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Abstract 

Upregulation of sympathetic activity is known to be a significant factor in the 

development of life threatening arrhythmias that can lead to sudden cardiac 

death. Sympathetic pathways therefore pose as a target for treatment, however 

a better understanding of the anatomy and physiology of cardiac sympathetic 

nerves is necessary. Right and left spinal sympathetic neurones differentially 

innervate specific regions of the heart but whether they exhibit functional 

selectivity and distinct effects on cardiac electrophysiology has yet to be 

demonstrated.  

A novel refinement of the original isolated innervated rabbit heart preparation, 

that allows controlled segmental stimulation, was used to study the effects of left 

and right-sided sympathetic chain stimulation on effective refractory period, 

action potential duration restitution and ventricular fibrillation threshold. A right-

left difference in the functional effects was observed, with the left sympathetics 

displaying a preferential effect on ventricular electrophysiology with shorter 

effective refractory periods, steeper restitution slopes and smaller ventricular 

fibrillation thresholds than the right. The results also reveal previously unidentified 

characteristics of the lower thoracic spinal outflow on the left side having a 

dominant effect on cardiac electrophysiology and high potential to cause 

ventricular arrhythmias. Optical mapping was used to investigate the 

heterogeneous regional selectivity of the left and right sympathetics. The base of 

the ventricle elicited the shortest action potential durations and steepest 

restitution curves with sympathetic stimulation, which was reversed by removal 

of the left sympathetics. 

This knowledge improves our understanding of sympathetic nerve control and 

highlights the potential for more focused clinical treatments for a variety of chronic 

cardiac arrhythmias, by selectively removing caudal sympathetic outflows on the 

left side. Our findings also suggest that the left sympathetics primarily innervate 

at the base of the ventricle and for the first time reveal the mechanisms that give 

rise to the antiarrhythmic results of left cardiac sympathetic denervation. 
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1. Introduction 

Approximately 50% of deaths attributed to coronary heart disease occur within 

an hour of the onset of symptoms (Zipes and Wellens, 1998), referred to as 

sudden cardiac death (SCD), claiming 90,000 lives per year in the UK. Ventricular 

arrhythmias can occur in the presence or absence of cardiac disorders however 

they account for the majority of SCD (Bayes de Luna et al., 1989). Current 

therapy includes implantable cardioverter defibrillators (ICD) and antiarrhythmic 

drugs; however these are not without problems and do not provide a preventative 

solution. A better understanding of the mechanisms underlying arrhythmias is 

therefore necessary. 

The autonomic nervous system has a significant influence over the development 

and maintenance of arrhythmias (Shen and Zipes, 2014), especially in cardiac 

diseases such as heart failure and in patients with previous myocardial infarction 

and in arrhythmia storms. Sympathetic activity is often upregulated in these 

conditions and beta blockade of sympathetic activity reduces the risk of SCD 

(Hjalmarson, 1997). In order for clinical interventions to advance, a clearer 

understanding of the organization and innervations of the cardiac sympathetic 

nerves is essential.  

 Electrophysiology of the heart  

Electrical impulses in the heart are responsible for the coordination of contraction 

through excitation-contraction coupling. These impulses originate in the sinoatrial 

node (SAN) and spread throughout the heart via gap junctions and conduction 

fibres. In cardiac myocytes, the electrical impulses give rise to the cardiac action 

potential.  

 Pacemaker activity 

Spontaneous action potentials at the SAN spread through the left and right atria, 

reaching the atrioventricular node (AVN). AVN conduction is slow and thus 

provides a delay. This allows time for the atria to contract and for the ventricles 

to fill with blood before they too contract. The impulse from the AVN travels down 
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the bundle of His which divides into left and right bundle branches each side of 

the ventricular septum, from the base of the ventricle to the apex. The branches 

divide further into Purkinje fibres which disperse throughout the ventricular 

endocardium. This allows for coordinated contraction, essential for the 

maintenance of normal sinus rhythm. Geis et al (1973) electrically stimulated 

individual mediastinal cardiac nerves in canines to identify the course and 

distribution of autonomic nerves to the SAN and AVN. Both sympathetic and 

parasympathetic fibres were identified in the majority of nerves stimulated. Right 

sided sympathetic stimulation preferentially activated the SAN whereas left sided 

sympathetic activation was associated more with AVN activation (Geis et al., 

1973, Van Stee, 1978).  

Several inward currents underlie the depolarisation of the pacemaker action 

potential; time dependent currents (If, ICa,T), background currents (Ib, Ist) and the 

sodium calcium exchanger current (INa/Ca) (Fig 1.1). The funny current (If) is 

central to setting the rate of depolarisation of the pacemaker (Wainger et al., 

2001). Unusually, it activates upon hyperpolarisation and flows through 

hyperpolarization activated cyclic nucleotide gated channels (HCN), which are 

non-selective cation channels modulated by cyclic adenosine monophosphate 

(cAMP). Binding of cAMP to the cyclic nucleotide binding domain (CNBD) of the 

HCN channel leads to channel opening. Therefore during sympathetic 

stimulation, downstream of beta adrenergic receptor (β-AR) activation, there is 

an increase in cAMP which causes increased HCN opening and If current 

(Wainger et al., 2001). Thus, sympathetic stimulation increases the rate of 

depolarisation of the pacemaker action potential and so the heart rate will 

increase. IKr also plays an important role in pacemaker depolarisation by 

decreasing and reducing the repolarising current, thus potentiating depolarisation 

(Ito and Ono, 1995). Unlike in the cardiac action potential, the L-type Ca2+ current 

(ICa, L) is responsible for the pacemaker action potential upstroke and there is no 

plateau phase.   
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 The cardiac ventricular action potential 

The cardiac ventricular action potential is divided into 5 phases; phase 0 the 

action potential upstroke, phase 1 the notch phase, phase 2 the plateau, phase 

3 the repolarisation and phase 4 the resting potential as shown in fig 1.2. The 

action potential upstroke in phase 0 is due to the rapid activation of Na+ current 

in which membrane potential rises from -90mV to +10mV (Fozzard, 1992, 

Nerbonne and Kass, 2005). The Na+ channels activate at negative potentials and 

produce a large but brief current before inactivating.  The inactivation prevents 

re-excitation and thus reflects the effective refractory period (ERP) and relative 

refractory period (RRP). During the ERP, Na+ channels are inactivated and an 

action potential cannot be generated. The RRP refers to the period in which the 

Na+ channels begin to recover from inactivation and only a strong stimulus will 

elicit an action potential. Delay in the activation of the Na+ channels can lead to 

prolonged action potentials and gene mutations of this channel have been 

associated with arrhythmias (Nerbonne and Kass, 2005). Phase 1 is attributed to 

the transient outward current (ITO), a large K+ current which activates a positive 

potentials (+10mV) and quickly inactivates, causing partial, early repolarisation. 

Figure 1.1. Pacemaker action potential 

mV 
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ITO is known to have a transmural gradient with higher densities of expression in 

the epicardium than the endocardium (Antzelevitch, 2001, Antzelevitch, 2005, 

Antzelevitch and Belardinelli, 2006, Li et al., 2002, Szabo et al., 2005) and hence 

is the cause of the shorter action potentials observed in the epicardium. During 

the plateau in phase 2, there is a balance of inward depolarising currents and 

outward repolarising currents. The ICa, L is responsible for the large depolarising 

current and plays an important role in slowing repolarisation as well as in 

excitation-contraction coupling. Whole cell patch clamp studies in guinea pig 

ventricular myocytes studies (Hadley and Hume, 1987, Hadley and Hume, 1988) 

removed Ca+ as the charge carrier and reported that ICa, L has a slow inactivation 

that is Ca+ dependent and voltage sensitive. The repolarising currents during the 

plateau phase are attributed to the delayed rectifier K+ currents IKr, IKur and IKs, 

each with different gating properties. IKur (ultra-rapidly activating K+ current), 

mainly important in the early stages of the plateau, has a rapid activation and 

does not inactivate (Nattel, 2008, Chen et al., 2016, Tamargo et al., 2004). It is 

highly expressed in atrial cells as opposed to ventricular cells. The subunit hERG 

of IKr (rapidly activating K+ current) is unusual in that it passes small currents at 

positive potentials due to rapid inactivation and has a large tail current due to fast 

recovery from inactivation (Nattel, 2008, Chen et al., 2016, Thomas et al., 2006, 

Tamargo et al., 2004). Thus, this current increases with repolarisation. IKs (slowly 

activating K+ current) is a large current that plays an important role in 

repolarisation and determining the action potential duration (Jost et al., 2007, 

Tamargo et al., 2004). Studies have shown higher densities of IKs at the base of 

the ventricle and hence shorter action potential durations in this region (Ng et al., 

2009).  In addition to these K+ currents, in phase 3, the inward rectifying current 

IK1 is activated. During the action potential IK1 passes a short outward current to 

rapidly repolarise the membrane potential. IK1 is responsible for maintaining the 

resting membrane potential close to the equilibrium potential for K+ and hence is 

the current responsible for phase 4 (Tamargo et al., 2004, Snyders, 1999). It does 

not pass current at positive potentials as it elicits strong inward rectification due 

to block by polyamines or Mg2+ (Snyders, 1999).  
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Ion channel distribution is heterogeneous from epicardium to endocardium and 

base to apex (Antzelevitch, 2001, Antzelevitch, 2005, Antzelevitch and 

Belardinelli, 2006, Ng et al., 2009, Brahmajothi et al., 1997a, Cheng et al., 1999). 

The differential gradients of expression result in non-uniformity of APD and 

dispersion of repolarisation across the myocardium. In diseased states, APD is 

prolonged due to slower or delayed repolarisation (Janse, 2004, Li et al., 2002). 

This increases the likelihood of early afterdepolarisations (EADs) and thus 

promotes arrhythmia initiation (Rose et al., 2005, Li et al., 2004a, Li et al., 2002, 

Janse, 2004). Prolonged APDs can be attributed to decreased K+ currents, 

slowing repolarisation (Furukawa et al., 1992). In heart failure patients and animal 

models, both IK1 and ITO currents are reportedly decreased (Beuckelmann et al., 

1993, Qin et al., 1996, Rozanski et al., 1997).  

The action potential in one myocardial cell can depolarise a neighbouring 

electrically coupled cell to threshold, thus spreading the impulse throughout the 

cardiac muscle. The myocardial cells are arranged in series and are connected 

via intercalated disks consisting of a high density of gap junctions. Gap junctions 

allow metabolic and second messenger signals between cells and assist with 

coordinating contraction (Bernstein and Morley, 2006). The regional variations in 

Figure 1.2. Cardiac action potential 

mV 



7 

 

APD can be modulated by electrotonic interactions between cells (Laurita et al., 

1996, Walton et al., 2013), which can influence APD gradients depending on the 

activation sequence (Myles et al., 2010). Cells are influenced by electronic load 

from neighboring cells and this cell to cell electrotonic coupling is important for 

synchronization between myocytes and plays a critical role in propagation, 

repolarization, and arrhythmias. Studies in the rabbit ventricular myocardium 

have suggested that electrotonic influences have an important role determining 

the transmural repolarization sequence (Myles et al., 2010). Electrotonic 

potentials decay passively as a function of time and distance and the distance at 

which electrotonic potentials decay from their point of origin is known as the 

space constant (Suszkiw, 2012). In the dog myocardium the space constant was 

found to be between 0.712 and 1.202 mm (Spear et al., 1983). Cells that are 

poorly-coupled exert limited electrotonic influence over neighbouring cells and 

thus have a lower space constant (Rio et al., 2016). This can result in increased 

heterogeneity and dispersion of repolarisation which can lead to arrhythmias.  

During sympathetic stimulation, ICa,L is increased due to increased 

phosphorylation by protein kinase A (PKA) downstream of β-AR. The increase in 

ICa,L would on its own increase the action potential duration (APD) but this is 

counterbalanced by K+ currents (mostly IKs). IKs is also increased during 

sympathetic stimulation resulting in more rapid repolarisation. The overall effect 

is APD shortening which is necessary during sympathetic stimulation in order to 

accommodate the faster heart rates. Canine studies have shown that 

isoproterenol increased and accelerated IKs, shortening of APD, but limited IKs 

contribution to APD was observed at baseline (Volders et al., 2003). Hence, IKs 

is more prominent during sympathetic stimulation.  

 Excitation-Contraction coupling 

Adrenaline or noradrenaline are released from postganglionic sympathetic nerve 

terminals which activates adrenergic receptors. -AR are the target receptors in 

heart muscle. Signalling of -AR’s activates a Gs protein signalling cascade in 

which cAMP is activated (fig 1.3). Downstream of cAMP, protein kinase A (PKA) 
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is activated and phosphorylates several targets. Phosphorylation of L-type Ca2+ 

channels (LTCC) and ryanodine receptors (RyR’s) cause a positive inotropic 

effect (increase in contractility) by increasing ICa,L and increasing the open 

probability of RyR’s (Wehrens et al., 2005) inducing a larger Ca2+ release from 

the sarcoplasmic reticulum (SR) via Ca2+ induced Ca2+ release (CICR). This also 

induces a positive chronotropic effect (acceleration of heart rate) due to earlier 

activation of the pacemaker current as a result of changes in LTCC gating. 

Phospholamban (PLB) is another target of PKA and its phosphorylation relieves 

inhibition of SR Ca2+-ATPase (SERCA). This has both a positive lusitropic effect 

(myocardial relaxation) by allowing sequestering of Ca2+ in to the SR and a 

positive inotropic effect by increasing the SR Ca2+ load (Bers, 2007, Bers, 2008). 

Once in the SR, Ca2+ becomes associated with the Ca2+ binding protein 

calsequestrin which holds Ca2+ in the SR where it is high in concentration. Ca2+ 

is also extruded via the Na+/Ca2+ pump (NCX) in which 3 Na+ are exchanged for 

1 Ca2+, and the Ca2+-ATPase pump (Eisner and Sipido, 2004). At the beginning 

of the action potential, NCX produces a net outward current as it acts in reverse 

mode; Ca2+ enters the cell and Na+ exits. The overall Ca2+ influx is minimal. 

Towards the end of the action potential, when intracellular Ca2+ concentration is 

high, NCX switches to forward mode; Ca2+ exits the cell and Na+ enters. In this 

way, the NCX provides the primary mechanism of Ca2+ extrusion (Eisner and 

Sipido, 2004). Ca2+ handling within the cell is also important for cross bridge 

cycling and contraction, in which Ca2+ binds to troponin and relieves the block by 

tropomyosin. This exposes the myosin binding sites allowing myosin to bind to 

actin filaments and cross bridge cycling to continue (Lehman et al., 1994). A 

positive lusitropic effect is also seen when PKA phosphorylates myofilament 

proteins assisting relaxation (Ruiz-Hurtado et al., 2013).  
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β-AR activation and heart failure 

Heart failure (HF) has a very high mortality rate and can lead to death as a result 

of failure of the cardiac pump function or due to arrhythmias leading to SCD 

(Packer, 1985). HF has been associated with chronic β-AR activation as a result 

of excessive sympathetic nervous system activity, which can result in abnormal 

Ca2+ handling (Bers, 2008, Ogrodnik and Niggli, 2010, Wehrens et al., 2005). The 

resulting abnormal Ca2+ release from the SR can lead to arrhythmia initiation due 

to reduced SR load and increased Ca2+ transients (Wehrens et al., 2005, Pereira 

et al., 2013, Bers et al., 2003, Shannon et al., 2003).  

SR Ca2+ leak occurs via the RyR’s and is thought to be as a result of high 

calmodulin kinase II (CaMKII) dependent phosphorylation of RyR’s (Guo et al., 

Myofilaments 

Figure 1.3.  β-AR signalling pathway. The typical view of the -adrenergic receptor 

(-AR) signalling pathway involves activation of cyclic AMP (cAMP) downstream of -
AR activation. This then leads to activation of protein kinase A (PKA) which has several 
phosphorylation sites. These include; L-type calcium channels (LTCC) leading to Ca2+ 
influx, ryanodine receptors (RyR) activating calcium induced calcium release, 
phospholamban (PLB) which relieves inhibition of sarcoplasmic reticulum Ca2+-ATPase 
(SERCA) thus causing sequestering of Ca2+ back into the sarcoplasmic reticulum (SR), 
and  myofilaments assisting relaxation. 
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2006). This may also account for the ITO and delayed afterdepolarisations (DADs) 

involved in ventricular tachycardia development (Guo et al., 2006). Spontaneous 

Ca2+ waves are induced due to the SR Ca2+ leak and this leads to activation of 

the inward NCX. This can also result in DADs and eventually arrhythmia (Curran 

et al., 2010).  NCX expression is increased in HF which increases Ca2+ efflux and 

Na+ influx, depolarising the cell (Curran et al., 2010) These effects can lead to 

triggered activity and increase the risk of arrhythmia (Pogwizd and Bers, 2004).  

Although clinically sympathetic activity is mediated by beta blocker action on β-

AR, this is an oversimplification as alpha adrenergic receptors also play an 

important role in cardiac electrophysiology and arrhythmias (Schwartz, 1984, 

Corr et al., 1981). They are also activated by adrenaline and noradrenaline and 

are associated with the Gq protein signalling cascade. Binding of catecholamines 

to the G-protein coupled receptor (GPCR) activates phospholipase C (PLC) 

which cleaves PIP2 in to IP3 and DAG. IP3 causes Ca2+ release via IP3 receptors, 

subsequently activating protein kinase C (PKC) which has several 

phosphorylation targets (Sheridan et al., 1980, Corr and Crafford, 1981). Alpha 

adrenergic receptors are important for smooth muscle contraction of blood 

vessels.  Furthermore, alpha adrenergic receptor blockade also produces a 

degree of protection against ventricular arrhythmias (Sheridan et al., 1980), 

particularly in the presence of ischemia where there is a two-fold increase in alpha 

adrenergic receptors (Corr et al., 1981, Corr and Crafford, 1981). Therefore 

clinical treatments that target sympathetic activity directly, and thus all adrenergic 

receptor activity, could potentially be more effective especially when utilized in 

conjunction with drug treatment such as beta blockers.  

 The autonomic nervous system 

The autonomic nervous system (ANS) is responsible for the neuronal control of 

the heart. It consists of two branches; the sympathetic nervous system and the 

parasympathetic nervous system. Each have two populations of neurones 

arranged in series. They synapse in the periphery and those that innervate the 

target tissue are located outside the central nervous system (CNS). The axons of 
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the sympathetic and parasympathetic nervous systems project from ganglia, 

which are grouped cell bodies of these autonomic neurons, to their target tissues 

or organs and are known as postganglionic neurones. Preganglionic neurones 

are efferent neurones that project axons from the spinal cord or brain stem into 

the ganglia and form synapses. The preganglionic cell bodies are located within 

the spinal cord or brainstem (Jänig, 2006). 

The ANS supplies every organ with one or both of the sympathetic or 

parasympathetic outflows (fig 1.4). The heart is one of the target tissues that is 

innervated by both the sympathetic and parasympathetic outflows and they each 

elicit specific and sometimes opposing effects on each organ system.  

 

Chemical transmission of signals from sympathetic preganglionic neurones is 

cholinergic and thus requires the neurotransmitter acetylcholine. Some 

Figure 1.4. Sympathetic and parasympathetic outflows to target organs. 
Continuous lines represent preganglionic neurones and dotted lines represent 
postganglionic neurones (Jänig, 2006). 
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sympathetic postganglionic transmission appears to be cholinergic and contain 

the enzyme choline acetyltransferase (ChAT) (Keast et al., 1995).  Some also 

seem to be mediated by co-transmitters such as nitric oxide (NO) and vasoactive 

intestinal polypeptide (VIP). However, sympathetic postganglionic transmission 

is mostly adrenergic with noradrenaline as a transmitter. Adrenaline or 

noradrenaline are released from the adrenal medulla (an endocrine gland) in 

response to synaptic activation by sympathetic preganglionic neurones with tonic 

sympathetic discharge reported as 2 to 3 pulses/sec in the anaesthetised dog 

(Vassalle et al., 1968). Catecholamine content was measured from conductile 

and contractile tissues by Spurgeon et al (1974) in control and extrinsically 

denervated dog hearts. Control hearts showed greater levels of adrenaline in 

conductile tissues rather than contractile and noradrenaline levels were in higher 

concentrations in the SAN and atria. Sympathetic denervation almost completely 

removed noradrenaline, with only 1 to 5% remaining in sites surviving neural 

degeneration. Thus, noradrenaline appears to be entirely associated with nerve 

terminals. On the other hand, 40-50% of adrenaline remained in contractile tissue 

and 73% in conductile tissue post denervation. They suggested non-neuronal 

stores of adrenaline, possibly in chromaffin cells, specialised cells or cardiac 

analogs of chromaffin cells (Spurgeon et al., 1974), although the functional 

significance remains unknown (Van Stee, 1978). It has however been suggested 

that this could play a role in spontaneous pacemaker activity (Pollack, 1977).  In 

HF, cardiac release of noradrenaline stores is increased and noradrenaline 

stores are depleted, associated with defective uptake in the nerve terminals 

(Liang, 2007). Neuropeptide Y (NPY) is a neurotransmitter that has also been 

suggested to be released by sympathetic neurones (Lundberg et al., 1991), with 

the role of mediating inhibition of vagal acetylcholine (Ach) release during periods 

of long sympathetic stimulation (Serone and Angus, 1999).  

Regional distribution of the principle cardiac nerves has been reported by Randell 

et al (1972) in which the effects of electrical stimulation at specific points were 

recorded using strain gauges.  Most cardiac nerves were composed of both 

parasympathetic and sympathetic fibres, excluding the purely sympathetic 

stellate cardiac nerves (fig 1.5). These principle cardiac nerves identified in 
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canine studies can be organised into 4 groups (Norris and Randall, 1977). The 

nerves that carried both sympathetic and parasympathetic fibres to all four heart 

chambers were labelled Type I by Norris and Randall (1977). Type II were those 

that produced both chronotropic and inotropic responses for example the 

innominate and ventromedial nerves. Nerves with only sympathetic efferent fibres 

were Type III (increased rate and force e.g. ansa subclavian and ventrolateral 

nerves) or Type IV (increased rate predominantly e.g. the stellates) (Van Stee, 

1978). 

 

 Sympathetic and parasympathetic activity in the heart 

In the heart, sympathetic and parasympathetic nerve stimulation have different 

and often opposing effects. Stimulation of sympathetic nerves releases 

Figure 1.5. Regional distribution of the principle cardiac nerves. The principle 
sympathetic nerves on the right side stellate cardiac, craniovagal, caudovagal, and 
recurrent cardiac nerves. On the left side the principle sympathetic nerves are the 
innominate, ventromedial, and ventrolateral nerves. All except the stellate cardiac 
nerve have both parasympathetic and sympathetic components (Van Stee., 1978). 
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adrenaline or noradrenaline from nerve terminals which bind to β-AR receptors. 

This activates cAMP which results in a positive shift in the voltage dependence 

curve of If and faster depolarisation of the pacemaker cells. This consequently 

increases SAN firing and thus increases heart rate (Mangoni and Nargeot, 2008, 

Wainger et al., 2001). Downstream of the β-AR pathway, PKA activity is 

increased which drives phosphorylation of several targets including LTCC, 

troponin, PLB and SERCA (Madamanchi, 2007, Mangoni and Nargeot, 2008). 

Na+ channels are also reportedly phosphorylated as a result of sympathetic 

stimulation, which alters their gating and increases opening times. The resulting 

effect is faster depolarisation during the action potential upstroke, increased cell 

to cell conduction and shorter action potentials durations (Nathan and Beeler, 

1975, Levi et al., 1997). Furthermore, as already discussed, K+ channel activity 

increases resulting in rapid repolarisation and shorter APDs.  

Parasympathetic discharge is cholinergic and activates muscarinic receptors 

coupled to Gi proteins in the heart which leads to decreased heart rate, 

contraction and atrio-ventricular (AV) conduction.  Binding of Ach to muscarinic 

receptors causes increase in cyclic guanosine monophosphate (cGMP) and 

successively activates PKG (Brink et al., 2005). Parasympathetic stimulation 

gives rise to accentuated antagonism of sympathetic stimulation. High levels of 

vagal tone have been found to significantly reduce sympathetic heart rate effects 

compared to low vagal background activity (Uijtdehaage and Thayer, 2000). Ach 

reportedly inhibits noradrenaline release from sympathetic presynaptic neurones 

via M3 receptors thus inhibiting sympathetic drive. It also causes direct decreases 

in the cAMP levels in the myocardial cells via the  alpha (α) subunit of the 

muscarinic receptor (Hartzell 1988) and indirectly via the beta-gamma (βϒ) 

subunit of the Gi  protein (Fleming et al., 1987) which activates KAch leading to 

membrane hyperpolarisation. Other studies evidenced reduction in LTCC (Sasaki 

et al., 2000, Dittrich et al., 2001, Yan et al., 2001) and decreased PLB 

phosphorylation (Bartel et al., 1993, Sulakhe and Vo, 1995). 

Studies in many species have suggested that heart rate alone can alter 

contractile force (Lewartowski and Pytkowski., 1987) with a negative force-
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frequency relationship displayed by rats and mice and a positive force-frequency 

relationship in guinea pig, rabbit, canine and human ventricular myocardium 

(Bers, 2002). Brack et al (2006) showed that, in the innervated isolated rabbit 

heart preparation, the force-frequency relationship was biphasic. They found that 

a positive force-frequency relationship was apparent at heart rates below the 

mean intrinsic value (200-350bpm) and there was a negative force–frequency 

relationship at heart rates above the mean intrinsic value (>350bpm). They also 

showed that sympathetic stimulation increased LVP in a frequency dependent 

manner even when heart rate was kept constant unlike vagus stimulation which 

decreased LVP during sinus rhythm but failed to elicit the same response when 

heart rate was kept constant. This suggests that sympathetic stimulation 

increases LVP through direct changes in contractility as appose to just 

chronotropic action. Factors such as an increase in ICa,L (Zygmunt and Maylie, 

1990),  higher diastolic calcium (Lado et al., 1982) and an increase in [Na+]i 

(Cohen et al., 1982) have been proposed to underlie the positive force-frequency 

relationship.  

As well as increasing sinus rate and shortening AV conduction, sympathetic 

stimulation shortens APD and increases dispersion of repolarization (Ng et al., 

2007, Mantravadi et al., 2007, Winter et al., 2012). In HF patients, sympathetic 

stimulation can have arrhythmogenic effects due to an enhanced dispersion of 

repolarization leading to afterdepolarisions (Shen and Zipes, 2014). 

Parasympathetic stimulation is recognized as anti-arrhythmogenic and has been 

found to increase the ERP, flatten electrical restitution curves and increase the 

threshold for ventricular fibrillation, with sympathetic stimulation eliciting opposite 

effects (Ng et al., 2007).  

For a healthy regulation of cardiac performance, the sympathetic and 

parasympathetic activities act in balance. A shift in this balance can generate 

abnormal ECG (Yanowitz et al., 1966) and thus increase the likelihood of 

arrhythmia generation (Ng et al., 2009, Arora, 2012, Tan et al., 2008). 

Simultaneous increases in both sympathetic and parasympathetic activity has 
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also been linked to arrhythmia in the form of atrial fibrillation (Amar et al., 2003, 

Tomita et al., 2003).  

 

 The sympathetic neurones 

 Interneurones  

Interneurons synapse on the dendrite of sympathetic preganglionic neurons 

(Deuchars, 2007) and provide an excitatory (EPSPs) or inhibitory (IPSPs) 

influence as shown by intracellular preganglionic recordings (Dun and Mo, 1989, 

Lewis et al., 1993, Spanswick et al., 1994, Deuchars et al., 2005, Deuchars, 

2007). They play an important role in modulating the pattern of discharge of the 

sympathetic preganglionic neurone (Coote, 2001, Staras et al., 2001, Pierce et 

al., 2010).  

 Preganglionic neurones 

Sympathetic preganglionic neurones have cell bodies in the thoracic and upper 

lumbar spinal cord. Efferent, preganglionic fibres are generally myelinated B-type 

fibres with conduction velocities of 2.5 to 15m/sec (Van Stee, 1978). Cardiac 

preganglionic cell bodies originate in the thoracic spinal cord (T1-T6) and their 

axons exit by the ventral roots. They emerge segmentally and are connected by 

white rami to join the sympathetic chain (Rubin and Purves, 1980). The 

sympathetic chains lie parallel to the vertebral column on both the left and right 

sides. From here they may synapse on postganglionic neurones at that spinal 

segment level or travel rostrally into the stellate ganglion where they join the 

inferior/middle cervical ganglion and finally synapse with their target 

postganglionic neuron (fig 1.6) (Coote and Chauhan, 2016). The overall 

sympathetic tone delivered to the heart is a proportion of each contributing spinal 

segment (Lichtman et al., 1980, Nja and Purves, 1977, Pracejus et al., 2015).  
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The segments that contribute most to the cardiac sympathetic supply differ 

between and within species but mainly arise from the upper thoracic segments. 

This can be demonstrated experimentally by sequentially cutting the upper 

thoracic rami and observing the remaining signal. T1-3 are the most dominant in 

dogs (Kostreva et al., 1977, Norris et al., 1974, Norris et al., 1977), T3 and 4 in 

cats (Kamosinska et al., 1991, Kocsis and Gyimesi-Pelczer, 1998, Ninomiya et 

al., 1993, Szulczyk and Szulczyk, 1987), T3 in rats (Ter Horst et al., 1993, Ter 

Horst et al., 1996, Pracejus et al., 2015), and T1-3 in humans (Randall and 

McNally, 1960). A third of the 90,000 sympathetic preganglionic efferent 

neurones in the thoracic spinal cord arise from T1-T3 in humans (Coote, 1988). 

