level.  The midline neck incision was extended 

caudally to abdominal level to expose the ribcage, following which the pectoral muscles 

were dissected.  Bilateral subclavian and internal jugular vessels were ligated with Silk 

sutures.  The rabbit was euthanized with Pentobarbitone Sodium (160 mg/kg, Sagatal, 

Rhone Merieux, Harlow, UK) and 1000 IU heparin intravenously.  Bilateral incisions 

were made at lower thorax just above the diaphragm level, allowing the anterior portion 

of the ribcage to be removed in order to expose the mediastinum.  The pericardial sac was 

incised and ice-cold Tyrode solution was applied to the epicardial surface of the beating 

heart to reduce both temperature and metabolism.  The descending aorta was isolated and 

cannulated with a custom-made flange-shaped plastic tube through which ice-cold 

Tyrode solution was injected.  A small incision was made at the pulmonary artery, 
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allowing the Tyrode solution to escape from the right heart.  Following the dissection of 

the vertebral column at the first cervical vertebra and the 12th thoracic vertebra, the 

whole-heart preparation extending from neck to the thorax inclusive of the residual 

ribcage were excised.  The proximal dissection at the level of first cervical vertebral 

ensures this whole-heart preparation is a spinal specimen devoid of any brainstem 

activity, thereby eliminating the influence of afferent inputs and central modulation 

during autonomic nerve stimulations. 

 

All procedures were undertaken in accordance with the Animals (Scientific Procedures) 

Act 1986 in the UK and the Guide for the Care and Use of Laboratory Animals published 

by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). 

 

3.4.2.2 Langendorff Preparation Protocol and Cardiac Electrical Signal 

Recording 

 

The plastic tube which was cannulated in the descending aorta was connected to the 

perfusion apparatus to deliver perfusate in modified Langendorff fashion using Tyrode 

solution comprising (in mM): 130 NaCl, 24 NaHCO3, 1.0 CaCl2, 1.0 MgCl2, 4.0 KCl, 1.2 

NaH2PO4 and 20 dextrose.  Constant pH was achieved at 7.4 by gassing a mixture of 95% 

O2 and 5% CO2 whilst temperature was maintained constant at 37oC with a feedback 

control via a heating element in the bathing solution.  A Gilson Minipuls 3 peristaltic 

pump was used to deliver Tyrode solution at a constant flow rate of 100mL/min thereby 

maintaining a constant perfusion pressure.  A 3F polypropylene catheter (Portex, Kent, 

UK) was inserted using Seldinger technique through the left ventricular apex to allow for 

drainage of Thebesian venous effluent.  Left ventricular pressure was measured by a 

pressure transducer (MTL0380, AD Instruments, Chalgrove, UK) using a water-filled 

latex balloon inserted through a small incision at the left atrium into the left ventricle.  

The volume of the balloon was adjusted to give rise to 0 – 5 end-diastolic pressure 

readings.  Perfusion pressure was monitored with a separate pressure transducer 

connected in series with the aortic cannula. 

 

Two pairs of platinum needle electrodes (Grass Instruments, Slough, UK) were used.  

One of the pairs was connected to the right atrial appendage for recording of atrial 
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electrograms whilst the second pair was connected to the right atrium and the rib cage to 

record a rudimentary electrocardiograph (ECG).  To assess for atrio-ventricular delay, the 

electrodes used for recording of atrial electrograms were also used for atrial pacing.  A 

spring-loaded mini-MAP electrode (Harvard Apparatus, Edenbridge, Kent, UK) was used 

to record monophasic action potentials (MAPs) from the epicardial surface of the left 

ventricular free wall simultaneously at the base and the apex using a DC-coupled high 

input impedance differential amplifier (Figure 3.12). 

 

Figure 3.12 Langendorff-perfused rabbit heart preparation with intact dual-

autonomic innervation 

 

 

 

3.4.2.3 Autonomic Nerve Stimulation 

 

The cervical vagus nerves were dissected from adjacent muscle fibres.  Once isolated, 

individual nerve was supported by a pair of custom-made bipolar silver electrodes 

(Advent Research Materials, UK: 0.5 mm diameter).  In contrast, bilateral sympathetic 

nerve stimulation was achieved by inserting a quadripolar catheter into the spinal canal 

at the 12th thoracic vertebra and advancing the catheter to the level of the 2nd thoracic 

vertebra.  The electrodes for each branch of the autonomic nerves were connected to 2-

channel constant voltage square pulse stimulators individually (S88, Grass Instruments), 
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the latter capable of stimulation over a range of frequencies (1 – 20 Hz) and strengths (1 

– 20 V) at 2 ms pulse-width.  This allows for both isolated and concurrent vagus and/or 

sympathetic nerve stimulations.   A neuro-muscular blocking agent, decamethonium 

bromide (Sigma, UK, 5 µM) was added into Tyrode solution to prevent intercostal-

muscle twitching caused by current spread to the spinal motor neurones during high-

frequency sympathetic nerve stimulation.   

 

3.4.2.4 Measurement of Atrial and Ventricular Electrophysiology 

 

3.4.2.4.1 Measurement of Heart Rate and Atrio-ventricular Delay 

 

All electrical signals, including heart rate and MAPs, as well as left ventricular and 

perfusion pressures were recorded with a PowerLab 800.s (ADInstruments Ltd, UK) and 

subsequently digitalised at 1 kHz using LabChart Pro software (ADInstruments Ltd, UK).  

Heart rate was recorded at steady state at baseline and following autonomic nerve 

stimulation.  In addition, this was derived by measuring the beat-to-beat interval of the 

atrial electrograms.  During atrial pacing with the needle electrodes originally used to 

record atrial electrograms, antegrade atrio-ventricular delay could be assessed by 

measuring the delay from the atrial stimulation spike to the beginning of the MAP 

measured from the left ventricular free wall. 

 

3.4.2.4.2 Measurement of Ventricular Electrophysiology 

 

A bipolar pacing electrode (EP Technologies, Sunnyvale, California, US) was inserted 

through the incision at the pulmonary artery into the right ventricular apex, and was 

connected to a constant current stimulator (DS7A, Digitimer, Welwyn Garden City, UK) 

to deliver a pacing current at twice the diastolic threshold with a 2 ms pulse width.   

 

Ventricular fibrillation threshold (VFT) was measured with right ventricular burst pacing 

(30 stimuli, 30 ms interval) after a 20-beat drivetrain at 240 ms, and was determined by 

progressively increasing the pacing current at 0.5 mA steps.  If no VF was induced, a 5-

second rest period ensued before the next pacing train resumed. VFT was defined as the 
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minimum current required to induce sustained VF lasting for at least 10 seconds (Figure 

3.13). 

 

Both standard restitution and ventricular refractoriness were determined by right 

ventricular pacing using a 20-beat drive train (S1, 240ms cycle length) followed by an S2 

decrementing at 10 ms from 240 ms to 200 ms, and subsequently at 5 ms from 200 ms to 

ventricular effective refractory period (ERP).  ERP was thus defined as the longest 

coupling interval that failed to capture the ventricles (Figure 3.14).  Using a custom-

written programme (Kettlewell et al., 2004), MAP duration was measured from the 

beginning of the signal to 90% repolarisation (MAPD90), i.e. peak of the action potential 

to the isoelectric line.  Restitution was prescribed by the relationship between S2-MAPD90 

and its preceding diastolic intervals (DI), the latter being measured by the interval 

between S1 and S2-MAP signals minus S1-MAPD90.  A best-fitted exponential curve was 

created (MAPD90 = MAPD90max [1-e-DI/Ƭ]) with Microcal Origin (v9.1, Origin, San Diego, 

CA, US) where MAPD90max was the maximum MAPD90 and Ƭ was the time constant.  

Specifically, in adopting this mono-exponential growth function for curve fitting, 

maximum MAPD90 and Ƭ are both constants obtained by the least squares fitting to the 

experimental values of MAPD90 and DI (Hering, 1909).  Analysis of the first derivative 

of this fitted curve yielded the maximum slope of action potential duration (APD) 

restitution, enabling the restitution hypothesis to be verified (Cao et al., 1999).  It should 

be recognised that this maximum curve-fitting method used empirically to describe the 

data assumes that cardiac restitution will conform to such an exponential behaviour.  In 

the clinical setting, this assumption may not always be true with the requirement of the 

maximum slope occurring at the shortest diastolic interval.  Hence such a restrictive 

assumption may not be able to track data fluctuations in a physiological model.  

Furthermore, in the presence of regional heterogeneity, the fitting of a single function is 

not robust, resulting in large standard errors in the least-square estimates in the parameter 

values of the function.  To overcome such shortcomings, an alternative method of 

calculating the least mean squares was proposed.  This involves fitting the data by 

overlapping least-squares linear segments of 40 ms in diastolic intervals, calculating the 

means and the resultant standard errors.  Indeed, the latter method of “least mean squares” 

have been validated in clinical studies to allow for a more physiological representation as 

well as to account for regional heterogeneity (Taggart et al., 2003, Nicolson et al., 2012).  
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For the Langendorff’s preparation used in this thesis, the focus of the study is the 

maximum slopes and therefore an exponential function is assumed. 

 

Throughout this thesis, standard APD restitution was measured using the aforementioned 

S1-S2 protocol which affords measurements of ventricular ERP.  It is however important 

to recognise that APD restitution is not the only mechanism that can give rise to APD 

alternans.  Conduction velocity (CV) restitution plays a similarly important influence in 

the induction of alternans.  Specifically, the probability of discordant alternans formation 

has been shown to be inversely proportional to c’/c2, where c is CV and c’ is the slope of 

the CV restitution curve (Echebarria and Karma, 2002).  Discordant alternans therefore 

forms more easily when the gradient CV restitution curve is extremely steep.  However, 

the measurement of CV restitution has inherently similar challenges as that of APD 

restitution due to its dependency of DIs.  Furthermore, in anisotropic cardiac tissue, the 

longitudinal and transverse propagation directions may not be easy to determine due to 

the complex myocardial fibres alignment, contributing to not only spatial but also 

temporal variation in CV especially during alternans.  In small animal models, CV 

measurements pose a greater experimental uncertainty due to measurement of two very 

close sites which results in a small difference in time. 

 

 

 

Figure 3.13 An example of MAP Recording with VF induction by burst pacing 

following a drive train at 240 ms cycle length 
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Figure 3.14 MAP recordings during an S1-S2 protocol at 240 ms S1 cycle length, 

with S2 capturing the ventricle in one drive train (Figure 3.14a) but failing to 

capture the ventricle in the next drive train (Figure 3.14b) 

 

Figure 3.14a 

 

 

 

 

 

 

 

Figure 3.14b 
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3.5  Cardiac Remodelling and Organ Congestion 

 

3.5.1  Background 

 

Following myocardial infarction, significant structural changes occur to the ventricles as 

seen in both animals (Pfeffer, 1991) and humans (McKay et al., 1986).  This process of 

structural change was coined remodelling, describing significant degree of hypertrophy 

as a compensatory response to impaired contractile performance as a results of 

myocardial infarction (Braunwald and Pfeffer, 1991).  Specifically left ventricular 

remodelling encompasses changes in mass, volume, geometry and cellular composition 

in the left ventricle in response to mechanical stress and/or systemic neurohumoral 

activation (Sutton and Sharpe, 2000).   

 

Adverse phenotypic changes to the heart following myocardial infarction contributes to 

peripheral organ congestion, creating the well-recognised clinical syndrome of chronic 

heart failure (Katz et al., 1960).  Conceptually contractile dysfunction of a pumping 

chamber leads to back-pressure in the vasculature and corresponding organs proximal to 

the chamber in question.  As such, left ventricular failure results in pulmonary congestion 

whereas right ventricular failure leads to raised systemic venous pressure and hence 

hepatic congestion and peripheral fluid retention.  Ultimately longstanding pulmonary 

congestion contributes to pulmonary hypertension and right ventricular overload.  Hence 

the leading cause of right ventricular failure is left ventricular failure. 

 

3.5.2 Method 

 

3.5.2.1 Measurement of Wet and Dry Organ Weights 

 

In order to assess the degree of compensatory cardiac remodelling and organ congestion 

in the coronary ligation model of rabbit heart failure, livers and lungs were excised from 

the animals at the time of euthanasia, blotted to remove excess blood, and weighed to 

record their wet weights.  At the end of each experiment, each heart was carefully excised 

from the residual ribcage, preserving its great vessels.  The heart was blotted and the wet 



Chapter	3	

93	
	

weight was measured.  All organs were dried in an oven heated to 70 oC until their 

corresponding dry weights plateau.  

 

3.5.2.2 Ex-vivo Cardiac Magnetic Resonance Imaging 

 

In some cases, at the end of a terminal experiment, the heart was excised from the residual 

ribcage, with its great vessels preserved.  The whole heart was fixed with 4% 

paraformaldehyde overnight.  On the next day, the heart was placed in a test tube 

containing proton-free fluid, Fomblin-Y (Silma Aldrich).  Fomblin-Y was used as it is 

devoid of magnetic resonance imaging (MRI) signal in addition to being susceptibility-

matched to tissue. 

 

MRI scanning was performed on a 9.4T Agilent scanner (Agilent Technologies, Santa 

Clare, CA, USA) with a 310mm bore diameter and 6cm inner-diameter gradient coil 

(1000 mT/m maximum gradient strength), interfaced with a DirectDrive Console. Radio 

frequency transmission and reception was achieved with a 40mm millipede 

transmit/receive RF coil. The rabbit hearts were positioned at the isocenter of the magnet 

and located with fast gradient echo scan. 3D gradient echo shimming of first and second 

order shims was performed over the entire heart and shim quality was confirmed using 

point resolved spectroscopy (PRESS) of the water peak. 

 

T2-weighted images were acquired using a fast spin echo (FSE) sequence with TR/TE = 

3000/40ms, 30 x 30mm field of view (256 x 256 matrix), 36 x 1mm coronal slices and 3 

signal averages (scan duration = 9mins 42sec). The resultant images were used to 

generate 2D slice montage representations of the heart (Figure 3.15).  

For accurate quantification of scar volume, T1-weighted images were acquired using a 3-

dimensional magnetization prepared rapid gradient-echo (MP-RAGE) sequence with 

TR/TE = 6.5/3.3ms, 40 x 30 x 30mm field of view (256 x 192 x 192 matrix) and 2 signal 

averages (scan duration = 57mins 39sec). Scar volume was calculated using manual ROI 

analysis in 3D Slicer (http://www.slicer.org). 

 



Chapter	3	

94	
	

Figure 3.15 Sagittal representation of rabbit heart taken from 3D T1-weighted MP-

RAGE scan (a) with superimposed scar region (b) (highlighted red) generated by 

semi-automated region growing analysis in 3D Slicer 
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3.6  Data Presentation and Statistical Analysis 

 

All experimental data presented in the following chapters are expressed as mean ± 

standard error.  Comparison between groups of data was made with either Student’s t-test 

or with repeated measures of ANOVA if appropriate.  A two-tailed P value of less than 

0.05 was considered significant.  All P values were represented by asterisks in graphs, 

whereby * denotes P ≤ 0.05, ** denotes P ≤ 0.01, and *** denotes P ≤ 0.001. 
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Chapter 4:  Sympatho-vagal Interaction in Isolated Dual-innervated, Langendorff-

perfused Rabbit’s Heart 

 

4.1 Introduction 

 

The effect of autonomic nerve activity on heart rate (HR) control is well recognised.  

Sympathetic nerve stimulation leads to an increase in HR (positive chronotropy) whereas 

vagus nerve stimulation results in a reduction in HR (negative chronotropy) (Levy and 

Zieske, 1969).  This is believed to be modulated at the molecular level by 

neurotransmitters, namely catecholamines and acetylcholine on the intrinsic pacemakers, 

typically at the sino-atrial node (Levy, 1997).   Additionally, the effect on HR changes is 

shown to increase with the strength and frequency of the corresponding autonomic nerve 

stimulations up to a maximal limit (Ng et al., 2001).  In spite of this clear dichotomy in 

HR control, physiologically sympathetic and vagus nerves exhibit complex interaction 

with studies depicting a picture of vagal dominance in overall HR control during 

sympatho-vagal interaction (Brack et al., 2004, Uijtdehaage and Thayer, 2000, Mizuno 

et al., 2008, Yang and Levy, 1992, Levy, 1971).  This phenomenon has been coined 

accentuated antagonism, describing the inhibition of sympathetic nerve activity on 

cardiac functions in the presence of vagus nerve stimulation (Levy, 1971).   

 

Importantly, the influence of autonomic nerve activity extends beyond chronotropic 

control and has been shown to be a prognostic marker of ventricular arrhythmias in 

cardiac patients, in particular those with heart failure (Nolan et al., 1998) or prior 

myocardial infarction (La Rovere et al., 1998).  Abnormal autonomic nerve activity 

leading to increased susceptibility life-threatening ventricular arrhythmias contributes to 

increased mortality in patients in these cardiac conditions (Schwartz, 1998).   Although 

the direct mechanism between impaired autonomic nerve activity and increased 

ventricular arrhythmias is poorly understood, one possible mechanistic route involves 

autonomic modulation of cardiac electrical restitution. 

 

Cardiac electrical restitution (RT) explains the non-linear relationship between action 

potential duration (APD) with its preceding diastolic intervals (DI).  Ventricular 

fibrillation (VF) initiation is believed to be associated with break-up of rotors or spiral 
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waves to multiple disorganised wavelets and oscillations (Weiss et al., 2000).    The 

restitution hypothesis proposed that as the slopes of APD restitution curves become 

steeper, typically beyond 1, oscillations, and hence VF initiation, are facilitated (Cao et 

al., 1999).  Autonomic modulation of RT with sympathetic nerve steepening the slope 

and vagus nerve flattening the slope, have been demonstrated to exert opposing effects 

on ventricular electrophysiology – the former reducing the ventricular fibrillation 

threshold (VFT) and shortening ventricular effective refractory period (ERP) whereas the 

latter raising the VFT and prolonging the ERP (Ng et al., 2007). 

 

In this study, isolated dual-innervated Langendorff-perfused rabbit hearts were used to 

examine the effect of concurrent sympathetic and vagus nerve stimulation on HR and 

ventricular electrophysiology, i.e. VFT, ERP and RT.   

 

4.2 Aim 

 

The aim of this study was as follow:- 

 

1) To assess presence of accentuated antagonism in VFT, ERP and RT slopes. 

2) To establish the frequency response on HR, VFT, ERP and RT at baseline (BL) and 

in the presence of background opposing autonomic nerve stimulations. 

 

4.3 Method 

 

4.3.1 Isolated Rabbit Heart Preparation with Intact Dual Autonomic Nerve 

Innervation 

 

Adult male New Zealand White rabbits (2.8 – 3.7 kg, n = 18) were sedated with a 

subcutaneous injection containing a mixture of Medetomidine Hydrochloride (Sedator, 

0.2 mg/kg), Ketamine (Narketan, 10 mg/kg) and Butorphanol (Torbugesic, 0.05 mg/kg).   

After 15 minutes of waiting, surgery was performed to isolate rabbit heart with intact dual 

autonomic innervation as described in detail in the previous chapter (Chapter 3.4.2.1).   
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4.3.2 Langendorff Perfusion 

 

Once isolated, rabbit hearts were perfused in modified Langendorff mode with Tyrode 

solution in an experimental set up as described in Chapter 3.4.2.2.  Relevantly atrial 

electrogram was recorded through a pair of platinum needle electrodes attached to the 

right atrial appendage to allow for derivation of instantaneous HR. 

 

4.3.3 Autonomic Nerve Stimulation 

 

As described in Chapter 3.4.2.3 in detail, the right cervical vagus nerve was supported 

and stimulated by a pair of custom-made bipolar silver electrodes.  Bilateral sympathetic 

nerve stimulation was achieved by insertion of a quadripolar catheter into the spinal canal 

to the level of stellate ganglia. 

 

For each of the autonomic nerves, a voltage response curve was constructed by assessing 

the HR response during sympathetic (SNS)/vagus nerve stimulation (VNS) with varying 

strength from 1 – 10 V.  The optimal voltage required by each nerve to induce 80% of 

maximal HR changes was determined and used to assess the frequency response of the 

corresponding autonomic nerves. 

 

In this study, low-frequency SNS (LS) was defined as the frequency which produced an 

elevated intrinsic HR of around 180 – 200 bpm whereas high-frequency SNS (HS) gave 

rise to a HR of around 230 – 250 bpm.  Low-frequency VNS (LV) was determined as the 

frequency which led to a bradycardia of around 90 – 100 bpm whilst high-frequency VNS 

(HV) a HR of around 60 – 70 bpm.   

 

 

This study was designed in two protocols.  In Protocol 1 (VNS-SNS), the effects of low- 

(LS) and high-frequency SNS (HS) were assessed at baseline (BL) and in the presence of 

background high-frequency VNS (HV).  In Protocol 2 (SNS-VNS), the sequence of nerve 

stimulation was reversed, i.e. the effects of low- (LV) and high-frequency VNS (HV) 

were examined at BL and in the presence of high-frequency SNS (HS).   
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4.3.4 Cardiac Electrical Recording and Pacing 

 

A spring-loaded mini-MAP electrode was placed at the epicardial surface of left 

ventricular free wall for recording of monophasic action potential (MAP) using a DC-

coupled high-input impedance differential amplifier as described in Chapter 3.4.2.2.  A 

bipolar pacing electrode was inserted into the right ventricular apex for ventricular pacing 

manoeuvres required for measurement of VFT and ERP. 

 

4.3.5 Measurement of Ventricular Electrophysiology: VFT, ERP and RT 

 

VFT and ERP were determined by specific pacing protocols as described in Chapter 

3.3.2.4.  RT was derived from measurements of MAP duration during S1 – S2 protocol 

used for ERP measurement.  The specifics of RT calculations were explained in Chapter 

3.4.2.4.  In both pacing protocols, relevant autonomic nerve stimulations were performed 

and steady-state HR was ensured before commencing the appropriate pacing protocols. 

 

4.4 Results 

 

4.4.1 Effects of Sympatho-vagal Interaction on Heart Rate 

 

4.4.1.1 Effects of Background High-frequency Vagus Nerve Stimulation on 

Heart Rate Response during Low and High-frequency Sympathetic 

Nerve Stimulations 

 

In Protocol 1, HR response was first assessed with low (LS) and high-frequency SNS 

(HS) correspondingly.  Steady-state HR was recorded from atrial electrogram following 

SNS-induced tachycardia.  The protocol was then repeated by introducing high-frequency 

VNS (HV) in the background, ensuring a steady state HR was reached prior to 

commencing either low or high-frequency SNS.  After a new steady state HR was reached 

following stimulation of two sets of autonomic nerves, pacing protocol was commenced 

to measure VFT.  Figure 4.1 illustrates HR changes during Protocol 1 in a typical 

experiment.  LS increased the HR to about 170 bpm whereas HS led to a tachycardia of 

230 bpm (Figure 4.1A) from an initial HR of 145 bpm.  This protocol was repeated with 
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introduction of background HV resulting in a bradycardia of 50 bpm with concomitant 

LS and HS increasing the HR to around 85 bpm and 110 bpm correspondingly (Figure 

4.1B). 

 

The mean data (n = 12) for the HR response of SNS at BL and in the presence of 

background VNS is illustrated in Figure 4.2A.  In this protocol, mean HR was 140.7 ± 

7.0 bpm.  SNS exerted a frequency-dependent tachycardia effect with LS (2.5 ± 0.2 Hz) 

increasing the HR to 180.1 ± 5.7 bpm whilst HS (9.3 ± 0.8 Hz) raising the HR to 224.8 ± 

3.8 bpm.  Background HV (9.9 ± 0.6 Hz) reduced the HR to 59.3 ± 5.3 bpm and attenuated 

concurrent SNS-induced tachycardia in a frequency-responsive manner.  Specifically, 

HV-LS led to a mean HR of 90.0 ± 6.9 bpm and HV-HS a mean HR of 112.4 ± 9.8 bpm.  