In another human study, considerable variation of thoracic sympathetic 

innervation was observed, however the outflows generally arose from the upper 

5 thoracic segments (T1-T5)(Randall and McNally, 1960). In all of the species 

Figure 1.7. Schematic of the upper thoracic (T1–T6); showing the path of cardiac 
sympathetic preganglionic from the spinal cord via the white rami to the sympathetic 
chain and their synaptic connections in the stellate ganglion and via the ansa 
subclavian in the middle cervical ganglion. All the cardiac postganglionic neurones 
lie in these ganglia and project to terminate in different regions of the heart, either 
as separate nerves or in the vagosympathetic nerve on left and right sides (Coote 
and Chauhan., 2016). 
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studied, the upper 3 segments appear to be a key contributors to the cardiac 

sympathetic nerve supply. The degree of response varies according to which root 

is stimulated suggesting functional specificity (Norris et al., 1974). However, 

further investigations are required to determine whether the segmental location 

of the sympathetic neurones corresponds to a specific cardiac function. 

Transneuronal tracing has demonstrated projections to distinct regions of the dog 

heart (Hopkins and Armour, 1984), however thus far there is a lack of 

electrophysiological evidence of target specificity or selective function (Gilbey, 

1997).  

 Cardiac postganglionic nerves 

The sympathetic postganglionic neurones mostly cumulate in the paravertebral 

or prevertebral ganglia which are interconnected by nerve trunks, forming the left 

and right sympathetic chains on each side of the vertebral column. The 

prevertebral ganglia including celiac, aortico-renal, superior mesenteric and 

inferior mesenteric (Jänig, 2006), are arranged in front of the vertebral column. 

White and grey rami connect the spinal nerves to the paravertebral ganglia and 

preganglionic neurones project through the white rami connecting to the 

sympathetic chains as shown in fig 1.7. The sympathetic chains converge in the 

stellate ganglion at the rostral end of the sympathetic trunk. The stellate ganglion 

is composed of the lower cervical and the most rostral thoracic paravertebral 

ganglia (Jänig, 2006).  
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Efferent, postganglionic fibres are generally unmyelinated C-type fibres with 

conduction velocities of less than 2.5 m/sec (Van Stee, 1978). The sympathetic 

postganglionic neurones are generally long as they are located remote from the 

organs they supply in comparison to parasympathetic neurones which lie closely 

to their target tissues. At closer proximities to the target cells, the sympathetic 

postganglionic axons branch multiple times and have numerous varicosities at 

the nerve terminals, which are essential for synthesis, inactivation, storage, 

release and reuptake of neurotransmitters (Jänig, 2006).  

The heart is innervated by sympathetic postganglionic fibres of which the majority 

originate from cell bodies in the stellate ganglion or the caudal cervical ganglia 

(Pardini et al., 1989). They enter the heart alongside the cardiac vagal branches 

to form the vago-sympathetic trunk (Cooper, 1967). The sympathetic nerve 
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neurone projections 
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innervation of the heart is extensive and density varies between chambers of the 

heart and cardiac muscle layers (Dae et al., 1989, Dae and Botvinick, 1990, 

Wharton et al., 1990, Gordon et al., 1993, Marron et al., 1994, Chow et al., 1995, 

Crick et al., 1999a, Crick et al., 1999b). In addition evidence suggests that the 

sympathetic postganglionic neurons also interact with intrinsic cardiac plexus 

neuron, residing primarily on the surface of the heart, which can alter the effect 

of the nerve input alone and produce isolated regional changes (Smith, 1999, 

Armour, 2008).  

 Right and left sympathetic chains 

It is suggested that the right stellate ganglion primarily innervates the anterior 

ventricular surfaces and the left stellate ganglion innervates the posterior (Rogers 

et al., 1973). This is supported by Yanowitz et al (1966) who reported that the 

right stellate ganglionectomy prolonged refractory periods on the anterior 

ventricular surface, whereas the left stellate ganglionectomy was associated with 

refractory period prolongation on the posterior ventricular surface.  

Evidence therefore suggests there is regional and functional specificity of left and 

right sympathetic nerves. Stimulation of the upper thoracic roots in anaesthetised 

dogs showed left sympathetic stimulation had greater epicardial effects on the 

anterior right ventricle and posterior left ventricle, and greater endocardial effects 

on the basal left ventricle and posterior papillary muscle. Right sympathetic 

stimulation had more profound epicardial effects on the lateral left ventricular 

base, anterior left ventricular base and anterior left ventricular apex, and greater 

endocardial effects on the left ventricular base (Norris et al., 1977). In the rat, 

removal of either stellate ganglion indicated that left middle/inferior cervical 

ganglion contributes the majority of noradrenaline fibres to the right ventricle 

(Pardini et al., 1989). Earlier studies using electrical stimulation of the cardiac 

postganglionic outflow have repeatedly demonstrated that left sympathetics 

predominantly have an inotropic response and right sympathetic predominantly 

display a chronotropic response (Randall and Rohse, 1956, Randall et al., 1968b, 

Furnival et al., 1973, Van Stee, 1978). Thus, left sympathetics are believed to 
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have greater innervations of the ventricle whereas right sympathetics are thought 

to densely innervate the SAN.  

In studies in the canine heart, Ardell et al (1988) showed evidence of significant 

rate changes with right sympathetic stimulation and profound decrease in AV 

interval with left sympathetic nerve stimulation. Some ventricular 

electrophysiological differences have also been reported. Prolonged Q-T 

intervals and increased T-wave amplitude have been observed with right stellate 

ganglionectomy or left stellate stimulation in anaesthetised dogs. Increased T-

wave negativity was evoked by left stellate ganglionectomy or right stellate 

stimulation without significant Q-T interval changes (Yanowitz et al., 1966). 

Likewise, in anaesthetised cats, positivity of the T wave was observed with right 

stellate ganglion stimulation and negativity with left stellate ganglion stimulation 

(Rogers et al., 1973). Schwartz and Malliani (1975) suggested alternation of the 

T wave in long QT syndrome was associated with abrupt increases in left 

sympathetic discharge. 

Winter et al (2012) demonstrated differential right and left sympathetic activity  

further in the isolated innervated rabbit heart preparation, in which stimulation of 

the right sympathetic chain at T2-T3 showed a greater heart rate increase than 

stimulation of the left sympathetic chain at T2-T3, which showed a greater change 

in left ventricular pressure. They also observed a greater shortening of the left 

ventricle basal APD and apical APD with left sympathetic chain stimulation. 

Alongside this, there is additional evidence to support that different braches of 

the cardiac postganglionic nerves effect specific regions of the heart (Szentivanyi 

et al., 1967, Randall et al., 1968b, Randall, 1977, Armour and Randall, 1975, Ng 

et al., 2009). This selective control is suspected to arise from the spinal cord. 

Norris et al (1974) stimulated from several sites between spinal segments T1-T5 

and found a variation in the contractile force response depending on which site  

was stimulated. What remains unanswered is whether the cardiac sympathetic 

supply is functionally discrete and how the differential left and right innervation 

contributes to this. Although it is widely acknowledged that the sympathetic fibres 

have differential innervations, it is unknown whether the pathways for 
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acceleration and augmented contractions are distinctive. Randal & Rohse (1956) 

found that although right sympathetic stimulation produced both acceleration and 

augmentation of contraction, often left sympathetic stimulation was not 

accompanied by acceleration. This suggests that there are functionally distinct 

projections of the right and left sympathetic neurones to the heart. Further 

knowledge of the differential segmental projections of the left and right 

sympathetic neurones could have implications to understanding impairments in 

cardiac performance.  

 Cardiac disease and arrhythmia 

Increased sympathetic drive and parasympathetic withdrawal are associated with 

development of arrhythmias. Cardiac diseases that exhibit this often have neural 

remodelling in the form of changes in density, distribution, excitability and 

neurotransmitter content of autonomic nerve innervations (Ripplinger et al., 

2016).  

 Mechanisms of arrhythmia   

A cardiac arrhythmia is an irregularity in the hearts rhythm which is caused by 

one of three mechanisms; enhanced or suppressed automaticity, triggered 

activity or re-entry (fig 1.8).  
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The automaticity of the heart is its capacity to exhibit spontaneous activity. 

Suppression or enhancement of automaticity can occur as a result of factors such 

as scarring, ischemia, electrolyte disturbances, medications and advancing age. 

Suppression can lead to bradycardia whereas enhancement can lead to 

tachycardia. This occurs as a result of impulses from elsewhere in the heart firing 

before or concurrently with SAN firing (Gaztanaga et al., 2012).  

Triggered activity is caused by afterdepolarisations which are membrane 

potential oscillations occurring after an action potential, providing they reach the 

threshold potential. There are two types of afterdepolarisations; early 

afterdepolarisation (EADs) which occur during phase 2 or 3 of the action potential 

due to an increased net inward current and prolonged action potentials, and 

delayed afterdepolarisations (DADs) occurring after the repolarization phase as 

a result of increased intracellular Ca+ ([Ca2+]i) (Antzelevitch and Burashnikov, 

2011, Clusin, 2003). Origin of ventricular tachycardia and fibrillation usually 

Figure 1.9. Mechanisms of arrhythmia. Diagrams displaying the main mechanisms 
of arrhythmia including abnormal automaticity, re-entry and triggered activity e.g. 
early afterdepolarisations (EAD) delayed afterdepolarisations (DAD). Adapted from 
Garratt (2001). 
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depends on the first "initiating" ventricular premature beat, and DAD could play 

such a "trigger" role (Priori et al., 1988). DADs are a likely cause of focal 

arrhythmias in which the SR becomes overloaded due to increases in cytosolic 

and SR Ca2+ and results in spontaneous opening of RyR’s and Ca2+ release. The 

NCX begins to extrude the Ca2+ and therefore produces a net inward current due 

to Na+ influx. A large enough inward current will cause the cell membrane to 

depolarise, causing a triggered action potential (Pogwizd and Bers, 2004, 

Ripplinger et al., 2016). This must occur in several thousand cells in order to 

generate propagating action potential. (Xie et al., 2010, Kumar et al., 1996). Focal 

activity of this sort provides a mechanistic link to investigations of regional 

hyperinnervation and increased risk of arrhythmia (Myles et al., 2012b, Cao et 

al., 2000a, Cao et al., 2000b, Li et al., 2004b, Liu et al., 2003).  

Re-entry is a common mechanism for arrhythmia generation (Gaztanaga et al., 

2012). After activation the cells become refractory preventing immediate re-

excitation. The re-entry circuit involves two pathways that join together to form a 

loop and a unidirectional block in one of these pathways causes slower 

conduction. By the time the impulse has reached the distal end of the ‘fast’ 

pathway, it has already fully recovered and so can be re-excited.  The impulse 

therefore travels in a loop causing retrograde conduction and returns to the site 

of origin (Gaztanaga et al., 2012, Antzelevitch and Burashnikov, 2011). This can 

occur due to non-uniform sympathetic activation (i.e. as a result of hyper- or de-

nervation) which effects gradients of repolarisation and therefore increases the 

likelihood of re-entrant arrhythmia (Ripplinger et al., 2016). This is common in 

diseased hearts with scar tissue and remodelling. Schwartz et al. (1977) reported 

dominant effects of the left sympathetic ganglion in increasing refractoriness and 

that this electrical asymmetry and inhomogeneity in cardiac excitably predisposes 

to re-entrant arrhythmias.    

Dispersion of repolarization, ventricular conduction velocity, intracellular Ca2+
 

loading and refractoriness are all factors that affect arrhythmia susceptibility 

(Gaztanaga et al., 2012). Differences in the recovery properties of neighbouring 

cells across the heart tissue is known as dispersion of repolarisation (Han and 
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Moe, 1964). Heterogeneity of ion channel dispersion across the myocardium has 

direct effects on APD and recovery from excitation (Coronel et al., 2009). 

Likewise, differential innervation of sympathetic neurones also impacts recovery 

properties as denser innervations are reported at the base of the ventricle (Ng et 

al., 2009).  Increased dispersion of repolarisation, which is associated with 

sympathetic stimulation, is proarrhythmic (Han and Moe, 1964, Kuo et al., 1983, 

Surawicz, 1997, Coronel et al., 2009). One suggested mechanism is, due to the 

large regional differences in repolarisation times, an impulse generated in a 

region with early repolarisation fails to propagate to the adjacent region with late 

repolarisation (Coronel et al., 2009). Thus, the impulse propagates around the 

refractory tissue and re-enters the starting region, resulting in re-entrant 

arrhythmias. Another suggestion is that the impulse from the region of late 

repolarisation propagates to the region of early repolarisation causing 

depolarisation and initiation of a spontaneous premature beat (phase 2 re-entry) 

(Lukas and Antzelevitch, 1996).  Conditions that favour greater repolarisation 

heterogeneity are therefore more arrhythmogenic. Coronol et al (2009) reported 

that initiation of re-entry is not simply due to dispersion of repolarisation but also 

the time of arrival of the premature activation in relation to the repolarization 

moment of the tissue. The exact role of repolarisation heterogeneity in initiation 

of re-entry requires further investigations.  

 APD restitution  

The three classic mechanisms of arrhythmia described cannot explain the 

complexity involved in the mechanisms underlying atrial and ventricular fibrillation 

(Ng, 2016a). Evidence from experimental studies have suggested that fibrillation 

is created and sustained by the property of APD restitution (Riccio et al., 1999, 

Garfinkel et al., 2000, Ng et al., 2007).  

The cardiac APD changes in accord with activation rate, with shorter APD’s at 

faster heart rates and longer APD’s at slower heart rates. This is known as APD 

restitution and is important for changes in contraction and relaxation of the heart 

at faster heart rates (Ng, 2016a, Ng, 2016b). APD restitution is also an important 

indicator of arrhythmogenesis (Karma, 1994). It is a measurement of the APD 
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and preceding diastolic interval (DI) and generally APD decreases monotonically 

as DI decreases (Weiss et al., 2006). Excessive shortening of APD and refractory 

periods can lead to re-entry arrhythmias and lengthening can lead to after 

depolarisations (Weiss et al., 2006). The maximum slope of the restitution curves 

generated from this data, give an indication of arrhythmia susceptibility. Steep 

curves (maximum slope >1) indicate that small changes in DI lead to large 

changes in APD which further decreases the following DI. When the DI becomes 

too short to generate another action potential, this causes wavebreaks which 

degenerate into ventricular arrhythmia (Weiss et al., 2006). In 1968, in frog 

ventricular muscle strips, Nolasco and Dahlen (1968) demonstrated  that the 

maximum slope of restitution increased when stimulus frequency increased. They 

also recorded the presence of alternans when slope values were >1. These 

alternans can result in the breakup of spiral waves into a fibrillatory state (Karma, 

1993). The relationship between APD restitution and VF induction has also been 

studied. In canines, Riccio et al (1999) demonstrated that drugs that reduced the 

maximum slope of restitution also prevented induction of VF. Likewise, drugs that 

did not cause a reduction in maximum restitution slope did not prevent VF 

initiation, indicating that the kinetics of restitution is a key determinant of VF 

(Riccio et al., 1999). Similar findings in pig ventricles showed drugs that flattened 

the restitution curve, also prevented wavebreaks and induction of VF (Garfinkel 

et al., 2000).  

The ionic basis of APD restitution is still not fully understood (Ng, 2017). A 

simplified model has been proposed by Franz (2003), in which it was suggested 

that the steepest part of the APD restitution curve is caused by the rapid recovery 

of APD which is mostly due to the incomplete recovery from inactivation of the 

Na+ channel. Asynchronous recovery of APD and sodium channel activity 

enhances spatial dispersion of repolarisation and causes regional variations in 

conduction velocity. The dynamics of a longer DI were proposed to be due to 

effects from the ICa,L followed by IKr and IKs in the later stages of repolarisation 

(Franz., 2003). APD shortening during APD restitution can also be explained by 

the incomplete reactivation of ICa,L at short coupling intervals. This leads to 

reduction in ICa,L (Gettes & Reuter, 1974) and incomplete deactivation of IK 
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(Hauswirth et al., 1972). NCX currents have also been implicated, however it is 

suggested that all time dependent currents contributing to the action potential are 

likely to be involved (Janvier et al., 1997). Studies in animal models and humans 

have reported that sympathetic stimulation increases the maximum slope of 

restitution (Taggart et al., 1990, Taggart et al., 2003, Ng et al., 2007). In the 

isolated innervated rabbit heart preparation, Ng et al (2007) found that 

sympathetic stimulation via the spinal cord both steepened restitution curves and 

decreased the current required to initiate VF, demonstrating a causal link 

between APD restitution and VF threshold (VFT). In addition, heterogeneity of 

sympathetic innervations gives rise to heterogeneities in APD restitution (Ng et 

al., 2009), which could not be replicated by isoprenaline (Mantravadi et al., 2007). 

Associations of APD slope and heterogeneity with clinical ventricular arrhythmia 

and sudden cardiac death have also been demonstrated in patients (Nicolson et 

al., 2012). APD restitution can therefore be used a strong prognostic marker for 

arrhythmogenesis.   

Mechanisms underlying fibrillation have also been described using the term 

‘rotors’ which are functional re-entrant circuits (Pandit and Jalife, 2013). Rotor 

sites have been proposed as targets for ablation to eliminate fibrillation (Schricker 

et al., 2014).   

It is clear that the mechanisms that underlie arrhythmia are not fully understood. 

It is known however that sympathetic stimulation enhances all of the described 

mechanisms of arrhythmia (Ng, 2016b). In order for clinical treatments to 

progress, further exploration into the initiation and maintenance of arrhythmia is 

required.  

 Clinical implications 

ANS dysfunction is a key factor in the progression of most cardiovascular 

diseases and cardiac electrophysiological abnormalities and it can occur 

intrinsically, extrinsically or in the higher centres (Ripplinger et al., 2016). In 

diseased hearts, autonomic imbalance can occur due to adverse remodelling and 

changes in cardiac innervation density, leading to lethal arrhythmias (Fukuda et 

al., 2015, Ripplinger et al., 2016). Imbalance in autonomic tone has been related 
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to ECG waveform abnormalities and prolonged T interval syndromes (Yanowitz 

et al., 1966, Ueda et al., 1964) 

Due to decreases in APD, refractory periods and increases in automaticity, 

sympathetic nerves are central to the development of arrhythmias (Schwartz and 

Stone, 1982b, Malliani et al., 1980, Han and Moe, 1964). In HF, changes in 

sympathetic nerves have been reported including functional changes, axon 

growth and denervation (Fukuda et al., 2015). An increase in sympathetic efferent 

activity is observed and is thought to be due to abnormalities in baroreceptor 

signals (La Rovere et al., 1998). Dysregulation of sympathetic nerve activity in 

this manner can trigger arrhythmias in HF patients. Activation of the sympathetic 

nerves has also been shown to induce DAD’s in anaesthetised cats, suggesting 

triggered activity as a possible mechanism (Priori et al., 1988).  

Left cardiac sympathetic nerves have been shown to be arrhythmogenic and left 

cardiac nerve denervation (LCSD) has been demonstrated as anti-

arrhythmogenic (Schwartz et al., 2004, Schwartz, 1984). Stimulation of the left 

sympathetic nerves has been shown to prolong Q-T intervals (Yanowitz et al., 

1966), induce T wave alternans (Schwartz and Malliani, 1975) and trigger lethal 

arrhythmias (Armour et al., 1972, Hageman et al., 1973). Left sympathetic 

stimulation has also been found to elicit significantly greater EAD amplitudes that 

reach threshold to cause VT more often than right sympathetic stimulation, 

attributed to a greater release of noradrenaline in the left ventricle upon left 

stimulation  (Ben-David and Zipes, 1988).  

In Long QT syndrome (LQTS), ablation or cooling of the left stellate ganglion in 

anesthetized and vagotomized dogs increased VFT, whereas with the right 

stellate ganglion VFT was lowered (Schwartz et al., 1976a). This was observed 

in the absence of electrical nerve stimulation and thus was a result of resting 

sympathetic activity. Patients with LQTS had a lower right sympathetic activity 

and augmented left sympathetic activity and therefore were more at risk of 

developing VF during sympathetic stimulation (Schwartz et al., 1976a). This 

further confirms the differential effects of left and right sympathetic nerves on 

cardiac excitability and increases the rational for treatment involving LCSD in 
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LQTS patients.  Blockade of the left stellate ganglion in coronary arterial occlusion 

in anaesthetised dogs also displayed decreased occurrence of arrhythmias 

(Schwartz et al., 1976b) independent of changes in heart rate or vagal activity. 

Right stellate ganglion blockade increased the number of ectopic beats and 

episodes of ventricular tachycardia and fibrillation. This suggests left sympathetic 

stimulation is predominantly effective at increasing cardiac excitability. However, 

it is still unclear how LCSD is producing anti-arrhythmic results. Automaticity has 

been suggested as a likely mechanism rather than re-entry (Janse et al., 1985), 

however detailed investigations into the left sympathetic innervations and their 

role in arrhythmia generation are still very much needed.  

 Neural remodelling 

Remodelling can occur as a result of nerve injury due to local hypoxia or 

ischemia. It involves nerve sprouting or electrophysiological changes of the nerve 

membrane and flow of neurotransmitter precursors. Remodelling causes hypo or 

hyperinnervation, greater neurotransmitter release, target cell super-sensitivity or 

depression of cardiac parasympathetic activity. Hyperinnervation involves 

increases in nerve density and commonly occurs in conditions such as MI, heart 

failure and hypercholesterolemia (Cao et al., 2000b, Li et al., 2004, Liu et al., 

2003). Nerve sprouting has been associated with increased nerve growth factor 

(NGF) and addition of an NGF function-blocking antibody was reported to prevent 

nerve sprouting post-MI (Hasan et al., 2006). Sympathetic hyperinnervation is 

associated with ventricular arrhythmias and this has been evidenced in both 

animal models and in humans (Cao et al., 2000a, Cao et al., 2000b). Sympathetic 

hypoinnervation or denervation involves axon degeneration triggered by proNGF 

(Nykjaer et al., 2004) and is also associated with ventricular arrhythmia (Boogers 

et al., 2010, Fallavollita et al., 2014). It occurs in MI, diabetic neuropathy and 

heart failure (Gardner and Habecker, 2013, Gardner et al., 2015, Jacobson et al., 

2010, Kimura et al., 2010). 

As a result of denervation, β-AR can become upregulated or develop increased 

responsiveness to catecholamines (Vatner et al., 1985). This leads to localised 

supersensitivity and triggered activity, hence the arrhythmogenic nature of this 
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condition. Supersenstivity of β-AR has been displayed in GRK2 KO mice and 

thus GRK2 loss may be responsible (Raake et al., 2012). Nuclear imaging studies 

have reported that the degree of neural remodelling can predict risk of ventricular 

arrhythmia (Boogers et al., 2010), predicting cardiac arrest independent of infarct 

size and ejection fraction (Fallavollita et al., 2014, Ripplinger et al., 2016). 

 Clinical interventions 

As autonomic tone plays a significant role in the development of lethal 

arrhythmias, therapies involving modulation of the autonomic nervous system 

have been explored. Reducing sympathetic input and increasing 

parasympathetic tone provides an effective treatment for ventricular arrhythmias 

through therapies such as sympathetic denervation, renal denervation, vagal 

stimulation and baroreceptor stimulation (Ripplinger et al., 2016).  

 Sympathectomy 

Thoracic sympathectomy is an anti-arrhythmic therapy that involves removing 

one or both of the stellate ganglia (Shen and Zipes, 2014). Although this therapy 

has proven to be anti-arrhythmic, there are still problems associated with the 

removal of normal sympathetic control of the heart (Schwartz, 2010). A more 

targeted approach would be ideal and is becoming increasingly more feasible as 

knowledge of the selective function of the sympathetic outflow via each spinal 

segment progresses. Attempts to limit the extent and side effects of surgical 

intervention are being investigated in humans (Raskin et al., 2016).  

In anaesthetized dogs, using a surgically targeted approach showed the 

possibility to remove inputs to the paravertebral chain and parts of the stellate 

without causing significant impairment of non-cardiac viscera supplied by the 

upper thoracic sympathetic nerves (Buckley et al., 2016, Wu et al., 2016). This 

more targeted approach is known as left cardiac sympathetic denervation 

(LCSD).  

LCSD involves an incision at the base of the neck and surgical excision of the left 

stellate ganglion, together with the thoracic ganglia (T2 to T4) (Coleman et al., 
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2012). It was first performed in a patient by Jonnesco in 1916 and successfully 

eliminated angina and ventricular arrhythmias (Jonnesco, 1921). It has since 

been used to effectively treat various conditions associated with lethal 

arrhythmias. With LCSD, the upper half of the stellate ganglion is preserved to 

prevent incidence of Horner’s syndrome (loss of sympathetic nerve supply to the 

eye). The resulting reduction in catecholamine release gives antiarrhythmic 

effects (Schwartz, 2014) without causing post-denervation supersensitivity 

(Schwartz and Stone, 1982a). Importantly, LCSD is a preganglionic excision and 

therefore re-innervation does not arise (Wilde et al., 2008). Furthermore, 

myocardium contractility is not impaired after LCSD due to compensation by the 

right sympathetics (Schwartz and Stone, 1979). LCSD has been demonstrated 

to prolong ventricular refractoriness (Schwartz et al., 1977) and increase VFT 

(Schwartz et al., 1976a) without disruption to cardiac contractility (Schwartz and 

Stone, 1979). The antiarrhythmic effects of LCSD have been observed in patients 

and canines following MI, LQTS patients (Schwartz et al., 2004), 

catecholaminergic polymorphic ventricular tachycardia (CPVT) patients (Wilde et 

al., 2008), non-long-QT syndrome arrhythmogenic channelopathies and 

cardiomyopathies (Coleman et al., 2012) and patients with drug refractory 

ventricular arrhythmias (Bourke et al., 2010) .  

The use of LCSD has been proposed for CPVT patients with drug refractory 

ventricular arrhythmias. CPVT arises through mutations of RYR2 (Laitinen et al., 

2001, Priori et al., 2001) and calsequestrin (CASQ2) (Lahat et al., 2001) genes, 

resulting in intracellular Ca2+ overload and ventricular arrhythmias triggered by 

adrenergic stimulation (Priori et al., 2002). Current treatment involves use of 

ICD’s which often deliver multiple shocks or beta blockers which do not provide 

full protection and can have off target effects. The use of LCSD together with 

ICD’s and beta blockers has been suggested as most beneficial solution for 

minimising the arrhythmias (Wilde et al., 2008).  

LQTS is a prolongation of the QT interval due to abnormalities in K+ or Na+ 

channels. Adrenergic stimulation in these patients can lead to life threatening 

arrhythmias. LCSD has been proposed as effective treatment for LQTS for those 
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who are refractory to beta blockers alone. A significant reduction in the incidence 

of aborted cardiac arrest and syncope was reported in high-risk LQTS patients 

who had undergone LCSD (Schwartz et al., 2004). However, several studies 

have indicated that although LCSD is effective at reducing occurrence of cardiac 

events, it did not eliminate them completely during long term follow up (Schwartz 

et al., 2004).  

Heightened sympathetic activity, for example during exercise or stress, is often 

the trigger of the cardiac events experienced in these conditions. This was 

investigated further in dogs during exercise (Schwartz and Stone, 1979). 

Removal of the right stellate ganglion increased the occurrence of arrhythmia 

during exercise with 86% of dogs experiencing arrhythmia. Furthermore, cardiac 

performance was reduced after the right stellate ganglion was removed but 

increased after left stellate ganglion removal. Similar results were reported in 

patients affected by Raynaud's syndrome who were treated with unilateral 

stellectomy (Austoni et al., 1979).  

In contrast, Vaseghi et al (2014) suggested that bilateral cardiac sympathetic 

denervation (CSD), which involves denervation of both the left and right 

sympthetics, is more beneficial than LCSD in patients with ventricular tachycardia 

(VT) storm. They found that patients that had undergone bilateral CSD had 

beneficial effects that lasted beyond the acute hospitalisation period and survival 

free of ICD shocks was more likely. They suggested that this was due to 

significant ventricular innervation from the right sympathetic nerve still remaining 

with LCSD alone. However, bilateral CSD patients experienced side effects such 

as extreme sweating in the lower extremities, Horner’s syndrome and significant 

skin sensitivities on parts of their chest, back, shoulders and/or arms e.g. 

numbness, neuropathic pain, tingling (Vaseghi et al., 2014, Ajijola et al., 2012). 

In addition, due to nature of the study the patients were not randomised. They 

also showed that both LCSD and bilateral CSD were equally successful at 

significantly reducing ICD shocks. Other studies have shown that bilateral 

stellectomy resulted in fatigue during exercise (Hodes, 1939) and impairment in 
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control of heart rate (Brouha et al., 1936, Samaan, 1935, Schwartz and Stone, 

1979). 

Denervation supersensitivity to noradrenaline has also been reported in studies 

using complete bilateral denervation (Cooper, 1965) and those using extensive 

unilateral stimulation (Priola, 1969). Denervation supersensitivity is an increase 

in sensitivity to chemical mediators post denervation. One of the reasons for this 

is increases in the number of receptors (Schwartz and Stone, 1982a). 

Supersensitivity results in the onset of arrhythmias in both animals (Fleming, 

1962, Westfall and Fleming, 1968) and humans (Lown et al., 1961). Priola et al 

(1969) showed that unilateral denervation in the canine heart elicited 

supersensitivity however the technique used eliminated all autonomic fibres (both 

sympathetic and parasympathetic divisions). LCSD on the other hand provides 

only partial denervation. Moreover, LCSD does not result in depletion of 

catecholamine stores; a likely cause of denervation supersensitivity (Donald, 

1974, Goodall and Kirshner, 1956, Hertting and Schiefthaler, 1964, Hikosaka, 

1966). Left denervation also causes less noradrenaline depletion than right 

denervation, however studies have shown supersensitivity can occur in the 

absence of catecholamine depletion (Priola, 1969, Kirpekar et al., 1962, 

Trendelenburg and Weiner, 1962). In 1982, Schwartz et al investigated 

supersensitivity to noradrenaline in the dog heart after LCSD and reported 

denervation supersensitivity is not induced and there was a significant decrease 

in the arrhythmias generated by noradrenaline injection. Thus, LCSD is still an 

important potential treatment worth exploring for patients at high risk of life-

threatening arrhythmias.   

Lidocaine has been used clinically to pharmacologically block the left stellate 

ganglion in order to deduce the potential effectiveness of LCSD in the patient. 

Successful results are confirmed by the presence of Horners syndrome. 

However, this indicates that lidocaine has reached the upper regions but one 

cannot not assume from this that it has reached the lower regions and it therefore 

does not accurately reflect LCSD (Schwartz, 2010). Schwartz (2010) suggested 

that LCSD should be considered before ICD placement in patients on beta 
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blockers with breakthrough syncope. It has also been suggested to conduct both 

ICD placement and LCSD to prevent sudden death and the likelihood of electrical 

storms and multiple shocks (Schwartz, 2010).    

LCSD has however been associated with side effects due to the removal of 

sympathetic supply to the forelimbs and head causing palmer and facial 

anhidrosis, loss of vasomotion, and poorer visual and salivary control. Other less 

frequent side effects include paresthesia and bursts of pain in the left arm or 

shoulder (Schwartz, 1984). These however usually reduce after a few days.  

 Spinal cord stimulation 

Spinal cord stimulation involves a non-focused stimulation of the dorsal spinal 

cord which has been found to suppress atrial fibrillation (Wang et al., 2016), 

reduce symptoms of angina pectoris (Foreman et al., 2000), reduce ventricular 

arrhythmias (Grimaldi et al., 2012), remove cardiac pain (Hautvast et al., 1998) 

and partially restore ventricular function in HF (Tse et al., 2015). One electrode 

is placed in the midline and the other laterally on the left side of the spinal cord 

and high frequency electrical pulses stimulate T1-T4 of the spinal cord. Smith et 

al (2016), suggested that spinal cord stimulation causes remodelling of the 

membrane and synaptic properties of autonomic neurons.  After several weeks 

of dorsal spinal cord stimulation, cardiac parasympathetic activity was 

augmented (Olgin et al., 2002, Smith et al., 2016).  Spinal cord stimulation  has 

been found to increase central vagal tone and decrease sympathetic tone 

(Ripplinger et al., 2016). It has been suggested to reduce sympathetic drive 

induced by pacing, suppress activity of intrinsic sympathetic afferents and 

suppress atrial fibrillation (AF) inducibility (Mannheimer et al., 1993, Lopshire et 

al., 2009). Spinal cord stimulation has possible application in protection against 

ischemic ventricular arrhythmias (Ripplinger et al., 2016), but again further 

investigations are required.  

It is suggested that inhibition of sympathetic remodelling is a likely explanation 

for the effects of dorsal spinal cord stimulation (Ajijola et al., 2013, Smith et al., 

2016, Wang et al., 2016). Another explanation is modification of the changes 

caused by remodelling as observed in rabbits where dorsal spinal stimulation 
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reduced the size of infarcts by increasing catecholamine and galanin release 

(Southerland et al., 2007). There is still much that is unexplained and it is unclear 

why such a high stimulation frequency (50hz) is required.  

 Thoracic epidural anaesthesia 

Thoracic epidural anaesthesia (TEA) is antiarrhythmic and has been beneficial in 

the management of electrical storm in patients with ischemic cardiomyopathy 

(Mahajan et al., 2005). It has been suggested to reduce both afferent and efferent 

sympathetic nerve impulses to the heart (Bourke et al., 2010) and lengthen 

repolarisation and refractory periods (Meissner et al., 2001). However, LCSD was 

found to be a more effective treatment than TEA with longer lasting effects 

(Bourke et al., 2010). 

 Other methods 

Carotid baroreceptor stimulation has also been suggested as a method to 

modulate sympathetic imbalance (Ripplinger et al., 2016). Low-level carotid 

baroreceptor stimulation inhibited ganglionic plexus activity and thus suppressed 

AF inducibility (Liao et al., 2015). This is in contrast to high-level carotid 

baroreceptor stimulation which reportedly increased AF inducibility (Linz et al., 

2013b).   

Another suggested method is renal denervation, which resulted in a reduction in 

heart rate, reduction in AV conduction velocity and shortening of AF episodes in 

pigs (Linz et al., 2013a), and resulted in a 37% reduction in firing of single 

sympathetic nerves (Hering et al., 2013).  

 

Inhibition or suppression of sympathetic activity to treat ventricular arrhythmias 

appears to be producing promising results and hence warrants further 

investigations into differential left and right sympathetic innervations and effects 

on cardiac electrophysiology and arrhythmia. Clearly, more information into the 

regionally and functionally discrete innervations of sympathetic neurones is 

essential for establishing a more targeted clinical intervention. This is a clinically 
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significant question as currently left or bilateral stellectomy is being utilized for 

treatment of ventricular arrhythmia (Schwartz et al., 2004, Wilde et al., 2008, 

Bourke et al., 2010, Vaseghi et al., 2012b).  

 

 Summary 

More knowledge of the anatomy and physiology of cardiac nerves is required in 

order for this to be translated into clinical interventions and the advancement of 

surgical therapies. Many of the previous studies on differential right and left 

sympathetic control were conducted in open chested dogs and cats in which it is 

difficult to assess physiological significance due to the unphysiological state (Van 

Stee, 1978). The novel adaptation of the innervated rabbit preparation used by 

Winter et al (2012) is therefore an ideal model to explore this further. It is 

necessary to establish the regional and functional selectivity of the sympathetic 

preganglionic neurones to improve the understanding of spinal sympathetic 

control of the heart. Furthermore, the mechanisms underlying the greater 

proarrhythmic effects of left sympathetic neurons are still unknown despite their 

major contribution to the ventricular arrhythmias leading to SCD. In conclusion, 

there are still necessary further insights to explore including improved 

understandings of the innervation pathways of the sympathetic nerves and how 

this can be exploited in order to develop arrhythmia prevention therapies. 
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2 Aims 

Sympathetic activity has a significant influence over the development and 

maintenance of arrhythmias and is often upregulated in cardiac disease. It 

therefore poses as a target for treatment, however a better understanding of the 

regional and functional selectivity of the sympathetic nerves is required for clinical 

treatments to advance. Functional selectivity exists between the right and left 

sympathetic neurones, with left sympathetics proposed to be proarryhtmic. 

Detailed investigations of the differential right-left sympathetic innervations and 

effects on ventricular electrophysiology are lacking.  

This study aims to investigate the differential effects of the right and left 

sympathetic chains using a novel adaptation of the innervated isolated rabbit 

heart preparation. Specifically, effects on ventricular electrophysiology will be 

examined by measuring effects on ventriculo-atrial conduction, effective 

refractory period, electrical restitution and ventricular fibrillation threshold. 

Secondly, studies have shown a regional and functional selectivity of cardiac 

postganglionic neurones indicating there might exist a similar heterogeneity in the 

spinal segmental preganglionic neurones. This physiologically and clinically 

important characteristic has not yet been shown and the present study aims to 

investigate this by stimulating the sympathetic chains at several spinal segmental 

levels between T1-T6, and measuring effects on functional parameters and 

ventricular electrophysiology.   

Finally, by optically mapping action potentials over multiple sites, this study will 

also investigate the regional differences in ventricular electrophysiology during 

sympathetic stimulation and sequential removal of the sympathetic chains, in 

order to gage an understanding of their selective innervations and the 

mechanisms underlying the anti-arrhythmic effects of stellectomy.  
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3 Methods 

 Animal model  

New Zealand White rabbits (male, 2.0-3.2Kg) were used for these experiments 

as rabbits have cardiac action potentials that are physiologically similar to 

humans and have similar electrophysiological properties. Expression of cardiac 

ion channels various between species and effects the ventricular action potential 

morphology. For example, rats and mice present a triangular action potential 

morphology, lacking a defined plateau phase, due to greater expression of ITO 

and thus a rapid repolarisation and a significantly shorter APD (Varro et al., 1993). 

The Ca2+ cycling in rats is also different in that Ca2+ removal is predominantly by 

SERCA as appose to NCX (Hasenfuss, 1998). Larger animals including guinea 

pigs, rabbits and dogs have a dome like shaped action potential and are therefore 

more representative of a human action potential. Rabbit action potentials have a 

prominent phase 1 and ITO expression, unlike guinea pigs. Rabbit myocytes have 

also been found to express inward rectifier currents and delayed rectifier currents 

(Varro et al., 1993). Hence, the rabbit model is ideal for investigating cardiac 

electrophysiology in this study.  

All procedures conformed to the ethical guidelines in the Animal Scientific 

Procedure Act 1986 (ASPA), in accordance with Guide for the Care and Use of 

Laboratory Animals published by the US National Institute of Health (NIH 

Publication No. 85-23, revised 1985), and followed the criteria of the EU 

legislation on the protection of animals used for scientific purposes (Directive 

2010/63/EU, 2010).  

 The dual innervated isolated heart preparation 

The Langendorff heart preparation involves perfusion via the aorta which closes 

the aortic valve and allows the perfusate to enter the coronary vasculature to 

maintain cardiac function. It was first pioneered in 1895 (Langendorff, 1895) and 

has since been used in numerous whole heart studies in various species (Bell et 

al., 2011). Ng et al in 2001, developed a novel adaptation of the Langendorff 

preparation; the dual innervated isolated rabbit heart preparation with intact 
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autonomic innervation. This allows for direct nerve stimulation which is important 

because experimental use of catecholamines to mimic nerve activity is limited as 

the heterogeneous distribution of activity from nerve stimulation cannot be 

adequately represented. This preparation also overcomes the limitations of in 

vivo studies as it is not confounded by the influences of haemodynamic reflexes 

and circulating catecholamines and hence was used in this study.    

Rabbits were sedated with Sedator (Medetomidine Hydrochloride, 0.2 ml/kg, 

Dechra, UK), Ketaset (Ketamine, 0.15ml/kg, Fort Dodge, UK), and Torbugesic 

(Butorphanol, 0.01ml/kg, Fort Dodge, UK) via subcutaneous injection, with 

anesthesia maintained using intravenous, bolus injections of Propofol (10mg/ml, 

Zoetis, London, UK). The rabbits were deeply sedated after 5-10 minutes, which 

was confirmed by lack of the pedal and corneal reflex, and were placed onto the 

surgery table. The ear vein was cannulated with an IF-butterfly infusion needle 

from which the propofol was administered. The rabbit’s limbs were then 

restrained and its hair clipped from the anterior torso.  

After intravenous administration of 1ml Heparin (1000 IU, Wockhardt UK Ltd, UK) 

via the ear vein to prevent coagulation and thromboembolism, a midline cervical 

incision was made from the thoracic region to the sternum. Layers of fat and the 

superficial muscle were then dissected until the trachea was located. After further 

blunt dissection, the trachea was isolated and intubated with a 5mm diameter 

plastic tube, and then secured with silk sutures (size 0-0, Harvard apparatus, UK) 

to enable ventilation. The rate of ventilation, maintained via a small animal 

ventilator (Harvard Apparatus Ltd, Edenbridge, Kent, UK; O2 –air mixture), was 

50-60 breaths/min on a volume controlled mode delivering about 15 cc of 

air/cycle. The carotid arteries were then located on both sides and surrounding 

tissues dissected before they were tied off with silk sutures. 

Lateral incisions were made at the level of the lower intercostal spaces to expose 

the ribcage. In order to expose the subclavian vessels, the pectoral muscles were 

subsequently dissected. Once exposed, each of the subclavian vessels were tied 

off individually with silk sutures and cut. The jugular vein was also identified and 

ligated as were the sternocleidomastoid muscles, taking care not to damage the 
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vagus nerves lying beneath. The intercostal vascular bundle located below the 

trapezius muscle, although only containing one small artery and several smaller 

vessels, was also ligated to prevent decreases in perfusion pressure. Animals 

were then heparinized (1000 IU, Wockhardt UK Ltd, UK) and euthanized with an 

overdose of Pentoject (Pentobarbitone sodium, 111 ml/kg, Animalcare Ltd, UK) 

via the ear vein. Death was confirmed by the absence of respiration and 

termination of circulation. Ventilation was switched off and incisions were made 

to open up the thoracic cavity. The anterior portion of the ribcage was removed, 

the pericardium was cut and the mammary arteries were tied off with silk sutures. 

To keep the heart at a low temperature and therefore reduce metabolic rate, ice-

cold Tyrode solution was applied to the heart. The lower thoracic portion of the 

descending aorta was located, connective tissues removed and then it was 

cannulated with a 5mm plastic tube. The pulmonary artery was cut and the heart 

was then flushed with ice-cold Tyrode solution via the cannula in the aorta. 

Following this, the vertebral column was dissected at the 12th thoracic vertebra 

and 1st cervical vertebra and surrounding tissues were dissected to separate the 

preparation. Dissection at this level ensures there is no brain stem activity and 

removes the influence of afferent inputs and central modulation of the autonomic 

nervous system. The preparation was then mounted on to a platform on the 

perfusion rig and perfused with warm Tyrode solution.  

 Langendorff perfusion 

The heart was perfused with Tyrode solution (37oC, pH of 7.4 maintained by 

bubbling with 95% O2/5% CO2) via the descending aorta, consisting of Na+ 138.0, 

K+ 4.0, Ca2+ 1.8, Mg2+ 1.0, HCO3
- 24, H2PO4

- 0.4, Cl- 124, Glucose 11 (mM) at a 

flow rate of 100ml/min via a Gilson minipulse 3 peristaltic pump (Anachem, Luton, 

UK). This allowed for retrograde perfusion, forcing the aortic valve shut and 

Tyrode solution into the coronary arteries. The temperature of the Tyrode solution 

was maintained by water baths and, once in the perfusion system, heat loss was 

prevented by supplying heated water to water-jackets in the glassware. The 

perfusion system was primed with Tyrode solution before the preparation was 

mounted and it was important to ensure there were no air bubbles in system to 
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prevent embolism. The lungs and hilar vessels were tied off to prevent entry of 

air into the heart. The Thebesian venous effluent was drained from the left 

ventricle using a 1-2mm wide catheter. 

 Haemodynamics 

Certain functional parameters of the heart were assessed in order to monitor the 

condition and stability of the heart. Two pressure transducers (MLT0380/D 

ADInstruments Ltd, Charlgrove, UK) were removed of all air bubbles and 

calibrated using a sphygmomanometer at the start of each experiment. One 

transducer was connected in series to the aortic cannula used to measure the 

perfusion pressure (PP) and the other was attached to a fluid filled latex balloon 

inserted through the left atrium into the ventricle to measure the left ventricular 

pressure (LVP). When inserting the balloon, the perfusion flow rate was reduced 

to 50% and the preparation was cooled with cold Tyrode solution in order to 

reduce heart rate and contraction and thus limit damage and entrance of air 

bubbles. The balloon was inflated with distilled water to reach an end diastolic 

pressure of 0-5mmHg. Heart rate was calculated using cyclic measurements from 

the LVP. Hook electrodes are attached to the right atria in order the measure the 

atrial electrogram. This enabled measurement of the retrograde ventriculo-atrial 

conduction by measuring the delay from the right ventricular pacing spike the 

atrial electrogram. The final set up is displayed in fig 3.1.  
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 Cardiac electrophysiology and pacing 

 Ventricular pacing 

A pacing catheter (ADinstruments Ltd, Chalgrove, UK) was inserted into the right 

ventricle (fig 3.1) which delivers a current to the heart at double the current of the 

diastolic pacing threshold (to ensure capture of ventricles) using a constant 

current stimulator. The pacing protocols used included constant pacing where the 

heart is paced at a steady state at a cycle length (CL) of 240 ms (250bpm). This 

CL was chosen as it is above the range of the rabbits average heart rate (120-

150bpm at rest) to ensure stable pacing. Action potential restitution and 

ventricular fibrillation pacing protocols were used as they serve as an important 

predictor of arrhythmogenesis.  

 

Figure 3.1. The dual innervated isolated rabbit heart preparation. Diagrammatic 
representation of the dual innervated isolated rabbit heart preparation. Tyrode solution 
is perfused via the cannula at 100ml/min. The pacing electrode is inserted into the right 
ventricle and allows pacing of the heart via a current stimulator (RAEG). The LVP balloon 
is inserted into the left ventricle and gives a measure of the left ventricular pressure and 
also a calculation of heart rate. The MAP electrodes allow recordings of monophasic 
action potentials from the left ventricular epicardial surface at basal and apical sites (LA, 
left atrium; LV, left ventricle; RA, right atrium; PP, aortic perfusion pressure. Adapted 
from Ng et al, 2001)  
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 Monophasic action potentials 

Monophasic action potentials (MAP) are representative of the repolarization time 

course of transmembrane action potentials (Franz, 1999). They were recorded 

extracellularly from the left ventricular epicardial surface of the heart at the base 

and apex, by pressing two MAP electrodes (Harvard Apparatus Ltd, Holliston, 

Massachusetts, US. Model number 73-0150) gently on the surface. The 

myocardium cells directly below the electrode become depolarized to -30 to -

20mV due to the pressure exerted. These cells are unexcitable due to inactivated 

Na+ channels, whereas the surrounding cells activate as normal. This gives rise 

to a time-varying electrical gradient allowing current flow between the unexcitable 

and excitable cells (Franz, 1999) as shown in fig 3.2.  

Figure 3.2. Diagram illustrating the generation of MAP recordings by contact 
electrodes. (A) Electrical diastole (late). Cells beneath the electrode are depolarised (-
20mV) and unexcitable due to the pressure it exerts. Surrounding cells have a potential 
of-90mV and so current flows from these cells to the depolarised cells. This forms the 
base of the MAP recording. (B) Electrical systole (early). An action potential arrives 
carrying a potential of +30mV. There is a change in current flow and the MAP upstroke 
is recorded. (C) Electrical systole (mid). There is a gradual repolarisation and the plateau 
phase is observed on the MAP recording. (D) Electrical diastole (end). Potentials 
become repolarised, returning to their pre-existing states and the cycle is complete. A 
completed MAP recording is observed (Franz, 1999).   
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The MAP signal does however differ from the intracellular action potential as it is 

not representative of the absolute voltage, has a slower phase 0 upstroke and 

represents an averaged signal from a group of cells over an area. Care must also 

be taken when placing the MAP electrodes because if the pressure is too great 

then this can cause ischemia in the cells directly beneath it. MAP signals do 

however accurately represent the onset of depolarisation and repolarisation 

phase (Hoffman et al., 1959) and have the advantage of being able to record from 

intact beating hearts.  

 Restitution protocol 

The restitution protocol used consisted of pacing at a CL of 240 ms for 25 S1 

drive train beats, followed by a single extra stimulus (S2). S2 had an initial CL of 

240 ms which was decreased in increments of 10 ms until an S2 CL of 200ms 

was reached, and then it was decreased in 5 ms increments until the effective 

refractory period (ERP) was reached (fig 3.3). The ERP is defined as the longest 

S1-S2 interval that fails to capture the S2 beat.  

These measurements allow construction of APD restitution curves allowing 

arrhythmia susceptibility to be measured from the slope of the curve. This was 

produced by plotting S2 MAPD90 vs. DI (DI = interval between the S1-and S2-

MAP signals minus S1-MAPD90). APD was identified from time of activation (Tact) 

to 90% of repolarization (MAPD90) using the programme NewMap (Francis 

Burton, Glasgow University, UK). Using Microcal Origin (v 6.0, Origin, San Diego, 

CA, US), the data were fitted to an exponential curve using the formula MAPD90 

= maximum MAPD90[1-e-DI/ԏ] where ԏ=time constant and the maximum slope of 

the curve (RTmaxslope) was acquired by measuring the first derivative.  
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 Ventricular fibrillation threshold protocol 

The heart is paced with 25 pulses at 240 ms cycle length followed by burst pacing 

with 30 pulses with 30ms cycle length. This is repeated and current is increased 

each time from 0.5 mA in 0.5 mA increments until VF is induced (fig 3.3). The 

minimum current that induces VF is measured as ventricular fibrillation threshold 

(VFT).  

Figure 3.3. Pacing protocols. (a) Constant pacing protocol. Involves pacing the 
heart at a steady state at a cycle length of 240 ms (b) Electrical restitution protocol. 
The heart is paced at 240 ms for 25 pulses (S1). Following this an extrastimulus is 
applied (S2). The S1-S2 interval initially has a 240 ms cycle length and then this is 
decreased in 10 ms increments until 200 ms is reached. From then S1-S2 interval is 
decreased in 5 ms intervals until ERP is reached. (c) Ventricular fibrillation threshold 
protocol. The heart is paced with 25 pulses at 240 ms cycle length followed by burst 
pacing with 30 pulses with 30ms cycle length. This is repeated and current is 
increased each time from 0.5 mA in 0.5 mA increments until VF is induced.  
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 Data recording and statistical analysis 

The Powerlab 16/30 system (AD Instruments Ltd, Chalgrove, UK) was used to 

record the signals, which were processed at 2 kHz.  Data analysis was performed 

using both Origin Lab software (v.2015; OriginLab, Northampton, MA, USA) and 

GraphPad Prism 6 software (v6.04, GraphPad, CA, USA). Data are Mean ± 

standard error of mean (SEM). Data were compared using one way ANOVA with 

a Bonferroni post-test and paired t-tests for left verses right sympathetic 

stimulation studies. Two way ANOVA with a Bonferroni post-test was used for 

comparing left and right sympathetic stimulation at different spinal segmental 

levels. Statistical significance was taken at 5% level (p<0.05).  

 

 Optical mapping technique 

Optical mapping allows us to study the action potentials across the surface of the 

heart with adequate spatial and temporal resolution. This will enable a greater 

understanding of regional changes in ventricular APD from sympathetic 

stimulation whereas the MAP electrodes record from only two discrete sites of 

the left ventricle at the base and apex.  

 Principles of optical mapping 

Commonly, microelectrode techniques are used to measure intracellular 

membrane potentials however these are limited as they are unable to record from 

multiple cells simultaneously or intact organs (Efimov et al., 2004). In 1968, the 

first optical recordings of membrane potential were obtained although there was 

a poor signal to noise ratio (Cohen et al., 1968). Many dyes were screened in 

order to improve signals (Cohen and Salzberg, 1978). Salama and Morad (1976) 

recorded optical action potentials from mammalian hearts. They used the dye 

Merocyanine 540, which bound to the cardiac membrane without causing 

detrimental changes and when excited at 540nm, allowed measurement of 

membrane potential. Optical mapping techniques have advanced with availability 
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of better dyes and scanning equipment, and are used to study the 

electrophysiological measurements of many tissues including the heart and 

neurones.  

The ideal optical mapping system should provide high spatial and temporal 

resolution, high signal to noise ratio and limited side effects such as 

photobleaching. The major components of a cardiac optical mapping system are; 

the heart stained with a voltage or calcium sensitive dye, the optics system which 

filters and focuses the light before the emitted fluorescent light is collected by 

photodetectors, and the photodetector which measures the emitted fluorescent 

light (Attin and Clusin, 2009).   

 Voltage sensitive dyes 

Voltage sensitive dyes bind to the cardiac cell membrane with high affinity and 

fluoresce light in direct proportion to transmembrane voltage (Arora et al., 2003). 

In this way the dyes are able to act as highly localised transducers, in which 

change in membrane potential is transformed into change in fluorescent signal 

intensity. The emission spectra represents the range of wavelengths of light 

emitted by voltage sensitive dyes or any given constant excitation light intensity 

and wavelength. Changes in the membrane potential result in changes in the 

emission spectra for the voltage sensitive dye molecule (fig 3.4).  
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As shown in fig 3.5, the filter allows only light above a specific wavelength to pass 

through. As the membrane potential changes, the amount of light that passes 

through the filter varies thus producing the optical action potential. It is important 

to note that only relative potential change is recorded not absolute voltage. It is 

possible that at low magnifications, a decrease in the rate of rise of the optical 

action potential upstroke may occur. This is due to multicellular spatial averaging 

of the transmembrane potential (Girouard et al., 1996). At higher magnifications, 

the rate of rise of the optical action potential is closer to that measured from a 

Figure 3.4. Voltage-dependent changes in emission spectra of a typical 
electrochromic dye. Changes in membrane-voltage correspond with changes in the 
emission spectrum of the dye molecule. Developed from Rosenbaum (2001). 
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single cell (Laurita and Singal, 2001). In this way the optical action potential is in 

fact an average potential from small group of neighbouring cells.  

 

In this set of experiments, the styryl dye Di-4-ANEPPS (fig 3.6) was used to study 

optical action potentials from the rabbit whole heart. Fig 3.7 illustrates the 

mechanism of Di-4-ANNEPS better known as the principle of electrochromism. 

After binding to the cardiac cell membrane, the dye molecule exhibits a charge 

shift from the ground state to the excited state as electrons shift from their stable 

valance band to higher energy bands in response to excitation light of a specific 

wavelength. Fluorescence occurs as the excited state returns to the ground state 

Figure 3.5. Major components of optical mapping apparatus. Selected wavelengths 
of light from the light source pass through the excitation filter. The dichroic mirror then 
reflects selected wavelengths onto the heart preparation. This excitation light that 
reaches the heart causes cell bound voltage sensitive dye molecules to fluoresce light 
in proportion to the membrane potential. The emitted light is of a longer wavelength and 
passes through the dichroic mirror, is filtered and then received by the detector 
(Rosenbaum, 2001).  
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and a photon is emitted. The photon is usually of a lower energy and longer 

wavelength than the excitation light (Rosenbaum, 2001) and its wavelength is 

determined by the change in molecular energy when changing from the excitation 

state to the ground state. The intensity of fluorescence is directly proportional to 

the transmembrane potential.  

Di-4-ANNEPS was chosen for this study as it holds many advantages over other 

voltage sensitive dyes; large changes in fractional fluorescence during the 

cardiac action potential (8-15%), low toxicity and photobleaching, 2-4 hours of 

stable signal before re-loading of the dye is required (Loew et al., 1992). 

 

Figure 3.6. Ultrastructural changes in the Di-4-ANEPPS molecule. Charge 
shift of Di-4-ANNEPS from the ground state to the excited state as electrons shift 
from their stable valance band to higher energy bands in response to excitation 
light of a specific wavelength. hν: light of excitation wavelength 
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 Optical mapping apparatus 

Optical signals come from no deeper than 500uM into the tissue due to poor 

penetration and exponential decay of the light inside the tissue (Knisley, 1995). 

The optical apparatus set up can be seen in fig 3.8. Its major components are the 

light source, excitation and emission filters, a dichroic mirror, a lens and a 

photodiode array (PDA) detector.  

The excitation light that excites the dye molecule comes from a light source of a 

specific wavelength such as tungsten-halogen lamps, mercury arc lamps and 

argon ion lasers (Arora et al., 2003). Tungsten-halogen lamps, a non-laser light 

source, are most commonly used with a power of 100-250W and the ability to 

emit a smooth, continuous spectrum with shorter wavelengths (Attin and Clusin, 

2009). They can operate at high temperatures and have a long life due to small 

amounts of halogen gas inside. The other advantages of using this light source 

Figure 3.7. Mechanism of Di-4-ANNEPS. Di-4-ANNEPS (shown in blue) binds 
to the cell membrane. When excited by the excitation wavelength of light, a 
fluorescent light is emitted with a longer wavelength and is collected by the 
detector which converts it into an electrical signal. The intensity of the florescent 
light emitted is proportional to the membrane potential. Modified from 
(Rosenbaum 2001). 
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are its low noise characteristics and its spectrum within the visible range that 

allows for flexibility when choosing the excitation wavelength. Laser light (which 

is monochromatic) can also be used for optical mapping however it is high cost, 

has a short lifetime, and high power consumption (Parker, 2003).  

Light-emitting diodes (LEDs) as used in these experiments, are appealing 

alternatives to the light sources mentioned above as they provide fewer imaging 

artefacts and a low power consumption (Moe et al., 2005). They also offer a wide 

range of wavelengths with narrow spectral output, thus reducing the need for 

optical filtering which can distort signals.  It is important to note that continuous 

illumination can lead to photobleaching so it is necessary to keep the preparation 

in the dark and use only the amount of light required to produce a good image 

(Lichtman and Conchello, 2005).  

The excitation light from the LED light source is collimated and can be focused 

with an excitation filter (535±12.5nm). The dichroic mirror, positioned at a 45-

degree angle, reflects the shorter wavelength excitation light by 90 degrees onto 

the rabbit heart preparation. The emitted fluorescent light from the preparation 

has a longer wavelength and passes through the dichroic mirror and through the 

long-pass emission filter (630nm) to the detector. The optics filters only allow 

through selected wavelengths of light. They remove background light and reduce 

the likelihood of photobleaching (Lichtman and Conchello, 2005). Excitation filters 

only transmit wavelengths of light that excite the dye, whilst emission filters 

transmit the emitted light and block the excitation light (Yuste & Konnerth, 2005). 

PDA detectors and charged coupled device (CCD) cameras are the most 

common types of photodetectors used for optical mapping. They comprise of a 

two dimensional arrays of silicon elements with the ability to transfer light photon 

energy into electrical charge (Fast, 2005). The light collection onto the PDA 

detector (Hamamatsu, Cairn Research Ltd, Faversham, UK) is optimised by the 

lens of x1 magnification to ensure maximal collection and focus of emitted light. 

Both photographic lenses and microscopic lenses can be used for low 

magnification studies and high magnification studies (for specimens <4mm2) 



55 

 

respectively.  By improving the light collection, the signal fidelity is improved 

without having to increase the light intensity (Laurita and Singal, 2001).  

The PDA comprises of a 16x16 grid of diodes (256 individual diodes) spanning a 

total area of just under 9cm2, with each individual diode covering 0.95x0.95mm2 

of the left ventricle. The pitch, which is a measure of the distance between the 

centre points of two adjacent diodes, was 1.1mm. The role of the PDA is to act 

as a semiconductor junction and convert the light intensity into electrical signal 

so the current can be transmitted to a current-to-voltage convertor where it is 

amplified and digitized and sent to the data acquisition computer. The photons 

reach the detector and electron-holes are generated, known as the photoelectric 

effect. The photons are converted to charge, the charge is converted to current 

flow and then voltage via a pre-amplifier using a feedback resister.   

The benefit of using a PDA detector is that it allows for rapid rates of digital 

sampling of action potentials. The CCD camera has high spatial resolution with 

106 or more pixels (Rosenbaum, 2001), however it has slow frame rates. PDA 

detectors have better temporal resolution and rates of data acquisition.  
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 Motion artefacts 

The myocardial contraction of the heart causes motion artefacts resulting in 

distortion of the voltage dependent signals; a major limiting factor in optical 

mapping studies. This results in noisy and poor quality recordings of optical action 

Figure 3.8. Image of the optical mapping apparatus. (A) Light source. (B) Excitation 
dichroic. (C) Object lens. (D) Isolated innervation rabbit heart preparation. (E) 
Emission dichroic. (F) Focus lens for detector. (G) Detector. (H) Camera. (I) Controls 
for fine movement of recording chamber with different axis of movement.  
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potential due to a low signal-to- noise ratio. Several methods have been used in 

order to limit this.  