These findings were further supported when absolute change in HR was calculated under 

the aforementioned SNS and VNS combinations (Figure 4.2B).  At BL, HR increased by 

48.7 ± 5.5 bpm and 93.6 ± 5.0 bpm under LS and HS correspondingly.  Background HV 

attenuated the positive chronotropic effect of SNS in a frequency-dependent effect with 

the HR increments being 28.9 ± 5.8 bpm (p = 0.0416) and 46.5 ± 8.4 bpm (p = 0.0003) 

for HV-LS and HV-HS correspondingly.   
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Figure 4.1 An example of intrinsic heart rate changes following low- or high-

frequency sympathetic nerve stimulation at baseline (Figure 4.1A) and with 

concurrent high-frequency vagus nerve stimulation (Figure 4.1B) 

  

Figure 4.1A Figure 4.1B 
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Figure 4.2 Absolute heart rate (Figure 4.2A) and relative heart rate changes (Figure 

4.2B) following low- (LS) and high-frequency (HS) sympathetic stimulation at 

baseline (BL), as well as following low- (HV-LS) and high-frequency (HV-HS) 

sympathetic stimulation with concurrent high-frequency vagal stimulation (HV) 

 

Figure 4.2A Figure 4.2B 

 

 

4.4.1.2 Effects of Background High-frequency Sympathetic Nerve Stimulation 

on Heart Rate Response during Low and High-frequency Vagus Nerve 

Stimulations 

 

In Protocol 2, HR response was initially assessed with low (LV) and high-frequency VNS 

(HV) by derivative measurements from atrial electrogram.  This was then repeated by 

introducing background high-frequency SNS (HS), ensuring a steady state HR was 

achieved before initiating low or high-frequency VNS.  Figure 4.3 illustrated an example 

of Protocol 2 when HR was reduced from around 140 bpm to 100 bpm and 50 bpm by 

LV and HV correspondingly.  Background HS increased the HR to about 225 bpm with 

concurrent VNS reducing the HR to 160 bpm and 110 bpm at low and high frequency of 

stimulations. 

 

Mean HR data (n  = 13) for Protocol 2 was illustrated in Figure 4.4A.   At BL, HR was 

recorded at 130.6 ± 5.7 bpm.  VNS led to a frequency-dependent bradycardia, lowering 
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the HR to 101.4 ± 4.0 bpm and 69.7 ± 5.7 bpm with LV (3.2 ± 0.5 Hz) and HV (9.9 ± 0.6 

Hz) respectively.  Background HS resulted in a tachycardia of 224.1 ± 3.5 bpm with 

concurrent LV (HS-LV) and HV (HS-HV) reducing the HR to 143.8 ± 6.1 bpm and 94.7 

± 5.5 bpm respectively.    At both BL and during background HS, there was a frequency-

dependent effect on vagal-induced bradycardia.  Furthermore, the effect of vagal 

bradycardia was potentiated in the presence of background SNS.  Both these phenomena 

were illustrated in Figure 4.4B demonstrating absolute HR reduction by VNS at BL and 

during SNS.  At BL, LV gave rise to a HR reduction of 28.7 ± 3.9 bpm whereas HV led 

to a greater HR reduction of 58.8 ± 6.4 bpm.  In the presence of SNS, the negative 

chronotropic response by VNS was enhanced in a frequency-dependent manner with HS-

LV leading to a HR reduction of 72.3 ± 7.8 bpm (p = 0.0002) whilst HS-HV a HR 

reduction of 120.6 ± 9.4 bpm (p = 0.0003). 

 

Figure 4.3 An example of intrinsic heart rate changes following low- or high-

frequency vagus nerve stimulation at baseline (Figure 4.3A) and with concurrent 

high-frequency sympathetic nerve stimulation (Figure 4.3B) 

 

Figure 4.3A Figure 4.3B 

 

 

 



Chapter	4	 	

112	
	

Figure 4.4 Absolute heart rate (Figure 4.4A) and relative heart rate changes (Figure 

4.4B) following low- (LV) and high-frequency (HV) vagal stimulation at baseline 

(BL), as well as following low- (HS-LV) and high-frequency (HS-HV) vagal 

stimulation with concurrent high-frequency sympathetic stimulation (HS) 

 

Figure 4.4A Figure 4.4B 

 

 

4.4.1.3 Algebraic Sum of Heart Rate Changes with Sympathetic and Vagus 

Nerve Stimulations 

 

To investigate the possible interaction between the two branches of autonomic nerves on 

chronotropic response, the HR changes by SNS and VNS individually were analysed by 

simple addition, i.e. algebraic sum.  A comparison between these algebraic sums and the 

actual HR changes occurring during sympatho-vagal interaction was made for Protocol 1 

(Figure 4.5A) and Protocol 2 (Figure 4.5B).  The algebraic sum (expected) and the actual 

(observed) HR changes differed significantly irrespectively of both the frequency and the 

sequence of nerve stimulations.  Notably the observed HR changes were lower than those 

expected in both protocols. 
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Figure 4.5 Comparison of expected (algebraic summed) and observed heart rate 

changes during sympatho-vagal interaction 

 

Figure 4.5A Figure 4.5B 

 

4.4.2 Effects of Sympatho-vagal Interaction on Ventricular Fibrillation 

Threshold 

 

4.4.2.1 Effects of Background High-frequency Vagus Nerve Stimulation on 

Ventricular Fibrillation Threshold during Low and High-frequency 

Sympathetic Nerve Stimulations 

 

In Protocol 1, ventricular fibrillation threshold (VFT) was assessed by burst pacing 

protocol as described previously.  Figure 4.6A illustrated the mean VFT data (n = 12).  In 

the absence of any autonomic nerve stimulation, baseline (BL) VFT was 4.2 ± 0.4 mA.  

SNS led to a reduction in VFT of differing degree depending on frequency of stimulation.  

LS resulted in a lower VFT of 2.3 ± 0.4 mA whereas HS led to an even lower VFT of 1.6 

± 0.3 mA.  A repeat of Protocol 1 by introducing background high-frequency VNS (HV) 

raised the VFT from 4.2 ± 0.4 mA to 8.0 ± 0.9 mA.  Concurrent SNS in the presence of 

HV reduced VFT in a frequency-dependent manner, i.e. 5.2 ± 0.7 mA for HV-LS and 4.0 

± 0.6 mA for HV-HS. 
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The preservation of frequency-sensitive nature in VFT, as seen in HR responses, is further 

supported in Figure 4.6B.  When absolute VFT changes were calculated, LS reduced VFT 

by 1.9 ± 0.3 mA from VFT at BL whereas HS led to a statistically significant VFT 

reduction of 2.6 ± 0.3 mA.  This phenomenon of frequency response persisted in the 

presence of background VNS.  HV-LS reduced VFT by 2.8 ± 0.8 mA from a HV-induced 

VFT level of 8.0 ± 0.9 mA.  During HV-HS, there was greater VFT reduction of 4.0 ± 

0.9 mA.  Compared to BL, background HV did not affect the VFT-lowering effect of 

SNS with the VFT reduction being 2.8 ± 0.8 mA (p = 0.1852) and 4.0 ± 0.9 mA (p = 

0.1356) for HV-LS and HV-HS correspondingly.   

 

 

Figure 4.6 Absolute ventricular fibrillation threshold (VFT) (Figure 4.6A) and 

relative VFT changes (Figure 4.6B) at baseline (BL), following low- (LS) and high-

frequency (HS) sympathetic stimulation, high-frequency vagal stimulation (HV) 

and during vago-sympathetic interaction (HV-LS, HV-HS) 

 

Figure 4.6A Figure 4.6B 
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4.4.2.2 Effects of Background High-frequency Sympathetic Nerve Stimulation 

on Ventricular Fibrillation Threshold during Low and High-frequency 

Vagus Nerve Stimulations 

 

In Protocol 2, the effect of differing frequency of VNS on VFT at BL and in the presence 

of high-frequency SNS (HS) was assessed.   Figure 4.7A illustrated the mean VFT data 

(n = 13).   VFT was measured to be 4.5 ± 0.6 mA at BL.  VNS raised VFT in a frequency-

dependent manner, with LV leading to VFT of 6.8 ± 1.2 mA and HV resulting in VFT of 

9.5 ± 1.5 mA.   HS lowered VFT from the baseline value of 4.5 ± 0.6 mA to 1.3 ± 0.2 

mA.  Concurrent VNS in the presence of HS increased VFT in a frequency-responsive 

manner.  VFT was measured as 2.3 ± 0.5 mA and 4.3 ± 0.6 mA during HS-LV and HS-

HV correspondingly. 

 

Figure 4.7B illustrated absolute VFT changes of LV and HV when compared to VFT at 

baseline and that during HS.  As previously shown for frequency response of SNS in 

Protocol 1 (Figure 4.6B), the frequency response of VNS on VFT in Protocol 2 was 

preserved.  At BL, LV increased VFT by 2.4 ± 0.8 mA whereas HV led to a greater 

increment in VFT by 5.1 ± 1.1 mA.  In the presence of background SNS, the effect of 

VNS-induced VFT elevation was less although the frequency response of VNS remained.  

HS-LV elevated VFT by 1.0 ± 0.4 mA from 1.3 ± 0.2 mA (HS) whereas HS-HV led to a 

greater VFT increment by 3.0 ± 0.6 mA.  Compared to BL, the degree of VNS-induced 

VFT increment in the presence of background SNS is similar for both HV-LS (p = 0.1860) 

and HV-HS (p = 0.0842). 
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Figure 4.7 Absolute ventricular fibrillation threshold (VFT) (Figure 4.7A) and 

relative VFT changes (Figure 4.7B) at baseline (BL), following low- (LV) and high-

frequency (HV) vagal stimulation, high-frequency sympathetic stimulation (HV) 

and during sympatho-vagal interaction (HS-LV, HS-HV) 

 

Figure 4.7A Figure 4.7B 
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4.4.2.3 Algebraic Sum of Ventricular Fibrillation Threshold Changes with 

Sympathetic and Vagus Nerve Stimulations 

 

The observed and expected VFT changes were examined during sympatho-vagal 

interaction in Protocol 1 (Figure 4.8A) and Protocol 2 (Figure 4.8B).   As described 

previously (see Chapter 4.4.1.3), the expected VFT changes were derived by algebraic 

summation of VFT change by individual nerves in the corresponding protocols.   

Irrespective of the frequency or sequence of autonomic nerve stimulation, there is a lack 

of sympatho-vagal interaction for VFT as evident from the lack of significant difference 

between the observed and expected VFT changes.   
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Figure 4.8 Comparison of expected (algebraic summed) and observed ventricular 

fibrillation threshold (VFT) changes during vago-sympathetic (Figure 4.8A) and 

sympatho-vagal interactions (Figure 4.8B) 

 

Figure 4.8A Figure 4.8B 

 

 

4.4.3 Effects of Sympatho-vagal Interaction on Action Potential Duration 

Restitution 

 

4.4.3.1 Effects of Background High-frequency Vagus Nerve Stimulation on 

Cardiac Restitution during Low and High-frequency Sympathetic Nerve 

Stimulations 

 

Cardiac electrical restitution (RT) was assessed by measuring action potential duration 

(APD90) during an extrastimulus pacing protocol, and by measuring the steepest gradient 

of the restitution slope (r) when APD90 was plotted against its preceding diastolic interval 

(DI).  Figure 4.9 demonstrated the restitution curves obtained in a typical experiment at 

BL (Figure 4.9A) and in the presence of HV (Figure 4.9B).  In this example, baseline 

restitution slope was increased by SNS from 1.22 to 2.92 and 3.14 during LS and HS 

correspondingly (Figure 4.9A).  Background HV flattened the restitution curve to 0.75 

with concurrent SNS steepening RT slopes to 2.30 and 2.74 during low- and high-

frequency SNS correspondingly (Figure 4.9B).   
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Figure 4.10A illustrated mean RT data (n = 13) obtained during Protocol 1.  Baseline 

restitution slopes were calculated as 1.28 ± 0.11.  LS steepened the restitution slopes to 

2.97 ± 0.27 whilst HS produced an even steeper restitution gradient of 3.41 ± 0.34.  

Background VNS flattened restitution slopes to 0.71 ± 0.08 with concurrent LS and HS 

steepening restitution slopes to 2.03 ± 0.19 and 2.43 ± 0.24. 

 

Relative RT changes by LS and HS were calculated at both baseline and during VNS 

(Figure 4.10B).  SNS exhibited a frequency-dependent response in increasing RT in both 

situations.  At BL, LS increased RT by 142.76 ± 25.81 % whilst the increment in RT by 

HS was greater at 177.09 ± 33.23 %.  In the presence of background HV, the effect of 

SNS in steepening RT slopes persisted in a frequency-sensitive manner despite HV 

flattening RT slopes.  HV-LS led to an increase of 223.54 ± 37.41 % in RT while HV-HS 

an increase of 295.20 ± 60.86%.   
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Figure 4.9 An example of action potential duration (APD)-restitution (RT) curves 

with steepest slope gradients (r) measured at baseline (BL), following low- (LS) and 

high-frequency (HS) sympathetic stimulation (Figure 4.9A) as well as during vago-

sympathetic interaction (Figure 4.9B) with concurrent high-frequency vagal 

stimulation (HV) 

 

Figure 4.9A 

 

 

Figure 4.9B 
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Figure 4.10 Absolute restitution slope gradients (Figure 4.10A) and relative changes 

(Figure 4.10B) at baseline (BL), following low- (LS) and high-frequency (HS) 

sympathetic stimulation, high-frequency (HV) vagal stimulation and during vago-

sympathetic interactions (HV-LS, HV-HS) 

 

Figure 4.10A Figure 4.10B 
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4.4.3.2 Effects of Background High-frequency Sympathetic Nerve Stimulation 

on Cardiac Restitution during Low and High-frequency Vagus Nerve 

Stimulations 

 

RT was measured using an extrastimulus pacing protocol as previously described to 

assess the effect of VNS on RT at BL and during background SNS.  Figure 4.11 illustrated 

RT curves obtained in a typical experiment using Protocol 2.  At baseline, maximum RT 

slope gradient (r) was 1.38.  VNS flattened RT slopes to 0.92 and 0.72 by low- and high-

frequency stimulations respectively (Figure 4.11A).  Background SNS at high frequency 

stimulation steepened the slope to 3.14 (Figure 4.11B).  Concurrent VNS reduced RT 

slopes to 2.15 (HS-LV) and 2.09 (HS-HV). 

 

Mean RT data for Protocol 2 (n = 14) was illustrated in Figure 4.12A.  Low- and high-

frequency VNS flatted RT slopes from a baseline of 1.39 ± 0.13 to 0.81 ± 0.13 and 0.72 
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± 0.11 correspondingly.  Background HS steepened RT slope to 3.60 ± 0.37 with 

concurrent VNS flattening the RT slopes.  HS-LV led to a mean RT slope of 2.31 ± 0.22 

whereas HS-HV resulted in a mean RT slope of 2.13 ± 0.23. 

 

Relative change in RT was calculated and illustrated in Figure 4.12B.  VNS did not 

exhibit statistically significant frequency response in RT slope flattening.  At BL, LV and 

HV flattened RT slope by 42.69 ± 5.28 % and 49.48 ± 5.18 % respectively.  In the 

presence of background HS, the effect of concurrent VNS on RT slope flattening was less 

compared to BL although this did not reach statistical significance.  HS-LV reduced the 

RT slope gradient by 32.40 ± 4.97 % whereas HS-HV flatted the slope by 38.07 ± 6.37 

%. 
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Figure 4.11 An example of action potential duration (APD)-restitution (RT) curves 

with steepest slope gradients (r) measured at baseline (BL), following low- (LV) and 

high-frequency (HV) vagal stimulation (Figure 411A) as well as during sympatho-

vagal interaction (Figure 411B) with concurrent high-frequency sympathetic 

stimulation (HS) 

 

Figure 4.11A 

 

 

Figure 4.11B 
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Figure 4.12 Absolute restitution slope gradients (Figure 4.12A) and relative changes 

(Figure 4.12B) at baseline (BL), following low- (LV) and high-frequency (HV) vagal 

stimulation, high-frequency (HS) sympathetic stimulation and during sympatho-

vagal interactions (HS-LV, HS-HV) 

 

Figure 4.12A Figure 4.12B 

 

 

4.4.4 Effects of Sympatho-vagal Interaction on Ventricular Effective 

Refractory Period 

 

4.4.4.1 Effects of Background High-frequency Vagus Nerve Stimulation on 

Ventricular Effective Refractory Period during Low and High-frequency 

Sympathetic Nerve Stimulations 

 

In this study, ventricular refractoriness was assessed by measuring effective refractory 

period (ERP) through an extrastimulus pacing protocol during which APD90 was also 

measured to derive RT values described in the previous sections.  Briefly, ERP was 

defined as the longest S1-S2 interval that captured the ventricles.  Figure 4.13A illustrates 

the mean ERP data (n = 13) obtained in Protocol 1.   At baseline, ventricular ERP was 

140.7 ± 4.1 ms.  This was shortened during SNS and prolonged during VNS.  Low and 

high-frequency SNS shortened ERP to 128.0 ± 4.4 ms and 121.1 ± 4.4 ms 



Chapter	4	 	

124	
	

correspondingly.  Introduction of background high-frequency VNS resulted in ERP 

prolongation to 158.7 ± 6.7 ms which was shortened by concurrent LS and HS to 144.3 

± 5.0 ms and 140.0 ± 4.7 ms respectively. 

 

In spite of the general trend of SNS shortening ERP at baseline and during background 

VNS, there is no significant difference in ERP shortening between low and high-

frequency SNS in either condition (Figure 4.13B).   At BL, LS shortened ERP by 12.7 ± 

3.3 ms whereas HS shortened the ERP by 19.6 ± 3.0ms.   Additionally, the effect of SNS 

in shortening ERP persisted in the presence of background HV with HV-LS shortening 

the ERP by 14.3 ± 5.0 ms and, in the case of HV-HS, by 19.6 ± 7.1 ms.  

 

Figure 4.13 Absolute ventricular effective refractory period (ERP) (Figure 4.13A) 

and ERP changes (Figure 4.13B) at baseline (BL), following low- (LS) and high-

frequency (HS) sympathetic stimulation, high-frequency vagal stimulation (HV) 

and during vago-sympathetic interaction (HV-LS, HV-HS) 

 

Figure 4.13A Figure 4.13B 
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4.4.4.2 Effects of Background High-frequency Sympathetic Nerve Stimulation 

on Ventricular Effective Refractory Period during Low and High-

frequency Vagus Nerve Stimulations 

 

Mean ERP data (n = 14) obtained in Protocol 2 was illustrated in Figure 4.14A.   Baseline 

ventricular ERP was 143.0 ± 3.5 ms.  Overall, VNS prolonged ERP with LV prolonging 

ERP to 152.0 ± 3.9 ms whilst HV giving rise to a prolonged ERP of 154.7 ± 3.6 ms.  

Background high-frequency SNS (HS) shortened baseline ERP to 122.3 ± 4.7 ms.  

However concurrent LV and HV during SNS prolonged ERP to 135.3 ± 4.6 ms and 141.3 

± 5.0 ms respectively. 

 

The persistent effect of VNS in ERP prolongation whether at baseline or in the presence 

of SNS was further illustrated in Figure 4.14B.  At BL, VNS prolonged ERP by 9.0 ± 1.8 

ms and 11.7 ± 3.1 ms during low and high-frequency stimulation.  Whereas in the 

presence of HS, HS-LV and HS-HV continued to prolong ERP by 13.0 ± 3.6 ms and 19.0 

± 4.5 ms respectively.  Similar to what was observed in Protocol 1, there was a lack of 

frequency response in ERP. 
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Figure 4.14 Absolute ventricular effective refractory period (ERP) (Figure 4.14A) 

and ERP changes (Figure 4.14B) at baseline (BL), following low- (LV) and high-

frequency (HV) vagal stimulation, high-frequency sympathetic stimulation (HS) 

and during sympatho-vagal interaction (HS-LV, HS-HV) 

 

Figure 4.14A Figure 4.14B 

 

 

4.4.4.3 Algebraic Sum of Ventricular Effective Refractory Period Changes with 

Sympathetic and Vagus Nerve Stimulations 

 

To investigate for possible sympatho-vagal interaction in ERP, the observed and expected 

ERP changes during sympatho-vagal interaction in Protocol 1 (Figure 4.15A) and 

Protocol 2 (Figure 4.15B) were compared.   As described previously (see Chapter 

4.4.1.3), the expected ERP changes were calculated by algebraic summation of ERP 

change for individual nerves.   Irrespective of the sequence and frequency of nerve 

stimulation, there is a lack of sympatho-vagal interaction in ERP as reflected by the 

similarity between the expected and the observed values. 
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Figure 4.15 Comparison of expected (algebraic summed) and observed ventricular 

effective refractory period (VFT) changes during vago-sympathetic (Figure 4.15A) 

and sympatho-vagal interactions (Figure 4.15B) 

 

Figure 4.15A Figure 4.15B 

 

 

 

4.5 Discussion 

 

This study represents a first attempt at establishing the effect of sympatho-vagal 

interaction on both atrial and ventricular electrophysiology in isolated Langendorff-

perfused rabbit hearts with dual-intact autonomic nerves.  It validates the phenomenon of 

accentuated antagonism in HR response during concurrent sympatho-vagal nerve 

stimulation.  More importantly, it demonstrates the absence of accentuated antagonism in 

ventricular electrophysiology including action potential duration restitution, ventricular 

fibrillation thresholds as well as ventricular refractoriness. 

 

Additionally, HR changes are sensitive to the frequencies of nerve stimulation during 

isolated and combined sympatho-vagal nerve stimulations.  Interestingly, this frequency 

response can be observed in ventricular electrophysiology as well. 
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4.5.1 Effect of Sympatho-vagal Interaction on Intrinsic Heart Rate 

 

4.5.1.1 Frequency-dependent Heart Rate Response during Autonomic Nerve 

Stimulation 

 

The effect of direct sympathetic and vagal nerve stimulations individually on intrinsic 

HR response has been well described (Ng et al., 2001).  The positive chronotropic effect 

of sympathetic nerve stimulation and the negative chronotropic effect of vagus nerve 

stimulation reflects autonomic modulation on the spontaneous firing of the sino-atrial 

node.  The altered automaticity of sino-atrial node translates into augmentation of 

intrinsic HR by sympathetic and conversely attenuation in vagus nerve stimulation. 

 

At the cellular level, the neurotransmitters released from sympathetic and vagus nerve 

endings are responsible for the observed HR changes.  Norardrenaline released from 

stimulation of sympathetic nerve endings activates cardiac -adrenoreceptors, thereby 

increasing L-type Ca2+ current and If current (the “pacemaker” current), leading to an 

increased rate of depolarization (Hartzell, 1988).  Compared to vagus nerve stimulation, 

HR increment during sympathetic nerve stimulation is gradual (Figure 4.1A), especially 

evident during low-frequency stimulation.  This latency is accountable by the 

noradrenaline being slowly released from sympathetic nerve endings (Levy et al., 1993). 

 

The negative chronotropic effect of vagus nerve stimulation is attributable to 

acetylcholine released from vagus nerve ending and its subsequent action upon binding 

to muscarinic receptors in the heart.  In contrast to the latency observed in HR increment 

during sympathetic nerve stimulation, the reduction in HR during vagus nerve stimulation 

is instantaneous (Figure 4.3A) even at low-frequency stimulation.   This is attributable to 

the rapid activation of muscarinic receptors by acetylcholine during vagus nerve 

stimulation (Levy, 1996).  Stimulation of unmyelinated C fibres can theoretically lead to 

slow response in HR reduction (Ford and McWilliam, 1986) but in this study, this 

phenomenon was not observed suggesting that either the C fibres were not stimulated by 

the chosen strength of stimulation giving rise to 80% of maximal HR response.  

Alternatively, the contribution of vagal C fibres to HR response is insignificant in this 

study (Jones et al., 1995). 
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The use of low and high-frequency nerve stimulation affords demonstration of the effect 

of nerve fibre firing rate on intrinsic HR.  In this study, both sympathetic and vagus nerve 

demonstrated distinctively frequency-dependent HR increment and reduction 

respectively.  This is in agreement with the excitatory response of nerve cells historically 

documented by Eccles (Eccles, 1957).   