One method to prevent motion artefacts is the use of mechanical uncouplers. 

Blebbistatin is a mechanical uncoupler widely used more recently in cardiac 

electrophysiological studies. It is a small molecule inhibitor with a high affinity and 

selectivity for myosin II (Bond et al., 2013). It is highly suited to in vivo studies 

due to its rapid cell permeability as well as its ability to be reversed (Straight et 

al., 2003). Blebbistatin inhibits myosin by binding to the myosin-ADP-Pi complex 

and interfering with phosphate release. It does so in the actin-detached state 

preventing rigid actomyosin cross-linking (Kovacs et al., 2004, Allingham et al., 

2005). Blebbistatin is limited by its low solubility in aqueous solutions and light 

sensitivity, as it can be photoinactivated by high levels of blue light (Kolega, 

2004). However, its effectiveness has been evidenced in multiple animal models 

(Farman et al., 2008, Dou et al., 2007, Fedorov et al., 2007, Jou et al., 2010) 

which supports its use as an ideal candidate for excitation contraction coupling in 

optical mapping studies.  

2,3-Butanedione monoxime (BDM) is also a noncompetitive myosin II inhibitor 

and acts in the same way as Blebbistatin (Herrmann et al., 1992, McKillop et al., 

1994). However BDM has a low affinity for myosin II (Sellin and McArdle, 1994) 

and there are conflicts over its specificity and significant effects on cardiac 

electrophysiology have been reported (Blanchard et al., 1990, Liu et al., 1993, 

Maesako et al., 2000, Kettlewell et al., 2004). Cytochalasin D (cyto-D) is also 

frequently used in optical mapping studies. It causes failure to contract by 

depolymerisation of F-actin in cytoskeleton (Wu et al., 1998, Rueckschloss and 

Isenberg, 2001) with a subsequent reduction of Ca2+ currents (Rueckschloss & 

Isenberg, 2001). Various electrophysiological effects have been reported in 

different species. In the canine left ventricle wedge ventricle, Cyto-D did not 

change repolarization time or transmural propagation (Wu et al., 1998). Electrical 

restitution curves were significantly flattened by both BDM and Cyto-D (Kettlewell 

et al., 2004) in rabbit ventricular myocytes, although effects on APD were 

minimal. Action potential prolongation was however reported by Hayashi et al 
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(2003) in rabbits and Jalife et al (1998) in mice.  Other studies have reported an 

inability to induce sustained ventricular arrhythmias with Cyto-D in rabbit (Banville 

and Gray, 2002, Cheng et al., 2004), pig (Qin et al., 2003) and mice hearts (Baker 

et al., 2004). It is postulated that electrophysiological effects of Cyto-D are as a 

result of it slowing the rate of inactivation of voltage-dependent Na+ channels 

(Undrovinas et al., 1995).  

Physical restraints such as containing the preparation in a glass chamber for 

mechanical stabilization and restriction of movement is another method used to 

limit motion artefacts (Salama et al., 1987, Brack et al., 2013). However, too much 

restraint can be detrimental to the preservation of the hearts physiological 

conditions as it can cause pressure induced cardiac ischaemia (Girouard et al., 

1996). Another technique is motion subtraction which involves mathematical 

corrections and image post-processing methods; for example correcting 

abnormalities in the action potential shapes (Rohde et al., 2005). The image 

registration method has been shown to significantly reduce motion-related 

artefacts and is executed post acquisition (Rohde et al., 2005). 

 Data recording and statistical analysis 

The Powerlab 16/30 system (AD Instruments Ltd, Chalgrove, UK) was used to 

record the signals, which were processed at 2 kHz.  Data analysis was performed 

using Origin Lab software (v.2015; OriginLab, Northampton, MA, USA), 

GraphPad Prism 6 software (v6.04, GraphPad, CA, USA) and MATLAB 

(v.R2016a. The MathWorks, Inc, MA, USA).  Data are Mean ± SEM. Data were 

compared using one way ANOVA with a Bonferroni post-test and paired t-tests 

and statistical significance was taken at 5% level (p<0.05). 2D plots of recordings 

from the 16 x 16 diode were mapped using MATLAB.  
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 Sympathetic chain denervation  

Several methods have been employed in previous investigations to remove left 

and or right sympathetic activity. In studies in which reversible stellectomy was 

desired, blockage of the right and left stellate ganglion was achieved with 

thermodes through which coolant, a mixture of ethyl alcohol and propylene glycol 

at a temperature of -25 C, was circulated (Schwartz et al., 1976a).   

In canines, Schwartz et al (1976) performed right or left thoracotomy by first 

removing the ribs two through five to gain better access to the stellate ganglia. In 

cats, Rogers et al (1973) located the superior and inferior portions of each stellate 

ganglia and looped ligatures around them. These ligatures where then pulled to 

cut the chain and confirmation of stellectomy was confirmed at the end of the 

experiment by examining the removed stellate ganglia at the site of excision. 

Similarly, Zaza et al (1991) placed silk sutures under the right and left stellate 

ganglion and gently pulled them and severed all the preganglionic and 

postganglionic connections. Stellectomy has also been performed by cutting the 

rami communicates and the ansa subclavia of the respective stellate ganglia in 

the dog (Yanowitz et al., 1966). 

For these experiments, as reversibility was not required, we used a similar 

technique to that used by Rogers et al (1973) and Zaza et al (1991). The chains 

were located and a suture was thread underneath each chain above the T1 

segmental level. To remove the chain the suture was pulled causing the chain to 

snap. Successful chain removal was confirmed at the end of the experiment by 

observation of no chronotropic changes when the spinal cord was stimulated.  
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4 Differential effects of right and left sympathetic 

nerve stimulation on ventricular electrophysiology 

and arrhythmia inducibility 

 Introduction 

The ANS has a significant influence over the development and maintenance of 

arrhythmias (Shen and Zipes, 2014). Sympathetic activity is often upregulated 

during these conditions, for example studies have shown that stellate ganglion 

stimulation in dogs increased the incidence of VF (Verrier et al., 1974), and hence 

is a target for treatment. However, a better understanding of the anatomy and 

physiology of cardiac sympathetic nerves is necessary. Right and left spinal 

sympathetic neurones differentially innervate specific regions of the heart but 

whether they exhibit functional selectivity and distinct effects on cardiac 

electrophysiology has yet to be demonstrated.  

The heart is innervated by both left and right-sided sympathetic fibres, which 

originate from T1-T6 thoracic vertebrae and converge at the cardiac plexus 

(Armour, 2008, Winter et al., 2012). They then innervate the sinoatrial node 

(SAN), atrioventricular node (AVN) and atrial/ventricular myocardium (Armour, 

2008). Unilateral stimulation of the left and right sympathetic chains has 

previously been found to have different functional and electrical responses, which 

are important factors in arrhythmia susceptibility (Anzola and Rushmer, 1956, 

Randall and Rohse, 1956, Yanowitz et al., 1966, Haws and Burgess, 1978, Ardell 

et al., 1988, Zaza et al., 1991). But direct studies on differential left vs right effects 

on electrical restitution and VF inducibility are surprisingly sparse. 

Studies in anaesthetised dogs have repeatedly shown that right sympathetic 

innervations have a preferential influence on heart rate and left sympathetic 

innervations have a preferential influence on ventricular contractility (Randall and 

Rohse, 1956, Randall et al., 1968a, Ardell et al., 1988). As well as this, left 

sympathetic stimulation has been implicated in generation of ventricular 

arrhythmias as shown in numerous studies in cats and dogs (Armour et al., 1972, 
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Ben-David and Zipes, 1988, Hageman et al., 1973, Schwartz, 1984, Schwartz 

and Malliani, 1975, Schwartz et al., 2004, Zaza et al., 1991).   

In 2012, our group established an in vitro rabbit model to investigate the effects 

of left and right sympathetic chain stimulation (Winter et al, 2012), which is a 

modification to the dual innervated isolated rabbit heart preparation as used 

previously by Ng et al (2001). Each sympathetic chain was isolated and 

stimulated by electrodes attached between spinal segments T2-T3. The resultant 

preparation was then used to study the differential effects of each chain on heart 

rate and left ventricular pressure. The left sympathetic chain had a greater effect 

on left ventricular contractility, left ventricular monophasic action potentials and 

conduction through the AVN. The right sympathetic chain had a greater influence 

on sinus rate. Similar responses have been seen in vivo in cats and dogs (Randall 

& Rhose, 1956, Ardell et al, 1988, Zaza et al, 1991), thereby validating this more 

recent adaptation to the in vitro dual innervated heart preparation.  

Transneuronal tracing has demonstrated projections to distinct regions of the dog 

heart (Hopkins and Armour, 1984), however thus far there is a lack of 

electrophysiological evidence of target specificity or selective function. The 

differential innervation of the left and right sympathetic chains is suggested to 

affect arrhythmia inducibility. For example, in vivo stimulation of the left 

sympathetic chain in cats leads to increased susceptibility of ventricular 

tachycardia, delayed after depolarizations (DAD) and early afterdepolarizations 

(EAD) (Priori et al., 1988). Additionally, Schwartz et al (1976b) found that left 

stellectomy raised the ventricular fibrillation threshold and could pose as a 

therapy in patients at high risk of SCD from ventricular arrhythmias. Detailed 

mechanistic studies pertaining to unilateral sympathetic effects are still required.  

What remains unanswered is whether the cardiac sympathetic supply is 

functionally discrete and how the differential left and right innervation contributes 

to this. This set of experiments aims to answer whether there are specific 

functional electrophysiological effects of the right and left sympathetic neurones 

and hence deduce more information about their differential innervations of the 

heart and their roles in arrhythmia generation.  
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Using the method described by Winter et al (2012), the effects of left and right 

sided paravertebral chain stimulation on cardiac electrophysiology and 

arrhythmogenesis will be explored. APD restitution and ventricular fibrillation 

threshold protocols will be used as indicators of arrhythmia susceptibility. 
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 Methods 

The dual innervated isolated rabbit heart preparation (n=11) was used for the 

following set of experiments.  

 Right and left sympathetic nerve stimulation 

The sympathetic chains which run adjacent and parallel to the spinal column were 

identified and dissected by gently removing connective tissues from levels T4-T5, 

where they are more visible, to T1-T2.  Bipolar electrodes were carefully position 

between T2-T3 (fig 4.1) and each nerve gently lifted onto them. This was secured 

and insulated using the silicone adhesive Kwik-Sil (WPI, USA).  Left and right 

sympathetic chains were stimulated between T2-T3 at x2 threshold voltage (1-

4V), at a frequency that produced a maximum heart rate increase (5-7Hz). The 

threshold voltage was defined as the lowest voltage that gave an increase in both 

LVP (of 3–4mmHg) and heart rate (of 3–4 bpm). Left ventricular pressure 

changes were recorded during constant pacing at 240ms.  

 

Figure 4.1. Diagram showing the placement of electrodes on right and left sympathetic 
chains parallel to the spinal column at levels between T2-T3.  
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 Method Development 

This method was used by our group previously (Winter et al, 2012), however a 

few aspects had to be amended. Thinner wired electrodes were made as the 

previous electrodes were too thick when compared to the width of the 

sympathetic chain. The thinner electrodes were also easier to manoeuvre into the 

correct position as they were more flexible.  

To insulate the nerve and electrode, dental cement was used previously. 

However, the length of stimulation was much shorter for these experiments as 

they did not use the same pacing protocols. The dental cement (Aquasil Ultra LV 

Fast Set, Dentsply, USA) was not found to be very effective in this study as the 

nerve response was often lost later on into the experiment, possibly due to the 

nerve drying out. It was also difficult to sustain a strong nerve response 

throughout the length of the protocol when this insulator was used. Attempts for 

insulation were also made using a silicone gel (WACKER SilGel®, Wacker 

Chemie AG, Germany). Unfortunately this insulator had similar effects as the 

dental cement and also had a longer curing time.  

Hence, Kwik-Sil adhesive was trialled for use as a new insulator. Kwik-Sil is a 

bio-compatible adhesive for live tissue and nerve studies. It has a short curing 

time of approximately 1 minute and a low toxicity and so is ideal for this study. 

Use of this adhesive produced a more stable nerve response which was 

reproducible throughout the length of the experiment. The Kwik-Sil is also 

transparent which allowed us to ensure the sympathetic chains were still 

positioned correctly on the electrode post insulation. We also found that the Kwik-

Sil displaced the surrounding fluid and so reduced the chance of fluid contact with 

the electrodes remaining post insulation. A suction pipette was also made to 

remove any surrounding fluid during insulation to prevent shunting of electrodes 

when stimulating. 

As seen in the diagram (fig 4.2), cotton wool was used to restrict the Kwik-Sil from 

running down the preparation while it was curing. To ease the placement of the 
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sympathetic chain on to the electrodes and to prevent nerve damage, a glass rod 

with a curved end was made for lifting the nerve.  

 

  

Figure 4.2.  (a) Image of isolated innervated heart preparation with bipolar 
electrodes used for right and left sympathetic stimulation. (b) Left sympathetic chain 
after dissection.   
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 Results 

The data below show the differential effects of right and left sympathetic 

stimulation on ventricular electrophysiology, when stimulated at spinal segment 

T2-T3 (n=11).  

 Changes in heart rate and left ventricular pressure with right and left 
sympathetic stimulation  

Stimulation of both right and left sympathetic chains caused an increase in heart 

rate (HR) and left ventricular pressure (LVP). Right sympathetic stimulation 

showed greater increases in HR whereas left sympathetic stimulation showed 

greater increases in LVP (Fig. 4.3).  These effects of right and left sympathetic 

chain stimulation on HR and LVP have been noted previously in this model 

(Winter et al., 2012) at T2-T3. Fig 4.3a shows raw data of HR vs LVP hysteresis 

loops during right and left sympathetic stimulation in sinus rhythm During left 

sympathetic stimulation the loop is shifted towards the left and reaches greater 

LVP values at lower HR than the right. Right sympathetic stimulation produced a 

greater HR response with a lower maximum LVP.  

Chronotropic effects 

Right sympathetic stimulation caused a significantly greater HR response than 

left sympathetic stimulation (P<0.01), from baseline HR of 144.8 ±9.2 bpm to 

201.5 ±6.4 bpm with right sympathetic stimulation (P<0.0001) and baseline HR 

of 139.5 ±7.7 bpm to 177.7 ±5.6 bpm with left sympathetic stimulation (P<0.001) 

as shown in fig 4.3b. Right sympathetic stimulation also showed a significant 

increase in percentage HR change (42.6 ±7.1 %) when compared to left 

stimulation (30.0 ±5.8 %, P<0.001) (fig 4.3).  

Inotropic effects 

LVP, measured during constant pacing at 240ms, increased to a greater extent 

with left sympathetic stimulation compared to right stimulation (fig 4.3d), with 

baseline values of 33.7 ±4.4 mmHg to 43.3 ±5.9 mmHg with right stimulation and 

a baseline of 32.0 ±3.9 mmHg  to 49.3 ±4.4 mmHg (P<0.01) with left sympathetic 
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stimulation. Percentage change in LVP was significantly greater with left 

sympathetic stimulation (57.3 ±8.4 %) than right sympathetic stimulation (28.3 

±7.3 %, P<0.05) (fig 4.3e).  
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Figure 4.3. The effect of right and left sympathetic stimulation heart rate and left 
ventricular pressure. (a) Raw data from one experiment showing heart rate (HR) vs left 
ventricular pressure (LVP) changes during right sympathetic stimulation (RSS) and left 
sympathetic stimulation (LSS) with return to baseline (LVP recorded during sinus 
rhythm).  (b) Heart rate (HR) response under baseline (BL) conditions, RSS and LSS. (c) 
Percentage change in HR with RSS and LSS. (d) Left ventricular pressure (LVP) 
response under BL conditions, RSS and LSS recorded during constant pacing at 240ms. 
(e) Percentage change in LVP with RSS and LSS. Data represent mean ±SEM, n=11. 
*P<0.05, **P<0.01, ***P<0.001. 



70 

 

 Effect of right and left sympathetic stimulation on monophasic action 
potential duration 

Monophasic action potential (MAP) duration, recorded during constant pacing 

240ms, was shortened by both right and left sympathetic stimulation at the base 

and apex as shown in fig 4.4. At the base, left sympathetic stimulation had a 

greater influence on shortening MAP duration than right sympathetic stimulation 

(fig 4.5, P<0.05). Left sympathetic stimulation shortened MAP duration from 

126.9 ±1.8ms at baseline to 115.8 ±2.8ms, whereas right sympathetic stimulation 

shortened MAP duration from 128.5 ±1.5ms at baseline to 122.1 ±1.7ms at the 

base. The percentage change in MAP duration at the base was also significantly 

greater for left stimulation (-8.8 ±1.4%) than right (-5.0 ±0.3%, P<0.01).  At the 

apex, left sympathetic stimulation shortened MAP duration from 125.3 ±1.6ms at 

baseline to 114.8 ±2.0ms, whereas right sympathetic stimulation shortened MAP 

duration from 126.6 ±2.0ms at baseline to 120.8 ±2.0ms. There was also a 

greater percentage change in MAP duration with left stimulation (-8.37 ±0.9%) at 

the apex than with right (-4.6 ±0.5%, P<0.05). There was a trend for MAP duration 

shortening to be greater at the base than apex as shown in fig 4.5e, although this 

did not reach statistical significance.   

 

RSS LSS

BASE

APEX

0.05 secs

BL

RSS

LSS

Figure 4.4. Raw data traces of basal and apical action potentials during 
constant pacing at 240ms. Traces are shown for baseline (BL) and during right 
(RSS) and left sympathetic chain stimulation (LSS). 
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Fig 4.6 shows restitution loops which map the change in MAPD with DI from the 

start to the end of stimulation during sinus rhythm. As shown in fig 4.7, left 

sympathetic stimulation shortened the MAPD to a greater extent than right 

sympathetic stimulation at the base. This effect was less evident at the apex.  
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Figure 4.5. The effects of right and left sympathetic stimulation on monophasic 
action potential (MAP) duration. (a) Effects MAP duration from baseline (BL) to right 
(RSS) and left stimulation (LSS) at the base. (b) Percentage change in MAP duration 
with RSS and LSS. (c) MAP duration at BL and during RSS and LSS at the apex. (d) 
Percentage change in MAP duration at the apex during RSS and LSS. (e) Percentage 
change in MAP duration at both base and apex. Data represent mean ±SEM, n=11. 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  
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Figure 4.6. Effects of left and right sympathetic stimulation on APD restitution. (a) 
Heart rate trace displaying heart rate during baseline (BL), left (LSS) or right (RSS) 
stimulation and return to BL. (b) Restitution loops at the base during RSS and LSS.   
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Figure 4.7. Restitution loops during left and right sympathetic stimulation at (a) the base 
and (b) the apex.  
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 Effect of right and left sympathetic stimulation on effective refractory 
period 

Effective refractory period (ERP) shortened with both right and left sympathetic 

stimulation (fig 4.8a). Left sympathetic stimulation was found to shorten ERP 

more than right sympathetic stimulation. The ERP shortened from 156.4 ±6.3 ms 

at baseline to 130.5 ±7.6 ms with left stimulation (P<0.0001), in comparison to 

152.3 ±6.7 ms at baseline to 136.4 ±7.3 ms with right stimulation (P<0.01). There 

was also a significantly larger percentage change in ERP with left sympathetic 

stimulation (-17.1 ±2.0%) than with right sympathetic stimulation (-10.6 ±2.2%, 

P<0.01) (fig 4.8b).  
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Figure 4.8. Changes in effective refractory period (ERP) with right and left 
sympathetic stimulation.  (a) ERP values during baseline (BL) conditions and during 
right (RSS) and left sympathetic stimulation (LSS). (b) Change in ERP from BL to RSS 
and from BL to LSS. Data represent mean ±SEM, n=11. **P<0.01, ****P<0.0001 
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 Action potential duration restitution and the effects of right and left 
sympathetic stimulation 

Fig 4.9a shows restitution curves during baseline, right sympathetic stimulation 

and left sympathetic stimulation. The maximum slope of restitution was 

steepened by both right and left sympathetic stimulation, with a dominant effect 

of left stimulation which caused significantly greater steepening at the base 

(P<0.05) and the apex (P<0.05) (fig 4.9).  At the base, the maximum slope of 

restitution increased from 0.6 ±0.1 to 1.5 ±0.1 (141.5 ±13.3%) with right 

sympathetic stimulation (P<0.0001) and from 0.7 ±0.1 to 2.1 ±0.1 (170.8 ±22.9%) 

with left stimulation (P<0.0001). At the apex, the maximum slope of restitution 

increased from 0.7 ±0.1 to 1.4 ±0.1 (114.7 ±6.7%) with right stimulation (P<0.01) 

and from 0.9 ±0.1 to 2.0 ±0.1 (144.6 ±23.3%) with left stimulation (P<0.0001). Fig 

4.10 shows the changes elicited at the base and apex and a trend for greater 

steepening of the maximum slope of restitution can be seen at the base. 

However, this did not reach statistical significance.  
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Figure 4.9. The effects of right and left sympathetic stimulation on action potential 
duration restitution. (a) RT curves displaying S2 data for baseline (BL), right 
sympathetic stimulation (RSS) and left sympathetic stimulation (LSS) with exponential 
curve fit (MAPD90 = maximum MAPD90 [1-e-DI/τ]). (b) Derivative of fitted curves for BL, 
RSS and LSS. (c) RT slope values at base and apex. Data represent mean ±SEM, n=11. 
*P<0.05, **P<0.01, ****P<0.0001 
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 Effect of right and left sympathetic stimulation on ventricular 
fibrillation threshold 

Both right and left sympathetic stimulation caused a decrease in VF threshold 

from baseline (fig 4.11a), however left sympathetic stimulation showed a larger 

decrease. VF threshold decreased from 6.0 ±0.5 mA to 4.1 ±0.6 mA with right 

stimulation (P<0.001) and from 6.2 ±0.5 mA to 3.2 ±0.4 mA with left sympathetic 

stimulation (P<0.0001). Percentage change in VF threshold was significantly 

greater with left stimulation (-47.8 ±4.8%) compared to right (-34.4 ±6.1%, 

P<0.05) as shown in fig 4.11b.  
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and apex with right (RSS) and left sympathetic stimulation (LSS). Data represent mean 
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 Correlation between sympathetic modulation of ERP and VF 
threshold 

In Fig 4.12, VF threshold is plotted against the corresponding ERP at baseline, 

and also for left sympathetic stimulation and right sympathetic stimulation. There 

is a significant relationship between the two cardiac parameters with the effects 

of left sympathetic stimulation shifted more towards the left. 

 

 

 

 

 

 

  

  

Figure 4.12. Relationship between ventricular fibrillation threshold (VFT) and 
effective refractory period (ERP). Individual symbols represent values obtained at 
baseline (BL), with left sympathetic stimulation (LSS) and with right sympathetic 
stimulation (RSS).  
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 Correlation between sympathetic modulation of maximum slope of 
restitution and VF threshold 

In Fig 4.13, maximum slope of restitution is plotted against the corresponding VF 

threshold at baseline, and also for left sympathetic stimulation and right 

sympathetic stimulation. There is a significant relationship between the two 

cardiac parameters. The graph shows the more right shifted effects of left 

sympathetic efferent nerves and indicates that they have a greater influence on 

the stability of rhythm than the right sympathetic population.     
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Figure 4.13. Relationship between maximum slope of restitution and VF threshold 
with linear regression analysis. Individual symbols represent values obtained at 
baseline (BL), with left sympathetic stimulation (LSS) and with right sympathetic 
stimulation (RSS). Equation of the line is y=2.532*X + 8.21, P<0.001. 
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 Discussion 

Previous studies have investigated the differential effects of right and left 

sympathetic stimulation in different species. The general trend of previous data 

has shown the preferential effect of right sympathetic stimulation on the 

chronotropic response, and left sympathetic stimulation on the inotropic response 

(Randall and Rohse, 1956, Randall et al., 1968a, Ardell et al., 1988). Similarly, in 

the isolated innervated rabbit model, Winter et al (2012) showed the same of right 

and left sympathetic stimulation. In the present study we have expanded on these 

findings to explore further the effects of right and left sympathetic stimulation on 

electrophysiological parameters and cardiac rhythm, and what the distinct effects 

of each sympathetic chain can tell us about their selective innervations. These 

data have shown for the first time in the rabbit heart that the left sympathetic 

preganglionic neurones have a greater effect on the electrophysiology of the 

ventricle and hence a dominant effect on cardiac rhythm and excitability.  

As seen previously in dogs (Ardell et al, 1988; Randall & Rohse, 1956b; Randall 

et al, 1968; Furnival et al, 1973), cats (Zaza et al, 1991) and rabbits (Winter et al, 

2012), right sympathetic stimulation has shown to have a preferential effect on 

heart rate and hence is likely to densely innervate the SAN. This is supported by 

the data in the present study. Likewise, left sympathetic stimulation has shown to 

have a greater inotropic response (Randall and Rohse, 1956, Randall et al., 

1968a, Ardell et al., 1988, Winter et al., 2012) as reported in these results in the 

rabbit heart. Left sympathetic neurones are therefore thought to have denser 

innervations of the ventricle. Previous studies have shown that the degree of 

increase in these parameters is dependent on the thoracic spinal segment that is 

stimulated and that in most species levels T1 to T3 displayed the most significant 

responses (Kostreva et al., 1977, Norris et al., 1974, Norris et al., 1977, 

Kamosinska et al., 1991, Kocsis and Gyimesi-Pelczer, 1998, Ninomiya et al., 

1993, Szulczyk and Szulczyk, 1987, Ter Horst et al., 1993, Ter Horst et al., 1996). 

This is yet to be investigated in the rabbit model and would provide important 

insights into the differential segmental innervations of the right and left 

sympathetic neurones.  
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The findings from this study also support the notion that there is differential basal 

and apical innervation of the sympathetic nerves on the ventricles. Both right and 

left sympathetic stimulation showed a greater shortening of the MAP duration at 

the base. This complies with the study by Ng et al (2009) and supports the notion 

that there is a denser innervation of the sympathetic nerves at the base where 

there is more IKs activation. A greater density and activation of IKs leads to faster 

repolarisation during phase 3 of the action potential and hence the APD is shorter 

at the base. The left sympathetic preganglionic neurones had a dominant effect 

on shortening MAP duration than the right sympathetics which therefore supports 

that there is a greater density of innervation of left sympathetic neurones over the 

ventricle.  

Previous studies have shown the parasympathetic and sympathetic effects on 

effective refractory period (ERP). Vagal stimulation was shown to increase the 

ERP whilst sympathetic stimulation via the spinal cord was found to shorten the 

ERP  (Ng et al., 2007). This observation was seemingly due to the distinct heart 

rate changes they each elicit. In this study, we found that right and left 

sympathetic preganglionic neurones each have different effects on the ERP, 

which has not been shown before in this model. Interestingly, left sympathetic 

stimulation had a greater influence on the reduction of ERP than right sympathetic 

stimulation even though right stimulation elicited greater heart rate effects. 

Therefore, the ERP changes appeared to be independent of heart rate changes. 

This could be due to the greater innervation density of the ventricles by the left 

sympathetics and the greater shortening of MAP duration displayed by left 

sympathetic stimulation. Our data suggest that the ERP involves an interaction 

between heart rate and ventricular electrophysiology and therefore is a dynamic 

response involving the interaction of several factors. This is illustrated further by 

the restitution loops which show that the APD changes in accord with activation 

rate, with left stimulation eliciting shorter APD’s at slower heart rates and right 

stimulation producing longer APD’s at faster heart rates. This effect was more 

prominent at the base of the ventricle. 
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ERP changes can give an indication of the likelihood of reentrant arrhythmias 

occurring and hence this data suggest that left sympathetics have a greater 

potential to generate an arrhythmia of this sort. Conversely, Yanowitz et al (1966) 

measured the effects on the ECG after removing or stimulating the left and right 

stellate ganglia in anaesthetized dogs. They found that left sympathetic activity 

had less influence than right sympathetic activity on the functional refractory 

period of the anterior surface of the left ventricle. However, these conclusions 

were based on interpretation of changes in the T wave, which are dependent on 

temporal and spatial variations. They are not comparable to the present study in 

which measurements were confined to electrical changes to the MAP in two more 

discrete areas at the base and apex of the anterior surface of the myocardium. 

Another study in anaesthetised dogs by Haws & Burgess (1978) located 55 sites 

that were innervated by both the left and right stellate ganglia. Refractory period 

shortening was studied and in over half of these sites refractory periods were 

shortened more by left stellate stimulation than right. They suggested that in 

overlapping sites of innervation of the left and right stellate ganglia, increases in 

left sympathetic tone are more significant than increases in right sympathetic 

tone. This was proposed to be due to a greater density of left innervation in these 

sites as we have also suggested in this study. Uniform increases in sympathetic 

tone during bilateral sympathetic stimulation should therefore ensure 

homogenous distribution of recovery properties. Similar effects on ventricular 

refractory periods have been evidenced previously (Kralios et al., 1975).  

Sympathetic stimulation is known to steepen the maximum slope of restitution 

whereas parasympathetic stimulation causes it to flatten (Ng et al., 2007). 

Differential effects of right and left stimulation on maximum restitution were 

investigated for the first time in this study. Both right and left sympathetic 

stimulation steepened maximum slope of restitution but left sympathetics had a 

clear dominance. This was more apparent at the base where left and right 

sympathetic stimulation showed greater steepening of the slope in comparison to 

apex. This response mirrors the response observed for MAP duration and thus 

suggests the response is due to greater basal innervations of the sympathetic 
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nerves. It is therefore not surprising that stimulation of the left preganglionics 

produced greater slope steepening as they have a denser ventricular innervation. 

The steeper slopes elicited by left sympathetic stimulation indicate the greater 

likelihood of wavebreaks occurring and developing into ventricular arrhythmias 

(Weiss et al, 2006). Hence, this data suggest that stimulation of left sympathetic 

preganglionic neurones has a greater tendency to generate arrhythmias.     

In accordance, VF threshold was found to decrease more with left sympathetic 

stimulation than right, meaning a smaller current was required to induce VF with 

left stimulation. In anaesthetised or vagotomised dogs, Shwartz et al (1976a) 

investigated the effects of ablation or blockade of the left and right stellate 

ganglion on VF threshold. Their results showed that right stellate ganglion 

ablation or blockade significantly decreased VF threshold whereas left stellate 

ganglion ablation or blockade increased VF threshold in comparison to control. 

The arrhythmic tendencies of left sympathetic stimulation have also been 

observed in previous studies in cats (Priori et al, 1988) and other dog studies 

(Zhou et al, 2008). This supports what we have observed in the present study 

and suggests right and left sympathetics have specific effects on cardiac 

excitability. 

 Clinical implications 

These data provide a plausible mechanistic basis underlying the value of left 

stellectomy as therapy in patients at high risk of sudden death from ventricular 

arrhythmias. In patients with VT refractory to medical therapy and catheter 

ablation, left cardiac sympathetic nerve denervation (LCSD) effectively reduced 

the arrhythmia burden with lasting effects (Bourke et al, 2010). This study 

supports the rationale for use of left stellectomy in patients at high risk of sudden 

death from ventricular arrhythmias for example LQTS patients who are resistant 

to medical therapies. Furthermore, patients with LQTS have a lower than normal 

right sympathetic activity and stimulation of the left stellate ganglion or ablation 

of the right stellate ganglion in dogs, has been shown to prolong Q-T interval 

(Schwartz et al., 1976a, Schwartz et al., 2004). Hence, these patients have a 

greater likelihood of developing ventricular arrhythmias due to sympathetic 
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discharges during emotion stress or exercise. Stimulation of the left sympathetic 

nerves has also been shown to prolong Q-T intervals (Yanowitz et al., 1966), 

induce T wave alternans (Schwartz and Malliani, 1975) and trigger lethal 

arrhythmias (Armour et al., 1972, Hageman et al., 1973). 

The antiarrhythmic effects of left cardiac sympathetic denervation (LCSD) have 

been observed in patients and canines following MI, in LQTS patients (Schwartz 

et al., 2004), CPVT patients (Wilde et al., 2008), non-long-QT syndrome 

arrhythmogenic channelopathies and cardiomyopathies (Coleman et al., 2012) 

and patients with refractory ventricular arrhythmias (Bourke et al., 2010) and VT 

storm (Vaseghi et al, 2014). 

Whilst such treatment has proven to be successful, it is accompanied by serious 

side effects such as loss of vasomotion, and poorer visual and salivary control. 

Thus, removing such a large portion of sympathetic input may not be the most 

effective treatment and further investigations are necessary to determine a more 

targeted approach.  

 Limitations  

This in vitro preparation has the advantages of allowing measurements in the 

absence of confounding influences such as tonic autonomic nervous activity, 

spinal reflexes or changes in haemodynamic loads or circulating hormones, in 

comparison to an in vivo experiment. The use of direct nerve stimulation is also 

a benefit as we have previously demonstrated novel data showing that the effects 

of nerve stimulation on ventricular repolarisation gradient were different from 

perfusing with neurotransmitter analogues due to the heterogeneous innervations 

of nerves (Mantravadi et al., 2007).  However, isolation from confounding factors 

may represent an over-simplification of the basic control mechanisms in intact 

animals and humans, although it would be surprising if the functional anatomy is 

greatly different as similar findings have been shown in various models and the 

rabbit electrophysiology is very close to that of a human.  
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Another limitation is that this study was confined to the segmental level T2-T3 as 

studied previously by Winter et al (2012). However to gain further insights into 

the distinct functional effects of right and left stimulation, there is a need to 

investigate the differential inputs from each spinal segmental level from T6 to T1.  

 Conclusions                    

Using a unique refinement of the isolated innervation rabbit heart, this study 

shows previously unidentified characteristics of the right and left sympathetic 

preganglionic neurons and their distinct functional effects. These results show the 

left sympathetic preganglionics have a dominant effect on cardiac 

electrophysiology and excitability and hence could be used as a target for 

treatment for ventricular arrhythmias.  

More knowledge of the anatomy and physiology of cardiac nerves is required in 

order for this to be translated into clinical interventions and the advancement of 

surgical therapies. It is also necessary to establish the regional and functional 

selectivity of the sympathetic preganglionic neurones to improve the 

understanding of spinal sympathetic control of the heart. Further investigations 

are required to determine whether the segmental location of the sympathetic 

neurones corresponds to a specific cardiac function and thus potentially highlight 

a more targeted method of clinical treatment. 
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5 Functional selectivity of right and left spinal 

segmental preganglionic neurons 

 Introduction 

Previous studies have shown a regional and functional selectivity of cardiac 

postganglionic neurones. Hence, the spinal segmental preganglionic neurons 

may exhibit similar heterogeneity and clinically important characteristics which 

have not yet been investigated. 

When excited, small distal branches of cardiac postganglionic nerve bundles 

produce highly localized changes in the heart (Szentivanyi et al., 1967, Randall 

et al., 1968a, Furukawa et al., 1990). In the canine heart, stimulation of the more 

distal the branches of the stellate ganglion caused fewer test regions on the heart 

to respond (Szentivanyi et al., 1967). This suggested that as larger nerves 

successively branch, distribution of smaller bundles of fibres become more 

restricted to specific portions of the ventricle. Similarly, although a large fraction 

of the ventricles receive sympathetic supply, distribution appears to be in the form 

of discrete projections to localized regions rather than syncytial (Randall et al., 

1968a).  

Randall (1977) suggested regionally specified innervation of the preganglionic 

neurones from the spinal cord in accordance with their arrangement in series. 

The cardiac postganglionic innervations originate from the stellate-ansa complex, 

and signalling to localized portions of the myocardium is dependent on the extent 

of the discharge zone and spread of synaptic excitation (Chung et al., 1975, 1979, 

Pardini and Wurster, 1984, Szulczyk and Szulczyk, 1987, Strack et al., 1989, 

Sundaram et al., 1989a).  It would also require projections of spinal axons onto 

discrete ganglion cells, a notion supported by several studies (Larrabee and 

Bronk, 1947, Tatarchenko et al., 1990). By stimulating fascicles of preganglionic 

nerves (Tatarchenko et al 1990) or splitting postganglionic nerves into small 

strands to allow observation of impulse discharge by a single ganglion cell 

(Larrabee and Bronk 1947), these studies showed that discharge of a single 

ganglion cell is governed by a single preganglionic fibre. Hence it is likely that 
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functionally discrete sympathetic preganglionic efferents synapse with regionally 

and functionally discrete ganglions that go on to innervate the heart.  

This idea has been researched previously in rats by chemically exciting spinal 

cord neurones (Sundaram et al., 1989a, Sundaram et al., 1989b) and in dogs by 

electrically stimulating the left and right upper thoracic ventral roots (Norris et al., 

1974). The influence of different spinal segments on chronotropic or inotropic 

functions was however not studied. Therefore evidence of selective regional 

targets was unobserved.  

Differential effects of the left and right sympathetic chains has been previously 

studied by Norris et al (1974) in which the first five ventral thoracic roots in dogs 

were stimulated and increases in contractile force were measured. They found 

that the responses of specific areas of the myocardium varied between ventral 

roots as did the magnitude of the response. Additionally, Koshtreva (1977) 

revealed differences in the contribution of different ventral roots in dogs to 

responses in specific cardiac postganglionic nerves like the ventrolateral cervical 

cardiac nerve, the ventromedial cervical cardiac nerve and the vagosympathetic 

trunk, each of which has branches to different regions of the heart. Distinct 

projections of sympathetic neurones to autonomic, conductile and contractile 

tissues were shown by Ardell et al (1988) and stimulation of branches of some of 

these postganglionic nerves had preferential functional cardiac effects. Injections 

into the sympathetic ganglia of horshradish peroxidase in cats (Chung et al., 

1975, Chung et al., 1979, Pardini and Wurster, 1984) and pseudorabiesvirus in 

rats (Strack et al., 1989), enabled immunohistochemically detectable retrograde 

viral infections of sympathetic preganglionic neurons. Mapping projections of the 

preganglionic neurons to the stellate ganglion in this manner found high density 

of labelling at T1-T2. Similarly, maximum response to electrical stimulation was 

observed at T2 in cats (Szulczyk and Szulczyk, 1987). Furthermore, experiments 

in human patients showed a decline in the intensity of chronotropic and inotropic 

responses elicited by stimulation between T1-T5, with T1-T3 evoking the largest 

responses and hence containing more fibres (Randall and McNally, 1960). It is 

therefore likely that there may be differential responses from different spinal 
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segmental preganglionic neurons as well as a right-left difference described in 

the previous chapter. Supporting this notion, there is additional evidence to 

support that different braches of the cardiac postganglionic nerves effect specific 

regions of the heart (Szentivanyi et al., 1967; Randall et al., 1968; Randall 1977; 

Armour and Randall, 1975; Randall, 1984; Ng et al., 2009).  

Thus far, in all the species studied, T1-T3 appears to be a key contributor to the 

cardiac sympathetic nerve supply. However, current research does not show 

direct evidence for selective functional influences of the sympathetic 

preganglionic nerves arising from different spinal cord segments. Such 

information is vital for the understanding of cardiac disease in relation to 

impairment of sympathetic function. What remains unanswered is whether the 

cardiac sympathetic supply is functionally discrete and how the differential left 

and right innervation contributes to this. Further investigations are required to 

determine whether the segmental location of the sympathetic neurones 

corresponds to a specific cardiac function. 

The previous study (Winter et al., 2012) was limited to the T2-T3 level of the 

sympathetic chain which could not answer the question regarding functional 

influence. In this study, the left and right sympathetic chains were stimulated at 

different levels between T1-T6 using the innervated Langendorff rabbit heart 

model and effects on sinus rate, left ventricular pressure, retrograde ventriculo-

atrial conduction, monophasic action potential duration, effective refractory 

period, ventricular fibrillation threshold and electrical restitution were recorded.  
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 Methods 

The Langendorff innervated rabbit heart preparation was set up as previously 

described (Ng et al., 2001) and following this, the sympathetic chains were set up 

for stimulation (n=18).  

 Sympathetic nerve stimulation 

The sympathetic chains were identified lying on either side of midline and parallel 

to the spinal column. Each chain was dissected free of connective tissue, 

transected below T6 and decentralized by sectioning the rami from levels T5-T6 

to T1-T2. Custom made electrodes consisting of a strip of 6 electrodes, were 

positioned between T1-T6 on both the left and right sides. Such an arrangement 

meant that each successive pair of electrodes, from T5-T6 to T1-T2, stimulated 

all the preganglionic axons from each preceding segment as well as those at 

which the electrodes were positioned as shown in Fig 5.1. The nerves were lifted 

gently onto to each electrode and insulated from surrounding tissue and fluid with 

Kwik-Sil adhesive (WPI, USA). The left and right sympathetic chains were 

stimulated with a train of square wave pulses at the frequency that produced the 

maximum heart rate response (5-7 Hz). They were stimulated via pairs of 

electrodes (cathode proximal to stellate ganglion) at five sites, T1-T2, T2-T3, T3-

T4, T4-T5 and T5-T6, at x2 threshold voltage for each segment. The threshold 

voltage was defined as the lowest voltage that gave an increase in both LVP (of 

3–4mmHg) and heart rate (of 3–4 bpm). Caudal to these segments, stimulation 

in trial experiments failed to get effects on any recorded functional parameter. 

The five electrode pairs were stimulated from rostral to caudal, caudal to rostral 

and in a randomised order.  



92 

 

 

a.

b.

Figure 5.1. Diagram to illustrate the methods used to stimulate the cardiac 
sympathetic preganglionic neurones projecting to the stellate ganglion from that 
upper thoracic spinal cord. (a) Schematic to show the theoretical basis underlining the 
experimental approach whereby the placement of the stimulating electrodes activates an 
increasing contribution of sympathetic preganglionic axons from successive spinal cord 
segments. (b) Drawing showing the placement of electrodes on right and left sympathetic 
chains parallel to the spinal column at levels between T1-T6. These six electrodes were 
carried on a narrow plug attached to the posterior chest wall and the whole arrangement 
was insulated with Kwik-Sil adhesive.   
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 Method Development 

As this is a new technique, it required much development. Initially, bipolar 

electrodes were used for stimulation and were moved to each segmental level as 

required. However, there were concerns of the nerve drying out using this method 

and the nerve response was short lived or non-existent. Movement of the 

electrode also required moving the heart, which meant the position of the MAP 

electrodes were lost and new MAP signals had to be found each time. Thus, it 

was evident that multiple fixed electrodes were needed and insulation with Kwik-

Sil adhesive would be required. 

A strip of 6 electrodes was made for each chain. For this it was necessary to 

measure the preparation for exact size and spacing distance, to ensure electrode 

placement at the correct levels. These were remade several times with small 

amendments. Firstly, with use of a thicker wire for the electrode to allow for more 

stability and to minimise positional changes. Secondly, a second layer of wire 

was added above the first. This was because the sympathetic chain was lifting 

off the electrodes during the process of insulation. Once the sympathetic chain 

was placed on the first layer of hooked electrodes, the second layer was gently 

maneuvered closer to the first. The purpose of this was so that the nerve chain 

would still be touching an electrode even if it lifted up slightly.   The final electrodes 

are displayed in fig 5.2. 
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During the development of this method it became apparent that it was necessary 

to cut the rami from levels T5-T6 to T1-T2. This enabled easier lifting of the nerve 

for placement on the electrodes throughout which care must be taken not to 

stretch or damage the nerve. As well as this, the rami contain both efferent and 

afferent fibres and cutting the rami was important in insuring there was no afferent 

input to the spinal cord upon stimulation, which would complicate the neuronal 

input. It did not however affect the neuronal input to the heart. Once the electrode 

placement was at the same level on both left and right sides, the electrode strip 

was tied to the prep with sutures to prevent movement. The sympathetic chain 

was then correctly position on the electrodes and insulated with Kwil-Sil adhesive. 

The surrounding fluid was removed using a suction pipette to prevent electrode 

shunting. Fig 5.3 shows the final preparation.  

In previous studies the sympathetic nerves were stimulated via the spinal cord at 

a voltage that produced 80% of the maximum response (at 5Hz) and a frequency 

that gave a heart rate of less than 200bpm (Ng et al., 2007). However, with the 

sympathetic chains, repeated stimulation of this magnitude was at risk of 

overheating and damaging the chain. For stimulating the sympathetic chains we 

Figure 5.2. Custom made electrodes used for stimulation of the left and right sympathetic 
chains.  
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followed similar protocols to the Winter et al (2014) study. Each chain and spinal 

segment was stimulated using incremental voltages from 0.5V at 5 Hz (2ms pulse 

width) until there was an increase in both LVP (of 3–4mmHg) and heart rate (of 

3–4 bpm). The voltage that gave this change was regarded as the threshold 

voltage and was doubled. This method reduced the chance of nerve damage by 

overstimulation at high voltages. Once the threshold voltage was determined, the 

frequency was increased from 5Hz in increments of 1Hz until the maximum heart 

rate response was achieved. If the frequency was increased further past this point 

then the initial response from nerve stimulation began to diminish suggesting 

nerve damage at high frequencies.  

For this preparation, it was also necessary to slightly modify the surgery and 

cannulate the ascending aorta at a lower level to remove the chance of damaging 

the left sympathetic chain which runs closely parallel to it.  

 

 

Figure 5.3. Final set up of preparation with isolated sympathetic chains and fixed 
electrodes 
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 Results 

This data displays the differential effects of right and left sympathetic stimulation 

on ventricular electrophysiology, when stimulated at different spinal segments 

from T1-T6 (n=18).  

 Effect of left or right sympathetic chain stimulation on Heart Rate 

(HR) and Left Ventricular Pressure (LVP). 

At each of the electrode pairings between T1-T5, both right and left chain 

stimulation augmented HR and LVP as seen in figure 5.4. T5-T6 on the left side 

also increased both HR and LVP however, the right side stimulation at this level 

was ineffective. A greater response was observed at successive rostral levels 

due to more sympathetic preganglionic axons activated at these levels. Right 

chain stimulation elicited greater HR effects than left chain stimulation. In 

contrast, left sympathetic chain stimulation evoked greater LVP effects than right 

stimulation.  
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Chronotropic effect 

Fig 5.5 illustrates the effects on HR. Stimulation of the left sympathetic chain at 

T5-T6 increased HR to 136.5±4.6 bpm (11.2±6.1% change from baseline). 

Subsequently, comparing the mean increases in HR from left with those from 

right sympathetic stimulation at successive levels, at T4-T5 the increase in HR 

from left sympathetic stimulation was 145.4±3.9 bpm (15.1±2.7%), and to right 

sympathetic stimulation 167.6±11.5 bpm (25.9±7.5%); T3-T4, left sympathetic 

stimulation increased HR to 155.0±6.5 bpm (19.0±4.4%), right sympathetic to 

170.4±7.0 bpm (29.0±4.3%); T2-T3, left increased to 171.3±5.3 bpm (29.4±4.6%) 

Figure 5.4. Raw data heart rate and left ventricular pressure traces recorded during right 
and left sympathetic chain stimulation, a spinal segmental levels between T1-T6. The 
left panel shows heart rate response (red) and left ventricular pressure (blue) during right 
sympathetic stimulation at each segmental level. The right panel shows heart rate 
response (red) and left ventricular pressure (blue) during left sympathetic stimulation at 
each segmental level. 
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and right to 189.5±5.7 bpm (43.6±4.7%); T1-T2, the left sympathetic stimulation 

elicited an increase to 181.8±7.6 bpm (41.1±5.6%) and the right sympathetic an 

increase to 211.8±6.9 bpm (59.9±6.0%). Notably, the largest HR response was 

evoked at T1-T2 where all the preganglionic axons are stimulated, yet this was 

less than the sum of the sequence of increases from T5-T6.  
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Figure 5.5. The effect on heart rate (HR) with right and left sympathetic stimulation 
at different spinal segments. (a) HR response from baseline (BL) to right sympathetic 
stimulation (RSS) and BL to left sympathetic stimulation (LSS) at spinal segments T1-
T6. (b) Percentage HR change for RSS and LSS at spinal segments T1-T6. Data 
represent mean ±SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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Inotropic effects 

The effects of right and left sympathetic stimulation on left ventricular pressure 

(LVP) were measured during constant ventricular pacing and are shown in Fig. 

5.6. An increase in LVP to 38.8±6.1 mmHg (13.0±2.1% from baseline) was 

observed at T5-T6, but there was no effect on LVP with right stimulation at this 

level. Stimulation at successive levels elicited a greater LVP response from left 

sympathetic chain stimulation when compared to right sympathetic chain 

stimulation as follows: T4-T5, left side effect was 40.5±4.0 mmHg (17.4±3.0%), 

right was 36.8±4.0 mmHg (5.6±1.5%); T3-T4, left was 43.6±4.0 mmHg 

(20.9±2.6%), right was 38.6±4.0 mmHg (7.0±1.6%); T2-T3 left was 45.3±3.5 

mmHg (28.8±2.4%), right was 38.5±3.4 mmHg (15.1±2.3%); T1-T2 left was 

51.3±3.9 mmHg (40.3±5.4%), right was 40.7±3.7 mmHg (20.7±3.2%). As seen 

with the HR changes, the largest response to stimulation of all the preganglionic 

axons from each of the segments in the sympathetic chain at T1-T2 was less than 

the sum of the sequence of increases from T5-T6. The greatest effects were 

observed at T1-T2 with a dominant effect of left sympathetic chain stimulation at 

all levels.  
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Figure 5.6. The effect on left ventricular pressure (LVP) with right and left 
sympathetic stimulation at different spinal segments. (a) LVP response from BL to 
RSS and BL to LSS at spinal segments T1-T6. (b) Percentage LVP change for RSS and 
LSS at spinal segments T1-T6. Data represent mean ±SEM. **P<0.01, ***P<0.001. 
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 Effect on atrioventricular (AV) conduction 

At each electrode pairing between T1-6, dromotropic effects were measure 

during constant pacing of the right ventricle with left and right sympathetic chain 

stimulation (fig 5.7). This allows measurement of retrograde ventriculo-atrial (VA) 

conduction. Both left and right chain stimulation caused a shortening in VA 

conduction time although left stimulation elicited the largest changes at all levels. 

Left sympathetic stimulation decreased VA conduction time from 143.7± 1.8ms 

to 137± 1.7ms (-4.6±0.2%) at T5-T6, but right stimulation was ineffective. A 

similar of reduction was also seen at T4-T5 and T3-T4 by left and right 

sympathetic chain stimulation. Larger reductions were elicited at more rostral 

levels; at T2-T3 left side was 130.1±6.7ms (-12±5.0%) and right was less at 

137.2±3.5ms (-6.4±1.7%). At T1-T2 the reduction in VA conduction was largest 

where left side stimulation caused a change to 125.6±6.6ms (-15.5±0.2%) 

whereas the right side was 135.6±1.9ms (-6.8±1.1%). 
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Figure 5.7. Dromotropic effects upon right and left sympathetic stimulation 
between T1-T6. (a) Raw data traces of the right atrial electrogram during baseline (BL) 
and right sympathetic stimulation (RSS) and left sympathetic stimulation (LSS) between 
T1-T6. (b) Dromotropic effects from BL to RSS and BL to LSS at spinal segments T1-T6. 
(c) Percentage change in reterograde ventriculo-atrial (VA) conduction for RSS and LSS 

at spinal segments T1-T6. Data represent mean ±SEM. *P<0.05, **P<0.01.  
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 Monophasic action potential (MAP) duration changes 

MAP duration changes were measured from the anterior surface of the left 

ventricle during constant ventricular pacing. MAP duration was shortened by both 

left and right stimulation at the base and apex, with greater changes observed by 

left sympathetic chain stimulation. At T5-T6, left sympathetic stimulation 

decreased MAP duration from 128.2 to 117.0±4.1 ms (-8.7±1.6%) at the base 

and from 124.3 to 113.3±11.7ms (-9.2±2.9%) at the apex (Fig 5.8).  At 

subsequent levels decreases in MAP duration were similar to T5-T6 for base and 

apex. No response was observed with right sympathetic stimulation at T5-T6, but 

a change was seen first at T4-5 at base 119.3±2.7 ms (-6.1±1.3%) and apex 

118.8±1.2 ms (-4.9±1.2%) and this was little changed by stimulation at 

subsequent sites. Left sympathetic chain stimulation displayed a considerable 

dominance on shortening of the MAPs, mainly due to preganglionic fibres at the 

T5-T6 level. When comparing base and apex data as shown in fig 5.9, left 

sympathetic stimulation showed a greater change in MAP duration at the base 

although the difference is small. This effect is particularly evident at the caudal 

segment T4-T5, where even right stimulation displays dominant changes at the 

base (fig 5.9c).   
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Figure 5.8. Effects of right and left chain stimulation on monophasic action 
potential (MAP) duration. (a) Basal and apical MAP traces during right sympathetic 
stimulation (RSS) and left sympathetic stimulation (LSS) at the levels stimulated between 
T1-T6. (b) Basal MAP duration during baseline (BL) and RSS and LSS between T1-T6. 
(c) Apical MAP duration during BL and RSS and LSS between T1-T6. Data represent 
mean ±SEM. *P<0.05, **P<0.01. 
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Figure 5.9. (a) Percentage change in basal MAP duration for RSS and LSS at spinal 
segments T1-T6 (b) Percentage change in apical MAP duration for RSS and LSS at 
spinal segments T1-T6. Data represent mean ±SEM. *P<0.05, ***P<0.001. 
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 Changes in effective refractory period with right and left sympathetic 

stimulation at different spinal segments 

At T5-T6, left sympathetic stimulation decreased the effective refractory period 

(ERP) from 147.5±12.5ms to 131.7±4.4 ms, a change of -8.1±4.4% (Fig 5.10) but 

there was no effect of right sympathetic stimulation at this level. ERP was further 

shortened by stimulation of each sympathetic chain at subsequent levels. At T4-

T5 on the left the ERP was reduced to 131.5±4.5 ms (-7.7±1.8%) similar to T5-

T6; right at T4-T5 was 133.3±2.5 ms (3.6±1.3%); T3-T4 left was 129.5±4.9 ms (-

11.0±1.9%), right was 133.5±3.7 ms (-9.6±1.7%); T2-T3 left was 128.9±4.1 ms (-

12.6±2.5%), right was 131.6±4.3 ms (-9.9±1.8%); T1-T2 left was 121.5±2.6 ms (-

17.6±2.0%), right was 131.5±4.3 ms (-11.3±1.7%).  



107 

 

The relationship between ERP and heart rate is plotted in fig 5.11, illustrating the 

differential relationships between right and left stimulation.  

  

120

130

140

150

160

Effective Refractory Period

T1-T2T2-T3T3-T4T4-T5T5-T6

****

****
**

E
R

P
 (

m
s
)

a.

RSS LSS RSS LSS RSS LSS RSS LSS RSS LSS

-20

-15

-10

-5

0

% Change in Effective Refractory Period

T1-T2T2-T3T3-T4T4-T5T5-T6

*

*

%
 C

h
a

n
g

e

b.

Figure 5.10. Changes in effective refractory period with right and left sympathetic 
stimulation at levels stimulated between T1-T6. (a) Effects on effective refractory 
period (ERP) from baseline (BL) to right sympathetic stimulation (RSS) and BL to left 
sympathetic stimulation (LSS) at spinal segments T1-T6. (b) Percentage ERP change 
for RSS and LSS at spinal segments T1-T6. Data represent mean ±SEM. *P<0.05, 
**P<0.01, ****P<0.0001. 
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Figure 5.11. Relationship between heart rate and effective refractory period. 
Heart rate (HR) is plotted against effective refractory period (ERP) for baseline (BL) 
left sympathetic stimulation (LSS) and right sympathetic stimulation (RSS). Linear 
regression analysis is plotted for the relationship between BL and LSS and between 
BL and RSS 
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 Electrical restitution MAP duration and the effects of right and left 

sympathetic stimulation at different spinal segments  

Fig 5.12 shows restitution curves of the MAP duration at corresponding diastolic 

intervals, during baseline, left sympathetic stimulation and right sympathetic 

stimulation. At T5-T6, the maximum slope of restitution was steepened by left 

sympathetic stimulation by 18.3±1.6% at the base but had little effect at the apex 

1.4±6.1% (fig 5.13). Right sympathetic stimulation had no effect at this level. At 

subsequent segments, left sympathetic stimulation steepened the maximum 

slope of restitution at the base to a greater degree than right sympathetic 

stimulation: T4-T5 left was 1.8±0.2 (147.8±21.7%), right was 1.2±0.1 

(69.9±11.3%), T3-T4 left was 1.6±0.3 (111.5±25.4%), right was 1.1 ±0.1 

(53.7±25.7%), T2-T3 left was 1.6±0.1 (121.4±19.2%), right was 1.1±0.1 

(56.9±17.8%), T1-T2 left was 1.8±0.2 (140.9±34.4%), right was 1.2±0.2 

(67.8±18.0%). At the apex, left sympathetic stimulation also steepened the 

maximum slope of restitution more than right sympathetic stimulation: T4-T5 left 

was 1.7±0.2 (118.2±21.4%), right was 1.0±0.2 (43.0±24.0%), T3-T4 left was 

1.5±0.1 (120.6±10.4%), right was 1.1±0.1 (58.2±14.3%), T2-T3 left was 1.4±0.1 

(101.4±17.3%), right was 1.3±0.2 (39.6±10.2%), T1-T2 left was 1.5±0.2 

(125.5±22.0%), right was 1.0±0.1 (72.4±20.8%).  For both base and apex left side 

preganglionic neurones in the caudal segment T4- T5 were more effective in 

increasing the slope of restitution, since there was little additional change during 

stimulation of successive rostral segments. At most levels, left stimulation was 

shown to have a dominant effect at increasing maximum slope of restitution at 

the base in comparison to apex (fig 5.14). This was more apparent at caudal 

levels. 
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Figure 5.12. Electrical restitution of monophasic action potential (MAP) duration 
and the effects of right and left sympathetic stimulation at the levels stimulated 
between T1-T6. Restitution (RT) slopes for right sympathetic stimulation (RSS) and left 
sympathetic stimulation at (a) T4-T5, (b) T3-T4, (c) T2-T3 and (d) T1-T2 with exponential 
curve fit (MAPD90 = maximum MAPD90 [1-e-DI/τ]). Dotted lines represent the maximum 
slope of restitution. RT slopes at the levels stimulation between T1-T6 during (e) RSS 
and (f) LSS with exponential curve fit (MAPD90 = maximum MAPD90 [1-e-DI/τ]).  
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Figure 5.13. Effect of right and left sympathetic stimulation on maximum slope of 
restitution. (a) Maximum slope of restitution at the base from baseline (BL) to right 
sympathetic stimulation (RSS) and BL to left sympathetic stimulation (LSS) at the levels 
stimulated between T1-T6. (b) Maximum slope of restitution at the apex from BL to RSS 
and BL to LSS at the levels stimulated between T1-T6. Data represent mean ±SEM. 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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Figure 5.14. (a) Percentage change in the maximum slope of restitution at the base 
for RSS and LSS at spinal segments T1-T6. (b) Percentage change in the maximum 
slope of restitution at the apex for RSS and LSS at spinal segments T1-T6. Data 
represent mean ±SEM.  
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 Effect of right and left sympathetic stimulation at different spinal 

segments of ventricular fibrillation threshold 

Ventricular fibrillation (VF) threshold decreased with both right and left 

sympathetic stimulation at electrode pairs between T1-T5 as seen in fig 5.15. Left 

sympathetic chain stimulation elicited larger decreases in VF threshold compared 

to right sympathetic chain stimulation at each segment.  There was no effect of 

right stimulation on VF threshold at T5-T6 but left sympathetic stimulation 

decreased VF threshold to 2.8±0.3mA (-25.9±11.6%) at this level. Thereafter, 

both left and right stimulation caused a decrease as follows: T4-T5 left was 

2.9±0.6 mA (-39.0±1.7%), right was 3.6±0.9 mA (-22.3±6.8%); T3-T4 left was 

3.6±0.6 mA (-30.1±7.7%), right was 3.9±0.5mA (-29.8±4.1%); T2-T3 left was 

3.4±0.4 mA (-46.4±5.5%), right was 4.5±0.6 mA (-33.9±5.1%); T1-T2 left was 

3.2±0.3 mA (-50.7±3.9%), right was 3.8±0.6 mA (-37.7±6.0%).  A large proportion 

of the maximum response (76.8% of maximum response) arose from segment 

T4-T5. These effects were repeatable and consistent at each level and suggest 

that high amounts of sympathetic drive from the most caudal segments are 

strongly arrhythmic. 
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Figure 5.15. Effect of right and left sympathetic stimulation on ventricular 
fibrillation threshold (VFT). (a) VFT changes from baseline (BL) to right sympathetic 
stimulation (RSS) and BL to left sympathetic stimulation (LSS) at the levels stimulated 
between spinal segments T1-T6. (b) Percentage change in VFT for RSS and LSS at 
spinal segments T1-T6. Data represent mean ±SEM, *P<0.05, ****P<0.0001.  
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 Discussion 

Using a novel refinement of the original isolated innervated heart preparation that 

allows controlled segmental stimulation, this study demonstrates that there are 

groups of preganglionic neurones in different spinal segments with distinctly 

different actions on cardiac cells. Therefore, they must selectively target 

functionally distinct cardiac postganglionic neurones in the stellate ganglia. Right-

left differences in the degree of the functional effects were also observed. 