 

4.5.1.2 Accentuated Antagonism 

 

Both sympathetic and vagus nerves are tonically active in vivo (Gizzatullin et al., 2007).  

Although both nerves produced opposing HR changes, Saman observed a vagal-dominant 

effect in HR changes during concurrent sympatho-vagal nerve stimulations (Samaan, 

1935).  This phenomenon was subsequently termed accentuated antagonism (Levy, 

1971).  Although the initial sympatho-vagal interaction was investigated in in vivo 

studies, this study allows such an investigation to be performed in an in vitro setting to 

dissect the effect of neurotransmitters released during sympatho-vagal interaction from 

the potential confounding effect of circulating humoral factors and autonomic reflexes. 

 

Protocol 1 demonstrated the attenuation of positive chronotropic effect of sympathetic 

nerve stimulation by background high-frequency vagus nerve stimulation.   This was 

illustrated by the significant difference between algebraic sum of HR changes by 

individual nerves when compared to the observed HR changes, confirming significant 

vagal dominance, i.e. accentuated antagonism.  Furthermore, the higher the frequency of 

sympathetic nerve stimulation, the greater the diminishing effect on HR increment in the 

presence of background vagus nerve stimulation.  This antagonistic results can occur at 

pre- and post-synaptic levels (Levy, 1971).  Acetylcholine released by background vagus 

nerve stimulation can bind to M3 receptors at the presynaptic sympathetic nerve 

terminals, thereby reducing noradrenaline that can be released during sympathetic nerve 

stimulation (Loffelholz and Muscholl, 1969).  Meanwhile post-synaptically, activation of 

muscarinic receptors facilitates the inhibitory action of G-protein, Gi on adenyl cyclase, 

preventing cAMP-mediated phosphorylation of the pacemaker current (If), the L-type 

calcium current (ICaL) and the delayed rectifier current (IKr).  The inhibitory effects on 

these ion currents ultimately have a negative effect on the sino-atrial node firing rate, and 
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ultimately the HR (Irisawa et al., 1993).  Finally, acetylcholine released during vagus 

nerve stimulation exerts a direct electrophysiological effect on resting membrane 

potential of sino-atrial node by activating the acetylcholine-activated potassium current 

[IK(Ach)] (Medina et al., 2000). 

 

In contrast to the attenuation of sympathetic-driven positive chronotropic effect by 

background vagus nerve stimulation, the reverse was not observed in Protocol 2.  Indeed, 

the negative chronotropic effect of vagus nerve stimulation was augmented in the 

presence of concurrent sympathetic nerve stimulation, further cementing the notion of 

accentuated antagonism.  This is in coherence with the previous findings demonstrating 

the vagal dominant effect during sympatho-vagal interaction studies (Yang et al., 1994, 

Revington and McCloskey, 1990).  On the other hand, other in vivo studies with 

anaesthetized dogs demonstrated the attenuation of vagally-driven negative chronotropic 

effect and its instantaneous action by sympathetic stimulation.  This was subsequently 

alluded to neuropeptide Y (Warner and Levy, 1989) binding to neuropeptide Y2 receptors 

located on pre-synaptic vagal nerve terminals (Warner and Levy, 1989), thereby 

inhibiting the release of acetylcholine (Potter, 1987).  The abolishment of vagal effect 

during sympathetic stimulation was not observed in this study, thereby implying 

negligible, if not absent, role of neuropeptide Y.  This phenomenon can be confirmed in 

future studies by using neuropeptide Y2 analogues to assess its effect on the vagal 

dominant effect observed during sympatho-vagal stimulation in this model.  In spite of 

the presence of background high-frequency sympathetic nerve stimulation, the negative 

chronotropic effect of vagus nerve was potentiated by high-frequency sympathetic 

stimulation (Figure 4.5B).  The lack of neuropeptide Y effect can be explained by the 

overpowering combined effects of Gi protein on phosphorylation of various ion channels, 

the direct electrophysiologic effect of IKAch and possible inhibition of acetylcholine on 

neuropeptide Y release during continuous vagal stimulation (Yang et al., 1994).   It is also 

conceivable that the strength of sympathetic nerve stimulation in Protocol 2 is not 

sufficiently high (Potter, 1985, Potter, 1987) to induce neuropeptide Y release (Lundberg 

and Hokfelt, 1986) when compared to studies which observed the aforementioned 

neuropeptide Y effect.  Future sympatho-vagal interaction studies to investigate 

chronotropic changes in the presence of neuropeptide Y inhibitor for clarification of 

involvement of this co-transmitter would be enlightening (Herring et al., 2008).   
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4.5.2 Effect of Sympatho-vagal Interaction on Ventricular Fibrillation 

Threshold 

 

The arrhythmogenic effect of sympathetic nerve stimulation (Schwartz and Stone, 1980, 

Schwartz et al., 1976, Schwartz and Malliani, 1975) and the protective effect of vagus 

nerve stimulation (Cerati and Schwartz, 1991, Vanoli et al., 1991) are well known.  

Previous in vitro study involving direct individual sympathetic and vagus nerve 

stimulations validates the historical studies.  Direct sympathetic nerve stimulation lowers 

ventricular fibrillation threshold whilst vagus nerve stimulation exerts a protective effect 

against arrhythmogenesis by raising ventricular fibrillation threshold (Ng et al., 2007).   

 

In this study, the effect of sympatho-vagal interaction on ventricular fibrillation 

inducibility in an in vitro model was assessed.   In Protocol 1, low and high-frequency 

sympathetic nerve stimulation resulted in lowering of ventricular fibrillation thresholds 

expectedly in a frequency-sensitive manner, affirming the temporal summation pattern of 

autonomic nerve firing for the arrhythmogenic effect of sympathetic nerve stimulation.  

In the presence of background high-frequency vagus nerve stimulation, there was a 

reduced susceptibility to ventricular fibrillation as evident from the higher ventricular 

fibrillation threshold when compared to that at baseline.  Concurrent sympathetic nerve 

stimulation, however, led to continual lowering of ventricular fibrillation threshold 

despite background persistent vagus nerve stimulation.   Indeed, the degree of ventricular 

fibrillation susceptibility produced by sympathetic nerve stimulation increased 

insignificantly in the presence of background vagus nerve stimulation (Figure 4.6B).  In 

Protocol 2, vagus nerve stimulation confers protection against ventricular fibrillation by 

raising the ventricular fibrillation threshold.  Whilst concurrent sympathetic nerve 

stimulation lowered the ventricular fibrillation threshold from the baseline level, vagal 

stimulation maintained its protective effect of raising VFT but this effect is somewhat 

attenuated in the presence of background sympathetic nerve stimulation.  

 

In essence, this study demonstrated that at ventricular level, the arrhythmogenic effect of 

sympathetic nerve stimulation is unperturbed by the presence of concurrent vagal 

stimulation irrespective of the sequence of nerve stimulation.  The lack of difference 

between the expected summation of VFT change compared to the observed VFT change 
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during sympatho-vagal interaction confirms the absence of vagal dominance that was 

observed in HR response.  This is in contrast with studies on healthy canine models in 

which repetitive extrasystole threshold was used as a reliable surrogate marker for VFT.   

Kohman et al demonstrated that the antifibrillatory effect of vagus nerve stimulation is 

significantly related to the prevailing level of adrenaline tone (Kolman et al., 1976).  In a 

subsequent study, methacholine, a selective muscarinic agent, did not confer additional 

increment in repetitive extrasystole threshold in propranolol-treated dogs beyond that 

resulting from propranolol alone.   On the other hand, vagal stimulation abolished the 

lowering of repetitive extrasystole threshold by norepinephrine infusion in the same study 

(Rabinowitz et al., 1976).   Although these studies involved using pharmacological 

analogues, there have been study using direct nerve stimulation to echo these findings.  

In another study, the antifibrillatory effect of direct vagal nerve stimulation was 

demonstrated by the reversal of adverse ventricular electrophysiological changes in the 

presence of sympathetic hyperactivity (Huang et al., 2015).  This is in agreement with the 

present study in which VNS increased VFT in a frequency-dependent manner in the 

presence of background high-frequency SNS.  However, the degree of VFT-raising effect 

by VNS is similar at BL and during concurrent SNS, suggesting the absence of 

accentuated antagonism in VFT changes.  In contrast to other studies, this study 

demonstrated that the pro-arrhythmic effect of SNS prevailed despite the presence of 

background VNS.   

 

4.5.3 Effect of Sympatho-vagal Interaction on Action Potential Duration 

Restitution Slopes 

 

Autonomic modulation of APD restitution was first demonstrated using adrenergic 

analogues in in vivo studies in porcine models (Taggart et al., 1990) and in humans 

(Taggart et al., 2003).  Adrenergic activation resulted in a downward shift (i.e. shortening 

of APD) in addition to increasing the maximum slope of the restitution curve.  The 

findings were subsequently validated in in vitro studies with direct sympathetic nerve 

stimulation (Ng et al., 2007).  In Protocol 1, this study demonstrated a similar trend with 

sympathetic stimulation leading to shortening of APD compared to baseline and 

steepening of the maximum slope of the restitution curve (Figure 4.9A).  Additionally, 

the degree of downward shift and increase in maximum restitution slope is modulated by 
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the frequency of sympathetic nerve stimulation (Figures 4.9A and 4.10).  This is the first 

study which demonstrated a frequency response in maximal restitution slope under 

sympathetic stimulation. 

 

Conversely, vagus nerve stimulation produced an upward shift of the restitution curve 

(i.e. APD prolongation) with a reduction in the maximum slope of the restitution curve.  

This was first described in an in vitro model using direct vagus nerve stimulation on 

Langendorff-perfused rabbit hearts (Ng et al., 2007).  No study was found using 

cholinergic agonist to investigate its effect on electrical restitution.  Protocol 2 in this 

study reaffirms the effect of vagus nerve stimulation in causing an upward shift of the 

restitution curve in addition to flattening the maximal slope of the restitution curves 

(Figure 4.11A and 4.12).  More importantly, in accord to the findings in Protocol 1, the 

study represents the first attempt to describe a direct relationship between temporal 

summation of autonomic nerve stimulation (i.e. frequency of stimulation) with maximal 

restitution slopes (Figure 4.12). 

 

During concurrent sympathetic and vagal stimulations, sympathetic effect of steepening 

maximal APD restitution slope was not perturbed in the presence of vagal stimulation 

irrespective of the sequence of nerve stimulation.   In Protocol 1, background vagus nerve 

stimulation led to a flattening of maximal restitution slope from that at baseline.  However 

concurrent sympathetic nerve stimulation abolished this vagal effect and steepened the 

restitution slope.  In Protocol 2, background sympathetic nerve stimulation steepened the 

restitution slope with concurrent vagal stimulation flattening the restitution slopes.  

However, the degree of slope flattening by vagus nerve stimulation was attenuated in the 

presence of background sympathetic nerve stimulation (Figure 4.12B). 

 

The prevailing sympathetic effect in steepening APD restitution slopes during sympatho-

vagal interaction mirrors its continual effect in lowering VFT in the presence of vagal 

stimulation within the same study.  The plausible relationship between VFT initiation and 

APD restitution slopes was first proposed by Weiss et al (Weiss et al., 2000).  VFT 

initiation is regarded as a “first wave break” which in turn is dependent on APD and 

conduction velocity of the preceding diastolic interval (i.e. APD restitution slope).    

Autonomic modulation of electrical restitution and VFT has been well described but 
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studies on sympatho-vagal interaction on these electrophysiological aspects are scarce.   

In an in vivo canine model, vagus nerve stimulation for 2 hours was shown to flatten APD 

restitution slope with associated increase in VFT following a hypersympathetic state 

induced by left stellate ganglion stimulation for 2 hours beforehand (Huang et al., 2015). 

In this study, APD restitution were measured at the bases of the LV epicardial surfaces 

with distinctive changes in its gradients during isolated and combined sympatho-vagal 

stimulations.  It is probable that similar changes in restitution slopes may be observed in 

mid-wall and apices of LV epicardial surfaces although regional heterogeneity may exist 

especially in the context of endocardial apical pacing (Pitruzzello et al., 2007). 

 

4.5.4 Effect of Sympatho-vagal Interaction on Ventricular Refractoriness 

 

The findings of ventricular ERP shortening during sympathetic nerve stimulation in 

Protocol 1 is in agreement with previous in vivo data demonstrating shorter APD and ERP 

under sympathetic influence (Martins and Zipes, 1980).  Introduction of background 

high-frequency vagal stimulation resulted in ERP prolongation from baseline level, in 

accordance to previous in vivo and in vitro studies (Martins and Zipes, 1980, Ng et al., 

2007).  However, in the presence of vagus nerve stimulation, concurrent sympathetic 

nerve stimulation produced similar degree of ERP shortening as that observed in the 

absence of background vagal stimulation (Figure 4.13B).   

 

In Protocol 2, vagus nerve stimulation led to ERP prolongation at baseline expectedly.  

Background sympathetic stimulation resulted in ERP shortening from baseline level with 

concurrent vagal stimulation reversing the effect by ERP prolongation. 

 

The findings in Protocol 2 demonstrating the vagal reversal effect on ERP prolongation 

following sympathetic stimulation is in congruent with previous studies in dogs (Huang 

et al., 2015, Opthof et al., 1993, Schwartz et al., 1977) and humans (Morady et al., 1988).  

However, this cannot explain the findings in Protocol 1 in which sympathetic-induced 

ERP shortening persisted in the presence of background vagal stimulation.   As the 

ultimate ERP changes seem to follow the final autonomic nerve involved in whichever 

sequence of nerve stimulation, a more plausible and unifying explanation would be the 

lack of sympatho-vagal interaction in ventricular refractoriness.   The absence of any 
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significant difference between the expected summation ERP change of individual nerves 

compared to the observed ERP change further validates the lack of accentuated 

antagonism (Figure 4.15).  In addition, no frequency response was seen in ERP in contrast 

to VFT and APD restitution slopes. 

 

4.5.5 Absence of Accentuated Antagonism in Ventricular Electrophysiology 

during Sympatho-vagal Interaction 

 

Beyond the characteristic changes in HR response (i.e. chronotropy), sympatho-vagal 

interaction has demonstrated a vagal dominant effect in dromotropy (Hoyano et al., 1997) 

and some aspects of ventricular performances (Brack et al., 2010).  This study was 

designed to investigate primarily the effect of sympatho-vagal interaction on ventricular 

electrophysiology.   Vagal dominance was observed in HR changes during sympatho-

vagal interaction, affirming the findings of accentuated antagonism described by other 

studies.  This finding provides a reliable neuro-electrophysiologic baseline for 

investigating different aspects of ventricular electrophysiology.  This reveals a lack of 

accentuated antagonism in ventricular electrophysiology.  Specifically, whilst sympatho-

vagal interaction appears to be absent in ventricular refractoriness, the sympathetic effect 

of increased ventricular fibrillation inducibility and maximal restitution slope prevails in 

the presence of vagus nerve stimulation.  As such, the vagal dominant effect observed in 

HR changes driven by presynaptic action of acetylcholine at atrial level is absent at the 

ventricular level.  The dichotomy between atrial and ventricular electrophysiologic 

findings are unlikely to be due to the effect of central modulation at either location due 

to the Langendorff heart preparation being a spinal specimen severed from the brainstem 

at the level of the first cervical vertebra.  However, other co-transmitters may be at play 

at the ganglia in the ventricles.  Specifically, neuropeptide Y, and to lesser extent, galanin, 

released during sympathetic stimulation may act synergistically to suppress a degree of 

vagal activity hence nullifying the accentuated antagonism observed at the atrial level 

although the latter phenomenon is only observed in guinea pig models (Herring et al., 

2008).  The inhibitory effect on vagal activity during sympathetic stimulations by 

neuropeptide Y and galanin are mediated through neuropeptide Y2 receptors and galanin 

receptors located at the presynaptic vagal terminals.  Future studies using neuropeptide 

Y2 receptor blocker as well as galanin receptor antagonist may shed light on the role of 
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these co-transmitters in ventricular electrophysiology during sympatho-vagal interaction.  

Although historically pharmacological analogues of norepinephrine and muscarinic 

agents have been used for sympatho-vagal interaction studies, no study to date utilise a 

cardio-selective β-blockers to dissect the mechanism of sympatho-vagal interaction. 

Additionally genetic knock-out models of relevant receptors, i.e. muscarinic M2 and M3 

receptors, β-adrenoreceptors, neuropeptide Y2 receptors as well as galanin receptors  

should be considered as part of the wide research repertoire available to further dissect 

the mechanism for the observed electrophysiologic changes during sympatho-vagal 

interaction. 

 

4.6 Conclusion 

 

This study demonstrated accentuated antagonism in heart rate response but not in 

ventricular electrophysiology during sympatho-vagal interaction.  The absence of vagal 

dominant effect at the ventricular level suggested a different mechanism at play during 

sympatho-vagal interaction.  Future works on ion channel distribution and nerve 

distribution at the ventricular level are required. 
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Chapter 5:  Beta-blocker Modulation of Heart Rate and Ventricular 

Electrophysiology in Sympatho-vagal Interaction – Potential Mechanisms 

 

5.1 Introduction 

 

Sympathetic nervous system hyperactivity has long been regarded as a key clinical and 

epidemiological link to increased mortality, most of which due to increased arrhythmic 

death from ventricular tachyarrhythmias (Schwartz, 1998, Meredith et al., 1991).  As 

such, β-blockade proves to be an invaluable therapeutic strategy to attenuate this 

hyperadrenergic effect.   β -blockers have been shown to reduce arrhythmic deaths by 

reducing the incidence of myocardial infarction (MI).  These effects were particularly 

prominent in patients in certain cardiac conditions, including ischaemic heart disease, 

recent MI and heart failure where a reduction in sudden death by more than 40% was 

observed (Packer, 2001, Hjalmarson et al., 2000, CIBIS-II Investigators and 

Committees, 1999).   

 

Historically propranolol was the first β-blocker developed in 1962 with the original 

intension of being used to ameliorate angina pectoris.   Over the ensuing decade, 

experimental studies demonstrated consistently the ability of β-blockers to suppress 

ventricular arrhythmias induced by supratherapeutic dosage of cardiac glycosides.  The 

initial uptake on the antifibrillatory and antiarrhythmic properties of β-blockers were 

gradual not only due to the preconception of its therapeutic role as an antianginal agent 

but also the preoccupation of assessing potency of anti-arrhythmic properties through 

suppression of premature ventricular beats and ventricular tachycardias induced by 

programmed electrical stimulation.  The latter methodology ended with the Cardiac 

Arrhythmia Suppression Trial (CAST) (The CAST Investigators, 1989). 

 

Broadly, β-blockers mediate their antifibrillatory and antiarrhythmic properties by 

competitively antagonising myocardial β-adrenoreceptors, thereby attenuating the 

electrophysiologic effects of sympathetic hyperactivity.  During hyperadrenergic state, 

these electrophysiologic effects include shortened ventricular action potential duration 

(and hence effective refractory period), increased conduction velocity, increased 

ventricular triggered automaticity, reduced ventricular tachycardia and fibrillation 
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(VFT) thresholds, attenuated vagal activity, as well as increased dispersion of 

ventricular refractoriness (Dorian, 2005).   

 

In Chapter 4, the effect of sympathetic nerve stimulation (SNS) was noted to prevail in 

VFT as well as cardiac restitution during sympatho-vagal interaction studies, in contrast 

to heart rate changes which reflect vagal dominance, affirming the lack of accentuated 

antagonism in the ventricle.  In this chapter, the effect of β-blockers was investigated 

beyond their known effect in isolated sympathetic hyperactivity state through 

sympatho-vagal interaction studies described in the earlier chapter. 

 

5.2 Aim 

 

The study serves to fulfil the primary objective of assessing the effect of metoprolol 

tartrate on heart rate (HR) and ventricular electrophysiology namely VFT, ventricular 

effective refractory period (ERP) and cardiac restitution (RT) during sympatho-vagal 

interaction.  A secondary objective was established to investigate for possible role of 

sodium acetate in accounting for the effect of metoprolol on ventricular 

electrophysiology. 

 

5.3 Method 

 

5.3.1 Isolated Rabbit Heart Preparation with Intact Dual Autonomic 

Innervation 

 

Adult male New Zealand White rabbits (2.9 – 3.1 kg, n = 18) were sedated with a 

subcutaneous injection containing a mixture of Medetomidine Hydrochloride (Sedator, 

0.2 mg/kg), Ketamine (Narketan, 10 mg/kg) and Butorphanol Tartrate (Torbugesic, 0.05 

mg/kg).   Once the animal was suitably sedated, surgery was performed to isolate rabbit 

heart with intact dual autonomic innervation as described in detail in the previous 

chapter (Chapter 3.4.2.1).   
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5.3.2 Langendorff Perfusion with Acetate-free and Acetate-containing Tyrode 

solutions 

 

Rabbit hearts were perfused in modified Langendorff mode (Chapter 3.4.2.2) with two 

different compositions of Tyrode solution.   The first series of experiments (n = 8) were 

performed with acetate-free Tyrode solution (in mM): 130.0 NaCl, 24.0 NaHCO3, 1.0 

CaCl2, 1.0 MgCl2, 4.0 KCl, 1.2 NaH2PO4 and 20.0 dextrose.  To fulfil the secondary 

objective, experiments (n = 5) were repeated using acetate-containing Tyrode solution 

(in mM): 138.0 NaCl, 24.0 NaHCO3, 1.8 CaCl2, 1.0 MgCl2, 4.0 KCl, 0.4 NaH2PO4, 

11.0 dextrose and 20.0 sodium acetate. 

 

5.3.3 Autonomic Nerve Stimulation 

 

As described in Chapter 3.4.2.3 in detail, the right cervical vagus nerve was supported 

and stimulated by a pair of custom-made bipolar silver electrodes.  Bilateral 

sympathetic nerve stimulation was achieved by insertion of a quadripolar catheter into 

the spinal canal to the level of stellate ganglia. 

 

For each of the autonomic nerves, a voltage response curve was constructed by 

assessing the heart rate response during sympathetic (SNS)/vagus nerve stimulation 

(VNS) with varying strength from 1 – 10 V.  The optimal voltage required by each 

nerve to induce 80% of maximal heart rate changes was determined and used to assess 

the frequency response of the corresponding autonomic nerves. 

 

 

In this study, high-frequency SNS (HS) was defined by the frequency that gave rise to 

an SNS-induced tachycardia of around 230 – 250 bpm.  Low-frequency VNS (LV) was 

determined as the frequency with a resulting bradycardia of around 90 – 100 bpm whilst 

high-frequency VNS (HV) a heart rate of around 60 – 70 bpm.   

 

This study was carried out in three phases.    In the first phase, the effects of low- (LV) 

and high-frequency VNS (HV) were examined at BL and in the presence of high-

frequency SNS (HS).  In the second phase, an identical sequence of autonomic nerve 
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stimulation was re-examined in the presence of metoprolol tartrate, a β1-adrenoreceptor 

antagonist (1.8 µM, Sigma-Aldrich, Gillingham, UK). The third phase comprises a 

repeat of the protocol following a washout period of 30 minutes.  

  

5.3.4 Cardiac Electrical Recording and Pacing 

 

A spring-loaded mini-MAP electrode was placed at the epicardial surface of left 

ventricular free wall for recording of monophasic action potential (MAP) using a DC-

coupled high-input impedance differential amplifier as described in Chapter 3.4.2.2.  A 

bipolar pacing electrode was inserted into the right ventricular apex for ventricular 

pacing manoeuvres required for measurement of VFT and ERP. 

 

5.3.5 Measurement of Ventricular Electrophysiology: VFT, ERP and RT 

VFT and ERP were determined by specific pacing protocols as described in Chapter 

3.4.2.4.  RT was derived from measurements of MAP duration during S1 – S2 protocol 

used for ERP measurement.  The specifics of RT calculations were explained in Chapter 

3.4.2.4.  Steady-state HR was determined prior to commencing the pacing protocols in 

interest. 