Dominant effects on electrophysiological parameters were elicited by the left 

sympathetic chain as seen previously, however a more novel finding was that 

there was also a dominance at caudal levels. For the first time, we note the 

importance of caudal left sympathetic stimulation in cardiac excitability and its 

potential to induce arrhythmia.  

Assuming there are functionally similar groups of preganglionic neurons at each 

segment, as we stimulate electrode pairs from caudal to rostral we would expect 

that more axons will be stimulated, resulting in a progressive increase in the size 

of the cardiac response. This was true for the chronotropic and inotropic 

responses which displayed an additional increase in rate and force from caudal 

to rostral electrode pairs. This was not as a result of simple summation as the 

size of the response at T1-T2 was less than the sum of the sequence of increases 

from T5-T6. The size of the compound action potential is a reflection of the 

number of postganglionic neurons activated (Ninomiya et al., 1993). Therefore, 

the data suggest that the preganglionic neurones arising from each spinal 

segment converge onto groups of neurones in a single functional pool of 

postganglionic neurones in the stellate ganglion, a typical characteristic of all 

autonomic ganglia (Jänig, 2006). 

As seen in previous studies (Randall and Rohse, 1956, Randall et al., 1968a, 

Furnival et al., 1973, Winter et al., 2012) the right sympathetic chain elicited a 

greater chronotropic response and the left sympathetic chain elicited a greater 

inotropic response.  The largest of these responses was elicited from the first to 
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third segments (T1 to T3). This suggests that the largest proportion of 

preganglionic neurones governing the chronotropic and inotropic responses arise 

from T1-T3 as seen in earlier literature in various species (Randall and McNally, 

1960, Norris et al., 1974, Norris et al., 1977, Kostreva et al., 1977, Pracejus et 

al., 2015).  The first of these studies was in anaesthetized open chest dogs by 

Norris et al (1974) in which left and right stimulation of the ventral roots from T1-

T5 showed the second root as the most effective in increasing heart rate, and 

ventricular force at several discrete areas on the anterior surface of the right and 

left ventricles. Our study extends these findings in the isolated innervated rabbit 

heart model which excludes effects of spinal reflexes, haemodynamic changes 

or circulating hormones. In contrast to the study in dogs, we found the largest 

response was observed at T1-T2 suggesting spinal segment T1 was of greatest 

influence. Furthermore, a dominance of left sympathetic stimulation on ventricular 

force was observed whereas Norris et al (1974) reported that the degree of 

positive inotropism measured at five sites on the anterior surface of the left 

ventricle was on average similar for both left and right ventral root stimulation. 

We measured intraventricular pressure as a representation of force of contraction 

over the whole left ventricle and found that the effect of the left sympathetic 

nerves was virtually double that of the right sympathetic nerves at every 

segmental level.  

The ventricular pressure data was collected during constant pacing of the 

ventricle, thus eliminating the possibility that inotropic increases were produced 

by changes in heart rate. Interestingly, at T5-T6, only left sympathetic 

preganglionic neurons produced a chronotropic and inotropic response and 

hence must be selectively cardiac. No changes in rate or force were present when 

stimulating this outflow on the right. 

Left sympathetic stimulation had a greater effect on AV conduction, particularly 

at the more rostral segments. Sympathetic stimulation has been shown 

previously to have direct effects on the AVN and hence AV conduction (Ardell et 

al., 1988, Winter et al., 2012). Our data show that left sympathetics caused a 

greater reduction in AV conduction and suggests greater innervation of the AVN 
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by the left sympathetics as proposed by Ardell et al (1988). A similar effect of left 

stimulation was seen by Winter et al (2014) however this was restricted to T2-T3. 

It is important to note that stimulating at this level would also have included axons 

of neurons from the more caudal segments hence the importance of this study 

where different levels with more or fewer fibres were stimulated.  

Simulation of the left sympathetic chain displayed a more dominant effect with 

regard to ventricular electrophysiological effects. As seen by Winter et al (2012), 

left sympathetic stimulation caused greater shortening of MAP duration both at 

the base and the apex of the anterior ventricle surface when compared to right 

sympathetic stimulation. This study goes further by showing this effect at the 

other segmental levels between T1-T6 that were stimulated. The most caudal 

segments between T4-T6 showed large effects on MAP duration with both left 

and right sympathetic stimulation, with little additional change in response when 

successive segments were stimulated. Hence, the effect on MAP duration 

shortening is likely to be mainly an action of preganglionic neurons located in the 

caudal spinal segments, with left side dominance at T5-T6.  A previous study 

using optical mapping of the innervated isolated rabbit heart showed a differential 

gradient of base to apex APD with bilateral sympathetic stimulation (Mantravadi 

et al., 2007). Although there was a trend for a greater change in MAP duration at 

the base in comparison to apex, here we have shown that these effects were 

small. None the less, these results provide evidence of spatial heterogeneities of 

sympathetic effects and indicate that there may be a greater innervation of 

sympathetic fibres and a higher density of IKs at the base of the ventricle (Ng et 

al., 2009). The differences observed between base and apex were particularly 

evident at T4-T5 for both MAP duration and maximum slope of restitution 

suggesting regional innervation and preferential supply to the base at caudal 

levels. This merits further investigation into the regional differences in 

sympathetic innervation of the left ventricle.  

These changes were accompanied by reductions in the effective refractory 

period. The effective refractory period (ERP) was shortened to a greater extent 

by left sympathetic stimulation than right sympathetic stimulation. Notably the 
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response from lower thoracic segments was remarkably large when considering 

how small the heart rate changes were at these levels. We could conclude from 

this that the changes in ERP observed at this level were independent of heart 

rate changes. At T1-T2, the reduction in ERP was largest which could partly be 

explained by the greater effects on heart rate at this level. However, this does not 

appear to conform to the larger heart rate changes elicited by right sympathetic 

stimulation and lesser effects on ERP compared to left sympathetic stimulation. 

Left side preganglionic neurones had a clear dominance over right sympathetic 

nerves in shortening the ERP even though right sympathetics had a dominant 

heart rate effect. This was demonstrated in fig 5.11 whereby the left sympathetic 

response displayed a steeper relationship between heart rate and ERP. This 

could be explained by the greater MAPD changes evoked by the left sympathetics 

and their more dense innervations of the left ventricle.  ERP therefore appears to 

be a dynamic response involving the interaction between several factors 

including heart rate and ventricular electrophysiology.  

This study also reveals that in the rabbit, a major influence on the electrical 

stability of the heart arises from a group of sympathetic preganglionic neurons 

from the caudal spinal segments. At both the base and apex, a large proportion 

of the maximum restitution slope change arose from T4-T5 with right and left 

sympathetic stimulation. A similar effect was seen with changes in VF threshold 

at the caudal segments in which a large proportion of the maximum response 

arose. This is an interesting finding considering that the chronotropic and 

inotropic changes were small at this level. As seen with MAP duration, there is a 

trend for a greater steepening of maximum slope of restitution at base in 

comparison to the apex. Again this effect is more apparent at the caudal levels 

and more dominant with left sympathetic stimulation.  

The caudal segments appear to selectively activate cardiac postganglionic 

neurons that strongly influence APD, APD restitution and VF threshold as 

stimulation of successive levels did not significantly increase the responses and 

thus showed no statistical difference. Moreover, left cardiac sympathetic spinal 

nerves had a larger influence over left ventricle electrophysiology then right side 
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preganglionics. Of each parameter measured, a degree of difference was 

observed both between left-right stimulation and differential spinal segment 

stimulation. Therefore, a functional difference of preganglionic neurons is 

apparent.  

An important novel finding of this study is the high potential for the caudal spinal 

sympathetic neurons to cause abnormal cardiac rhythms and hence reveals 

potential for development of more focused clinical treatments. Understanding the 

implications of cardiotopic innervation of the sympathetic nerves and regional 

electrophysiological effects requires detailed knowledge of innervation, ion 

channel distribution and dynamic behaviour of the heart. This merits further 

investigation and would require mechanistic insight on regional APD changes in 

both activation and repolarization. This would be possible with optical mapping, 

which is a line of investigation our laboratory is pursuing with this refined 

preparation.   

 Clinical implications 

Clinical treatment for LQTS and other chronic cardiac arrhythmias includes 

removal or pharmacological block of the stellate ganglion. Although successful, 

this form of treatment is not without its serious side effects for example palmer 

and facial anhydrosis, loss of vasomotion, and poorer visual and salivary control. 

The reason for such extreme side effects is that removal of the stellate ganglion 

also leads to removal of the sympathetic supply to the forelimbs and head. A 

more focused treatment is necessary to eliminate these side effects whilst still 

successfully reducing arrhythmia in these patients. A suggestion for this could be 

to remove the T4-T6 sympathetic outflow on the left side instead of removing the 

stellate ganglion. This may be surgically challenging but is an approach worth 

exploring in humans as an alternative treatment for chronic cardiac arrhythmias.   

 Limitations 

The electrophysiological properties of preganglionic synapses in thoracic ganglia 

have been well documented (Lichtman et al., 1980, Jänig, 2006). The aim of this 



120 

 

study was to test the idea that functionally distinct cardiac sympathetic 

preganglionic fibres are located in different segments of the upper thoracic spinal 

cord. In light of this, we stimulated all axons present in the sympathetic chain at 

different segmental levels and based our interpretation on changes in the 

magnitude of the cardiac effect. We used a supramaximal stimulation to moderate 

effects of subliminal fringe, spatial and temporal facilitation, occlusion, 

convergence and divergence. Our electrophysiological tests were limited to the 

anterior surface of the left ventricle but stellate stimulation in pigs and humans 

suggests that similar actions are likely to have occurred on the posterior aspect 

of the left ventricle (Ajijola et al., 2013, 2015, Vaseghi et al., 2013). To address 

the issue of order of testing, we randomized the order of the test series between 

right and left, and rostral to caudal or vice versa or a random order of segment 

stimulation.  

As mentioned previously, the rabbit was used as the experimental model due to 

the similarity of its cardiac electrophysiological behaviour to humans. It is 

however understood that extrapolation of this data to humans must be done with 

caution. Furthermore, the innervated heart preparation is in isolation from 

confounding physiological factors and could have aspects of over-simplification 

of the basic control mechanisms in intact animals and humans. Nonetheless there 

is plenty of evidence for similarity in the anatomy and function of the autonomic 

innervation of all mammals studied so far (Janig, 2006) and hence it would be 

surprising if the functional anatomy is different to what we describe in this study 

in the rabbit.  

 Conclusion 

These results provide evidence for functionally distinct and dominant sympathetic 

preganglionic pathways to the heart and reveal previously uncharacterized 

properties of the preganglionic innervation of cardiac neurones in the rabbit heart. 

It is apparent from this data that the preganglionic sympathetic neurones target 

functionally distinct cardiac postganglionic neurons. Further supporting this 

concept, studies in the brain showed that electrical and chemical stimulation of 

specific sites led to a distinct response i.e. pathological ECG changes (Delgado, 
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1960; Manning and Cotton, 1962; Ueda et al., 1962; Openheimer 1994) and brain 

lesions at different sites are associated with specific ECG abnormalities 

(Hugenholtz, 1962; Srivastava and Robson, 1964; Fukada et al., 2015; Taggart 

et al 2016). This is consistent with studies that stimulated the stellate ganglia or 

branches of the cardiac postganglionic sympathetic nerves (Yanowitz et al., 

1966; Szentivani et al., 1967; Randall et al., 1968). These features would require 

the spinal sympathetic neurones to most densely terminate on postganglionic 

neurones with a specific regional and functional identity, which is demonstrated 

by these results for the first time experimentally. As well as this, the results show 

that the caudal spinal segments (T4-T6) may have a dominant action over cardiac 

rhythm and be more arrhythmogenic, with the left sympathetic chain more so than 

the right. 
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6 Regional heterogeneities of the cardiac sympathetic 

neurones 

 Introduction 

The electrical heterogeneity of the heart is well documented, and factors that 

cause an amplification of the heterogeneities, such as sympathetic stimulation, 

can be proarrhythmic. The sympathetic nerves are suggested to have 

heterogeneous innervations with higher densities of innervation at the base of the 

ventricle (Ng et al., 2009). The left and right sympathetic neurones, as described 

in the previous chapters, have different effects on heart rate, left ventricular 

pressure and cardiac electrophysiology. Differences were also observed between 

the base and apex of the ventricle, with left sympathetic stimulation eliciting a 

greater response at the base. Hence, it is suggested that the left and right 

sympathetics exert these functional differences due to differential innervations in 

distinct regions of the heart. Although electrical heterogeneity of the heart is well 

recognised, detailed studies into differential sympathetic innervations and effects 

on cardiac electrophysiology are lacking. Understanding these differences can 

provide valuable insight into the predominant effects of left sympathetic neurones 

on cardiac excitability, and the mechanisms behind its proarrhythmic tendencies.  

In order to fully understand the implications of heterogeneity on function of the 

heart, detailed knowledge of nerve innervation and ion channel distributions is 

required. Previous studies have shown that there are regional differences in ion 

channel distribution across the ventricle. Epicardial and endocardial differences 

have been observed using the left ventricular wedge preparation of the canine 

heart in which epicardial and endocardial transmembrane action potentials and 

ECGs were recorded from perfused ventricular wall tissue (Antzelevitch, 2001, 

Antzelevitch, 2005, Antzelevitch and Belardinelli, 2006). APD was found to be 

shorter in the epicardium than endocardium, suggested to be due to higher levels 

of ITO in the epicardium. The M cell (midmyocardial cell), located in the deep 

subendocardium to midmyocardium in the anterior wall, has the longest APD 

(Antzelevitch, 2007). This has been attributed to smaller contributions of IKs to 



124 

 

the action potential (Viswanathan and Rudy, 2000) and larger INa (Zygmunt et al., 

2001, Liu and Antzelevitch, 1995). NCX has also been implicated (Zygmunt et 

al., 2000).     

Regional differences between ion channel distributions at the apex and base 

have also been identified. Heterogeneous K+ channel distributions in particular 

have been studied. In situ hybridization and immunofluorescence studies showed 

abundance of ERG, which has a role in the rapid component of the delayed 

rectifier K+ current (IKr), throughout the ventricular epicardium apart from the base 

(Brahmajothi et al., 1997b). They also found a wide distribution of different voltage 

gated K+ channel transcripts throughout the heart (Brahmajothi et al., 1997b).  In 

the rabbit heart, high densities of IKs were identified at the base of the left ventricle 

as well as high levels of tyrosine hydroxylase (provides indication of sympathetic 

innervations) (Ng et al., 2009). Also in the rabbit heart, at the apex, high levels of 

the fast component of the delayed rectifier K+ current, IKr were found (Cheng et 

al., 1999).  

It is generally acknowledged that the right sympathetic nerves preferentially 

innervate the sinus node and the left sympathetic nerves preferentially innervate 

the ventricles (Randall and Rohse, 1956, Randall et al., 1968a, Ardell et al., 

1988). It has also been reported by Yanowitz et al (1966) that the right stellate 

ganglion primarily innervates the anterior ventricular surfaces and the left stellate 

ganglion innervates the posterior, however this is controversial and the study was 

limited by the small number of electrodes  and great variability of data across the 

anterior and posterior walls. Other studies have demonstrated shared left and 

right sympathetic innervations on the anterior left ventricle (Rubart and Zipes, 

2005), with right sympathetic innervations predominating  (Kralios et al., 1975, 

Opthof et al., 1991).  However, left sympathetic neurones have been found to 

significantly increase the dispersion of repolarisation over the anterior surface 

more than right sympathetics (Vaseghi et al., 2012b).  Detailed reports of the 

innervations of sympathetic nerves have not yet been established.  

Investigations in canine hearts reported parallel but distinct projections of the 

sympathetic efferents to automatic, conductile and contractile tissues. They found 
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that right sympathetic projections effecting contractile force (atrial and ventricular) 

mostly converged within the pulmonary artery nerves (PAN), pathways to the 

pacemaker were focused between the superior vena cava and ascending aorta, 

and projections to conductile tissue were localised between the common 

pulmonary artery and proximal pulmonary artery. Similarly, left sympathetic 

projections to contractile tissues were found within the PAN and in the ventral 

lateral cardiac nerve (VLCN), heart rate and conductile tissue projections were 

concentrated at the left pulmonary artery (Ardell et al., 1988). It has also been 

shown that fibres originating from the left sympathetic chain lead to the 

ventromedial cardiac nerve (a branch of the left stellate ganglion)  and those from 

the right sympathetic chain lead to the recurrent cardiac nerve (a branch of the 

right sympathetic ganglion) as illustrated in fig 6.1 (Kralios et al., 1975, Haws and 

Burgess, 1978). However, there is still a poor understanding of the specificity of 

left and right sympathetic innervations and the functional effects of their 

stimulation on the heart. Specifically, there is a lack of data to help understand 

how the differential innervations effect the cardiac electrophysiology and how this 

becomes impaired in diseases with sympathetic imbalance. 
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The distribution and density of sympathetic nerve fibres is heterogeneous and 

consequently upon stimulation, β-AR over the different regions of the heart are 

not activated in a uniform fashion. The experimental use of catecholamines to 

mimic nerve activity is therefore limited as the heterogeneous distribution of 

activity from nerve stimulation cannot be adequately represented when perfusing 

the heart with catecholamines, which will affect all regions. It also does not 

account for the contribution of co-transmitter release and the variations in 

signalling between intrajunctional and extrajunctional β-ARs (Ripplinger et al., 

2016). An approach to investigate the local effects of catecholamines was 

explored by Myles et al (2012) in which subepicardial injections of noradrenaline 

in rabbits hearts was used to measure localized β-AR stimulation and induction 

of focal arrhythmia. However, the relevance to the actual innervation dependent 

regional changes is arguable. 

Figure 6.1. Distributions of the left and right sympathetic chains (trunks) as described 

by Kralios et al., 1975. 
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Optical mapping of the Langendorff perfused rabbit heart highlighted the 

heterogeneity of sympathetic innervations (Mantravadi et al., 2007). It displayed 

that sympathetic stimulation increased the dispersion of repolarisation and 

reversed the direction of repolarisation from apex to base seen in sinus rhythm, 

to base to apex after sympathetic stimulation. Isoproterenol increased the 

dispersion of repolarisation but did not change the direction of repolarisation. This 

represents spatial heterogeneities of sympathetic effects and their results 

indicated that there may be a greater innervation of sympathetic fibres at the base 

of the ventricle.  

Stimulation of the left sympathetic neurones has been demonstrated previously 

to be arrhythmogenic, and removal of the left stellate ganglion has anti-arrhythmic 

effects (Armour et al., 1972, Ben-David and Zipes, 1988, Hageman et al., 1973, 

Schwartz, 1984, Schwartz and Malliani, 1975, Schwartz et al., 2004, Schwartz et 

al., 1976a). This suggests that the left and right sympathetic chains have 

differential regional distributions and hence different effects on cardiac rhythm 

and electrophysiology, which has not been adequately characterised. However, 

there is very little data on the mechanisms underlying the proarrhythmic nature 

of the left sympathetics. Heterogeneity of sympathetic innervations give rise to 

heterogeneities in APD restitution (Ng et al., 2009). A better understanding of the 

cardiotopic innervation of sympathetic nerves and regional electrophysiological 

effects require detailed knowledge of innervation, ion channel distribution and 

APD dispersion.  

In order to understand the mechanisms behind the initiation and maintenance of 

arrhythmia, it is important to understand the spread of electrical activity. Single 

cell experiments using microelectrodes are often used to investigate cellular 

electrophysiology however, this does not allow simultaneous action potential 

recording from several sites (Efimov et al., 2004, Ideker et al., 1989). Surface 

electrodes have also been utilized to measure spread of excitation and 

repolarisation but there are limits to the number of recording sites and 

interpretations of data (Ideker et al., 1989, Haws and Lux, 1990). 
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Hence, this study will use optical mapping to investigate the possible regional 

heterogeneities of ventricular electrophysiological effects from stimulating left and 

right sympathetic neurones. This will add further knowledge to the regional 

heterogeneities of sympathetic innervation and will gain mechanistic insight into 

cardiotopic effects of sympathetic stimulation on regional APD changes in both 

activation and repolarisation. For this set of experiments, the spinal cord was 

stimulated to measure effects of bilateral sympathetic stimulation, and then the 

chains were successively removed in order to gage an understanding of the 

functional and electrophysiological changes upon denervation. This will improve 

our knowledge of the role of each sympathetic chain in shaping APD, dispersion 

of repolarization, effective refractory period and electrical restitution by observing 

the responses during bilateral spinal cord stimulation, spinal cord stimulation after 

left sympathetic chain removal and spinal cord stimulation after additional right 

sympathetic chain removal. Removal of the left sympathetics has been shown by 

many studies to reduce arrhythmia generation (Schwartz et al., 2004, Bourke et 

al., 2010, Coleman et al., 2012, Wilde et al., 2008), however the underlying 

mechanisms are not understood. Importantly, we hope to improve the 

understanding of the mechanisms behind the preferential influence of the left 

sympathetic neurones on cardiac excitability and arrhythmia generation by 

measuring the change in electrophysiological responses after the left sympathetic 

chain is removed.  
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 Methods 

 Mounting Isolated innervated rabbit heart preparation 

The isolated innervated rabbit heart preparation was set up as described earlier 

(n=12). Once the preparation is mounted on to the dish, it is perfused via the 

cannula in the ascending aorta with Tyrode solution at 100ml/min. As described 

previously, the vent and LVP balloon are inserted into the left ventricle. A pair of 

platinum electrodes were attached to the right atria and rib cage in order to record 

a simplistic ECG.  

 Preparation of sympathetic chains 

The left and right sympathetic chains were identified and traced up to just above 

T1 by gently removing surrounding tissues. Once the chains were located a 

suture was thread underneath the chain above the T1 segmental level. Both ends 

of the suture were then threaded through a 4cm (2-3mm diameter) tube of plastic 

and tied to secure the tube (fig 6.2).  
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 Positioning and stabilising the preparation  

Blebbistatin was prepared by dissolving in DMSO (2mg/ml) and adding to the 

Tyrode solution to make up a 5µM Blebbistatin concentration. Blebbistatin was 

used to reduce motion artefacts. Contraction of the heart seized within half an 

hour of perfusion of the Tyrode solution containing Blebbistatin. A plastic slide 

was placed on the surface of the left ventricle and secured to the dish to prevent 

further positional changes so the recording field remained the same throughout 

the experiment. It also slightly flattened the ventricular surface so that a clean 

signal could be obtained from all 256 diodes.  

Figure 6.2. (a) Image showing right sympathetic chain with suture thread underneath. (b) 
Suture threaded through tubing and later used to pull suture through and tear the 
sympathetic chain. (c) Image showing preparation after both sympathetic chains have 
been prepared.  
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The preparation had to be carefully positioned to ensure it was within the 

recording field and in focus. The focus could be improved by lifting or lowering 

the optics camera.  

 Loading the dye 

During the surgical procedure, a cannula was used to pierce the carotid artery 

and was then advanced slowly and secured with sutures. 40µL of Di-4-ANEPPS 

(Fisher Scientific Ltd, UK) was loaded via the carotid artery in 15µL boluses. The 

dye was stable for 2-4 hours before further loading was necessary.  

 Optical Mapping 

Optical action potentials were recorded from the anterior left ventricular surface. 

An LED light source (535nm) was projected on to the heart using a dichroic mirror 

(570nm). Emitted light was filtered through a 630 nm long-pass filter and collected 

using a Hamamatsu 16 × 16 element photodiode array (Cairn Research, 

Faversham, UK).  

 Sympathetic nerve stimulation  

For bilateral sympathetic stimulation, a quadripolar catheter (2.0mm outside 

diameter, Biosense Webster Inc. Diamond Bar, USA) was inserted into the spinal 

cord and advanced upwards. It was inserted at the level of the twelfth thoracic 

vertebra and slowly advanced to the second thoracic vertebra at the level of the 

stellate ganglion as performed previously (Ng et al., 2007). An increase in heart 

rate upon insertion due to mechanical stimulation confirmed correct positioning 

of the catheter. The catheter was connected to a constant voltage stimulator 

(SD9, Grass Instruments, Astro-MedInc., Slough, UK), which stimulated the 

sympathetic nerves at a voltage that produced 80% of maximal heart rate 

response at a frequency of 5Hz (2ms pulse duration).  The frequency was then 

adjusted to produce a steady state heart rate just less than 250bpm in order to 

not override the cycle length used in the pacing protocols (240ms). Constant 

pacing (240ms) and single extrastimulus protocol for electrical restitution 



132 

 

measurement, as described previously, were the pacing protocols used in this 

set of experiments. The final set up of the preparation is displayed in fig 6.3. 

  

Figure 6.3. (a) Image showing final set up of preparation. (b) Image from camera of 
recorded area of left ventricle with diagram illustrating the orientation of the 256 
diode recording grid.   
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 Removing the sympathetic chains 

It was necessary to develop a method of removing the sympathetic chains without 

disrupting the preparation in any other way. It was important that the preparation 

did not move during this process as then the recorded area would change and 

not be representative of the data collected prior to the removal of the sympathetic 

chain. For this reason, the chains were isolated and prepared prior to any optic 

mapping recordings being made. To remove the chains, the tube that was placed 

previously was pushed down the suture and close to the chain. The suture was 

then tugged at through the tube until the nerve snapped. This ensured damage 

of the nerve without any positional changes of the preparation. To further ensure 

that all input from the chain was removed, the area in which we damaged the 

nerve was cauterized. The left sympathetic chain was removed first, followed by 

the right sympathetic chain, leaving no sympathetic response remaining at the 

end of the experiments.  Successful chain removal was confirmed at the end of 

the experiment by observation of no chronotropic changes when the spinal cord 

was stimulated. 

 Data analysis 

Functional parameters were recorded with a PowerLab 8 s system and digitized 

at 2 kHz using Chart and Scope software (ADInstruments Ltd). Optical action 

potential signals were digitized at 2 kHz and recorded on a custom designed 

computer system (National Instruments, USA) using QRecord software (Dr 

Francis Burton, University of Glasgow, UK). The program Optiq (Dr Francis 

Burton, University of Glasgow, UK) was used to measure the APDs at each site 

from the difference between the activation and repolarization time points as 

described previously (Mantravadi et al., 2007). Using MATLAB, a script was 

developed which carried out calculations, plotting and fitting of the electrical 

restitution curves at all 256 recorded sites simultaneously.  Calculations of the 

first derivative were also performed generating the maximum slope of restitution 

data. Data are mean ±SEM; compared using ANOVA or paired t-test for which 

statistical significance was taken at 5% level (p<0.05). 
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 Results  

 Effect of Blebbistatin  

Fig 6.4 shows the effects on left ventricular pressure (LVP), perfusion pressure 

and heart rate (HR) when the preparation was perfused with Tyrode solution 

containing 5μM Blebbistatin. The LVP decreased within 30 minutes of perfusion 

and the heart stopped contracting. All other parameters were maintained at a 

stable level.   

 Heart rate 

The largest HR response was elicited from bilateral sympathetic stimulation (fig 

6.5), which increased heart rate from baseline 130.9±7.2 bpm to 216±3.9 bpm 

(P<0.0001). Denervation of the left sympathetic chain above T1 caused a 

significant reduction in heart rate when the spinal cord was stimulated 

(P<0.0001). Following left denervation spinal cord stimulation evoked a HR 

increase to 170±7.1 bpm from baseline 127.5± 5.5 bpm (P<0.0001). After 

removal of the right sympathetic chain in addition to the left sympathetic chain, 

there was no increase in heart rate during spinal cord stimulation (P<0.0001).   

Figure 6.4. Effect of 5uM Blebbistatin. Raw data traces displaying the effects of 
Blebbistatin on left ventricular pressure (LVP), perfusion pressure (PP) and heart rate 
(bpm). 
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Fig 6.5c shows the percentage changes in the HR response. Bilateral 

sympathetic stimulation increased HR by 74.5±10.5%, which was significantly 

reduced to 39.2±8.2% (P<0.01) with left denervation. The HR change was 

removed by right sympathetic chain denervation (P<0.001).  

 

 Action Potential Duration 

Fig 6.6 shows action potential traces from single sites at the base, apex, free wall 

and anterior wall during baseline, bilateral sympathetic stimulation, spinal cord 

stimulation following left sympathetic chain denervation and spinal cord 

stimulation with additional right sympathetic chain denervation. APD for all the 

256 sites measured is shown in the 2D plot in fig 6.7. During baseline conditions, 

Figure 6.5. Chronotropic effects of differential sympathetic stimulation. (a) Raw 
data traces of heart rate change with bilateral sympathetic stimulation (SS), spinal cord 
stimulation after left denervation (LD) and additionally right denervation (L&RD). (b) 
Mean heart rate response (c) Percentage heart rate change from baseline for each 
condition. Data represent mean ±SEM. **P<0.01, ***P<0.001, ****P<0.0001. 
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the shortest APD values were observed at the base and free wall with the majority 

ranging between 150-158ms.  Longer APDs were observed at the apex and 

anterior wall. Fig 6.7b shows the APDs during bilateral sympathetic stimulation. 