 

5.4 Results 

 

5.4.1 Effect of Metoprolol on Sympatho-vagal Interaction of Heart Rate 

 

Steady state heart rate was determined by derivation of atrial electrogram recordings 

prior to commencing VFT (Figure 5.1A) and ERP (Figure 5.1B) protocols.  At baseline, 

heart rates were 146.2 ± 10.6 bpm (n = 5) and 152.6 ± 6.9 bpm (n = 8) respectively for 

VFT and ERP protocols.  In both protocols, VNS led to heart rate reduction in a 

frequency-dependent manner as described in Chapter 4.   In the presence of metoprolol 

(denoted as red line graphs), heart rate changes were similar to those at control (denoted 

as black line graphs) and washout (denoted as blue line graphs) conditions.  In the VFT 

protocol during metoprolol infusion, low and high-frequency VNS reduced the heart 

rate to 105.0 ± 8.5 bpm and 58.5 ± 11.3 bpm respectively whereas in the ERP protocol, 
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the heart rate reduction was from 152.6 ± 6.9 bpm to 106.8 ± 5.7 bpm and 60.6 ± 4.6 

bpm correspondingly (Figure 5.1). 

 

In the presence of background high-frequency SNS, heart rate increased to 231.2 ± 6.2 

bpm and 243.4 ± 2.1 bpm in VFT and ERP protocols correspondingly with concurrent 

VNS leading to exaggerated heart rate reduction in a frequency-sensitive manner as 

observed in Chapter 4, consistent with the phenomenon of accentuated antagonism.   

The presence of metoprolol however abolishes this phenomenon such that the 

concurrent vagally-induced bradycardic responses were similar to those observed at 

baseline.   The initial HS-induced tachycardia observed in the control conditions were 

abolished by metoprolol, leading to a heart rate of 140.2 ± 10.3 bpm and 160.0 ± 5.5 

bpm in the VFT and ERP protocols respectively.  Following a washout period, the vagal 

dominant effect of heart rate reduction during background SNS was observed as seen in 

the initial control condition.   An example of typical recordings of left ventricular 

systolic pressure (LVP), MAP and heart rate during high-frequency vagal stimulation at 

baseline and during sympatho-vagal interaction with or without metoprolol is illustrated 

in Figure 5.2 

 

Figure 5.1 Intrinsic heart rate at baseline (BL), during low- (LV) and high-

frequency (HV) vagal stimulation, high-frequency sympathetic stimulation (HS) 

and sympatho-vagal interaction (HS-LV, HS-HV) prior to commencing burst 

pacing (Figure 5.1A) or S1-S2 pacing protocol (Figure 5.1B) in control condition, 

during metoprolol infusion and following washout 

  

Figure 5.1A Figure 5.1B 
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Figure 5.2 Intrinsic heart rate at baseline, during high-frequency vagal stimulation 

(VNS)(Figure 5.2A) and sympatho-vagal interaction (Figure 5.2B) with and 

without metoprolol in a typical experiment 

 

Figure 5.2A 
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Figure 5.2B 

 

 

5.4.2 Effect of Metoprolol on Sympatho-vagal Interaction of Ventricular 

Fibrillation Inducibility 

 

In this study, baseline VFT (n = 5) was 4.1 ± 0.4 mA.  Under the control condition, 

VNS conferred protection, raising VFT to 6.0 ± 0.5 mA and 9.2 ± 0.1 mA during low- 

and high-frequency stimulations.  In the presence of metoprolol, baseline VFT was 

higher than that in control condition at 10.8 ± 2.0 mA.  The protective effect of VNS 

was maintained at this higher baseline VFT, with VFT being further elevated to 14.1 ± 

3.6 mA and 18.3 ± 3.9 mA by low- and high-frequency VNS.   
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In the control condition, background high-frequency SNS led to a lower VFT at 1.0 ± 

0.0 mA with concurrent VNS exerting significant effect on VFT, raising the VFT to 3.6 

± 0.8 mA during HS-LV, and to 4.8 ± 1.4 mA during HS-HV.  In the presence of 

metoprolol, SNS failed to lower VFT, leading to a VFT of 9.6 ± 1.8 mA with further 

elevation of VFT by concurrent low- and high-frequency VNS to 11.6 ± 2.2 mA and 

16.0 ± 3.2 mA correspondingly.   

 

After a washout period of 30 minutes, baseline VFT reverted to a lower level of 5.1 ± 

0.5 mA similar to that seen at control condition.  Low- and high-frequency VNS 

increased the VFT to 7.4 ± 1.1 mA and 12.3 ± 2.6 mA respectively.  Adequate washout 

of metoprolol was further validated with SNS-induced VFT reduction to 2.3 ± 0.1 mA 

with concurrent VNS increasing the VFT insignificantly to 3.8 ± 0.3 mA and 4.3 ± 0.2 

mA during HS-LV and HS-HV, the changes of which were similar to those observed in 

the control condition. 
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Figure 5.3 Ventricular fibrillation threshold (VFT) at baseline (BL), during low- 

(LV) and high-frequency (HV) vagal stimulation, high-frequency sympathetic 

stimulation (HS) and sympatho-vagal interaction (HS-LV, HS-HV) in control 

condition, during metoprolol infusion and following washout 

   

 

 

 

5.4.3 Effect of Metoprolol on Sympatho-vagal Interaction of Ventricular 

Restitution 

 

Maximum RT slope was derived from ERP protocols (n = 8) with a baseline RT slope 

measurement of 2.6 ± 0.1.  Under control condition, VNS flattened the RT slopes to 0.9 

± 0.1 and 0.8 ± 0.2 during low- and high-frequency stimulations (Figure 5.4 A).   SNS 

led to a steepening of the RT slope at 3.9 ± 0.1 with concurrent VNS producing flatter 

RT slopes of 2.7 ± 0.2 (HS-LV) and 2.5 ± 0.1 (HS-HV) (Figure 5.4A).   Figure 5.5A 

demonstrated that VNS flattened the baseline maximum RT slope by 64.5 ± 5.1% and 

70.6 ± 6.0% during low- and high-frequency stimulations whereas in the presence of 

background SNS, the effect of concurrent VNS on flattening RT slopes was attenuated 

to 30.2 ± 4.3% (HS-LV) and 36.6 ± 3.5% (HS-HV). 
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In the presence of metoprolol, RT slopes were attenuated globally (Figure 5.4B).  

Baseline RT slope was 1.3 ± 0.2 with VNS flattening the RT slopes to 0.5 ± 0.1 and 0.4 

± 0.1 during LV and HV correspondingly.  The effect size of VNS-induced RT 

flattening was similar to that observed in the control condition at 63.1 ± 6.4% (LV) and 

68.2 ± 3.4% (HV) (Figure 5.5B).  Background SNS failed to steepen the RT slope in the 

presence of metoprolol, giving rise to a maximum RT slope of 1.9 ± 0.2 as opposed to 

3.9 ± 0.1 in the control condition (Figure 5.4B).  Concurrent VNS preserved its effect 

on flattening the RT slopes with HS-LV giving rise to a maximum RT slope of 0.9 ± 0.1 

and HS-HV a maximum RT slope of 0.8 ± 0.1.  In contrast to the observations in the 

control condition, concurrent VNS during background SNS maintained its impact of RT 

slope flattening in the presence of metoprolol at 48.3 ± 8.5% (HS-LV) and 55.2 ± 5.6 

(HS-HV) (Figure 5.5B). 

 

Figure 5.4 Maximum action-potential duration restitution (RT) slope gradients at 

baseline (BL), during low- (LV) and high-frequency (HV) vagal stimulation, high-

frequency sympathetic stimulation (HS) and sympatho-vagal interaction (HS-LV, 

HS-HV) in control condition and during metoprolol infusion 

  

Figure 5.4A Figure 5.4B 
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Figure 5.5 Relative changes in maximum restitution (RT) slope gradients from 

baseline values during vagal stimulation and sympatho-vagal interactions in 

control condition and following metoprolol infusion  

 

Figure 5.5A Figure 5.5B 

  

 

 

5.4.4 Effect of Metoprolol on Sympatho-vagal Interaction of Ventricular 

Refractoriness 

 

Baseline ventricular ERP (V-ERP) in this study (n = 8) was 127.5 ± 4.5 ms with VNS 

prolonging ERP to 143.8 ± 5.2 ms and 155.0 ± 7.1 ms during low- and high-frequency 

stimulations correspondingly (Figure 5.5).   Background high-frequency SNS shortened 

V-ERP to 110.0 ± 6.2 ms with concurrent low- and high-frequency VNS maintaining its 

effect of V-ERP prolongation to 132.5 ± 5.5 ms (HS-LV) and 141.3 ± 9.4 ms (HS-HV) 

respectively (Figure 5.6).   

 

In the presence of metoprolol, VNS exerted a similar effect on V-ERP prolongation, 

increasing the V-ERPs from 130.6 ± 5.0 ms to 148.1 ± 7.7 (LV) and 153.8 ± 8.3 ms 

(HV).   However, metoprolol abolished SNS-induced ERP shortening, giving rise to a 

V-ERP of 130.0 ± 5.2, similar to the baseline V-ERP measurement.  Subsequent 

concurrent VNS effect on ERP prolongation was unaffected in the presence of 
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background SNS, leading to V-ERP of 145.0 ± 6.3 ms (HS-LV) and 151.9 ± 8.3 ms 

(HS-HV).  In short, sympatho-vagal interaction of V-ERP in the presence of metoprolol 

mirrored the V-ERP changes at baseline. 

 

Following a washout period, V-ERP changes reverted to those observed under the 

control condition, in particular the effect of SNS on ERP shortening re-emerged (116.3 

± 6.7 ms) with concurrent VNS prolonging the V-ERPs to 134.4 ± 9.6 ms (HS-LV) and 

141.3 ± 9.5 ms (HS-HV). 

 

Figure 5.6 Ventricular effective refractory period (V-ERP) at baseline (BL), 

during low- (LV) and high-frequency (HV) vagal stimulation, high-frequency 

sympathetic stimulation (HS) and sympatho-vagal interaction (HS-LV, HS-HV) in 

control condition, during metoprolol infusion and following washout 
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5.4.5 Effect of Sodium Acetate on Metoprolol-induced Heart Rate Changes and 

Metoprolol-conferred Protective Effect of Ventricular Fibrillation 

Inducibility 

 

In order to further elucidate the effect of metoprolol on ventricular fibrillation 

inducibility, VFT protocol was repeated (n = 5) substituting acetate-containing Tyrode 

solution for the standard Tyrode solution as Langendorff perfusate.   Baseline heart rate 

was 164.6 ± 13.9 bpm (Figure 5.7).   In control condition, VNS produced a frequency-

dependent bradycardic response, reducing the heart rate by 59.2 ± 4.4 bpm and by 84.6 

± 8.0 bpm during low- and high-frequency stimulations (Figure 5.8A).  A similar 

magnitude of bradycardic response was seen in the presence of metoprolol when a 

baseline heart rate of 149.6 ± 2.4 bpm (Figure 5.7) decreased during low- and high-

frequency VNS (Figure 5.8B).   Background high-frequency SNS produced an 

increased heart rate of 236.2 ± 8.5 bpm (Figure 5.7) with concurrent low- and high-

frequency VNS producing exaggerated bradycardic responses of -72.6 ± 7.7 bpm and    

-111.4 ± 9.3 bpm respectively.  Metoprolol abolished SNS-induced tachycardia, giving 

rise to a heart rate of 146.8 ± 1.8 bpm, i.e. similar to the baseline heart rate of 149.6 ± 

2.4 bpm (Figure 5.7) whilst concurrent low- and high-frequency VNS produced a 

similar magnitude of bradycardic responses as those at baseline (Figure 5.8B).  Briefly, 

the accentuated antagonism of heart rate responses seen in control condition (Figure 

5.8A) was abolished in the presence of metoprolol. 

 

In control condition, baseline VFT measured to be 4.3 ± 0.5 mA whereas in the 

presence of metoprolol, baseline VFT was higher at 7.8 ± 1.5 mA (Figure 5.9).  VNS 

conferred a protective effect, raising the VFT in a frequency-dependent manner (Figure 

5.9).  In the absence of metoprolol, VFT increased by 1.2 ± 0.1 mA and 3.4 ± 0.4 mA 

during low- and high-frequency VNS (Figure 5.9A) whilst in the presence of 

metoprolol, a greater increase in VFT was observed at 3.8 ± 0.8 mA and 7.6 ± 1.8 mA 

(Figure 5.10B).   SNS lowered the VFT to 1.1 ± 0.1 mA in control condition (Figure 

5.9) with concurrent low- and high-frequency VNS raising the VFT by 1.3 ± 0.2 mA 

and 2.5 ± 0.6 mA (Figure 5.10A).  In contrast, in the presence of metoprolol, SNS failed 

to reduce VFT, leading to a VFT measurement of 6.7 ± 0.5 not dissimilar to the baseline 

VFT of 7.8 ± 1.5 mA (Figure 5.9).  Concurrent low- and high-frequency VNS elevated 
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the VFT by 3.6 ± 1.1 mA and 6.3 ± 1.4 mA, a protective effect similar in magnitude at 

baseline (Figure 5.10B).   

 

Overall, two-way ANOVA tests revealed no statistical significance in the heart rate and 

VFT data between Acetate-free and Acetate-containing Tyrode solutions (Figure 5.11).  

In regards to heart rate changes, in spite of significant heart rate variation between the 

different autonomic nerve stimulations (p < 0.0001), no significant difference in heart 

rate was noted between acetate-free (red bars) and acetate-containing (blue bars) Tyrode 

solutions during the control (p = 0.2037), Metoprolol (p = 0.1841) and washout (p = 

0.7648) phases.   Similarly, when comparing the VFT data, despite the varied VFT data 

between the different autonomic nerve stimulations (p < 0.0001), sodium acetate did not 

produce significant variation in VFT for each autonomic nerve stimulation compared to 

its acetate-free counterpart during the control (p = 0.4246), Metoprolol (p = 0.4085) and 

washout (p = 0.841) phases. 

 

Figure 5.7 Intrinsic heart rate at baseline (BL), during low- (LV) and high-

frequency (HV) vagal stimulation, high-frequency sympathetic stimulation (HS) 

and sympatho-vagal interaction (HS-LV, HS-HV) in control condition, during 

metoprolol infusion and following washout in Langendorff rabbit’s heart 

preparation perfused with acetate-containing Tyrode solution 
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Figure 5.8 Absolute heart rate changes during low- (LV) and high-frequency (HV) 

vagal stimulation at baseline (BL) and with concurrent high-frequency 

sympathetic stimulation (HS) in control condition (Figure 5.7A) and during 

metoprolol infusion (Figure 5.7B) in Langendorff rabbit’s heart preparation 

perfused with acetate-containing Tyrode solution  

 

Figure 5.8A Figure 5.8B 
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Figure 5.9 Ventricular fibrillation thresholds (VFT) at baseline (BL), during low- 

(LV) and high-frequency (HV) vagal stimulation, high-frequency sympathetic 

stimulation (HS) and sympatho-vagal interaction (HS-LV, HS-HV) in control 

condition, during metoprolol infusion and following washout in Langendorff 

rabbit’s heart preparation perfused with acetate-containing Tyrode solution 
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Figure 5.10 Absolute changes in ventricular fibrillation threshold (VFT) during 

low- (LV) and high-frequency (HV) vagal stimulation at baseline (BL) and with 

concurrent high-frequency sympathetic stimulation (HS) in control condition 

(Figure 5.7A) as well as during metoprolol infusion (Figure 5.7B) in Langendorff 

rabbit’s heart preparation perfused with acetate-containing Tyrode solution  

 

 

Figure 5.10A Figure 5.10B 
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Figure 5.11 Comparison of heart rate and ventricular fibrillation threshold between acetate-containing and acetate-free Tyrode 

solutions at control condition, during metoprolol infusion and following washout   
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5.5 Discussion 

 

This study was designed as a follow-up study detailed in Chapter 4 revealing the prevailing 

effect of sympathetic nerve stimulation on ventricular fibrillation inducibility and electrical 

restitution in the presence of vagal stimulation.  The use of metoprolol for adrenergic 

blockade allows the sympatho-vagal relationship to be dissected.  The findings of this study 

are (1) metoprolol increases the overall VFT, i.e. not only that during sympathetic 

stimulation, but also those at baseline and during vagus nerve stimulation. (2) metoprolol 

reduces the overall maximal slopes of APD-RT curves including that at baseline and during 

autonomic nerve stimulations. (3) vagal stimulation confers additional anti-arrhythmic effects 

by raising VFT and flattening APD-RT curves even in the presence of metoprolol.  (4) 

metoprolol abolishes ERP-shortening effect of sympathetic stimulation but does not alter 

baseline ERP and vagal-induced ERP prolongation. (5) Sodium acetate does not alter the 

overall findings in this study.   

 

5.5.1 Effect of Metoprolol on VFT during Sympatho-vagal Interaction 

 

Hypersympathetic activity and ventricular arrhythmias have long shared a clinical and 

epidemiological link (Anderson, 2003).  The cellular link between these 2 components are not 

as straight forwarded, being confounded by spatial and temporal heterogeneity of 

adrenoreceptors in different cardiac diseases.  In general, 1, 2 and 1 adrenoreceptors are 

found in the hearts with 1 adrenoreceptors contributing to the effect of adrenergic stimulation 

on the ventricles.  At cellular level, sympathetic stimulation results in activation of the 

stimulatory G (Gs) protein, initiating an activation cascade from adenyl cyclase to increased 

cAMP levels and enhanced protein kinase A (PKA) activity.  Increased PKA produces a 

phosphorylation cascade to act on various downstream targets including sarcolemmal calcium 

release and other membrane-bound ion channels and currents.  Hence the inward L-type Ca2+ 

current is increased during adrenergic stimulation, leading to increased contractility (Koch et 

al., 2000).  Although increased L-type Ca2+ current prolongs APD, 1-adrenergic stimulation 

also increases the depolarising current, INa, thereby increasing conduction velocity (Murphy et 

al., 1996, Lu et al., 1999).  Outward currents including IKs, chloride currents, Ito and variably 

IKr are also increased (Lo and Numann, 1998, Zhang et al., 2002, Thomas et al., 2004, 

Murphy et al., 1996, Lu et al., 1999, Koch et al., 2000, Opthof et al., 1993, Meszaros et al., 
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1996, Dixon et al., 1996).  Furthermore, isoproterenol has also been shown to reduce IK1 

contributing to triggered activity which is responsible for ventricular arrhythmias caused by 

delayed afterdepolarization (Zhang et al., 2002).   All these ionic remodelling coupled with 

electrophysiologic changes of increased automaticity, increased conduction velocity, reduced 

refractoriness as well as shortened APD promotes ventricular arrhythmias.  As most of these 

effects are driven by 1-adrenoreceptors, metoprolol tartrate, being a selective 1 beta-blocker, 

was used in this study. 

 

In this study, metoprolol was found to not only suppress sympathetic effect of lowering VFT, 

but the overall VFTs at baseline and during vagal stimulation have been raised (Figure 5.3).  

The prevailing sympathetic effect on lowering VFT during sympatho-vagal interaction 

(Chapter 4) has also been abolished in the presence of metoprolol.  Although this effect can 

be explained by pure adrenergic blockade by metoprolol, the raised overall VFT profiles 

remains a novel and reversible finding as evident from the washout data.   Since metoprolol 

increased VFT at baseline, this raises the question of either the presence of tonic sympathetic 

activity or local adrenaline release.  The possibility of tonic sympathetic activity seems 

implausible given that the heart rate at baseline did not change during metoprolol infusion and 

washout.  However, the possibility of local release of norepinephrine at the pacing site could 

not be excluded in this study especially in the context of high-frequency pacing (Masuda and 

Levy, 1985).  Furthermore, it is also conceivable that metoprolol may possess an 

unrecognised effect on ion channels at the ventricular level to account for the higher VFT at 

baseline.  Additional antiarrhythmic effects of beta-blockers beyond adrenergic blockade have 

been reported for propranolol, nadolol, sotalol and atenolol in studies of mammalian hearts 

(Patterson and Lucchesi, 1984, Almotrefi et al., 1989).  Apart from the reported membrane-

stabilising (class I) and APD-prolonging (class III) effects (Nakaya et al., 1984), other 

additional antiarrhythmic effects of beta-blockers remain to be explored (Patterson and 

Lucchesi, 1984).  Furthermore, variable protective effects against ventricular fibrillation by 

different beta-blockers have been reported, with metoprolol exerting more potent VFT-raising 

effect than other beta-blockers (Coram et al., 1987).  The beta-blockade effect on ventricular 

arrhythmias also appears to be species-dependent.  In rabbits, propranolol was shown to alter 

ventricular fibrillation dynamics, reducing wave breaks and converting ventricular fibrillation 

to ventricular tachycardia during the subacute phase following myocardial infarction (Chou et 

al., 2007).  In contrast, metoprolol failed to prevent VFT reduction following SNS in rats 
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(Kalla et al.).  In spite of previous studies demonstrating variable effects on VFT by β-

blockers including that during SNS, this study demonstrated that the anti-fibrillatory effect by 

VNS remains unperturbed in the presence of metoprolol as compared to baseline (Figure 5.3). 

 

5.5.2 Effect of Metoprolol on APD Restitution Slopes during Sympatho-vagal 

Interaction 

 

Ventricular fibrillation is a chaotic lethal rhythm the initiation of which has been 

characterised in both computational and animal models to be due to a “wave break” of re-

entrant wave fronts (Weiss et al., 2002, Fenton et al., 2002).  This occurs when depolarising 

wave fronts are continually split into multiple other wave fronts meandering through the 

ventricles, thereby manifesting electrically as ventricular fibrillation.  Two alternative 

hypotheses arise from this concept of initiation of ventricular fibrillation.  The focal 

hypothesis presumes a stable mother rotor.  In this case, a wave break can be due to tissue 

heterogeneity adjacent to the motor rotor, or abrupt changes of the core size and frequency of 

the rotor itself.  This hypothesis is supported by studies showing organization of ventricular 

fibrillation into ventricular tachycardia via modulation of core size and frequency of the 

mother rotor with drugs such as verapamil (Samie et al., 2000, Jalife, 2000).  The alternative 

hypothesis, the wavelet hypothesis, speculates that ventricular fibrillation is driven by the 

occurrence of multiple wavelets propagating, colliding and extinguishing one another, thereby 

obviating the need for a stable mother rotor.  Wave breaks can occur due to static factors such 

as anatomical barriers, scars or fibrosis but can also be a result of dynamic changes in 

electrophysiologic properties such as conduction velocity and APD restitution (Cao et al., 

1999, Fenton and Karma, 1998, Weiss et al., 2002).  Therefore, a steep APD restitution slope 

will magnify oscillations of wavelengths, creating large gradients of wave breaks to facilitate 

the initiation of ventricular fibrillation.   

 

Modulation of APD restitution slopes by different pharmacological agents have been shown 

to exert pro- and antiarrhythmic properties.  Isoproterenol and norepinephrine facilitates 

initiation of ventricular fibrillation by increasing the slopes of APD restitution curves 

(Taggart et al., 2003).  On the contrary, drugs which flattens APD restitution slope are shown 

to protect against ventricular fibrillation in in vivo, ex vivo and computational models, not 

only organizing ventricular fibrillation into stable ventricular tachycardia, but also preventing 
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degeneration of ventricular tachycardia into ventricular fibrillation.  These pharmacological 

agents include amiodarone (Omichi et al., 2002), bretylium (Garfinkel et al., 2000), esmolol 

(Hao et al., 2004), propranolol (Endresen and Amlie, 1990), verapamil (Riccio et al., 1999) 

and diacetyl monoxime (Riccio et al., 1999, Lee et al., 2001).  Physiologically direct 

autonomic nerve stimulation has been shown to have a modulating influence on APD 

restitution slopes with sympathetic stimulation promoting ventricular fibrillation by 

steepening restitution slope and conversely vagal stimulation mitigating ventricular 

fibrillation via flattening of restitution slope (Ng et al., 2007). 

 

This study represents the first attempt to investigate the combined effects of autonomic 

modulations and beta-blockade on restitution slopes.   Whilst at baseline, vagal stimulation 

led to flattening of restitution slope in a frequency-dependent manner, sympathetic 

stimulation steepened restitution slope compared to that at baseline.  Subsequent concurrent 

vagal stimulation in the presence of sympathetic stimulation flattened restitution slopes 

modestly compared to its effect at baseline, suggesting the prevailing sympathetic effect on 

restitution slopes (Figure 5.4A and 5.5A).  Interestingly, metoprolol confers additional 

antiarrhythmic effect by flattening restitution slopes in all conditions, including during vagal 

stimulations.  This additional protective effect is not accountable by mere adrenergic blockade 

since the restitution slope during sympathetic stimulation was flattened by metoprolol such 

that its gradient (1.85  0.17) is less than that of baseline restitution slope without metoprolol 

(2.59   0.09) (Figure 5.3).  A closer scrutiny of the relative change in restitution slopes 

indicates that metoprolol does not alter vagal flattening of restitution slope at baseline 

compared to the controls but does abolish the prevailing sympathetic effect during sympatho-

vagal interaction such that the vagal effect of flattening restitution slopes was similar to that at 

baseline (Figure 5.5).  Future studies on additional antiarrhythmic mechanism of metoprolol 

are required. 

 

5.5.3 Effect of Metoprolol on Ventricular Refractoriness during Sympatho-vagal 

Interaction 

 

The antagonistic effect of sympathetic and vagal stimulation on ventricular ERP was well 

known.  Sympathetic stimulation and adrenergic analogues have been shown to reduce both 

APD and ERP in experimental and human studies (Martins and Zipes, 1980, Nattel et al., 
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1981, Morady et al., 1988b, Ng et al., 2007).  Conversely, vagal stimulation and cholinergic 

analogues prolonged APD and ERP in rabbit and canine models (Martins and Zipes, 1980, Ng 

et al., 2007, Inoue and Zipes, 1987) as well as in humans (Ellenbogen et al., 1990).  These 

findings cement the notion of the antagonistic nature of sympathetic and vagal nerve 

stimulation at the ventricular level.   

 

As detailed in Chapter 4, accentuated antagonism with a dominant vagal effect was present in 

heart rate response at the atrial level validating historical studies (Levy, 1971, Levy and 

Zieske, 1969).   Assessment of ventricular ERP during sympatho-vagal interaction suggested 

an absence of sympatho-vagal interaction in this electrophysiologic property.   Whilst Morady 

et al suggested a degree of sympathetic tone is required for accentuated antagonism to exist in 

the ventricles (Morady et al., 1988a), studies in both canine model and humans demonstrated 

otherwise (Amlie et al., 1982, Prystowsky et al., 1981).  In these studies, ventricular ERP was 

shortened by atropine after pre-treatment with propranolol or vice versa.  This would suggest 

vagal effect in ERP prolongation is not reliant on the presence of sympathetic activity. 

 

This study demonstrated that vagus nerve stimulation led to ERP prolongation at baseline, 

whilst sympathetic nerve stimulation shortened ERP from baseline ERP.  In the controls, 

concurrent vagal stimulation during background sympathetic stimulation produced similar 

degree of ERP prolongation compared to that at baseline, reaffirming the findings in Chapter 

4.  The presence of metoprolol during sympatho-vagal interaction appears to simply nullify 

the effect of sympathetic-induced ERP shortening such that concurrent vagal stimulation 

during sympatho-vagal interaction resulted in ERP prolongation paralleled that at baseline.  

This implies that sympatho-vagal interaction, if any, is very minimal in ventricular 

refractoriness.  This therefore is in accord with the findings in clinical studies (Prystowsky et 

al., 1981, Shimizu et al., 1994). 

 

5.5.4 Is Sodium Acetate Responsible for Additional Antiarrhythmic Properties of 

Metoprolol beyond Adrenergic Blockade? 

 

The findings of additional protective effects of metoprolol against ventricular fibrillation in 

isolated hearts perfused with acetate-free Tyrode solution raises the question of whether this 

antiarrhythmic property has been unmasked by the absence of sodium acetate.  Historically, 
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the role of sodium acetate as an energy substrate in contributing carbon atoms within the 

acetyl group to the citric acid cycle (Krebs cycle) is well established (Krebs HA, 1987, 

Lowenstein, 1969), forming the rationale for its inclusion in Tyrode solution used for 

perfusion of Langendorff heart preparations.   It has been shown to increase citric acid cycle 

turnover by 67% in mammalian heart preparations (Randle et al., 1970).  In isolated cell and 

tissue cultures, sodium acetate exerts variable effect on cardiac contractility.  Whilst some 

studies demonstrated an increase in cardiac contractility (Liang and Lowenstein, 1978, Martin 

et al., 1998), others showed opposing results (Jacob et al., 1997, Kirkendol et al., 1978, 

Schooley et al., 2014).  Interpretation of these results are not only confounded by poor 

understanding of its cellular mechanisms, but also by its in vivo vasodilatory effects (Liang 

and Lowenstein, 1978).  Pertinently in these studies, acetate did not exert any effect on action 

potential duration (Williams et al., 1980, Schooley et al., 2014). 

 

The link between sodium acetate and ventricular arrhythmias may lie in its effect of causing 

rapid mitochondrial Ca2+ uptake and osmotic swelling, specifically in both liver and cardiac 

mitochondria (Harris, 1978, Reed and Bygrave, 1975, Lehninger, 1974).  The increased 

cardiac mitochondrial Ca2+ uptake was linked to reduced availability of Ca2+ for myofilament 

shortening, hence accounting for the depressant effect of sodium acetate on cardiac 

contractility (Schooley et al., 2014).  From arrhythmia point of view, mitochondrial Ca2+ 

transport provides a buffering mechanism for cytosolic Ca2+ dynamics in cardiac myocytes 

(Williams et al., 2013, Drago et al., 2012) although its importance in Ca2+ handling remains 

debatable (O'Rourke and Blatter, 2009).   With prolonged cytosolic Ca2+ elevations however, 

mitochondrial Ca2+ uptake could increase 1000 – 2000 folds (Williams et al., 2013).  Notably, 

impaired mitochondrial Ca2+ handling resulted in Ca2+ transient alternans in cardiac myocytes, 

facilitating ventricular arrhythmias (Florea and Blatter, 2010).  This concept was supported by 

the protective effect against ventricular arrhythmias by pharmacological inhibition of 

mitochondrial Ca2+ uptake using Ru360 in an ischaemia-reperfusion rodent heart model 

(Garcia-Rivas Gde et al., 2006).  Furthermore, mitochondrial Ca2+ overload has been shown to 

lead to an increase in nitric oxide and reactive oxygen species (ROS) production in cardiac 

myocytes, perpetuating a vicious cycle of mitochondrial calcium overload and ROS 

production (Dedkova and Blatter, 2009).  This promotes an environment of electrical 

instability, contributing to the onset of ventricular arrhythmias (Feissner et al., 2009). 
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In spite of the postulated pro-arrhythmic effect of sodium acetate through mitochondrial 

dysfunction, VFT in this study remained elevated in the presence of metoprolol at baseline, as 

well as during individual and concurrent autonomic nerve stimulations when rabbit hearts 

were perfused with acetate-containing Tyrode solution.  Indeed, VFT changes in the controls 

and during metoprolol infusion are statistically insignificant between acetate-free and acetate-

containing perfusates (Figure 5.11).  This implies that the additional antifibrillatory property 

of metoprolol beyond adrenergic blockade is unlikely to be accountable by the absence of 

mitochondrial metabolic stress and perturbation of mitochondrial calcium dynamics from the 

use of acetate-free Tyrode solution.   

 

5.6  Conclusion  

 

This study demonstrated additional antifibrillatory effect and flattening of restitution slope 

beyond adrenergic blockade in the presence of metoprolol.  In addition, metoprolol abolishes 

the prevailing sympathetic effect in ventricular fibrillation inducibility and restitution slope 

during sympatho-vagal interaction.  The lack of sympatho-vagal interaction in ventricular 

refractoriness is also confirmed.  Future studies on myocardial norepinephrine release as well 

as potential novel pharmacological properties of metoprolol are merited. 
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Chapter 6:  Myocardial Remodelling and Organ Congestion in Infarct-driven 

Heart Failure Model in Rabbits 

 

6.1 Introduction 

 

Myocardial remodelling, organ congestion and fluid retention are cardinal features in 

the clinical syndrome of heart failure.  In particular, myocardial remodelling represents 

a milestone in heart failure progression, leading to myocardial dysfunction and adverse 

prognosis (McElmurray et al., 1999, Su et al., 1995, Swynghedauw, 1999, Cohn et al., 

2000, Konstam et al., 2011).  Myocardial remodelling is characterised by alteration in 

the cardiac structures involving chamber size, mass and dimension following cardiac 

insult or haemodynamic load associated with neuro-humoral activation.   This 

phenomenon was first observed in animal studies before the findings were validated in 

patients with myocardial infarction or dilated cardiomyopathy (Chen et al., 2010, Nam 

et al., 2010, Nakamura et al., 2002).  At the histological level, a plethora of pathological 

processes involving myocyte hypertrophy, myocyte apoptosis, myofibroblast 

proliferation and increased interstitial collagen deposition contribute to increased 

ventricular dimensions and mass as well as perturbation of the normal elliptical 

geometry (Hill, 2003).  In both animals and humans, these processes of myocardial 

remodelling occur within hours following myocardial infarction (Giannuzzi et al., 2001, 

Korup et al., 1997, Weisman et al., 1985, Hochman and Bulkley, 1982). 

 

Aside from pathological local structural changes following a cardiac insult, the ensuing 

left heart failure characterised by raised diastolic pressure led to increased back pressure 

in the pulmonary vasculature, contributing to pulmonary congestion.  Left untreated, the 

right ventricle comes under strain resulting in overload and failure, ultimately leading to 

hepatic congestion and fluid retention (Harris, 1983, Parmley, 1989).  These were 

further driven by activation of the renin-angiotensin-aldosterone system responsible for 

both sodium and water retention, hence perpetuating the vicious cycle of heart failure 

progression (Parmley, 1989). 
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6.2 Aim 

 

The study aims to investigate the degree of cardiac remodelling and performance by 

transthoracic echocardiography on rabbits undergoing both coronary ligation and sham 

surgeries.  The extent of organ congestion was assessed by measuring dry weights of 

hearts, lungs and livers isolated from both groups of rabbits at the terminal experiments 

8 weeks post-operatively.  Additionally, ex-vivo cardiac scar quantification was 

performed with cardiac magnetic resonance imaging on a number of hearts following 

the terminal experiments. 

 

6.3 Method 

 

6.3.1 Transthoracic Echocardiography 

 

The methodology of transthoracic echocardiography is described in detail in Chapter 

3.3.   In this study, the rabbits were divided into 2 groups: one which had undergone 

coronary ligation surgeries (HF group, n = 13) and one sham procedures (SHM group, n 

= 12).  Transthoracic echocardiography was performed on both groups of rabbits 1 – 2 

weeks prior to their corresponding terminal experiments, i.e. at week 6 – 7 following 

the initial surgeries.  This were performed after the rabbits were sedated and 

anaesthetised to allow for a 40 – 45-minute imaging procedure.  Rabbits were imaged at 

the left lateral position for optimal imaging.  The following echocardiographic 

parameters were measured:- 

 

1. left atrial systolic diameter (LAD) 

2. end-diastolic left ventricular diameter (LVEDD) 

3. interventricular septal thickness (IVS) 

4. left ventricular posterior wall thickness (LVPW) 

5. end-diastolic and end-systolic endocardial area 

 

With these measurements, fractional area change (FAC) and ejection fraction (EF) can 

be calculated. 
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6.3.2 Measurement of Organ Weights 

 

The rationale and methodology of measuring organ weights are detailed in Chapter 3.5.  

Following euthanasia of rabbits at the terminal experiments 8 weeks following coronary 

ligation or sham procedures, the livers and lungs were excised and blotted to remove 

excess blood before their wet weights were recorded.  These were then placed in an 

oven heated to 70 oC and dry weights were recorded once the weights, measured 

weekly, plateau off.  The wet and dry weights of hearts were measured using the same 

procedure after they were excised from the ribcage following completion of the terminal 

experiments.    

 

6.3.3 Ex-vivo Cardiac Magnetic Resonance Imaging 

 

The technical details of magnetic resonance imaging were described in Chapter 3.5.2.2.  

At the end of terminal experiments, five hearts from the HF group and three from the 

shams group were excised from the residual ribcage, with its great vessels preserved.  

These whole hearts were fixed with 4% paraformaldehyde overnight before being 

placed in test tubes containing proton-free fluid, Fomblin-Y (Silma Aldrich).   MRI 

scans were performed on these hearts using a 9.4T Agilent scanner (Agilent 

Technologies, Santa Clare, CA, USA). Radiofrequency transmission and reception were 

achieved with a 40mm millipede transmit/receive RF coil. The rabbit hearts were 

positioned at the isocenter of the magnet and located with fast gradient echo scan. 3D 

gradient echo shimming of first and second order shims were performed over the entire 

heart and shim quality was confirmed using point resolved spectroscopy (PRESS) of the 

water peak. 

 

T2-weighted images were acquired using a fast spin echo (FSE) sequence with TR/TE = 

3000/40ms, 30 x 30mm field of view (256 x 256 matrix), 36 x 1mm coronal slices and 3 

signal averages (scan duration = 9mins 42sec). The resultant images were used to 

generate 2D slice montage representations of each heart (Figure 6.1).   For accurate 

quantification of scar volume, T1-weighted images were acquired using a 3-

dimensional magnetization prepared rapid gradient-echo (MP-RAGE) sequence with 

TR/TE = 6.5/3.3ms, 40 x 30 x 30mm field of view (256 x 192 x 192 matrix) and 2 
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signal averages (scan duration = 57mins 39sec). Scar volume was calculated using 

manual region of interest (ROI) analysis in 3D Slicer (http://www.slicer.org). 

 

 

Figure 6.1 Ex-vivo T2-weighted 2D slice montage representations of rabbit hearts 

eight weeks following coronary ligation (Figure 6.1A) or sham procedures (Figure 

6.1B) 

 

Figure 6.1A: HF group 

 

 

Figure 6.1B: SHM group 

 

 

 

Presence of apical 
scar (yellow) 

Absence of apical 
scar 
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6.4 Results 

 

6.4.1 Cardiac Remodelling 

 

Data in this study suggest that myocardial infarction caused by coronary ligation led to 

low-output heart failure in the rabbits.  Echocardiographic evaluations revealed a 

significant degree of left ventricular systolic impairment in the HF group as reflected by 

the lower ejection fraction as well as reduced fractional shortening and fractional area 

change (Table 6.1).   Enlargement of cardiac chambers was evident in the HF group as 

measured by the left atrial systolic diameter, left ventricular end-diastolic diameter and 

volume.  Relevantly, there was echocardiographic evidence of thinning of the 

interventricular septum, resulting in an eccentricity in the septum:posterior wall 

thickness ratio.  This suggests that both regional and global structural remodelling 

occurred in this heart failure model over the 6 weeks following coronary ligation.  

Indeed, during the terminal experiments when the hearts were procured at 8 weeks, 

visible apical fibrosis was frequently found on the left ventricular epicardial surface in 

the HF group (Figure 6.2). 

 

Further analyses demonstrated a significant correlation between structural remodelling 

and left ventricular performance.  In this study, both left ventricular end-diastolic 

diameter (r = -0.76, p < 0.001) (Figure 6.3) and left atrial systolic diameter (r = - 0.77, p 

< 0.001) (Figure 6.4) were found to be correlated with ejection fraction. 

 

Figure 6.2 Gross appearance of rabbit heart eight weeks after coronary ligation 

 

 

Fibrotic appearance on the apex of left 
ventricular epicardial surface 
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Table 6.1 Echocardiographic data of rabbits in heart failure (HF) and sham 

(SHM) group 

 

Echocardiographic Measurements 
 

HF  SHM 

Left ventricular ejection fraction (%) 
by M-mode 
 

35.19 ± 1.95 66.62 ± 2.92*** 

Fractional shortening (%) by M-mode 
 

13.57 ± 0.87 31.26 ± 2.10*** 

Diastolic interventricular septum (IVS) 
thickness (mm) 
 

2.04 ± 0.12 2.84 ± 0.32* 

Diastolic left ventricular posterior wall 
(LVPW) thickness (mm) 
 

2.64 ± 0.08 2.63 ± 0.24 

Diastolic IVS:LVPW thickness ratio 
 

0.81 ± 0.04 1.06 ± 0.04*** 

Left ventricular end-diastolic diameter 
(LVEDD) (mm) 
 

13.37 ± 0.31 10.68 ± 0.39*** 

Diastolic left ventricular volume (uL) 
 

808.3 ± 88.07 773.97 ± 86.58* 

Left atrial systolic diameter (LAD) 
(mm) 
 

8.60 ± 0.14 7.57 ± 0.24** 

Diastolic endocardial area (mm2) 
 

136.92 ± 8.81 111.57 ± 6.59* 

Fractional area change (FAC) (%) 
 

27.56 ± 3.47 55.20 ± 1.77*** 

*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 
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Figure 6.3 Correlation between left ventricular end-diastolic diameter (LVEDD) 

and left ventricular ejection fraction (EF) 

 

Figure 6.4 Correlation between left atrial systolic diameter (LAD) and left 

ventricular ejection fraction (EF) 
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6.4.2 Organ Congestion 

 

 

Organ weights were in general heavier in the HF group compared to the shams (Table 

6.2).  Both the wet and dry weight of the hearts in the HF group were significantly 

higher than those in the shams.  When corrected against body weight, the dry weight of 

the hearts was significantly correlated with the ejection fraction measured by 

echocardiography (r = -0.64; p < 0.001) (Figure 6.5), suggesting a strong correlation 

between cardiac remodelling and left ventricular dysfunction in parallel with the 

findings of significant correlation shown in relevant echocardiographic parameters 

(Figure 6.3 and 6.4).   

 

In addition, peripheral organs underwent structural changes in this heart failure model.  

The wet weights of both lungs and livers were significantly higher in the HF group 

compared to the shams.  In contrast, there was no difference in dry weight for these two 

organs, implying that the increased liver and lung weights are attributable to fluid 

congestion prior to the drying process.    When the wet weights of the liver and lung are 

corrected to body weights respectively, there is a demonstrable correlation between 

these weights and ejection fraction (liver: r = -0.71; p < 0.01; lung: r = -0.67; p < 0.01) 

(Figure 6.5).   
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Table 6.2 Body weights as well as wet/dry weights of hearts, livers and lungs for 

rabbits in heart failure (HF) and sham (SHM) groups 

 

Weights HF SHM 

Body weight (kg)  3.65 ± 0.10 3.73 ± 0.08 

Heart weight (g) Wet 13.19 ± 0.34 10.61 ± 0.71* 

Dry 2.29 ± 0.11 1.98 ± 0.06* 

Liver weight (g) Wet 98.63 ± 3.17 76.48 ± 3.09*** 

Dry 30.05 ± 0.77 27.11 ± 1.99 

Lung weight (g) Wet 13.52 ± 0.78 11.61 ± 0.25* 

Dry 2.18 ± 0.77 2.01 ± 0.06 

*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 
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Figure 6.5 Correlation between left ventricular ejection fraction (EF) with various 

organ weights corrected by body weight: heart dry weight (Figure 6.5A), liver wet 

weight (Figure 6.5B) and lung wet weight (Figure 6.5C) 
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6.4.3 Ex-vivo Left Ventricular Scar Quantification 

 

Ex-vivo cardiac MRI consistently demonstrated the absence of scar in the left ventricles 

of the sham animals (n = 3) (Table 6.3).  Out of the five hearts in the HF group, three 

hearts showed quantifiable left ventricular scar (270.72 ± 33.45 mL).  One heart (MI 44) 

had a negligible scar volume.  Scar quantification in the remaining one heart of the HF 

group was not possible due to unclear images.  These MRI data suggest that coronary 

ligation reliably produced measurable scarring in the left ventricle, with resultant low-

output heart failure. 

 

Table 6.3 Scar volume measured by ex-vivo cardiac magnetic resonance imaging 

 

Heart Specimen ID Visibility of Lesion on MRI Scar Volume (mL) 

MI 42 Yes 302.11 

MI 44 Not clear N/A 

MI 46 Yes 18.99 

MI 47 Yes 189.49 

MI 48 Yes 320.56 

Sham 36 No 0 

Sham 40 No 0 

Sham 41 No 0 

 

 

6.5 Discussion 

 

Ligation of left circumflex artery in rabbits produces extensive myocardial necrosis and 

fibrosis, with resultant reduction in both regional and global myocardial contractile 

performance (Buckberg et al., 2008, Sedmera et al., 1999).  Subsequently myocardium 

undergoes structurally remodelling, leading to increased ventricular stiffness.  At the 

histological level, widespread characteristic cellular processes occur not only at the 
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infarcted myocardium, but also in the remote non-infarcted myocardium (Beltrami et 

al., 1994, Anversa et al., 1991, Ng et al., 1998).  In particular, myocyte apoptosis is 

found to occur in a time-sensitive manner not only in the expected infarct area and 

border zone, but also in the non-infarct area of the heart in both rats (Zhu et al., 2001) 

and humans (Olivetti et al., 1997).  Indeed, increased myocyte apoptosis in the remote 

non-infarcted area has been correlated with structural remodelling in rabbits (Qin et al., 

2005) and mice (Palojoki et al., 2001).  Similar correlation has been established in 

clinical studies with strong association between this cellular phenomenon and left 

ventricular dilatation as well as left ventricular dysfunction in patients with ischaemic 

cardiomyopathy (Baldi et al., 2002, Qin et al., 2005) and dilated cardiomyopathy 

(Akyurek et al., 2001).   

 

Echocardiographic data in this study provides valuable insights in both regional and 

global ventricular function in the rabbit heart failure model following coronary ligation.  

The decreased septal thickness in relation to left ventricular posterior wall thickness in 

the HF group as reflected by the absolute measurements and significantly reduced ratio 

between the thickness of septal and posterior walls provides imaging evidence of 

regional wall motion abnormality induced by apical infarct (Table 6.1).   The presence 

of scar tissue visible to the naked eyes (Figure 6.2) and cardiac MRI (Table 6.3) also 

contributes to limitation of the left ventricular wall motion.   Furthermore, the increased 

end-diastolic volume and endocardial area in the infarcted heart signifies increased left 

ventricular radius, producing a change in ventricular geometry in which the heart 

assumes a more spherical shape (Buckberg et al., 2004).  

 

A key evidence of heart failure developing in the HF group is the significantly lower 

ejection fraction when compared to the shams (Table 6.1).  In non-diseased heart, the 

left ventricle displays forceful contractions during systole, expelling two thirds of the 

intra-cardiac blood volume present at end-diastole (Milnor, 1989).  In the presence of a 

myocardial infarction, the healthy myocardium is replaced by fibrotic tissue in the 

apical region (Figure 6.2) with consequent impaired contractility in this region.   The 

heart develops an adaptive response in the form of increased basal contractile force and 

ventricular mass, the latter being evident from the increased wet and dry weight of 

hearts in the HF group (Table 6.2).  Pertinently, the ability of increasing myocardial 
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mass to compensate functional load is highly characteristic of mammalian hearts 

(Hamrell B.B.).   

 

Infarct size and transmurality exert a deterministic influence on both regional and global 

left ventricular function.  In this study, out of the five ex-vivo hearts in the HF group, 

four demonstrated a quantifiable scar in the apical region when imaged by MRI whereas 

in the sham group, no myocardial scar was detected (Table 6.3).  Ligation of circumflex 

artery produced a diffuse apical infarct demonstrable by cardiac MRI, an example of 

which was shown in Figure 6.1A.  Visibly the isolated rabbit hearts from the HF group 

showed a diffuse fibrotic appearance at the apices (Figure 6.2).  In contrast, punctate 

infarcts, which suggest small-vessel disease or collateral circulation, were not observed 

in the five ex-vivo hearts in the HF group on cardiac MRI, validating the homogeneity 

of infarcts produced by coronary ligation and affirming the absence of collateral 

circulation in rabbit hearts.  Myocardial scarring, as demonstrated by cardiac MRI in 

this study, causes impairment of myocardial contractility, thereby leading to reduced 

stroke volume and ejection fraction, as reflected by the lower ejection fraction on 

echocardiography in this study.  This relationship between myocardial scar on MRI and 

left ventricular function on transthoracic echocardiography is in parallel with that in 

humans (Hamrell B.B.). 