The APDs were shorter across the sites during bilateral stimulation when 

compared with baseline, with the shortest APDs in the base-free wall corner 

ranging between 140-150ms. After spinal cord stimulation following left 

sympathetic chain denervation, as shown in fig 6.7c, there are longer APDs in 

the apex-anterior wall region when compared to bilateral sympathetic stimulation. 

The shorter APDs that were seen at the base-free wall region with bilateral 

stimulation were also lengthened after spinal cord stimulation following left 

denervation (150-155ms).  Fig 6.7d shows the APDs during spinal cord 

stimulation after both chains had been denervated and the range and distribution 

of APDs was very similar to the baseline values. A 2D plot of the percentage 

change between each condition is shown in fig 6.8. Large changes are evident 

from baseline to bilateral stimulation. This was greatly decreased after left 

denervation.   
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Figure 6.6. Effects of sympathetic stimulation and denervation on action potential 
duration (APD). Raw APD trace from single sites at the base, apex, free wall and 
anterior wall. APD traces are shown for baseline, bilateral spinal cord stimulation, spinal 
cord stimulation after left denervation, and after left & right denervation.   
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Figure 6.7. Regional action potential duration (APD) changes during differential 
sympathetic stimulation. 2D plots displaying APD at 256 sites across the left ventricle, 
recorded during constant pacing. APDs are shown during (a) baseline, (b) bilateral 
sympathetic stimulation, (c) stimulation after left denervation, (d) stimulation after left & 
right denervation. 
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Figure 6.8. Percentage change in action potential duration (APD). Percentage 
change in APD from baseline (BL) to (a) bilateral sympathetic stimulation (SS), (b) spinal 
stimulation after left denervation (LD) and (c) spinal stimulation after left & right 
denervation (L&RD).  
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APD dispersion was measured by two methods. Firstly, by calculating maximum 

APD (APDmax) – Minimum APD (APDmin) for the 256 sites recorded. With bilateral 

sympathetic stimulation, APD dispersion increased from 39.1±1.9 ms at baseline 

to 47.6±0.9 ms (P<0.05).  After left denervation, spinal cord stimulation caused 

minimal increase in APD dispersion from 43.4±1.2 ms to 44.2±0.8 ms (NS). After 

additional right chain denervation, spinal cord stimulation caused no difference in 

APD dispersion between baseline of 44.9±1.0 ms to 44.4±0.7 ms with stimulation 

(NS). The second method used to measure APD dispersion was to calculate the 

standard deviation of the APDs over the 256 recording sites to measure the 

spread of the data. The mean APD at baseline was 154.4±1.5 ms with an average 

standard deviation of 4.1±0.3. APD dispersion significantly increased with 

bilateral stimulation (mean APD 148.2±1.2 ms) as standard deviation increased 

to 5.2±0.4 (P<0.05). Spinal cord stimulation produces a small increase (NS) in 

APD dispersion after left chain removal from baseline 6.2±0.8 (mean APD 

157.3±1.4ms) to 6.4±0.8 (mean APD 154.7±1.2ms). After both chains were 

removed, spinal cord stimulation caused no significant change in APD dispersion, 

from baseline 5.7±0.7 (mean APD 157.4±1.2) to 5.5±0.6 (mean APD 156.6±1.5).  

 

 Effective Refractory Period  

The effective refractory period (ERP) was reduced from baseline 171.7±2.4 ms 

to 157.8±2.2 ms with bilateral sympathetic stimulation (P<0.0001) as shown in fig 

6.9.  After left sympathetic chain denervation, spinal cord stimulation evoked a 

much smaller change in ERP from 171.1±2.2 ms at baseline to 169.4±1.9 ms with 

spinal cord stimulation, which was significantly less than with bilateral 

sympathetic stimulation (P<0.0001). In 7 out of 12 hearts there was no change in 

ERP from baseline to spinal cord stimulation following left denervation. After right 

sympathetic denervation, there was no change from baseline ERP during spinal 

cord stimulation.  

Percentage change in ERP is displayed in fig 6.9b. Percentage change in ERP 

was significantly greater with bilateral sympathetic stimulation (-8.1±1.3%) than 
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spinal cord stimulation following left sympathetic chain denervation (-2.3±1.0%, 

P<0.001) and additionally right sympathetic chain denervation (0%, P<0.0001). 

There was no significant difference in percentage ERP change with left 

denervation alone or with the addition of right denervation.  
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Figure 6.9. Effects on effective refractory period (ERP). (a) ERP response with 
baseline (BL), bilateral sympathetic stimulation (SS), spinal cord stimulation after left 
denervation (LD) and additionally after left & right denervation (L&RD). Data represent 
mean ±SEM. ***P<0.001, ****P<0.0001. 
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 Action Potential Duration Restitution 

Fig 6.10 displays APD restitution curves from selected sites at the base, apex, 

anterior wall and free wall of the left ventricle for each condition in, with the 

corresponding first derivative curves in fig 6.11. Bilateral stimulation produced the 

steepest curves and the highest maximum slope of restitution across all regions. 

Left denervation decreased the maximum slope of restitution achieved with spinal 

cord stimulation close to baseline values. Likewise spinal cord stimulation 

following right denervation produced maximum slope of restitution values close 

to baseline. The restitution curves were generated for each of the 256 recorded 

sites and can be seen in fig 6.12. The maximum slope of restitution was 

calculated for each curve and plotted in fig 6.13. Increased slope values were 

elicited by bilateral sympathetic stimulation in most regions, but particularly in the 

basal region. The highest slope values were observed at the base with the most 

dense regions reaching slope values of 2.5. After left denervation there were 

fewer regions showing high slope values with spinal cord stimulation and a 

marked decrease in maximum slope of restitution in most areas in comparison to 

bilateral sympathetic stimulation. Discrete regions at the base and free wall 

exhibited the steeper slope values with spinal cord stimulation after left 

denervation and a small number of sites at the apex also retained the higher slope 

values. However, a large proportion of the response at the base seen during 

bilateral sympathetic stimulation was lost after left denervation. After the addition 

of right sympathetic chain denervation the maximum slope of restitution in all 

regions with spinal cord stimulation was very similar to that observed at baseline.  

The percentage change in maximum slope of restitution is shown in fig 6.14. The 

greatest changes were observed between baseline and bilateral sympathetic 

stimulation. The base elicited the largest percentage change. A large majority of 

the response was lost when the spinal cord was stimulated after left denervation, 

with very little change in maximum slope of restitution observed. Finally, after 

both left and right sympathetic chains were removed, percentage change was 

approximately zero in the majority of regions with spinal cord stimulation.  
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Figure 6.10. Action potential duration restitution curves. Restitution curves from 
single sites at (a) the base, (b) apex, (c) free wall and (d) anterior wall during baseline 
conditions (BL), bilateral sympathetic stimulation (SS), stimulation after left denervation 
(LD) and stimulation after left & right denervation (L&RD). All curves are fitted with 
exponential curve fit (MAPD90 = maximum MAPD90 [1-e-DI/τ]).  
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Figure 6.11. Derivative of fitted restitution curves. Derivative curves for baseline (BL), 
bilateral sympathetic stimulation (SS), stimulation after left denervation (LD) and 
stimulation after left & right denervation (L&RD) at single sites at the (a) base, (b) apex, 
(c) free wall and (d) anterior wall. The maximum slope of restitution is determines from 
the maximum y value of these curves.  
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Figure 6.12. Action potential duration restitution curves at multiple sites over left 
ventricle. Restitution curves fitted with exponential curve fit (MAPD90 = maximum 
MAPD90 [1-e-DI/τ]) for 256 sites across left ventricle during baseline conditions (BL), 
bilateral sympathetic stimulation (SS), stimulation after left denervation (LD) and 
stimulation after left & right denervation (L&RD). 
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Figure 6.13. 2D plots of regional differences in maximum slope of restitution 
across left ventricle.  Maximum slope of restitution displayed at 256 sites across left 
ventricle during baseline conditions, bilateral sympathetic stimulation, spinal cord 
stimulation after left denervation and stimulation after left & right denervation. 
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Figure 6.14. Percentage change in maximum slope of restitution. Percentage 
change in maximum slope of restitution from baseline (BL) to (a) bilateral sympathetic 
stimulation, (b) spinal stimulation after left denervation and (c) spinal stimulation after left 
& right denervation.  

 



148 

 

 Discussion 

It is well established that the heart displays regional electrical heterogeneity, 

partly due to differential nerve innervations and ion channel distributions. These 

findings support the notion of higher sympathetic nerve innervations at the base 

of the ventricle and demonstrate the regional differences in electrophysiological 

parameters such as action potential duration and electrical restitution. This study 

highlights for the first time the dominance of the left sympathetic neurons on 

cardiac electrophysiology and preferential innervation at the base of the ventricle.  

Right sympathetic stimulation is known to innervate the sinoatrial node and have 

a preferential effect on heart rate. It was therefore not surprising that upon 

removal of the left sympathetic chain, a large proportion of the heart rate 

response still remained. Although the heart rate still greatly increased with spinal 

cord stimulation after left sympathetic chain denervation, there was little or no 

change in effective refractory period (ERP). This suggests that during bilateral 

sympathetic stimulation, the left sympathetic chain exerts dominance over the 

ERP. Previous data has shown that sympathetic stimulation decreased ERP and 

vagal stimulation increased ERP, which correlated with the heart rate changes 

elicited by each (Ng et al., 2007). However, it is evident from this study that 

changes in ERP were independent of heart rate changes. This response can be 

attributed to the greater shortening of action potential duration (APD) during left 

sympathetic stimulation as demonstrated in the previous chapters. Haws and 

Burgess (1978) reported that in regions of overlapping innervations, left 

sympathetic stimulation shortened refractory periods more than right stimulation. 

Likewise, in open chested dogs, right sympathetic stimulation did not elicit 

refractory period shortening (Cinca et al., 1985), which supports our observations 

of no or little ERP change from baseline during spinal stimulation after left 

sympathetic chain removal. In addition, right stellate ganglion blockade in 

patients with supraventricular tachycardia did not change the refractory period 

(Garcia-Calvo et al., 1992) .  
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It has been suggested previously that the sympathetic nerves have high densities 

of innervation at the base of the ventricle where they activate IKs which are also 

dominant in this region (Mantravadi et al., 2007, Ng et al., 2009). In support of 

this, bilateral sympathetic stimulation in this study caused shortening of APD 

across the ventricle, with the shortest APDs elicited at the base of the ventricle 

towards the free wall. After removal of the left sympathetic chain, the greatest 

shortening of APD with stimulation occurred in the free wall region however there 

was a much lesser response over all regions than observed with bilateral 

stimulation. Particularly in the basal region, much less APD shortening was 

observed after left denervation. APD prolongation after left stellectomy has also 

been observed in anaesthetised cats (Zaza et al., 1991). It is well recognized that 

the left sympathetics preferentially innervate the ventricle (Randall and Rohse, 

1956, Randall et al., 1968b, Furnival et al., 1973, Van Stee, 1978). In this study 

we report for the first time in the rabbit ventricle that the left sympathetic neurons 

predominantly innervate the base of the ventricle. 

This correlates with previous studies in a number of species showing transmural 

and base-apex heterogeneities in action potential duration and ion channel 

distributions (Wolk et al., 1999, Szentadrassy et al., 2005, Cheng et al., 1999, Li 

et al., 2002, Szabo et al., 2005). In the rabbit heart, the base of the left ventricle 

was found to have higher levels of tyrosine hydroxlase which is a marker for 

sympathetic innervation and higher levels of KCNQ1 protein expression, an IKs 

subunit (Ng et al., 2009). Furthermore, inhibition of IKs by HMR 1556 eliminated 

the greater shortening of APD at the base during sympathetic stimulation (Ng et 

al., 2009). Nerbonne et al (2002) found regional differences in action potential 

waveforms in the mammalian myocardium which henceforth impacts the normal 

dispersion of repolarization (DOR). The observed effects also reflected the 

differential voltage gated K+ channel expression. In accord, it is understood that 

regions of the ventricle that activate first will repolarize first and thus have shorter 

APDs (Spach and Barr, 1975). This allows for synchronous coordination of DOR. 

These data showed that bilateral sympathetic stimulation increased APD 

dispersion and thus, as indicated by previous studies (Han and Moe, 1964), has 

more potential to induce arrhythmia.  
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Amplification of dispersion of repolarisation underlies the development of 

ventricular arrhythmias, particularly in conditions of disease such as LQTS and 

CPVT (Antzelevitch, 2007). Removal of the left sympathetic chain, eliminated the 

increase in APD dispersion observed with spinal cord stimulation suggesting left 

sympathetic input plays a dominant role in APD dispersion during sympathetic 

stimulation. This is supported by previous studies in pigs (Vaseghi et al., 2013). 

This improves our understanding of the mechanisms underlying the 

proarrhythmic tendencies of the left sympathetics and suggests increased DOR 

as a potential mechanism. Vaseghi et al (2012b) studied the contribution of the 

left and right stellate ganglion to the innervation of the anterior left ventricle in pig 

hearts, in order to understand the role of the sympathetic nervous system in the 

genesis of ventricular tachycardias. Left sympathetic stimulation was found to 

significantly increase activation recovery interval (a surrogate measure of action 

potential duration), more than right stimulation. They concluded that left 

sympathetic stimulation is more proarrhythmic due to the greater effect it has on 

DOR, which is supported by the data in the present study.  

During sympathetic stimulation, direction of repolarisation is reversed due to 

greater innervations of the sympathetic nerves at the base of the ventricle 

(Mantravadi et al., 2007). This heterogeneity in sympathetic innervation, ion 

channel distribution and action potential duration also impacts the restitution 

properties of the heart.  The maximum slope of restitution was greatest in the 

basal and free wall regions and with bilateral sympathetic stimulation the intensity 

of response in these regions displayed the greatest increases. The base in 

particular showed the steepest slope values which correlates with data 

suggesting the sympathetic innervations have high densities in basal regions. 

Sympathetic stimulation has also been previously demonstrated to give rise to 

regional variations in restitution kinetics curves as a result of heterogeneous 

sympathetic innervations and K+ channel distributions (Ng et al., 2009).  Removal 

of the left sympathetic chain greatly reduced the steepening of the restitution 

curves predominantly at the base. These data suggest that the increased slope 

values observed during sympathetic stimulation are largely due to innervations of 

the left sympathetic neurons, particularly at the base of the ventricle. Again we 
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evidence here that left sympathetics exert a dominance over cardiac 

electrophysiology. This also provides an indication of what changes in cardiac 

electrophysiology occur upon removal of the left sympathetics in clinical 

treatments such as left cardiac sympathetic denervation (LCSD). As steeper 

restitution slopes correspond with increased likelihood of developing ventricular 

arrhythmias (Garfinkel et al., 2000, Ng et al., 2009, Riccio et al., 1999), it can be 

extrapolated from this study that LCSD would exert anti-arrhythmic effects 

through flattening of restitution curves.  

 Clinical implications 

APD restitution has been correlated with VF initiation and studies have shown 

that drugs that reduce the maximum slope of restitution also prevent initiation of 

VF (Riccio et al., 1999, Garfinkel et al., 2000).  Anti-arrhythmic drugs are often 

limited as they do not provide a preventative solution and can have off target 

effects. We have shown that removal of the left sympathetic chain resulted in 

flattening of restitution curves during spinal cord stimulation and thus increases 

the rationale for LCSD as a clinical treatment to prevent VF initiation. 

Heterogeneity of sympathetic innervations gives rise to heterogeneities in APD 

restitution (Ng et al., 2009) and we show here that removal of the left sympathetic 

nerves reduces the heterogeneity. Associations of APD slope and heterogeneity 

with clinical ventricular arrhythmia and sudden cardiac death have also been 

demonstrated in patients (Nicolson et al., 2012). APD restitution can therefore be 

used a strong prognostic marker for arrhythmogenesis.   

Studies have shown that factors known to favour VF initiation, such as 

sympathetic stimulation, also increase the DOR (Han and Moe, 1964). 

Heterogeneous sympathetic innervation of the ventricle impacts the DOR as 

DOR increases during sympathetic stimulation (Han and Moe, 1964); an 

important mechanism in arrhythmia generation. An increased DOR leads to 

development of conduction delay which induces sustained arrhythmia (Kuo et al., 

1983) and non-uniformity in recovery from excitation can lead to reentry (Han and 

Moe, 1964).  Hence, a better understanding of the differential innervations of the 

sympathetic nerves is especially important in conditions of sympathetic 
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imbalance and lethal arrhythmias. Investigations such as those in the present 

study in healthy hearts can provide important indications of what may occur in 

disease, for example following myocardial infarction (MI) and heart failure (HF), 

where remodelling occurs. HF in patients and animal models have shown 

prolongation of ventricular APD reflecting impaired repolarization (Janse, 2004, 

Li et al., 2002). This is due to remodelling of ion channels such as downregulation 

of voltage dependent K+ currents (Rose et al., 2005, Li et al., 2004a, Li et al., 

2002) which causes delayed repolarization and thus promotes generation of 

EADS (Janse, 2004). Heterogeneous DOR in heart failure provides a substrate 

for re-entrant arrhythmia. In patients with postinfarct cardiomyopathy (ICM), 

sympathetic stimulation increased regional differences in repolarisation due to 

denervation of scar tissue and denervation supersensitivity of regions 

surrounding scar tissue (Vaseghi et al., 2012a). Thus, understanding of 

sympathetic innervations and ion channel distributions in healthy hearts is 

essential to understanding what occurs in diseased states.   

Furthermore, these data clearly show that the left sympathetic chain has a 

dominance over ventricular electrophysiology and hence supports the rationale 

for left sympathetic cardiac denervation (LCSD). Currently, this treatment is used 

for patients with chronic cardiac arrhythmias but possesses significant side 

effects. Importantly, we have shown that removal of the left sympathetics 

dramatically alters the electrophysiology of the heart in all regions but specifically 

in the basal regions. Sympathetic stimulation after the removal of the left 

sympathetic chain largely reduced the shortening of action potentials, the 

decreases in ERP, the increases in DOR and the steepening of electrical 

restitution slopes, and hence helps improve the understanding of the 

mechanisms involved in reducing risk of arrhythmia in LCSD.  If a more selective 

approach was implemented, as suggested in the previous chapters, side effects 

could be reduced. However, this would require further investigation into the 

regional innervations of different spinal segments using optical mapping of the 

left ventricle.   
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 Limitations 

Optical mapping is generally accompanied by several limitations which vary in 

extreme depending on the type or how advanced the devices and optical probes 

are. These include contraction artefacts, spatial and temporal resolution, 

limitations of surface images, depth of field and field of view (Efimov et al., 2004). 

We can however be certain that these results are not the product of artefact as 

we observe augmentation or elimination of the measured parameters between 

conditions. The study was however limited by low spatial resolution of APD 

recordings caused by the use of a 16 x 16 element photodiode arrays. In order 

for continuous recordings to be made without interruption between baseline and 

stimulation, this photodiode had to be used and outweighed the need for higher 

spatial resolution.  

Studies in a number of species including zebra fish, mouse, rat and rabbit 

(Fedorov et al., 2007, Farman et al., 2008, Jou et al., 2010, Dou et al., 2007) have 

reported that Blebbistatin does not significantly alter electrophysiology of the 

heart. However, previous research from our group in the rabbit heart has 

suggested Blebbistatin does have significant effects on cardiac electrophysiology 

(Brack et al., 2013).  Blebbistatin was found to prolong basal and apical APDs 

and ERP, and increase maximum slope of restitution and VFT. This study also 

reported significant increases in perfusion pressure within 30 minutes of 

perfusion of Blebbistatin which was not observed in the present study, however 

we cannot rule out the effects on the electrophysiology. Although there appears 

to be controversy, Blebbistatin still remains the best way to remove motion 

artefacts in comparison to alternatives such as BDM which have significant 

adverse effects (Blanchard et al., 1990, Liu et al., 1993, Maesako et al., 2000, 

Kettlewell et al., 2004). However, the electrophysiological effects of Blebbistatin 

should not be ignored when interpreting data.  It is also important to note that all 

recordings including baseline recordings were taken in the presence of 

Blebbistatin, after 30 minutes of perfusion, when conditions had stabilised. As 

reported by Brack et al (2013), measurements of action potential duration and 

electrical restitution remain stable over a period of up to 5 h after Blebbistatin 
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perfusion, therefore the changes we observed between conditions can still be 

appropriately interpreted.   

 Conclusion 

This study provides data in support of what was previously elucidated; that left 

sympathetics have a dominance over cardiac rhythm and electrophysiology. It is 

important to note that previous studies that performed stellectomy to observe left 

and right sympathetic differences, did so in anaesthetised dogs or cats (Schwartz 

et al., 1976b, Schwartz et al., 1977). Furthermore, vagal input was also removed 

in some studies to eliminate the tonic afferent vagal inhibition on sympathetic 

nerves (Schwartz et al., 1976a), thus limiting interpretations of data. This 

highlights the importance of this study as we report data in support of previous 

findings in the novel isolated innervated rabbit heart preparation.  

The novel finding is that left chain denervation removed a significant amount of 

effects of spinal cord stimulation suggesting that the left chain may exert a more 

dominant effect, particularly at the base of the ventricle. Innervations of the left 

sympathetic neurons at the base are the main cause of the shortest APDs and 

steepest electrical restitution slopes observed in this region. This also helps us to 

understand why left sympathetics have a greater tendency to induce arrhythmia 

and how LCSD is producing anti-arrhythmic results. Our findings implicate 

decreased refractoriness, increased DOR and steepening of restitution curves as 

possible mechanisms to explain how the left sympathetic nerves have greater 

tendency to induce arrhythmia. Thus, this study improves our knowledge of the 

regionally selective innervations of the sympathetic nerves and how this relates 

to the heterogeneity of cardiac electrophysiology. Further investigations are 

necessary to understand how these innervations are remodelled in disease and 

hence provide more focused clinical therapies.  
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7 Conclusion 

ANS dysfunction is a key factor in the progression of most cardiovascular 

diseases and cardiac electrophysiological abnormalities, with the sympathetic 

nervous system central to the development of arrhythmias (Schwartz and Stone, 

1982b, Malliani et al., 1980, Han and Moe, 1964). Hence, in this study we 

investigated the sympathetic innervations of the heart and its distinct effects on 

cardiac electrophysiology, to provide important insights into the mechanisms of 

arrhythmia generation.  

Differential effects of right and left sympathetic nerve stimulation 

on ventricular electrophysiology and arrhythmia inducibility  

The left and right sympathetic chains have been reported to have differential 

chronotropic and inotropic effects in various species. Unilateral stimulation of the 

left and right sympathetic chains has previously been found to have different 

functional and electrical responses, which are important factors in arrhythmia 

susceptibility (Anzola and Rushmer, 1956, Randall and Rohse, 1956, Yanowitz 

et al., 1966, Haws and Burgess, 1978, Ardell et al., 1988, Zaza et al., 1991).  The 

direct effects of the individual sympathetic outflows on cardiac electrophysiology 

and mechanisms of arrhythmia induction have however been reported in less 

detail. 

Winter et al (2012) were the first to report the differential effects of left and right 

sympathetic stimulation in the isolated innervated rabbit heart preparation, but 

further investigation into the electrophysiological differences was required. In this 

study we report novel findings in the innervated isolated heart preparation of the 

steepening of restitution curves and decrease in ventricular fibrillation threshold 

with left sympathetic stimulation at the segmental level T2-T3. Studies have 

suggested a causal link between APD restitution and VF initiation (Riccio et al., 

1999, Garfinkel et al., 2000, Ng et al., 2007). APD restitution can therefore be 

used as a marker for induction of arrhythmia and thus our data indicate that left 

sympathetic neurones are more proarrhythmic. These data have shown for the 

first time in the rabbit heart that the left sympathetic preganglionic neurones have 



157 

 

a greater effect on the electrophysiology of the left ventricle and hence a 

dominant effect on cardiac rhythm and excitability. These are the first reports of 

the proarrhythmic nature of left sympathetic neurones in the this model, and our 

findings correlate with previous data from other species including cats and dogs 

(Armour et al., 1972, Ben-David and Zipes, 1988, Hageman et al., 1973, 

Schwartz, 1984, Schwartz and Malliani, 1975, Schwartz et al., 2004). This 

provides important implications for clinical treatment of arrhythmia in which 

sympathetic stimulation is currently a target for treatment.  

Functional selectivity of right and left spinal segmental 

preganglionic neurons 

Previous findings suggest that there may be regionally specified innervation of 

the preganglionic neurones from the spinal cord in accordance with their 

arrangement in series (Randall, 1977). This implies that the left and right 

sympathetic innervations arising from the spinal cord segments may be 

functionally discrete (Szentivanyi et al., 1967; Randall et al., 1968; Randall 1977; 

Armour and Randall, 1975; Randall, 1984).  

Further investigations were required to determine whether the segmental location 

of the sympathetic neurones corresponded to a specific cardiac function. 

Consequently, we investigated the differential inputs from each spinal segmental 

level from T6 to T1 for both the left and right sympathetic chains.  

Dominant effects on electrophysiological parameters were elicited by the left 

sympathetic chain as seen previously, however a more novel finding was that 

there was also a dominance at caudal levels. For the first time in the novel 

adaptation of the innervated isolated rabbit heart preparation, we note the 

importance of caudal left sympathetic stimulation in cardiac excitability and its 

potential to induce arrhythmia. We also observed differences between the base 

and apex which were particularly evident at T4-T6 for both MAP duration and 

maximum slope of restitution, suggesting regional innervation and preferential 

sympathetic supply to the base at caudal levels. 
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Due to the proarrhythmic effects of left sympathetic neurones, LCSD has been 

explored as a clinical treatment. Whilst such treatment has proven to be 

successful, it is accompanied by serious side effects. Removing such a large 

portion of sympathetic input may not be the most effective treatment and a more 

targeted approach is required. We report for the first time that, alterations in 

discharge of neurones in the caudal segments (T4-T6) of the left sympathetic 

chain had a greater potential for arrhythmia generation and hence could pose a 

target for more focused clinical treatments for impairments in cardiac function.  

Regional heterogeneities of the cardiac sympathetic neurones 

The heterogeneous nature of the heart is well recognised and is attributed to 

variations in ion channel distribution and nerve innervations. The distributions of 

ion channels have been well document and their density and expression varies 

between the epicardium and endocardium and between the base and apex 

(Antzelevitch, 2001, Antzelevitch, 2005, Antzelevitch and Belardinelli, 2006, 

Brahmajothi et al., 1997a, Brahmajothi et al., 1997b, Cheng et al., 1999, Ng et 

al., 2009).  

The base of the heart has been reported to have a greater density of sympathetic 

innervation (Ng et al., 2009). The differential effects of the right and left 

sympathetic nerves on functional and electrophysiological responses suggest 

that each outflow must innervate specific regions of the heart. This was elucidated 

by several studies in cats and dogs (Yanowitz et al., 1966, Ardell et al., 1988, 

Kralios et al., 1975, Opthof et al., 1991, Rubart and Zipes, 2005), however 

specific details of the innervations of the sympathetic nervous system are still 

lacking. The left sympathetic neurones have been reported to be proarrhythmic 

by many studies (Armour et al., 1972, Ben-David and Zipes, 1988, Hageman et 

al., 1973, Schwartz, 1984, Schwartz and Malliani, 1975, Schwartz et al., 2004). 

Therefore, knowledge of the regional heterogeneities of the left sympathetic 

nerves is important for clinical intervention and will enable a better understanding 

of the mechanisms underlying its proarrhythmic tendencies.  
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To our knowledge, this is the first study to use optical mapping to identify the 

regional changes in ventricular electrophysiology with sympathetic stimulation 

and removal of the left and right sympathetic chains. We report that the base of 

the left ventricle elicited the shortest APDs and steepest restitution curves with 

sympathetic stimulation, which was reversed by removal of the left sympathetic 

chain. Therefore the data suggest that the left sympathetic neurones primarily 

innervate the basal regions. We also conclude that although the right 

sympathetics appear to have a dominant effect on heart rate, cardiac ventricular 

electrophysiology was predominantly mediated by the left sympathetics.  

These results support the rationale for treatments such as LCSD in which left 

sympathetic supply is removed in order to reduce the risk of arrhythmia initiation 

in patients following MI, LQTS patients (Schwartz et al., 2004), CPVT patients 

(Wilde et al., 2008), non-LQTS arrhythmogenic channelopathies and 

cardiomyopathies (Coleman et al., 2012) and patients with drug refractory 

ventricular arrhythmias (Bourke et al., 2010). Our findings lead us to suggest that 

the mechanisms that give rise the antiarrhythmic results of LCSD are prolonged 

refractoriness, decreased dispersion of repolarisation and flattening of restitution 

curves.   

Future works 

Our data from optical mapping provide evidence of regional differences in left and 

right sympathetic innervations of the left ventricle and support the notion that left 

sympathetic nerves innervate more densely at the base. We have also shown 

that the caudal segments of the left sympathetic chain produced more 

pronounced effects at the base of the left ventricle. Therefore, in order to progress 

this study further, it is important to investigate differential regional innervations of 

the spinal segmental inputs of the left and right sympathetic chains.  This will 

provide insight into the mechanism underlying the predominant proarrhythmic 

tendencies of the left sympathetic chain at the segmental levels T4-T6. This 

would require combining the novel technique used to stimulate each spinal 

segmental level with optical mapping, which has never previously been explored. 

In addition, using voltage sensitive dyes with different optical properties, there is 
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the potential to measure APD from different myocardial layers to gain a more 

detailed understanding of the heterogeneous innervations.   