 

Structural and hemodynamic maladaptation in heart failure are not confined to the 

infarct region, but extends to non-infarct regions of the left ventricle as well as the right 

ventricle (Olivetti et al., 1994).   As the ventricular architecture becomes distorted with 

a more spherical geometry, the left ventricle becomes stiffer.  There is increased 

intraventricular pressure to sustain cardiac contractile force (Goto et al., 1986).  In 

response to a reduced contractile force in the apex, basal contractile force increases with 

resultant raised back pressure into left atrium, causing mitral regurgitation and increased 

left atrial pressure (Dal-Bianco et al., 2009) as well as pulmonary congestion, as 

suggested by the increased left atrial systolic diameter (Table 6.1) and increased lung 

wet weights (Table 6.2).  Mitral regurgitation in this context, is a results of leaflet 

tethering and displaced papillary muscles in a dilated left ventricle, a mechanism which 

has been demonstrated in both experimental and clinical studies (Dowell et al., 1979, 

Buckberg et al., 2004).  It is also conceivable that myocardial infarction leads to 
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papillary ischaemia, providing a more direct contributory role in mitral regurgitation 

and hence raised left atrial pressure.  Ultimately the increased back pressure in left 

atrium extends to the right heart.  This causes right heart failure manifesting as hepatic 

congestion demonstrable with the significantly higher liver wet weights in the HF group 

(Table 6.2).   The strong correlations between various organ weights with ejection 

fraction are in support of this postulated mechanism (Figure 6.5) and mirrored clinical 

phenotypes of heart failure with background ischaemic heart disease in humans 

(Parmley, 1989). 

 

The use of two imaging modalities in this study provides valuable insights in 

establishing the structure-function relationship (Figure 6.3 and 6.4) in a myocardial-

infarction heart failure model.  Future studies using more comprehensive in vivo cardiac 

MRI protocols, such as delayed gadolinium enhancement, myocardial perfusion, and 

myocardial tagging among others, in this heart failure model will complement 

echocardiographic functional studies and enhance understanding of cardiac remodelling.   

Immunohistochemical studies of cardiac tissue as well as autonomic nerves will provide 

cellular clues to this remodelling process in addition to shedding further lights on the 

morphology of apical infarcts observed on cardiac MRI. 

 

6.6 Conclusion 

 

Coronary ligation in rabbits causes a heart failure phenotype manifesting as structural 

remodellings of the heart and such peripheral organs as lungs and livers.  These 

structural remodellings are significantly correlated with impairment of left ventricular 

function, supporting a structure-function relationship. 
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Chapter 7:  Characterisation of Autonomic Electrocardiology in Isolated Rabbit 

Heart Failure Model 

 

7.1 Introduction 

 

Heart failure represents a common clinical pathway as a consequence of various cardiac 

insults, most commonly myocardial infarction but also hypertension, valvular defects, 

dilated cardiomyopathy, hypertrophic cardiomyopathy, tachycardia-dependent 

cardiomyopathy, toxic/nutritional cardiomyopathy and so forth.   In spite of the 

diversity of possible pathologic underpinnings, heart failure is universally regarded as a 

clinical syndrome of a mismatch of cardiac contractility and metabolic demands of 

peripheral organs (Coronel et al., 2001).  In the case of a myocardial infarction, 

myocardial loss with the resultant impaired contractility are compensated by cardiac 

hypertrophy before heart failure ensues.   

 

The global incidence of heart failure is reaching epidemic level especially in the 

industrialised world, with annual mortality approaching 50% in advanced disease 

(Roger et al., 2012).    Although as much as 50% of the heart failure-related mortality 

can be attributed to pump failure, arrhythmias account for the remainder cause of death 

in this disease (Tomaselli and Zipes, 2004).   This has led to the emergence of 

implantable device therapy, specifically implantable cardioverter-defibrillator (ICD) as 

a key strategy to abort malignant arrhythmias.  Nonetheless, arrhythmic death remains a 

major cause of death in heart failure especially in the milder forms of the disease 

(Hjalmarson and Fagerberg, 2000).  This can be accountable by the complex 

mechanism of arrhythmogenesis in heart failure which represents an interplay between 

arrhythmogenic triggers and electrophysiological substrates.   The overall 

electrophysiological changes in heart failure is therefore multitude in nature, and highly 

dependent on the underlying pathological processes driving heart failure.  This 

comprises ion channel remodelling, abnormal calcium handling, extracellular matrix 

remodelling, the process of fibrosis, over-activation of neuro-hormonal axis as well as 

structural changes in the form of dilatation, stretch and geometry distortion.  The 

scientific landscape in this arena was further complicated by incongruent results from 

different animal models of heart failure, including those of infarction and pacing-
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induced canine models (Issa et al., 2005), pressure- or volume-overload rabbit models 

(Vermeulen et al., 1994, Pogwizd, 1995), and gene-mutation murine model (van Oort et 

al., 2011). 

 

Dysautonomia characterised by sympathetic over-activation and parasympathetic 

attenuation in heart failure plays a substantial modulatory role in arrhythmogenesis and 

the aforementioned electrophysiological changes.  The autonomic effects on cardiac 

electrophysiology are well known with sympathetic nerves exerting positive effects on 

heart rate, atrio-ventricular conduction and contractile function whereas the 

parasympathetic system having the opposing effects.  More importantly, autonomic 

nervous system plays a central role in initiation of ventricular fibrillation.   Preclinical 

(Schwartz et al., 1988, De Ferrari et al., 1991, Billman et al., 1982, Cerati and Schwartz, 

1991) and clinical (Nolan et al., 1998, La Rovere et al., 2009, La Rovere et al., 1998) 

studies have consistently demonstrated causal link between autonomic tone measured as 

heart rate variability (HRV) and baroreceptor reflex sensitivity (BRS) with fatal 

ventricular arrhythmias.  As such it is unsurprising that the dysautonomia in heart 

failure leads to impaired neurocardiological control and ultimately increased 

susceptibility for lethal ventricular arrhythmias.   Indeed, parasympathetic attenuation 

and sympathetic over-activation were noted to precede development of heart failure 

phenotype in both preclinical and clinical settings respectively (Grassi et al., 2001, 

Schwartz, 1998). 

 

The use of in vitro Langendorff perfused rabbit heart with intact dual autonomic nerves 

has allowed investigation of the effects of direct sympathetic and vagus nerve 

stimulation in isolation (Ng et al., 2007) and in combination (Chapter 4) on ventricular 

electrophysiology including ventricular fibrillation threshold (VFT), ventricular 

effective refractory period (ERP) and electrical restitution (RT).  This study is planned 

to establish a progressive understanding of autonomic neurocardiology control in heart 

failure by first establishing a rabbit infarction model of heart failure via coronary 

ligation with subsequent terminal experimental studies using the previously described 

dual-innervated Langendorff-perfused heart model. 
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7.2 Aim 

 

The study aims to investigate the effects of direct individual sympathetic nerve (SNS) 

and vagus nerve stimulations (VNS) on atrial and ventricular electrophysiology in a 

rabbit heart failure model created surgically by ligation of circumflex artery to induce 

apical myocardial infarction.  Specifically, the autonomic effects on heart rate (HR) and 

its associated left ventricular pressure (LVP) changes, atrio-ventricular delay (AVD), 

VFT, ERP and RT are measured. 

 

7.3 Method 

 

7.3.1 Rabbit Myocardial Infarction Heart Failure Model 

 

Weight-matched adult male New Zealand White rabbits with the birth weight of 14 

weeks old (3.2 ± 0.1 kg, n = 25) were obtained from animal laboratories of Charles 

River (France).  The rabbits were randomly assigned to two groups: a coronary-ligation 

group (HF, n = 13); and a sham group (SHM, n = 12).  The details of the surgical 

procedures have been described previously (Chapter 3.1).  Briefly, the rabbit was pre-

medicated with subcutaneous injections containing a combination of Medetomidine 

Hydrochloride (Sedator, 0.2 mg/kg), Ketamine (Narketan, 10 mg/kg) and Butorphanol 

Tartrate (Torbugesic, 0.05 mg/kg).  Once adequately sedated, the rabbit was intubated 

with a size 3 uncuffed endotracheal tube following which its anterior chest wall was 

shaven.  The rabbit was then transferred to the surgical theatre where it was ventilated 

with a Harvard small animal ventilator (tidal volume 30mL, respiratory rate 55/min) 

and anaesthetized with 1 – 1.5% isofluorane.   A left thoracotomy was performed at the 

4th intercostal space under aseptic technique.  The heart was exposed following a 

pericardiotomy, retraction of the 4th and 5th rib as well as the left lung.  An apical tie 

was placed to facilitate manipulation of the heart.  In HF group, coronary ligation was 

performed at the circumflex artery half-way between the atrio-ventricular groove and 

the apex, thereby creating an immediate apical discoloration consistent with a 30 – 40% 

left ventricular infarct visually. In SHM group, no coronary ligation was performed.  In 

both groups, the heart was exposed for 20 minutes before chest closure.  Once 

recovered from general anaesthesia, the rabbit was transferred to the post-operative 
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room for close observation and administration post-operative analgesia.  In both groups, 

the rabbits were left to recover for 8 weeks before being sacrificed for terminal 

experiments.  All procedures were undertaken in strict accordance with the Animals 

(Scientific Procedures) Act 1986 and the current Guide for the Care and Use of 

Laboratory Animals published by the National Institute of Health (NIH Publication No. 

85-23, revised 2011). 

 

7.3.2 Isolated Langendorff-perfused Rabbit Heart Preparation with Intact 

Dual Autonomic Nerve Innervation 

 

Adult male New Zealand White rabbits (3.7 ± 0.1 kg, n = 25) were sedated with a 

subcutaneous injection containing a mixture of Medetomidine Hydrochloride (Sedator, 

0.2 mg/kg), Ketamine (Narketan, 10 mg/kg) and Butorphanol Tartrate (Torbugesic, 0.05 

mg/kg).   Once the animal was suitably sedated, surgery was performed to isolate rabbit 

heart with intact dual autonomic innervation as described in detail in the previous 

chapter (Chapter 3.4.2.1).  The isolated rabbit hearts were then perfused in modified 

Langendorff mode with Tyrode solution (in mM): 130.0 NaCl, 24.0 NaHCO3, 1.0 

CaCl2, 1.0 MgCl2, 4.0 KCl, 1.2 NaH2PO4 and 20.0 dextrose (Chapter 3.4.2.2). 

 

7.3.3 Autonomic Nerve Stimulation 

 

As described in Chapter 3.4.2.3 in details, the right and left cervical vagus nerve was 

supported and stimulated by a pair of custom-made bipolar silver electrodes.  Bilateral 

sympathetic nerve stimulation was achieved by insertion of a quadripolar catheter into 

the spinal canal to the level of stellate ganglia. 

 

For each of the autonomic nerves, a voltage response curve was constructed by 

assessing the heart rate response during sympathetic (SNS)/vagus nerve stimulation 

(VNS) with varying strength from 1 – 10 V.  The optimal voltage required by each 

nerve to induce 80% of maximal heart rate changes was determined and used to assess 

the frequency response of the corresponding autonomic nerves from 1 to 20 Hz. 
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SNS was performed at 10 Hz and VNS at 5 Hz during assessment of AVD.  The former 

frequency was chosen to prevent intrinsic sinus rate from overriding atrial pacing rate 

whereas the latter frequency was chosen to avoid heart block.  For the study of 

ventricular electrophysiology, SNS frequency was defined by the frequency that gave 

rise to an SNS-induced tachycardia of around 200 – 230 bpm.  On the other hand, VNS 

frequency was determined as the frequency with a resulting bradycardia of around 60 – 

70 bpm. 

  

7.3.4 Cardiac Electrical Recording and Pacing 

 

A spring-loaded mini-MAP electrode was placed at the epicardial surface of left 

ventricular free wall for recording of monophasic action potential (MAP) using a DC-

coupled high-input impedance differential amplifier as described in Chapter 3.4.2.2.  A 

bipolar pacing electrode was inserted into the right ventricular apex for ventricular 

pacing manoeuvres required for measurement of VFT and ERP. 

 

7.3.5 Measurement of Atrio-ventricular and Ventricular Electrophysiology 

 

The effect of direct autonomic nerve stimulation on AVD was examined during 

constant right atrial pacing at 300 ms.  The electrode for measuring monophasic action 

potentials (MAPs) was applied to the epicardial surface of the basal left ventricular free 

wall.  AVD was defined as the time required from the pacing stimulus to the start of the 

ventricular MAPs. 

 

VFT and ERP were determined by specific pacing protocols as described in Chapter 

3.3.2.4.  RT was derived from measurements of MAP duration during S1 – S2 protocol 

used for ERP measurement.  In this study, RT was obtained from both the base and the 

apex of the 23 hearts.  The specifics of RT calculations were explained in Chapter 

3.4.2.4.  Steady-state HR was determined prior to commencing the pacing protocols in 

interest. 
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7.4 Results 

 

7.4.1 Effect of Autonomic Stimulation on Stimulus-Heart Rate Response 

 

To assess the heart rate response, two protocols were designed.  The first involved 

altering stimulus strength at a fixed frequency of 5 Hz, whilst the second consists of 

changing stimulus frequency at a fixed submaximal voltage that gave rise to 80% of the 

HR response.  Autonomic nerve stimulation characteristically induced an initial change 

in HR that peaked in its response before plateauing off until the nerve stimulation 

ceased following which HR returned to its baseline level. 

 

7.4.1.1 Effect of Varying Stimulus Strength 

 

Fixing the frequency of stimulation at 5 Hz, right and left VNS was performed at 

incremental steps of 1V, 3V, 5V and 10V in HF (n = 13) and SHM (n = 12) 

preparations.  The minimum steady-state HR was measured at each stimulus strength.  

Right VNS reduced baseline HR in HF group (red symbols) from 145 ± 7 bpm to 137 ± 

10 (P < 0.005) at 1 V and 94 ± 8 bpm (P < 0.005) at 10 V whereas in SHM group (blue 

symbols), baseline HR reduced from 145 ± 7 bpm to 116 ± 6 bpm (P < 0.005) at 1 V 

and 71 ± 5 bpm (P < 0.005) at 10 V (Figure 7.1A).   

 

In HF group, left VNS decreased baseline HR from 146 ± 7 bpm to 123 ± 9 bpm (P< 

0.005) at 1 V and 87 ± 9 bpm (P < 0.005) at 10 V whilst in SHM group, baseline HR 

reduced from 145 ± 7 bpm to 126 ± 7 bpm (P < 0.005) at 1 V and 91 ± 6 bpm (P<0.005) 

at 10 V (Figure 7.1B). 

 

On the other hand, SNS increased HR from 144 ± 7 bpm to 154 ± 7 bpm (P < 0.05) at 1 

V and 270 ± 12 bpm (P < 0.05) at 10 V in HF group.  In SHM group, SNS increased 

HR from 143 ± 7 bpm to 156 ± 7 bpm (P < 0.05) at 1V and 260 ± 5 bpm (P < 0.05) at 

10 V (Figure 7.1C).   

 

Overall HR changes in response to varying stimulus strength of autonomic nerve 

stimulation were not significantly different between the HF and SHM groups. 
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Figure 7.1 Comparison of heart rate changes with increasing stimulus strength 

between heart failure (HF) and sham (SHM) groups during vagus nerve 

stimulation (VNS) and sympathetic stimulation (SNS)  

 

 

 

7.4.1.2 Effect of Varying Stimulus Frequency 

 

A fixed submaximal stimulus strength was chosen to assess the effect of varying 

stimulus frequency on heart rate response.  This was defined as the stimulus strength 

yielding 80% HR response for the corresponding autonomic nerves in section 7.4.1.1.  

The mean submaximal stimulus strength for SNS as well as right and left VNS, mean 

baseline HR, peak LVP and end-diastolic LVP were shown in table 7.1.   

 

At fixed stimulus strength, right VNS produced the greater frequency-dependent HR 

reduction in SHM group as compared to HF group, giving rise to a HR of 15 ± 7 bpm as 

opposed to 52 ± 14 bpm in HF group at 15 Hz (P < 0.05), and a HR of 4 ± 4 bpm as 

opposed to 46 ± 15 bpm in HF group at 20 Hz (P < 0.05) (Figure 7.2A).   

 

Although left VNS demonstrated similar picture of frequency-dependent HR reduction, 

there was no significant difference in the magnitude of HR reduction between the HF 

and SHM groups.  Furthermore, the magnitude of HR reduction by left VNS was 

significantly less than that of right VNS in SHM group.  At 20 Hz, left VNS produced a 

HR reduction of 109 ± 10 bpm as compared to 140 ± 8 bpm by right VNS (P < 0.05) 

(Figure 7.2B).   
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Conversely, SNS produced an exaggerated HR increment with increasing stimulus 

frequencies in HF group as compared to SHM group with the greatest tachycardic effect 

observed at 278 ± 12 bpm at 15 Hz, and 282 ± 11 bpm at 20 Hz in HF group (P < 0.05 

compared to SHM group) (Figure 7.2C).   

 

Table 7.1 Summary of baseline pre-stimulation values 

Group HF SHM 

Peak LV systolic pressure (mmHg) 72 ± 7 74 ± 5 

End-diastolic LV pressure (mmHg) 9 ± 4 5 ± 2 

Balloon volume (mL) 5 ± 2 5 ± 2 

Perfusion pressure (mmHg) 56 ± 6 58 ± 4  

Baseline heart rate (bpm) 150 ± 8 148 ± 5 

Stimulus strength for right VNS (V) 8.8 ± 0.8 8.5 ± 0.6 

Stimulus strength for left VNS (V) 8.6 ± 0.7 8.5 ± 0.4 

Stimulus strength for SNS (V) 7.0 ± 0.7 7.2 ± 0.5 
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Figure 7.2 Comparison of heart rate changes with increasing stimulus frequency 

between heart failure (HF) and sham (SHM) groups during vagus nerve 

stimulation (VNS) and sympathetic stimulation (SNS)  
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7.4.2 Effect of Low- and High-frequency Autonomic Nerve Stimulation on 

Atrio-ventricular Delay 

 

In this study, baseline atrio-ventricular delay (AVD) was assessed during fixed right 

atrial pacing at 300 ms cycle length (Figure 7.3).  AVD in SHM group was 104.7 ± 4.2 

ms whereas HF group demonstrated a significantly prolonged AV delay of 131 ± 5 ms 

(P < 0.05).   

 

Both right and left VNS exerted a differential effect on AVD prolongation in SHM and 

HF groups.   During right VNS, AVD in SHM group was prolonged from 104.7 ± 4.2 

ms to 113.4 ± 4.0 ms at 2 Hz, and 125.0 ± 3.1 ms at 5 Hz whereas in HF group, AVD 

was prolonged from 131.3 ± 4.7 ms to 137.3 ± 4.3 ms at 2 Hz, and 141.9 ± 4.2 ms at 5 

Hz (7.4A).  Although both groups demonstrated significant AVD prolongation under 

right VNS (P < 0.05), the effect of AVD prolongation in HF group was significantly 

diminished at 5Hz when compared to SHM group (Figure 7.4B).  At 5 Hz, right VNS 

prolonged AVD by 20.3 ± 1.3 ms in SHM group, whilst in HF group, AVD was only 

prolonged by 10.6 ± 0.7 ms. 
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In general, left VNS produced a greater effect in AVD prolongation when compared to 

right VNS.  In SHM group, AVD was prolonged from 105.2 ± 4.2 ms to 119.9 ± 3.5 ms 

at 2 Hz, and 139.5 ± 2.6 ms at 5 Hz.  In HF group, left VNS prolonged AVD from 133.4 

± 4.3 ms to 142.0 ± 4.2 ms at 2 Hz, and 162.1 ± 3.1 ms at 5 Hz (Figure 7.4C).  In spite 

of the greater AVD prolongation by left VNS, there was no significant difference in the 

degree of AVD prolongation between the SHM and HF groups at 5Hz (Figure 7.4D). 

 

In contrast, SNS shortened AVD in both SHM and HF groups.  In SHM group, AVD 

was shortened from a baseline of 104.7 ± 4.2 ms to 95.4 ± 4.1 ms at 2 Hz and 89.1 ± 4.1 

ms at 10 Hz.  In HF group, AVD was shortened from 132.4 ± 4.6 ms to 116.0 ± 4.6 ms 

at 2 Hz and 105.1 ± 4.3 ms at 10 Hz (Figure 7.5A).  Overall, despite a significantly 

more prolonged AVD in HF group during baseline and SNS, the magnitude of AVD 

shortening was significantly greater in the HF group at 10 Hz (Figure 7.5B). 

 

Figure 7.3 Atrio-ventricular delay (AVD) measured under constant atrial pacing 

at 300 ms cycle length with MAP recordings from an unstimulated Langendorff’s 

heart preparation in heart failure (HF) and sham (SHM) groups.  Action potential 

duration was noted to be longer in HF group (data not shown) 
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Figure 7.4 Comparison of atrio-ventricular (AV) delay (Figure 7.4A, 7.4C) and 

changes in AV delay (Figure 7.4B, 7.4D) between heart failure (HF) and sham 

(SHM) groups at baseline as well as during right and left vagal stimulation 
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Figure 7.5 Comparison of atrio-ventricular (AV) delay (Figure 7.5A) and changes 

in AV delay (Figure 7.5B) between heart failure (HF) and sham (SHM) groups at 

baseline and during sympathetic stimulation 

 

 

 

7.4.3 Effect of Autonomic Stimulation on Left Ventricular Pressure at 

Different Stimulation Frequencies 

 

The left ventricular peak systolic pressure (LVP) was recorded and analysed during 

incremental stimulation frequencies of SNS and VNS whilst the steady-state heart rate 

response was studied (Section 7.4.1.2).  The maximum peak LVP at each stimulation 

frequency was expressed relative to the baseline pre-stimulation peak LVP. 

 

The baseline LVP was noted to be similar in both groups: 72 ± 7 mmHg in the HF 

group and 74 ± 5 mmHg in the SHM group.  LVP was noted to decreased with VNS 

with the effect being more noticeable with increasing stimulation frequency.  During 

right VNS, there was a significant reduction in LVP for the SHM group at 15 Hz and 20 

Hz stimulation frequencies (P < 0.05) (Figure 7.6A).  During left VNS, both HF and 

SHM group demonstrated a reduction in LVP with increasing stimulation frequencies 

but there was no discernible difference in LVP reduction between the two groups 

(Figure 7.6B).  
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SNS, on the other hand, resulted in an increase in LVP in both HF and SHM groups.  In 

HF group, there was a greater degree of LVP increase under SNS at different 

stimulation frequencies, culminating in a significantly greater LVP increments at 15Hz 

and 20 Hz (Figure 7.6C). 

 

Figure 7.6 Comparison of changes in left ventricular peak pressure with increasing 

stimulus frequency between heart failure (HF) and sham (SHM) groups during 

vagus nerve stimulation (VNS) (Figure 7.6A and 7.6B) and sympathetic 

stimulation (SNS) (Figure 7.6C) 

0 1 2 3 5 7 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

Nerve Stimulation (Hz)

Right VNS

*
***

0 1 2 3 5 7 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

Nerve Stimulation (Hz)

Left VNS

0 1 2 3 5 7 10 15 20
0.0

0.2
1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

Nerve Stimulation (Hz)

HF
SHM

SNS

*
**

7.6A 7.6B 7.6C

 

 

7.4.4 Effect of Autonomic Stimulation on Ventricular Electrophysiology 

 

7.4.4.1 Effect of Autonomic Stimulation on Ventricular Fibrillation Thresholds 

 

Baseline VFT was obtained prior to autonomic nerve stimulations.  In HF group, the 

baseline VFT was recorded as 2.5 ± 0.3 mA whereas the baseline VFT in SHM group 

was significantly higher at 4.0 ± 0.3 mA, demonstrating the propensity of HF group for 

VF.  Under SNS which increased HR of each group to around 230 bpm, VFT was lower 

in both HF (0.6 ± 0.1 mA) and SHM (1.9 ± 0.1mA) with the effect of SNS on VFT 

significantly more profound in the HF group.  In contrast, VNS led to higher VFT in 

both HF (3.5 ± 0.4 mA) and SHM (6.8 ± 0.6 mA) with the effect of VNS on VFT 

attenuated in the HF group (Figure 7.7A). 
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Figure 7.7B illustrates relative change from the corresponding baseline VFTs in both 

HF and SHM groups.  This demonstrated that SNS-induced VFT-lowering effect was 

greater in the HF group (-72.5 ± 3.7%) compared to the SHM group (-50.8 ± 3.4%).  

The effect of VNS in raising VFT, on the other hand, was diminished in HF group (41.1 

± 6.8%) when compared to the SHM group (73.2 ± 9.1%). 

 

The stimulation frequency of both SNS and VNS in the HF and SHM groups were 

similar in these experiments.  To attain a HR of around 250 bpm, the required 

frequencies of SNS were 8.7 ± 0.1 Hz (HF group) and 7.8 ± 1.3 V (SHM group) 

respectively.  The frequencies of VNS required to achieve a HR of around 60 – 70 bpm 

were 10.5 ± 1.4 Hz (HF group) and 7.8 ± 0.7 Hz (SHM group) respectively. 

 

Figure 7.7 Comparison of ventricular fibrillation threshold (Figure 7.7A) and 

relative changes from baseline (Figure 7.7B) between heart failure (HF) and sham 

(SHM) groups at baseline (BL), during sympathetic (SNS) and vagal (VNS) 

stimulations 
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7.4.4.2 Effect of Autonomic Stimulation on Action Potential Duration- 

Restitution and Restitution Dispersion 

 

7.4.4.2.1 Effect of Sympathetic and Vagus Nerve Stimulation on Action Potential 

Duration Restitution 

 

Action potential duration restitution (APD-RT) was assessed by relationship between 

MAP duration with its corresponding diastolic interval as previously mentioned.  At 

baseline, the basal APD-RT was calculated as 2.18 ± 0.07 in HF group.  The basal 

APD-RT curve was flatter in the SHM group at 1.32 ± 0.06 (Figure 7.8A).  In 

comparison to basal APD-RT, APD-RT at the non-scarring apex of the hearts (referred 

from here onwards as apical APD-RT) was steeper in both groups at 2.61 ± 0.08 (HF 

group)(p = 0.0766) and 1.51 ± 0.06 (SHM group)(p = 0.037) correspondingly (Figure 

7.8B).   

 

SNS characteristically steepened both basal and apical APD-RT curves.  In HF group, 

basal and apical APD-RT were higher at 3.90 ± 0.10 and 5.12 ± 0.09 respectively.  In 

SHM group, the increase in basal and apical APD-RT was 2.10 ± 0.09 and 2.58 ± 0.08 

correspondingly (Figure 7.8). 

 

In contrast, VNS flattened both basal and apical APD-RT curves.  Under VNS, basal 

and apical APD-RT in HF groups were 1.48 ± 0.07 and 1.70 ± 0.11.  In SHM group, the 

VNS effect on both basal and apical APD-RT was significantly more prominent, 

resulting in lower APD-RT values (base: 0.61 ± 0.05; apex: 0.65 ± 0.06) than those of 

HF group (Figure 7.8). 

 

Figure 7.9 illustrated relative changes in APD-RT by SNS and VNS from the baseline 

APD-RTs.  This demonstrated SNS effect in steepening APD-RT was significantly 

greater in the HF group compared to the SHM group whereas VNS effect in flattening 

APD-RT was attenuated in the HF group. 
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Figure 7.8 Comparison of basal (Figure 7.8A) and apical (Figure 7.8B) action 

potential duration-restitution (APD-RT) between heart failure (HF) and sham 

(SHM) groups at baseline (BL), during sympathetic (SNS) and vagal (VNS) 

stimulations 
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Figure 7.9 Comparison of relative changes from baseline values in basal (Figure 

7.9A) and apical (Figure 7.9B) action potential duration-restitution (APD-RT) 

between heart failure (HF) and sham (SHM) groups during sympathetic (SNS) and 

vagal (VNS) stimulations 
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7.4.4.2.2 Effect of Sympathetic and Vagus Nerve Stimulation on Apico-basal 

Restitution Dispersion 

 

In this study, apical APD-RT slopes were steeper than basal APD-RT in both HF and 

SHM groups.  In order to assess the degree of apico-basal APD-RT restitution 

dispersion, basal APD-RT was subtracted from apical APD-RT and expressed as a 

function of change from basal APD-RT:- 

 

Apico-basal RT Dispersion = [(Apical RT – Basal RT)/Basal RT] x 100% 

 

In the absence of autonomic nerve stimulation, apico-basal RT dispersion was greater in 

HF group (23.7 ± 1.4%) than that in SHM group (16.8 ± 1.0%).  SNS resulted in an 

increase in RT dispersion with its effect augmented in the HF group (33.0 ± 2.5%) 

compared to SHM group (25.0 ± 1.8%).  Conversely under the influence of VNS, the 

apico-basal RT dispersion was not significantly different from that at baseline in 

general.  Nonetheless, dispersion of apico-basal restitution remains greater in the HF 

group (21.0 ± 2.4%) as compared to the SHN group (12.4 ± 2.6%) (Figure 7.10).   

 

Figure 7.10 Comparison of relative apico-basal restitution (RT) dispersion between 

heart failure (HF) and sham (SHM) groups 
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7.4.4.3 Effect of Autonomic Stimulation on Ventricular Refractoriness 

 

At baseline, mean ventricular ERP was similar in both HF and SHM groups at 125.9 ± 

4.8 ms and 128.8 ± 5.9 ms respectively.  During SNS, ERP was shortened to 97.7 ± 2.5 

ms in the HF group and 115.8 ± 3.9 ms in the SHM group.  Conversely, VNS produced 

ERP prolongation, increasing the ventricular ERP to 132.3 ± 4.1 ms in HF group and 

150.8 ± 5.3 ms in SHM group (Figure 7.11A).   

 

In spite of the similar ERP at baseline in both groups, SNS exerted a greater effect in 

shortening ERP in the HF group (-21.7 ± 2.3%) compared to SHM group (-9.3 ± 2.5%).  

Meanwhile, VNS resulted in ERP prolongation although this effect was attenuated in 

the HF group (5.4 ± 1.1%) compared to SHM group (17.9 ± 2.3%) (Figure 7.11B). 

 

Figure 7.11 Comparison of ventricular effective refractory period (Figure 7.11A) 

and relative changes from baseline (Figure 7.11B) between heart failure (HF) and 

sham (SHM) groups at baseline (BL), during sympathetic (SNS) and vagal (VNS) 

stimulations  
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7.5 Discussion 

 

Heart failure is a clinical syndrome of which dysautonomia characterised by 

sympathetic overdrive and parasympathetic attenuation are hallmarks.  Central to its 

pathology is activation of the neuro-humoral axis preceding subsequent electrical and 

structural remodellings.  The isolated Langendorff-perfused rabbit hearts with dual 

autonomic innervation therefore presents a unique and convenient model to study 

whole-heart electrophysiology under controlled autonomic stimulation, free from the 

confounding effects of circulating humoral factors.  In this study, the effect of 

sympathetic, right and left vagus nerve stimulations on heart rate and AV conduction 

were examined at the atrial and atrio-ventricular level.  Whereas at the ventricular level, 

sympathetic and vagal (mostly right) stimulations were performed to demonstrate their 

effects on ventricular fibrillation inducibility, electrical restitution and ventricular 

refractoriness, all of which exert important implications on the genesis of malignant 

ventricular arrhythmias in heart failure. 

 

7.5.1 Effect of Autonomic Nerve Stimulation on Intrinsic Heart Rate 

 

The sino-atrial (SA) node is a compact region at the base of the superior vena cava in 

the right atrium (Boyett et al., 2000, Bleeker et al., 1980).  It is the default pacemaker of 

the heart, naturally generating action potentials at a rate of approximately 100 

times/min.  Several ionic currents are responsible for the spontaneous firing activity of 

the SA node (Irisawa, 1987), the activities of which can be modulated by autonomic 

nerves thereby altering pacemaker automaticity and intrinsic heart rate.   

 

In the SA node, a pacemaker current (If) are responsible for spontaneous diastolic 

depolarization and subsequent pacemaker firing (DiFrancesco, 1991, Noma et al., 

1983). Other major depolarising currents comprise the L-type Ca2+ current, ICaL, and 

sodium current, INa which account for phase 0 of the action potential although ICaL is 

also responsible for late phase 3 depolarization (Dokos et al., 1996).  Furthermore, ICaL 

has been shown to contribute partly to local subsarcolemmal calcium release, the latter a 

determinant of spontaneous SA node cycle length.  This periodic local calcium release 

is responsible for the Ca2+ clock in the SA node (Maltsev et al., 2011, Vinogradova et 
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al., 2010).  Whilst ICaL is the major depolarising current in the central cells of SA node, 

INa exerts its depolarising influence in the periphery cells (Boyett et al., 2000).  

Additionally, in mammalian SA node, there is another Ca2+ current known as the 

transient Ca2+ current (T-type CA2+ current).  Abolishing T-type Ca2+ current with Ni2+ 

results in a prolongation of SA node cycle length (Hagiwara et al., 1988) whilst the 

effect of INa on the cycle length is insignificant (Dokos et al., 1996). 

 

Sympathetic stimulation through the spinal cord in this study leads to release of 

norepinephrine which binds to  -adrenoreceptors in the heart, activating a 

phosphorylation cascade which culminates in increased density of the If as well as L-

and T-type Ca2+ currents.   Consequently, this produces an increased rate of diastolic 

depolarisation and intrinsic heart rate (Hartzell, 1988, Shemarova et al., 2009).  In this 

study, sympathetic stimulation produced graded increment in heart rate in response to 

increasing strength and frequency of stimulation.  Conversely, right and left vagus nerve 

stimulation led to a reduction in heart rate in response to increasing strength and 

frequency of vagal stimulation.  At the cellular level, this is driven by acetylcholine 

released from the vagus nerve endings to activate the M2 muscarinic receptors in the 

heart, inhibiting cAMP/PKA-dependent phosphorylation cascade (Levy, 1971, Behar et 

al., 2016).   

 

Whilst the increased strength of stimulation implicates recruitment of increased number 

of actively-firing nerve fibres (i.e. spatial summation), increasing frequency of 

stimulation resulted in an increased in the firing rate of each nerve fibre (i.e. temporal 

summation) (Eccles, 1957).    Upon varying strength of stimulation, there is no 

difference in sympathetic-induced heart rate increment or vagal-induced heart rate 

reduction between SHM and HF groups (Figure 7.1).  This implies that the density of 

vagus and sympathetic nerve distribution is similar between the two groups at the atrial 

level.  There is however a significant difference in heart rate response during high-

frequency sympathetic and right vagus nerve stimulation.  At 15 and 20Hz stimulation, 

HF group demonstrated exaggerated heart rate increase during sympathetic stimulation 

(Figure 7.2C).  In contrast, at these high frequencies of right vagus nerve stimulation, 

HF group demonstrated less bradycardic effect when the SHM group were almost 

asystolic in their heart rate (Figure 7.2A).  As frequency of stimulation implies temporal 
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summation of the corresponding nerves, this finding suggest heightened sympathetic 

response and attenuated right vagal response in heart rate changes.  Interestingly, the 

attenuation of vagal response in HF group is limited to the right vagus nerve only.  

There is no difference in decremental response in heart rate with left vagus nerve 

stimulation between the HF and SHM groups (Figure 7.2B).  The differential effect in 

negatively chronotropic response between the right and left vagus nerve have been 

previously demonstrated in both in vivo (Cohn, 1912) and in vitro (Ng et al., 2001)  

studies of normal animal hearts, and was accountable by the predominance of right 

vagus nerve at the SA node (Ardell and Randall, 1986).  The findings of this study 

proved that in heart failure, the right vagus nerve remains the dominant contributing 

force to the attenuated chronotropic response and may prove to be a useful therapeutic 

target for clinical studies following an improvement in ventricular function of a canine 

pacing-induced HF model with right vagus nerve stimulation (Sun et al., 2015). 

 

 

7.5.2 Effect of Autonomic Nerve Stimulation on Atrio-ventricular Delay 

 

The atrio-ventricular (AV) node acts as an electrical relay station, transmitting atrial 

electrical impulses to the ventricles.   It possesses its own pacemaker activity running at 

a slower rate than the SA node, and can operate as an independent pacemaker when SA 

node activity is compromised.   There are three distinct cell types in the AV node and 

the perinodal region, the atrio-nodal (AN), the nodal (N) and the nodal-His (NH) cells.  

Depolarisation occurs via INa in AN and NH cells.  Whereas in the N cells, the inward 

calcium ICaL is responsible for the slow depolarisation  (Meijler and Janse, 1988).  This 

accounts for the differential conduction velocity with faster conduction through the AH 

and NH cells, accounting for the rate-dependent property of AV node conduction 

(Billette et al., 1976).  Indeed the fast AV node conduction occurs by bypassing most N 

cells whilst the slow pathway involved conduction through the compact AV node 

(Mazgalev et al., 2001).   

 

Similar to SA node, AV node conduction were shown to be modulated by autonomic 

input in in vivo studies (Chen et al., 1999, Loeb and deTarnowsky, 1988).  Sympathetic 

stimulation exerts direct electrophysiological changes on AV node by shortening AV 
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conduction time (West and Toda, 1967).  Indirectly, sympathetic-induced acceleration 

of sinus rate can slow down AV conduction due to decremental conduction property of 

the AV node.  Conversely, vagal stimulation prolongs AV conduction time directly but 

can also indirectly shorten AV conduction time by slowing the sinus rate (Mazgalev et 

al., 1986).  As such, the ultimate outcome on AV conduction by sympathetic and vagal 

branches of the autonomic nerves depend on the balance between their corresponding 

direct and indirect electrophysiological effects.   

 

In this study, AV delay in general was more prolonged in the HF group compared to 

SHM group.  During vagal stimulation, negative dromotropic effect was observed in 

both HF and SHM groups.  There was an attenuated effect in AV delay prolongation by 

right vagus nerve stimulation in the HF group, especially during high-frequency right 

vagus nerve stimulation (Figure 7.4A and 7.4B).  On the other hand, there is no 

significant difference in the dromotropic effect by left vagus nerve stimulation between 

the two groups (Figure 7.4C and 7.4D).  Both groups demonstrated positive dromotropy 

during sympathetic stimulation with HF group exhibiting exaggerated AV shortening 

effect during high-frequency sympathetic stimulation (Figure 7.5).  At first glance, the 

exaggerated sympathetic and attenuated right-vagal dromotropic effects mimic the 

effects seen in chronotropic response (Chapter 7.5.1), these findings could not be 

ascribed solely to the indirect electrophysiological effect of the corresponding 

autonomic nerves on AV delay through changes in sinus rate since the heart rate was 

fixed by atrial pacing.  The more pronounced negative dromotropic effect by left vagus 

nerve stimulation in this study is otherwise in accord with findings in normal heart 

demonstrating a preferential distribution of post-ganglionic left vagal fibres to the AV 

node (Ardell and Randall, 1986).   

 

Prolonged AV delay, manifesting as prolonged PR interval on ECG, is a well-known 

electrophysiological signature in heart failure and is associated with lethal arrhythmias 

and sudden cardiac death (Olshansky et al., 2012, Luu et al., 1989, Gervais et al., 2009).  

Indeed, this feature is linked to worse survival even in the absence of heart failure 

(Cheng et al., 2009).   Prolonged AV delay was attributed to a combination of 

anatomical and ion-channel remodellings (Nikolaidou et al., 2015, Baruscotti et al., 

2011, Zhang et al., 2011).   In a volume- and pressure-overload rabbit heart failure 
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model, imaging of the AV bundle by micro-computer topography revealed enlargement 

of this structure by 87.5%.   In the same study, connexion 40, Cav1.3 (an isoform of 

ICaL) and HCN currents were found to be downregulated.  Given the characteristic 

changes in AV node remodelling, autonomic nerve staining in AV node region of rabbit 

heart failure model will provide invaluable insight to the underlying structural cause of 

deranged dromotropic responses observed in the current study.   

 

7.5.3 Effect of Autonomic Nerve Stimulation on Left Ventricular Contractility 

 

This study demonstrated that peak LVP increased during sympathetic stimulation and 

decreased during vagal stimulation in a frequency-dependent manner in conjunction 

with HR changes.  This discrepancy in response is particularly appreciable at high 

frequency sympathetic and right vagal stimulation during which HF group demonstrated 

an exaggerated sympathetic effect and an attenuated vagal effect.  There is otherwise no 

change between HF and SHM group in frequency-dependent attenuation of peak LVP 

during left vagus nerve stimulation.  The similar changes between peak LVP and HR by 

the corresponding autonomic nerve stimulation could reflect a positive force frequency 

relationship between these two parameters, previously demonstrated in a rabbit model 

(Lewartowski and Pytkowski, 1987).  Arguably, this relationship could be distorted in 

the setting of heart failure (Mulieri et al., 1992).  Autonomic modulation of left 

ventricular inotropy should be assessed with fixed HR by atrial pacing in future studies.   

 

7.5.4 Effect of Autonomic Nerve Stimulation on Ventricular Electrophysiology 

 

This study represents a novel attempt of profiling the effect of autonomic modulation on 

various ventricular electrophysiologic properties in a rabbit heart failure model.  

Compared to the shams, rabbits with heart failure demonstrated an increased 

susceptibility to ventricular fibrillation at baseline as evident from the lower VFT and 

the associated steeper restitution slope.  This is in contrast with the findings of another 

study in rabbit heart failure model investigating the link between transmural 

repolarization alternans and VF by optical mapping (Myles et al., 2011).   Myles et al 

concluded that alternans in optical action potential amplitude, but not APD alternans, is 

associated with VF inducibility by rapid pacing.  A number of factors may account for 
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the different findings between the current study and the aforementioned study.  First, 

MAP was examined in this study as opposed to optical APD.  Second, the current study 

examined epicardial APD changes on whole-heart preparations as opposed to the wedge 

preparations used in the other study.  Third, the use of mechanical uncoupler in optical 

mapping studies may have an effect on electrophysiologic properties (Brack et al., 

2013).  In this study, sympathetic stimulation increased propensity of both sham and 

heart failure groups to VF by lowering VFT and ERP in addition to steepening 

restitution slopes.  These pro-arrhythmic effects are more pronounced in the heart 

failure rabbits.  In contrast, vagal stimulation protects against ventricular arrhythmias by 

increasing VFT and prolonging ERP with the accompanied flattening of the restitution 

slopes.  In heart failure, these vagal-induced anti-arrhythmic responses were attenuated.   

 

7.5.4.1 Electrical Restitution, Spatial Restitution Dispersion and Ventricular 

Fibrillation Inducibility in Normal Hearts and Heart Failure 

 

The restitution hypothesis proposed by Weiss et al postulates that a steep slope of an 

APD restitution curve with a gradient of >1 promotes oscillations and wave breaks, 

ultimately facilitating the initiation of ventricular fibrillation in the myocardium (Weiss 

et al., 2002).  A steep slope entails a small change in diastolic interval leading to large 

changes in APD, manifesting as electrical instability.  This hypothesis was validated in 

both mathematical (Karma, 1994, Nolasco and Dahlen, 1968) and biological models 

(Cao et al., 1999, Gilmour and Chialvo, 1999).  Further evidence was provided by 

pharmacological studies in which anti-arrhythmics possess the effect of flattening APD 

restitution slope (Garfinkel et al., 2000, Riccio et al., 1999, Lee et al., 2001, Omichi et 

al., 2002, Hao et al., 2004) as opposed to drugs with pro-arrhythmic effect exerting a 

steepening effect on APD restitution slope (Taggart et al., 2003).   

 

Baseline restitution slopes are likely to be species- and protocol-dependent.  Whilst 

dynamic restitution obtained from rapid pacing protocol in canine model produced 

restitution slopes of >1, standing restitution obtained from S1-S2 extrastimulus pacing 

protocol in canine model demonstrated restitution slope of <1 (Koller et al., 1998).   In 

contrast, standard restitution slopes in smaller mammals (Choi and Salama, 2000, 

Pruvot et al., 2004, Banville and Gray, 2002, Goldhaber et al., 2005) were steeper than 
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dynamic restitution slopes, being in parallel with the trend in humans (Taggart et al., 

2003).  In this study, baseline standard restitution slopes measured at the left ventricular 

(LV) base were >1 (i.e. 1.32 ± 0.06 in SHM vs. 2.18 ± 0.07 in HF).  This is in 

agreement with restitution slope values in a normal unstimulated in vitro model of 

rabbit hearts (Ng et al., 2007).  More importantly, in unstimulated hearts at baseline, HF 

group demonstrated a steeper restitution slope than SHM group. 

 

Furthermore, this study demonstrated regional heterogeneity in restitution slopes 

between the basal and apical regions of the LV epicardium in rabbits.  In general, apical 

restitution slopes are steeper than the restitution slopes at base in both HF and SHM 

groups.   This is likely to be accountable by the right ventricular apical pacing site in 

close proximity to the left ventricular apex.  Further evidence came from previous study 

in rabbit hearts demonstrating a significant relationship between standard restitution 

slopes and epicardial left ventricular pacing sites (Pitruzzello et al., 2007).  Whilst 

apico-basal restitution dispersion exists presumably by virtue of apical pacing site, the 

degree of dispersion is greater in HF group, suggesting greater spatial electrical 

heterogeneity in HF (Figure 7.10). 

 

Accordingly, the steeper individual restitution slopes and greater apico-basal restitution 

dispersion in the HF group were reflected as an increased susceptibility to ventricular 

fibrillation, as evident by the lower VFT in the absence of autonomic stimulation.   

 

7.5.4.2 Autonomic Modulation of Electrical Restitution and Ventricular 

Refractoriness in Normal Hearts and Heart Failure 

 

The effect of autonomic modulation on electrical restitution and ventricular 

refractoriness in normal hearts is well known.  Adrenergic stimulation by either direct 

sympathetic nerve stimulation or adrenergic agonists, causes a downward shift in APD 

restitution curve in addition to steepening the restitution slope in both in vivo (Taggart 

et al., 1990) and in vitro (Ng et al., 2007) animal studies as well as clinical studies 

(Taggart et al., 2003).    In addition, the shorter APD during sympathetic stimulation is 

associated with ERP shortening in both in vivo (Martins and Zipes, 1980) and in vitro 

studies (Ng et al., 2007).  All these studies validated the sympathetic effects 
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demonstrated in this study.  In both SHM and HF groups, sympathetic stimulation 

resulted in steepening of both basal and apical restitution slopes in addition to 

shortening ventricular ERP.  Notably, these sympathetic-driven effects on ventricular 

electrophysiology are more palpable in the HF group (Figure 7.8, 7.9 and 7.11).  

Furthermore, during sympathetic stimulation, there was an increased apico-basal 

restitution dispersion (Figure 7.10) with greater dispersion seen in the HF group.  This 

is in accordance to previous study demonstrating increased dispersion of repolarization 

in rabbit hearts during sympathetic stimulation (Mantravadi et al., 2007).  

 

On the other hand, vagus nerve stimulation produced an upward shift of the APD 

restitution curve with associated flattening of the restitution slope.  Additionally, 

ventricular ERP was prolonged by vagal stimulation in congruent with its effect on 

APD prolongation in in vivo (Martins and Zipes, 1980) and in vitro studies (Ng et al., 

2007).  In this study, similar vagal effects were observed but in the HF group, the ERP 

was shorter and restitution slopes were steeper when compared to the shams, suggesting 

an attenuated vagal effect in heart failure.  Spatial heterogeneity in apico-basal 

restitution kinetics was unaltered during vagal stimulation compared to baseline in both 

shams and HF groups.  The effect of vagal stimulation on dispersion of repolarization 

has been debatable.  Although other study demonstrated greater spatial dispersion of 

repolarization in the context of vagal bradycardia and APD prolongation (Yamakawa et 

al., 2014), the findings in this study is in agreement with another study demonstrating 

unaltered magnitude of dispersion of repolarisation in rabbit hearts (Mantravadi et al., 

2007).  It should also be noted that in HF group, the apical-basal restitution dispersion 

remains more pronounced compared to the shams during vagal stimulation. 

 

Accordingly, the exaggerated sympathetic response in restitution slopes and ERP 

shortening was supported by the finding of greater VFT lowering effect by sympathetic 

stimulation in the HF group (Figure 7.6B).  Conversely, the attenuated vagal response in 

HF group, as evident by steeper restitution slope and shorter ERP during vagal 

stimulation in comparison to those in the shams, validated the findings of reduced 

protective vagal effect against ventricular fibrillation, as demonstrated by the reduction 

in VFT increment (Figure 7.6B).  The effects of sympathetic exaggeration and vagal 

attenuation on these ventricular electrophysiologic properties can be further validated in 
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future studies using dynamic restitution protocol to assess the propensity of APD 

alternans under sympathetic and vagal influences respectively in both the HF and SHM 

groups.  In addition, the mechanism of vagal attenuation can be dissected by using 

selective muscarinic agents or nitric oxide donor (sodium nitroprusside) to assess for 

receptor or second-messenger downregulation in the HF animals.    Finally, nitric-oxide 

activity can be assessed using a nitric-oxide-dependent fluorescence dye, i.e. 4,5-

diaminofluorescein (DAF-2) in the heart failure model of Langendorff-perfused rabbit 

hearts to illustrate abnormal downstream intracellular activity of attenuated vagal 

response since vagal protection against VF via APD restitution flattening has been 

previous shown to be mediated via a nitric-oxide pathway in healthy rabbit hearts 

(Brack et al., 2007, Patel et al., 2008). 

  

7.5.4.3 Mechanisms of Neuro-cardiac Remodelling in the Failing Ventricles 

 

Sudden cardiac death due to fatal arrhythmias is a well-recognised catastrophic outcome 

in heart failure.  The mechanisms underpinning these arrhythmias are complex, 

involving extensive electrical remodelling in response to a structural insult, such as 

myocardial infarction in the coronary-ligation model used in this study.  Repolarization 

abnormalities as typified by APD prolongation is a hallmark in heart failure.  Altered 

balance in current densities between the inward currents of sodium (INa) and calcium 

(ICa), and the outward potassium currents (IKr, IKs, Ito).  Additionally, spatial distribution 

of these currents are altered in heart failure, thereby creating a spatial and temporal 

heterogeneity conducive for the initiation of ventricular arrhythmias (Akar and 

Rosenbaum, 2003). 

 

Central to the changes of the ionic currents is abnormal calcium homeostasis.  Whilst 

the  ICa is increased in early stages of cardiac hypertrophy (Hill, 2003), this current is 

paradoxically unchanged or decreased in severe heart failure, complicating the 

mechanisms underpinning APD prolongation.  The commonest pathology observed in 

ICa in heart failure is delayed calcium-dependent L-type ICa inactivation, a process 

modulated by calcium-calmodulin-dependent kinase (CAMKII) (Wang et al., 2008).  

Other studies postulated that over-expression of T-type calcium current found in animal 

models may contribute to increased automaticity in heart failure (Nuss and Houser, 
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1993, Martinez et al., 1999).  Increasing evidence has also linked increased ryanodine 

receptor calcium leak, otherwise known as diastolic calcium sparks, with propensity for 

ventricular arrhythmias (Venetucci et al., 2008, Fozzard, 1992). 

 

Disruption in outward currents in heart failure plays a vital part in repolarization 

abnormalities.  Downregulation of Ito results in slowing of early repolarization, altering 

the overall shape of the cardiac action potentials (Tomaselli and Marban, 1999).  The 

changes in potassium currents, i.e. IK1, IKr and IKs are variable, depending on the 

underlying aetiology of the heart failure (Akar and Tomaselli, 2005).  Recently 

microRNAs have been implicated in changes in the outward potassium currents.  

Specifically, in a myocardial infarction model, miR-1 was found to inhibit Kir2.1 (a 

subunit of IK1) (Yang et al., 2007).  In an animal model of diabetic cardiomyopathy, 

miR-133 exhibited an inhibitory action on translation of hERG (a subunit of IKr) (Xiao 

et al., 2007).  Indeed, overexpression of these two micro-RNAs were associated with a 

protective effect against ventricular arrhythmias (Xiao et al., 2007, Yang et al., 2007).   

 

In addition to changes of ionic currents at the cellular level accounting for the unique 

electrical remodelling in heart failure, there is a contemporaneous neural remodelling at 

the tissue level which manifests as perturbed autonomic balance, facilitating the 

occurrence of ventricular arrhythmias in both animal models (Schwartz and Stone, 

1980, Lown and Verrier, 1976, Randall et al., 1976) and humans (La Rovere et al., 

1998).  Neural remodelling in the form of sympathetic nerve sprouting, denervation and 

sympathetic hypersensitivity has been demonstrated in an experimental model of 

myocardial infarction (Chen et al., 2001).  The link between nerve sprouting and 

ventricular arrhythmias were established by the occurrence of ventricular arrhythmias 

following infusion of nerve growth factor in animal models (Chen et al., 2001, Cao et 

al., 2000a).  In humans, sympathetic nerve sprouting was found only in patients with 

previous history of ventricular arrhythmias compared to patients free from ventricular 

arrhythmias but with similar structural heart disease (Cao et al., 2000b).   These 

phenomena strengthen the notion of a synergistic interplay between electrical, neural 

and structural remodelling in precipitation of ventricular arrhythmias in heart failure. 
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7.6 Conclusion 

 

This study demonstrated the effects of direct sympathetic and vagus nerve stimulation 

on a myocardial infarction heart failure model in rabbits, establishing the autonomic 

phenotype of sympathetic overdrive and vagal attenuation in chronotropy, dromotropy 

and ventricular electrophysiology.  Adverse electrical remodelling in heart failure with 

underlying autonomic disturbance contributes to susceptibility in ventricular fibrillation 

in this heart failure model.  Future immunohistochemistry on distribution of autonomic 

nerves and ion channels will provide invaluable insights.   
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Chapter 8:  Synopsis 

 

8.1 Introduction 

 

This thesis represents a journey of characterising autonomic electrocardiology in an in 

vitro model of Langendorff-perfused, dual-innervated rabbit hearts, transitioning from 

normal hearts to diseased hearts with heart failure following coronary ligation.  In 

normal heart studies, the effect of sympatho-vagal interaction on both atrial and 

ventricular electrophysiology was investigated, following which the effect of beta-

blockade on ventricular electrophysiologic properties during sympatho-vagal interaction 

was studied.  A surgical heart failure model was developed through coronary ligation 

surgery during which various refinements were employed to resolve the challenges of 

peri-operative mortality.  The maturation of this model allows assessment of structural 

remodelling with in vivo and ex vivo imaging techniques.  Last but not least, electrical 

remodelling was studied in detail at the atrial, atrio-ventricular and ventricular level 

under autonomic stimulation. 

 

8.2 Sympatho-vagal Interaction in Isolated Dual-innervated Langendorff-

perfused Rabbit Hearts 

 

Sympatho-vagal interaction studies were performed in an in vitro Langendorff-perfused 

rabbit heart model with intact dual-autonomic nerves (Chapter 4).  The studies were 

carried out in two protocols depending on the sequence of autonomic nerve stimulation.  

Protocol 1 involved background high-frequency sympathetic stimulation with 

concurrent low- and high-frequency vagal stimulation.  Whereas in protocol 2, 

background high-frequency vagal stimulation was introduced with concurrent low- and 

high-frequency sympathetic stimulation.  In both protocols, heart rate response 

exhibited accentuated antagonism, with a dominant vagal response in heart rate 

changes.  In contrast, no evidence of accentuated antagonism was observed at the 

ventricular level.  Vagal stimulation confers antiarrhythmic properties by increasing 

ventricular fibrillation threshold (VFT) and flattening action potential duration 

restitution (APD-RT) (Ng et al., 2007).  However, in the presence of concurrent 

sympathetic stimulation, the pro-arrhythmic sympathetic effects prevail over those of 
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vagal stimulation, with lower VFT and steepened APD-RT.  This phenomenon is 

irrespective of the sequence of autonomic stimulations, being evident in both Protocol 1 

(low- and high-frequency sympathetic stimulation with concurrent high-frequency vagal 

stimulation) and 2 (low- and high-frequency vagal stimulation with concurrent high-

frequency sympathetic stimulation).   

 

The absence of a dominant protective vagal effect against ventricular fibrillation during 

sympatho-vagal interaction is in contrast with previous studies which concluded that 

vagal or cholinergic stimulation mediates its protective effect in the presence of 

adrenergic activity in canine models (Rabinowitz et al., 1976, Kolman et al., 1976, 

Huang et al., 2015).  The prevailing sympathetic effect in steepening action potential 

duration in the presence of vagal stimulation support the changes seen in the ventricular 

fibrillation threshold, and in contrast with the findings in an in vivo canine model 

(Huang et al., 2015).   

 

In this study, no sympatho-vagal interaction was found in ventricular refractoriness.  

The ultimate effective refractory period (ERP) appears to be determined by the 

sequence of the autonomic nerve stimulation.   This contradicts previous studies which 

demonstrated vagal effect of ERP prolongation following hypersympathetic activity in 

both in vivo experimental and clinical models (Huang et al., 2015, Opthof et al., 1993, 

Schwartz et al., 1977, Morady et al., 1988). 

 

This study concluded that accentuated antagonism, although present at the atrial level 

for heart rate changes, is absent at the ventricular level VFT, ERP and APD-RT, 

suggesting a neurocardiac mechanistic interaction distinctive from the known 

presynaptic mechanism at the atrial level. 

 

8.3 Effect of Beta-Blockade on Heart Rate and Ventricular 

Electrophysiology during Sympatho-vagal Interaction 

 

Following the findings of prevailing sympathetic effect in ventricular electrophysiology 

during sympatho-vagal interaction, metoprolol was used to achieve adrenergic blockade 

to reassess both heart rate response and various aspects of ventricular electrophysiology 
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(Chapter 5).  In this study, low- and high-frequency vagal stimulation was performed on 

dual-innervated, Langendorff-perfused rabbit hearts with and without background high-

frequency sympathetic stimulation.  This was used as controls before metoprolol was 

infused.  Metoprolol abolishes sympathetic-induced heart rate increment.  Hence no 

accentuated antagonism was observed in heart rate response during sympatho-vagal 

interaction.   When VFT was assessed in the presence of metoprolol, global VFTs were 

higher even in the absence of autonomic nerve stimulation.    Metoprolol did not affect 

vagal-induced VFT increment but suppressed the lowering of VFT during sympathetic 

stimulation.  In contrast, historical studies were of the opinion of the necessity of 

adrenergic tone to mediate vagal protective effect against ventricular fibrillation 

(Kolman et al., 1976, Rabinowitz et al., 1976).  Relevantly, the metoprolol effect on 

VFT in this study was reversible following a washout period. 

 

Accordingly, APD-RT changes mirrored those observed for VFT.  In the controls, vagal 

stimulation flattened APD-RT slopes whilst sympathetic stimulation steepened the 

slopes.  In the presence of metoprolol, overall APD-RT slopes were much flatter whilst 

vagal effect of further flattening APD-RT slopes were retained in the presence of 

background sympathetic stimulation.   The overall increase in VFT and flattening of 

APD-RT by metoprolol led to speculations of possible ion-channel modifying effects 

previously described with other beta-blockers (Patterson and Lucchesi, 1984, Almotrefi 

et al., 1989).  Additionally, it is also conceivable that the use of acetate-free Tyrode 

solution may act synergistically with metoprolol to provide additional antifibrillatory 

properties since sodium acetate may contribute to ventricular arrhythmia through 

perturbed mitochondrial calcium transport (Harris, 1978, Reed and Bygrave, 1975, 

Lehninger, 1974, Florea and Blatter, 2010).  However, when the study was repeated 

using acetate-containing Tyrode solution, similar results emerged with infusion of 

metoprolol.   

 

This study revealed that metoprolol abolishes accentuated antagonism in heart rate 

response in addition to suppressing the prevailing pro-arrhythmic sympathetic effect in 

ventricular electrophysiology during sympatho-vagal interaction.  Importantly, 

additional anti-fibrillatory phenomenon was observed in the presence of metoprolol 
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beyond that accountable by adrenergic blockade.  Future studies to measure local 

norepinephrine release will shed further light. 

 

8.4 Development of a Surgical Heart Failure Model in Rabbits by Coronary 

Ligation 

 

This study set out to build a surgical heart failure model in rabbits by coronary ligation 

(Chapter 3), providing an important platform for subsequent studies of structural and 

electrical remodelling in the infarct heart failure model.  Male New Zealand white 

rabbits underwent open-chest surgeries under general anaesthesia and invasive 

ventilatory support.  The heart was assessed through lateral thoracotomy.  In heart 

failure (HF) group, circumflex artery was identified and ligated to induce a reproducible 

and consistent myocardial infarction at the apical region.  In the sham (SHM) group, the 

heart was exposed but no coronary ligation was performed.  Both groups of rabbits were 

then allowed to recover post-operatively for eight weeks before they were sacrificed and 

their hearts procured for terminal experiments.   

 

There is a learning curve in building a sustainable surgical heart failure model in 

rabbits.  Initial post-operative mortality was high with most deaths occurring within 2 

weeks.  Animals lighter than 2.7 kg all succumbed to death post-operatively.  This led 

to the decision of opting for a suitable pre-operative weight of 3 kg with the allowance 

of 10 % variation.  Intubation in rabbits can be challenging due to their inherent airway 

anatomy, and is reflected by the finding of tracheitis on histological examination at 

post-mortem of rabbits with premature mortality.  This led to a modification of 

intubation and ventilatory techniques, including adopting a prone intubation position, 

using a water-based lubricant, selecting appropriate sized cuffed endotracheal tube, 

setting low tidal volume and respiratory rate on ventilator amongst others.  During 

surgery, ventricular fibrillation occurred following coronary ligation in 3 rabbits, 

accounting for 43% of intra-operative mortality.  Another major cause of intra-operative 

mortality is incorrect endotracheal tube placement, highlighting the technically 

challenging nature of intubation.  In terms of post-operative mortality, tracheitis is by 

far the most common cause, accounting for 54% of the cases.   
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This study presents a unique learning experience, during which various refinements 

have been trialled, following advice from the named veterinary surgeon to curtail 

animal mortality.  A temporal pattern demonstrating declining post-operative mortality 

is suggestive of a learning curve, ultimately with a satisfying outcome of 100 % 

survival towards the end of the study period (Figure 3.10). 

 

8.5 Structural Remodelling in Heart Failure 

 

In this study, distinctive structural remodelling occurred in rabbits with heart failure 

following coronary ligation-induced myocardial infarction (Chapter 6).  Evidence of 

cardiac remodelling were obtained from in vivo transthoracic echocardiography and ex 

vivo cardiac magnetic resonance imaging (MRI).  Ligation of circumflex artery in 

rabbits produced region-specific myocardial infarction, manifesting as thinning of the 

septum on transthoracic echocardiography.  In addition to the visible fibrotic scar tissue 

at the apices upon procurement of the hearts, the transmurality and location-specific 

myocardial scarring was validated by ex vivo cardiac MRI. Furthermore, cardiac 

architectural disruption in heart failure manifested as increased end-diastolic left 

ventricular diameter and volume, as well as increased end-diastolic endocardial area.  

Phenotypically this resulted in not only a dilated left ventricle but also a more spherical 

left ventricular geometry.   

 

Overall, rabbits with heart failure exhibited impairment in left ventricular contractile 

performance, demonstrable by significantly lower ejection fraction when compared to 

the shams.  A structure-function relationship was validated by a significant correlation 

between left ventricular end-diastolic diameter and ejection fraction.  Similar correlation 

also existed between left atrial systolic diameter and ejection fraction.  Enlarged left 

atrium in heart failure rabbits could be due to a number of factors.  Increased left 

ventricular stiffness produced an increased left ventricular end-diastolic pressure which 

back-pressures into left atrium, resulting in a raised left atrial pressure and a dilated left 

atrium.  Mitral regurgitation, either as a sequelae of annular dilatation or a direct 

ischaemic insult to the papillary muscles, plays a key role in left atrial dilatation, a 

mechanism which has been observed in both pre-clinical and clinical studies (Buckberg 

et al., 2004, Dowell et al., 1979).   
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Further back-pressure from left atrium to right ventricle results in right heart failure.  

Indirect evidence was derived from the significantly higher wet weights of both lungs 

and livers, connoting pulmonary and hepatic congestion in the heart failure group.  The 

link between extra-cardiac congestion and left ventricular systolic impairment was 

supported by significant correlations between lung/liver wet weights and left ventricular 

ejection fraction.  Importantly cardiac and systemic remodellings observed in this study 

parallel pathophysiological changes in humans with heart failure as a result of previous 

myocardial infarction (Parmley, 1989). 

 

8.6 Characterisation of Electrophysiologic Response under Autonomic 

Stimulation in Heart Failure 

 

Autonomic imbalance is a well-known hallmark in heart failure, with sympathetic 

overdrive and parasympathetic attenuation preceding development of clinical 

phenotypes in heart failure.  These autonomic disturbances have been observed in both 

experimental and clinical studies (Ishise et al., 1998, Grassi et al., 2001), and have been 

implicated in the occurrence of lethal ventricular arrhythmias and sudden death in both 

canine models and humans (Grassi et al., 2001, Vanoli et al., 1991, Schwartz et al., 

1988).  This study sought to investigate chronotropy, dromotropy, ventricular 

fibrillation inducibility, ventricular refractoriness and electrical restitution in the rabbit 

heart failure model, characterising atrial, atrio-ventricular and ventricular levels of 

electrophysiologic responses under direct sympathetic and vagus nerve stimulation.  

The use of in vitro Langendorff-perfused rabbit heart preparations allows the study of 

whole-heart electrophysiology under autonomic influence without the confounding 

circulating humoral factors. 

 

In both HF and SHM animals, sympathetic nerve stimulation induced similar degree of 

voltage-dependent heart rate increment between the two groups, suggesting that there 

was no difference in recruitment of sympathetic nerve fibres (i.e. spatial summation).  

Similar degree of heart rate reduction was observed with right and left vagus nerve 

stimulation between heart failure and sham animals.  However, rabbits with heart failure 

exhibited heightened sympathetic response in heart rate increment at high-frequency 
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stimulation (i.e. at 15 and 20 Hz).  Additionally, they also demonstrated a much 

attenuated vagal-induced heart rate reduction during high-frequency stimulations of 

right vagus nerve.  This suggests an exaggerated temporal summation of sympathetic 

nerve fibres and a diminished temporal summation of parasympathetic nerves.  No 

frequency-dependent difference was observed in chronotropic response during left 

vagus nerve stimulation between the heart failure animals and the shams.  This is in 

congruent with the notion of right vagus nerve being the main contributor of negative 

chronotropic response as compared to the left vagus nerve (Cohn, 1912, Ardell and 

Randall, 1986, Ng et al., 2001). 

 

The positive dromotropy effect by sympathetic stimulation (West and Toda, 1967) and 

the negative dromotropy effect by vagal stimulation (Mazgalev et al., 1986) were well 

reported.  In the heart failure group, AV delay was in general prolonged, in parallel with 

the prolonged PR interval observed on surface ECG in patients with heart failure 

(Olshansky et al., 2012, Gervais et al., 2009).  Sympathetic induced AV shortening 

were observed in both groups but there was exaggerated positive dromotropic effect in 

the heart failure group.  Although vagal-induced negative dromotropy was observed in 

both groups, there was an attenuated effect in AV prolongation in the heart failure 

group during right vagus nerve stimulation.  Similar to what was observed for 

chronotropic response, there was no difference in dromotropic response during left 

vagus nerve stimulation between heart failure group and the shams.  The mechanism 

behind differential effect between right and left vagal stimulation in AV conduction 

could not be ascribed to changes in sinus rate as the heart rate was fixed by atrial 

pacing, suggesting possible structural and ion-channel remodellings in AV node of 

rabbits with heart failure (Nikolaidou et al., 2015). 

 

At the ventricular level, VFT were globally lower in the heart failure group, implying an 

increased susceptibility for ventricular fibrillation as a result of heart failure.  The pro-

arrhythmic effect of sympathetic stimulation is reflected by the lowering of VFT whilst 

vagal stimulation confers protection against ventricular arrhythmia by raising VFT (Ng 

et al., 2007).  In this study, HF rabbits demonstrated a greater reduction in VFT during 

sympathetic stimulation as compared to shams.  Conversely, the vagal effect in 

increasing VFT was much attenuated in the HF rabbits.  Pertinently, action-potential-
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duration restitution (APD-RT) slopes were on the whole steeper in the HF group.  APD-

RT describes the relationship between APD and its preceding diastolic intervals.  The 

restitution hypothesis postulates that if the APD-RT were steep with a gradient of > 1, 

the tendency of oscillations and wave breaks increases, promoting the initiation of 

ventricular fibrillation (Weiss et al., 2000).  Sympathetic stimulation was shown to 

steepen APD-RT slopes with vagal stimulation flattening the slopes (Ng et al., 2007).  

In this study, sympathetic stimulation led to a greater degree of APD-RT slope 

steepening in the HF group, whereas during vagal stimulation, the flattening effect of 

APD-RT slope was diminished.  The synchronicity between VFT and APD-RT changes 

in the HF group portrays a picture of hypersympathetic effect and attenuated vagal 

effect, accounting for increased propensity in ventricular arrhythmias.   

 

Greater regional differences in APD-RT were evident in the HF group.  In both HF and 

sham groups, APD-RT slopes at apex were steeper than those at the base, likely to be a 

reflection of right ventricular apical pacing (Pitruzzello et al., 2007).  Nonetheless, 

apico-basal APD-RT dispersion were overall greater in the HF group irrespective of the 

presence of autonomic stimulation.  Sympathetic stimulation increased apico-basal 

APD-RT dispersion, the effect of which was more observable in the HF group.  During 

vagal stimulation, there was no difference seen in apico-basal RT dispersion when 

compared to baseline.  Increased spatial heterogeneity in restitution kinetics at baseline 

and during sympathetic stimulation in the HF rabbits may therefore act synergistically 

with the already steepened overall APD-RT, providing an electrical substrate for 

increased ventricular fibrillation. 

 

Ventricular effective refractory period (ERP) in the HF group was similar to that of 

shams at baseline.  However, the sympathetic effect in shortening ERP, previously 

demonstrated in an in vitro study of normal rabbit hearts (Ng et al., 2007), was 

potentiated in the HF group.  In contrast, the effect of vagal-induced ERP prolongation 

was diminished in the HF group.   

 

This study therefore demonstrated various electrophysiologic changes at the atrial, 

atrio-ventricular and ventricular levels driven by autonomic imbalance characterised by 

augmented sympathetic effect and attenuated vagal response, contributing to electrical 
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remodelling, dysfunctional neuro-cardiac axis and increased susceptibility for 

ventricular fibrillation in a post-infarct rabbit failure model. 

 

8.7 Future Direction 

 

The rabbit surgical heart failure model created by coronary ligation prove to be an 

invaluable tool in future detailed studies of electrical remodelling in hear failure.  In this 

study, the effects of individual autonomic nerve stimulation on various 

electrophysiologic properties were investigated.  A natural progression of this study 

involve future sympatho-vagal interaction studies using this HF model.  The novel 

finding of prevailing sympathetic effect in ventricular electrophysiology of normal 

rabbit hearts will require further mechanistic studies, for instance the measurement of 

norepinephrine spillover during sympatho-vagal interaction not only in normal hearts 

and but also in the HF hearts.  Measurement of nitric oxide in unstimulated and vagal-

stimulated HF hearts would provide an insight into attenuated vagal response in HF 

rabbits as nitric oxide has been shown to mediate the antifibrillatory effect of vagal 

stimulation (Brack et al., 2007).  Additionally, optical mapping of HF hearts will help to 

validate restitution kinetics, including spatial characterisation in both apico-basal and 

endo-epicardial axes, in this HF model.  Last but not least, immuno-histochemical 

studies of HF cardiac tissue will aid in understanding of autonomic nerve distribution 

and ion-channel remodelling at the ventricular level. 
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