In diseased states, remodelling of the sympathetic nerves can occur which is 

associated with the development of lethal arrhythmias. The consequences of 

remodelling are still unclear and it has been suggested that LCSD in these 

conditions would be insufficient as remodelling would continue with the right 

sympathetics (Ajijola et al., 2012). An understanding of the changes in left and 

right sympathetic neurone innervation in diseased conditions is therefore 

essential for determining adequate clinical treatments. This could be explored 

using the coronary ligation model of heart failure model previously described by 

our group (Ng et al., 1998) combined with the same techniques utilized in this 

study. 

Future investigations using the optical mapping technique could also explore the 

correlation between the regions with large differences in APD and APD restitution 

slopes, and the sites in which VF is initiated both in healthy and diseased models. 

This will provide the potential to identify specific sites for therapeutic intervention.   
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8 Appendix 

The following study was performed prior to the former studies. In this set of 

experiments we aimed to investigate the role of Epac, which acts downstream of 

sympathetic activity and has been proposed to influence arrhythmogenesis. 

Previous studies were performed in cellular mice and rat models with one 

previous study in a whole heart mouse model. Hence, we chose to investigate 

the effects of Epac in the Guinea pig whole heart in which the electrophysiology 

is more representative of that in humans. The data did not display significant 

effects of Epac on any of the parameters measured in the Guinea pig. We 

suggest this was due to the species differences and suggest that Epac may have 

a more pronounced effect in disease models or with chronic Epac stimulation.  

We therefore decided that in order to explore the relationship between the 

sympathetic response and arrhythmia initiation further, it was necessary to 

instead investigate effects of direct sympathetic nerve stimulation using the 

isolated innervated rabbit heart model, and thus moved on from this line of 

research. The following are the results obtained from the Epac study.     
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 Abstract 

Introduction 

The exchange protein activated by cAMP (Epac) highlights a novel pathway 

downstream of β-adrenergic signalling. Activation of Epac by cAMP has been 

found to cause abnormal Ca2+ handling within cardiomyocytes due to 

spontaneous Ca2+ transients and sarcoplasmic reticulum Ca2+ leak.  This can lead 

to arrhythmia generation, highlighting Epac as a potential therapeutic target. This 

has importance in cardiac disease i.e. heart failure, where there is chronic 

stimulation of the β-adrenergic pathway and increased Epac expression. 

Methods 

Langendorff whole heart perfusion using adult male Dunkin Hartly guinea pigs 

was used to study the effect of Epac on cardiac physiology. Epac activator 8-CPT 

was perfused in 1μM and 10μM concentrations. Data was obtained using 

constant pacing, electrical restitution and dynamic pacing protocols. A positive 

control of 1nM isoproterenol was also used.  

Ca2+ imaging using the fluorescent dye Fura-2 dye was used to investigate Epac’s 

effect on calcium handling in both rat and guinea pig cardiomyocytes. Data was 

recorded from both electrically evoked transients and caffeine evoked transients.  

Results 

The Epac activator caused no significant changes in MAPD50 or MAPD90. The 

electrical restitution protocol provide data showing no changes in ERP or 

steepness of restitution slope with either 1μM 8-CPT or 10μM 8-CPT. The 

dynamic pacing protocol displayed no alternans and no changes in the cycle 

length that induced ventricular fibrillation with the Epac activator. Calcium 

imaging data showed no changes in systolic or diastolic Ca2+, no changes in 

transient amplitude and no changes in sarcoplasmic reticulum Ca2+ load that 

reached statistical significance.  
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Conclusions 

Epac activation did not induce changes in Ca2+ handling or initiate arrhythmia in 

the Guinea pig heart. There may be a greater role for Epac in pathophysiological 

conditions where Epac is more highly expressed.   
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 Introduction 

 Introduction to the Epac protein 

In 1998, de Rooji et al discovered a PKA independent, cAMP induced activation 

of Ras-related protein 1 (Rap1). Up until this point it was generally accepted that 

PKA alone was activated downstream of cAMP. Epac is a guanine nucleotide 

exchange factor (GEF) for Ras like GTPases and is regulated by cAMP. Epac 

has two isoforms; Epac1 and Epac2, both of which activate GDP for GTP 

exchange in Rap1 and Rap2 (Ruiz-Hurtado et al., 2013, Holz et al., 2006) and 

are coded for by the genes RAPGEF3 and RAPGEF4 respectively (de Rooij et 

al., 1998, Guo et al., 2006). There is also evidence for the presence of splice 

variants of Epac particularly for Epac2 (Schmidt et al., 2013).  

Effects of Epac activation have been evidenced in a variety of cell types and it 

has many known functions. The following functions have been associated with 

Epac activation; integrin mediated cell adhesion (Rangarajan et al., 2003), 

increased myofilament sensitivity (Cazorla et al., 2009), exocytosis (Seino and 

Shibasaki, 2005), interactions with ion channels e.g. KATP channels (Purves et al., 

2009), mitogen-activated protein kinase (MAPK) signalling (Wang et al., 2006), 

PLC activation (Schmidt et al., 2001), formation of vascular endothelial cell barrier 

(Fukuhara et al., 2005) and also gap junctions via increased connexin 

accumulation (Somekawa et al., 2005),  Ca2+ handling modulation in 

cardiomyocytes (Oestreich et al., 2009, Oestreich et al., 2007, Pereira et al., 

2013, Pereira et al., 2007, Ruiz-Hurtado et al., 2012), cardiac hypertrophy 

(Metrich et al., 2008, Morel et al., 2005, Ruiz-Hurtado et al., 2013) and 

increasingly more functions.   

The structure of both Epac proteins (fig 8.1) consists of a C-terminal catalytic 

region, a Ras exchanger motif and a putative Ras associating domain (Gloerich 

and Bos, 2010, Schmidt et al., 2007). The CDC25 homology domain of the 

catalytic region exhibits the GEF activity for Rap proteins. Epac has an N-terminal 

regulatory region consisting of a ‘dishevelled Egl-10 pleckstrin’ (DEP) domain 

important for membrane association and a cAMP binding domain. In addition to 
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the above, Epac2 has an extra cAMP binding domain with a 20 fold lower affinity 

(Holz et al., 2006, Ruiz-Hurtado et al., 2013). The N-terminal regulatory region 

has the ability to exert an autoinhibitory effect which is relieved upon cAMP 

binding and results in Rap activation (Gloerich and Bos, 2010, Ruiz-Hurtado et 

al., 2013).  The structure of Epac suggests it may have multiple binding targets 

(Ruiz-Hurtado et al., 2013).  

 

 

Expression of Epac1 is ubiquitous and is found mainly in the brain, adipose 

tissue, pancreas heart, kidney, ovary, spinal cord, spleen, uterus and blood 

vessels (de Rooij et al., 1998, Holz et al., 2006, Kawasaki et al., 1998, Schmidt 

et al., 2013).  Epac2 is mostly located in the pancreas, adrenal glands, liver and 

central nervous system (Holz et al., 2006, Schmidt et al., 2013, Ueno et al., 2001). 

Figure 8.1. Structure of Epac.  Epac proteins consist of a C-terminal catalytic 
region and an N-terminal regulatory region. Present within the catalytic region is 
a Ras exchange motif (REM) and a CDC25 homology domain. The regulatory region 
consists of a dishevelled Egl-10 pleckstrin (DEP) domain and cAMP binding 
domain(s) and upon binding the autoinhibition is relieved. (A) Epac1 consisting of 
881 amino acids (molecular mass 100 kDa) and one cAMP binding domain. (B) 
Epac2 structure made up of 1011 amino acids (molecular mass 110 kDa) and two 
cAMP binding domains (Holz et al., 2006).  
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Epac1 has high expression in the heart (Metrich et al., 2008, Schmidt et al., 2007) 

and is thought to be part of a signalling complex involving muscle-specific A-

kinase anchoring protein (mAKAP), and PKA in order to regulate the RyR activity 

(Dodge-Kafka et al., 2005). Within rat cardiac myocytes, Epac distribution is 

favoured at the nuclear/perinuclear areas and at the plasma membrane (Metrich 

et al., 2008, Pereira et al., 2012) and it is thought that Epac may be present in 

microdomains (Ruiz-Hurtado et al., 2013). In addition, different Epac1 and Epac2 

expression is found in adult tissues as appose to foetal tissues (Schmidt et al., 

2013).  

 Epac activators 

8-pCPT-2’-O-Me-cAMP (8-CPT) is the most commonly used Epac activator and 

has been found to bind to Epac with a threefold higher Vmax than that of cAMP 

(Rehmann et al., 2003). 8-CPT has been used in many Epac studies and at 

concentrations <100 μM it activates Epac with high specificity. At concentrations 

of 100 μM or higher, it begins to activate PKA but not to its full activity 

(Christensen et al., 2003).  Epac analogues such as 8-CPT use a 2’-O-alkyl 

substitution e.g. 2’-O-Me-cAMP on the ribose ring of cAMP to activate Epac and 

also weaken the ability to activate PKA (Christensen et al., 2003).  

It has been suggested by Schmidt et al (2007), that higher levels of β-AR 

activation and so higher levels of cAMP are necessary for Epac activation. This 

would mean that lower levels of β-AR activation might only be recruiting PKA 

(Bers, 2007, Pereira et al., 2013), complementary with the view that Epac has a 

lower affinity for cAMP then PKA does (Smrcka et al., 2007). However, Epac1 

binds to cAMP with Kd of 2.8 μM (Christensen et al., 2003), Epac2 with a 1.2μM 

Kd value and PKA binds to cAMP with a similar Kd value to Epac1 of 2.9 μM 

(Christensen et al., 2003, Dao et al., 2006, Purves et al., 2009). Pereira et al 

(2013) also found that a lower concentration of isoproterenol (30nM) was able to 

cause maximal Epac-dependent RyR2 effects then needed for maximal PKA-

dependent effects. Ultimately it may be the subcellular location of Epac in 

comparison to PKA that may determine the extent to which each is activated 

(Purves et al., 2009).  
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There are concerns that 8-CPT could have other targets for example inhibition of 

platelet PDE5 and/or PDE3 leading to activation of cAMP-PKA and cGMP-PKG 

signalling pathways (Poppe et al., 2008). These results were however found in 

the presence of 100M of 8-pCPT, higher than the Epac specific concentrations.  

8-CPT has been used in many Epac studies that suggest a role for Epac in the 

heart due to its effect on ion channel function, Ca2+ handling, arrhythmia and 

cardiac hypertrophy.  

 Epac and ion channel function  

Although Epac is known to have effects on Ca2+ handling (Oestreich et al., 2007, 

Pereira et al., 2007), many studies have ruled out involvement of L-type Ca2+ 

currents (ICa,L)  in Epac activation (Brette et al., 2013, Dominguez-Rodriguez et 

al., 2013, Pereira et al., 2007, Smani et al., 2010). T-type Ca2+ channels have 

been implicated via increased Cav3.1 subunit expression (Novara et al., 2004). 

An Epac dependent recruitment of T-type Ca2+ channels was observed in rat 

chromaffin cells upon β-AR stimulation however, this was observed at 

concentrations of 8-CPT above those selective for Epac (200μM).   

Dominguez –Rodriguez et al (2013) did however see a shift in the voltage 

dependent activation curve of ICa,L in the direction of more hyperpolarized 

potentials. Although there were no significant alterations in ICa,L, an increase in 

ICa window current was observed in the presence of Epac activators (fig 8.2). This 

was accompanied by CaM upregulation. Ruiz-Hurtado et al (2012) also observed 

an increase in ICa window current which contributed to the positive ionotropic 

effect induced by Epac activation.  
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There is also evidence of K+ channel modulation upon Epac activation. Kang et 

al (2008) discovered a reduction in the activity of KATP channels in the presence 

of 8-CPT due to increased sensitivity of the channels to ATP inhibition. This is 

thought to be due to the interaction of Epac with NBF-1 of the full length SUR1 

subunit of KATP channels (Kang et al., 2006). It was suggested that interaction 

with Epac causes SUR1 to act as a scaffolding protein for a Rap and 

phospholipase Ce (PLC) resulting in a decrease in phosphatidylinositol 

biphosphate (PIP2) and so increased KATP channel sensitivity. It has also been 

proposed that Epac promotes PIP2 hydrolysis and this may account for the 

inhibitory effect on KATP channels (fig 8.3) (Holz et al., 2006).   

Figure 8.2. Effects of Epac on ICa window current. ICa window current-density 
voltage relationship, steady state inactivation and activation curves and voltage 
dependence curves respectively from left to right in cardiac myocytes. Black curves 
represent control cells. Green curves represent cells incubated with 10 μM 8-CPT. 
Adapted from Ruiz-Hurtado et al (2012).  
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Purves et aI (2009) discovered that Epac is able to modulate the activity of KATP 

channels by activating Ca2+ sensitive protein phosphatase-2B (PP-2B) in a Ca2+ 

dependent manor, acting as a regulator of vascular tone in arterial KATP channels 

and a regulator of insulin release in pancreatic KATP channels (Shibasaki et al., 

2007). It was suggested that Epac and KATP channels form a complex that is in 

close proximity to the SR (Purves et al., 2009). Epac1 has also been found to 

immunoprecipitate with Kv4.3 suggesting its involvement in ITO (Potapova et al., 

2007).  

Other evidence using vascular smooth muscle cells has suggested that 8-CPT-

AM (a more membrane permeable form of 8-CPT) can increase the open 

probability of Ca2+ sensitive K+ channels (BK, SK and IK channels), implicating 

Epac in regulation of hyperpolarization and so vasorelaxation due to decreased 

Ca2+ entry via voltage gated calcium channels (VGCC) (Roberts et al., 2013).  

Epac activates BK channels by increasing the frequency of SR Ca2+ sparks in 

close proximity to the channel. If this coupling becomes abnormal then 

Figure 8.3. Epac’s effect on KATP channels. It is proposed that Epac is recruited to 
the plasma membrane by nucleotide-binding fold 1 (NBF-1) of the SUR1 subunit of 
KATP channels, allowing it to bin with cAMP and activate Rap. Rap then stimulates 
PLC ε which hydrolysis PIP2 and increases KATP channel sensitivity to ATP and 
therefore leads to KATP channel closure (Holz et al., 2006). 
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vasorelaxation will become defective and can lead to hypertension (Amberg et 

al., 2003). Ster et al (2007) also observed an activation of BK channels induced 

by Epac. The SK and IK channels are activated via the nitric oxide (NO) and 

Endothelium-Derived Hyperpolarizing Factor (EDHF) pathways, which are 

triggered by Epac (Roberts et al., 2013).   

A decrease in KCNE1 mRNA and membrane protein expression in cardiac 

myocytes has also been observed upon Epac activation leading to IKs 

downregulation in guinea pig left ventricular myocytes (Aflaki et al., 2014). The 

observed decrease in IKs density has also been seen previously upon sustained 

β-AR stimulation, reinforcing these findings (Zhang et al., 2002). Downregulation 

of IKs occurs via the Ca2+/calcineurin (Cn)/ nuclear factor of activated T cells 

(NFAT) signalling (figure 8.4) which is supported by previous studies displaying 

NFAT nuclear translocation in cardiac hypertrophy (Morel et al., 2005). As 

CaMKII was found to be necessary for this response, it was suggested that 

CaMKII and Rap1 are required for Ca2+ release which in turn is important for IKs 

downregulation (Aflaki et al., 2014).  
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Although other studies have suggested that action potential duration (APD) 

remains unaltered by Epac activation (Aflaki et al., 2014, Hothi et al., 2008, 

Oestreich et al., 2009, Pereira et al., 2007), Brette et al (2013) saw a significant 

increase in APD in the presence of 8-CPT-AM with no changes in action potential 

amplitude, maximum depolarization rate and resting membrane amplitude (fig 

8.5). This led them to believe that Epac has no effect on Na+ current and inward 

rectifier K+ current. They also found no changes in ICa,L in line with what other 

studies have shown (Brette et al., 2013, Dominguez-Rodriguez et al., 2013, 

Pereira et al., 2007, Smani et al., 2010) and ITO also remained unaltered. The 

proposed mechanism for the increased APD was inhibition of the steady state K+ 

current. Inhibiting PKA during β-AR activation produced the same results as 

direct Epac activation (Brette et al., 2013), implying a physiological relevance of 

this atypical result.  

 

Figure 8.4. Mechanisms of the downregulation of IKs by sustained β-AR 
stimulation. Proposed pathway by which Epac stimulation leads to decreased 
translation of KCNE1 mRNA and so reduced KCE1 protein expression. Therefore Iks 
is downregulated as a result of Epac activation by 6μM 8-CPT.  Blockers (red), 
Activators (blue). (Aflaki et al., 2014).  
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One reason for the differences observed between APD changes in this study in 

comparison the others is the use of a slightly different Epac activator; 8-CPT-AM 

as appose to 8-CPT. Brette et al (2013) also did not see increases in APD when 

just 8-CPT was used.  8-CPT-AM is more membrane permeant with a greater 

potency (100 to 1000 fold greater) and this could provide an explanation for the 

discrepancies (Brette et al.,2013). Another explanation is that Epac activation 

involves compartmentalization of signalling as suggested by Ruiz-Hurtado et al 

(2012) in cardiomyocytes and the more membrane permeant 8-CPT-AM would 

interfere with this.  

Epac has also been implicated in regulation of epithelial Na+ channels via 

dopamine signalling and this also involves compartmentalization (Helms et al., 

2006). The suggested mechanism involves activation of Epac via dopamine 

production of cAMP in compartments where only Epac is available (not PKA). 

Figure 8.5. Effect of Epac on action potential duration. (A) Action 
potential durations in the absence (Ctl) and presence of 10μM 8-CPT-
AM. APD for washout is also shown (wash). (B) Effect on APD20, 
APD50, APD90 in controls, in the presence of 10μM 8-CPT-AM and 
during washout (Brette et al., 2013).  
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Recent studies have also shown that Epac can enhance late Na+ current 

upstream of CaMKIId (Dybkova et al., 2014).  

It has also been proposed that Epac can exert its effects on transporters such as 

the Na+–H+ exchanger 3 (NHE3) (Honegger et al., 2006) and H+K+ transporters 

(Laroche-Joubert et al., 2002).  

 Epac and cardiac calcium signalling 

In various cell types, it has been evidenced that Epac modulates Ca2+ handling. 

The first evidence of this was observed in pancreatic cells whereby Epac 

mediated CICR  (Kang et al., 2001). As well as in pancreatic cells (Kang et al., 

2001, Kang et al., 2005, Kang et al., 2003), Epac has also been found to alter 

Ca2+ handling in rat and mice cardiac myocytes (Morel et al., 2005, Oestreich et 

al., 2007, Pereira et al., 2007), aortic myocytes (Purves et al., 2009), inner 

medullary collecting duct (Yip, 2006), cerebellar neurons (Ster et al., 2007) and 

the endothelium (Mayati et al., 2012). Abnormal Ca2+ handling due to Epac 

activation does not involve LTCC’s (Brette et al., 2013, Dominguez-Rodriguez et 

al., 2013, Oestreich et al., 2007, Pereira et al., 2007, Smani et al., 2010).  

In cardiomyocytes, both increases and decreases in Ca2+ transient amplitude 

have been observed in response to Epac activation. An enhancement in the 

electrically evoked Ca2+ transient amplitude was observed by Oestreich et al 

(2007) in mice when 8-CPT was applied for no more than 60 seconds. This was 

found to be PLC dependent (fig 8.6).  
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In comparison, Pereira et al (2007) applied 8-CPT for 2-5 minutes to rat cardiac 

myocytes and found a decrease in Ca2+ transient amplitude and an increase in 

the frequency of Ca2+ sparks, which was CaMKII dependent (fig 8.7). This 

occurred independent of changes in contraction as a result of increased 

myofilament sensitivity (Cazorla et al., 2009). Purves et al (2009) did not observe 

an increase in Ca2+ spark activity but increased Ca2+ transients were present in 

human pancreatic β-cells and rat INS-1 cells. Pereira et al (2013) reported that 

activation of RyR by 8-CPT was due to Epac2 via 1-AR and Epac1 cannot 

replace this function. As well as this, they reported that Epac2 was the only Epac 

isoform that was mediating increased SR Ca2+ leak.  

Figure 8.7. Epac increases Ca2+spark frequency. Application of 10μM 8-CPT to rat 
cardiac myocytes under control conditions, in the presence of a PKA inhibitor (2μM 
KT5720) and in the presence of a CaMKII inhibitor (1μM KN93). Adapted from Pereira 
et al (2007).  

Figure 8.6. Acute Epac activation increases Ca2+transients in a PLC 
dependent manner. (A) Ca2+ transients from PLCε +/+ (+/+) and PLCε -/- (-/-) mice 
cardiac myocytes in the absence and presence of 10μM 8-CPT (B) Peak Ca2+ 
transient amplitudes. Adapted from Oestreich et al (2007).   
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It has been suggested that the differences seen between the Oestreich et al 

(2007) and Pereira et al (2007) papers are due to the application times of the 

Epac activator however it could also be as a result of species differences due to 

different patterns of isoform expression (Ruiz-Hurtado et al., 2013). Brief periods 

of Epac activation used by Oestreich et al (2007) may not have allowed enough 

time for SR depletion. Furthermore, the Epac dependent Ca2+ responses 

observed by both papers may not be seen on a longer term basis as the SR 

stores would become fully depleted in the absence of Ca2+ entry (Ruiz-Hurtado 

et al., 2013).  

Periods of Epac activation of 5 hours, overnight or 4 weeks used by one study 

generated a strong positive inotropic effect due to [Ca2+]i transient increase (Ruiz-

Hurtado et al., 2012). The positive inotropic effect was reduced by Epac1 knock 

down, protein synthesis blockade and inhibition of CaMKII or Cn, the downstream 

effectors of calmodulin (CaM) (Ruiz-Hurtado et al., 2012). The same study also 

observed upregulation of CaM expression in cardiomyocytes as a result of Epac 

activation suggesting CaM’s importance in chronic Epac activation. Epac causes 

CaMKII dependent RyR phosphorylation resulting in increased Ca2+ spark 

frequency however CaM directly blocks RyR (Yamaguchi et al., 2003). This is 

possibly why increases in Ca2+ spark frequency are not observed under chronic 

Epac activation and an increased SR load is observed (Ruiz-Hurtado et al., 

2012).   

Supporting Epac’s activation of PLC suggested by Oestreich et al (2007), Smrcka 

et al (2007) proposed an Epac-PLCε-PKA pathway as a result of α1 adrenergic 

receptor (α1-ADR) stimulation (O-Uchi et al., 2005). This occurs alongside PKA 

pathways so SR depletion is avoided due to PLB phosphorylation and therefore 

SERCA activity (Smrcka et al., 2007). Schmidt et al (2001) also found a PKA 

independent PLC stimulation and Ca2+ mobilization as a result of 2-AR and 

forskolin activation of Rap2B.  This suggests that Epac may also influence 

production of IP3. In the endothelium, it was suggested that Epac may be causing 

increase in [Ca2+]i  by targeting IP3 sensitive stores (Mayati et al., 2012, Roberts 

et al., 2013). However, it was also found that only inhibition of the β1-AR pathway 
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blunted Epac’s effects on Ca2+ signalling (Mangmool et al., 2010, Pereira et al., 

2013).  

Ruiz-Hurtado et al (2013) suggested Epac activation has both acute and chronic 

effects. The proposed pathway of the acute effects of Epac is demonstrated by 

fig 8.8a. It has been suggested that Epac activates PLC , producing DAG and 

IP3. DAG activates PKC which then phosphorylates CaMKII. CaMKII in turn 

phosphorylates RyR resulting in Ca2+ release. IP3 activation leads to Ca2+ release 

from IP3R. Chronic activation of Epac may also lead to activation of histone de-

acetylase (HDAC) and NFAT and so activate transcription (figure 8.8b).  
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Figure 8.8. Proposed Epac pathway in cardiac myocytes. Epac activates  PLC, 
which goes onto produce both diacyl glycerol (DAG) and inositide 1,4,5 
trisphosphate (IP3). DAG activates PKC which then goes on to phosphorylate 
CaMKII. CaMKI phosphorylates RyR and HDAC. RyR Ca2+ release from SR is 
observed. IP3 activates IP3 receptors (IP3R) and Ca2+ may also be released in this 
way. CaMKII and Cn are activated by Ca2+. Cn can cause nNFAT de-
phosphorylation.  Figure 8b from Ruiz-Hurtado et al (2013). 
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As mentioned previously, an increase in Ca2+ spark frequency and decrease in 

the SR Ca2+ load was observed by Pereira et al (2007). The SR load is decreased 

as a result of the SR leak via RyR’s and this results in decreased [Ca2+]i 

transients. A similar effect is seen in heart failure stress-induced activation of the 

sympathetic nervous system leading to leaky RyR’s (Reiken et al., 2003).  Epac 

has also been suggested to increase RyR activity possibly through interactions 

with Rap1 (Kang et al., 2003, Roberts et al., 2013). There is also evidence to 

suggest that Epac is present in a cAMP regulated macromolecular complex 

consisting of muscle-specific A-kinase anchoring protein (mAKAP), PKA, cAMP-

phosphodiesterase (PDE), and RyR2 (Dodge-Kafka et al., 2005).  

Although the [Ca2+]i transient amplitude may be reduced as a result of Epac 

activation Pereira et al (2007) suggested contraction of the heart may still be 

favoured. One explanation for this is that the duration of the [Ca2+]i transient is 

extended, although it has also been proposed that Epac may increase the Ca2+ 

sensitivity of myofibrils (Cazorla et al., 2009, Pereira et al., 2007).   

8-CPT was found to increase phosphorylation of CaMKII (Kawasaki et al., 1998, 

Oestreich et al., 2009, Pereira et al., 2007) at Thr286 in a PKC dependent manner 

(Oestreich et al., 2009). Epac activation has also been suggested to increase 

phosphorylation of CaMKII (Thr17), RyR (Ser2815) and PLB (Thr17). This was 

also found to be PKC-dependent (Oestreich et al., 2007). The phosphorylation of 

RyR and PLB occurs at CaMKII specific sites as a result of Epac activation 

(Oestreich et al., 2009). The use of PKC and CaMKII inhibitors has blocked the 

effects of Epac activation (Cazorla et al., 2009).    

Intracellular Ca2+ loading is one of the factors that can affect arrhythmia and thus 

Epac’s modulation of Ca2+ handling can provide an explanation for its role in 

ventricular arrhythmogenesis.  
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 Epac and arrhythmia 

The initial arrhythmogenic effects as a result of abnormal Ca2+ handling have 

been associated with the acute effects of Epac activation, whereas more chronic 

effects of prolonged Epac activation have been reported to result in cardiac 

hypertrophy (Metrich et al., 2008). Pereira et al (2013) have however suggested 

that Epac's acute effects are more significant than its role in hypertrophy.  

The increased SR load caused by Epac can lead to DADs, EADs and triggered 

activity (figure 8.9) and thus cause arrhythmias (Ruiz-Hurtado et al., 2012). Hothi 

et al (2008) reported abnormal Ca2+ homeostasis in response to Epac activation, 

which eventually resulted in ventricular tachycardia in the mouse heart (fig 8.10). 

This was found to be CaMKII dependent and independent of changes in 

repolarization gradients, action potential gradients and effective refractory period. 

Epac activation was found to increase the occurrence of ectopic Ca2+ release, 

which could result in the onset of arrhythmias (Hothi et al., 2008).  
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Figure 8.9. Chronic Epac activation causes triggered activity. (A-B) Line scan 
images in the presence and absence of 10μM 8-CPT with fluorescence [Ca2+] transient 
profiles beneath the corresponding traces. (C) Triggered activity with 1Hz and 2Hz 
pacing, with control and 10μM 8-CPT. (D) % occurrence of spontaneous Ca2+ waves 
(Ruiz-Hurtado et al., 2012). 
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The SR Ca2+ release in response to Epac activation has arrhythmogenic 

potential. Pereira et al (2013) suggested that 1-AR activates Epac2 in parallel 

with PKA and downstream of this CaMKII is activated. CaMKII then goes on to 

phosphorylate RyR at the S2814 site resulting in SR Ca2+ leak and triggered 

arrhythmias and reduced cardiac function (Pereira et al., 2013). Arrhythmia 

susceptibility was reduced in Epac2-KO mice and there was a reduction in 

abnormal Ca2+ sparks (Pereira et al., 2013). 

 

Figure 8.10. Epac application results in ventricular tachycardia. Monophasic 
action potentials from mice hearts during control conditions (a), perfusion with 1μM 
8-CPT (b) and perfusion with CaMKII inhibitor KN93 (c).  Recorded during 
programmed electrical stimulation (Hothi et al., 2008).  
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This type of abnormal Ca2+ release from the SR via RyR has been seen in 

contractile dysfunction and arrhythmogenesis in HF (Pieske et al., 2002). In this 

case decreased diastolic Ca2+ transient amplitude and reduced SR load were 

also observed (Ai et al., 2005). As well as this, CaMKII expression was increased 

and more CaMKII was found in the RyR2 complex. The SR Ca2+ release 

associated with HF was reduced by CaMKII inhibition but PKA inhibition had no 

effect (Ai et al., 2005). CaMKII inhibition has even been found to reduce cardiac 

arrhythmogenesis in vitro and in vivo (Sag et al., 2009). This implicates Epac as 

a possible activator of this process. In fact, Epac has also been found to have 

increased expression in human HF (Metrich et al., 2008, Ulucan et al., 2007). 

Arrhythmogenesis is seen in patients with HF and reduction in IKs currents is a 

potential cause for this. In HF, Epac1 expression is increased ~2 fold in 

ventricular cardiomyocytes and it has been known to reduce the density of IKs 

(Aflaki et al., 2014, Metrich et al., 2008). This impairs repolarisation and is 

therefore another mechanism by which Epac can cause arrhythmia. Arrhythmia 

can also be induced due to Epac’s effects on ICa window current, associated with 

CaM upregulation (Dominguez-Rodriguez et al., 2013). This is due to the effects 

on the repolarization phase of the action potential caused by the increased ICa 

window current, and thus its generation of EADs (Benitah et al., 2010, Ruiz-

Hurtado et al., 2013).  

As mentioned previously, arrhythmia is associated with Epac’s acute effects 

whereas chronic Epac activation can lead to cardiac hypertrophy.  

 Epac and hypertrophy  

Chronic activation of the β-AR pathway can result in cardiac hypertrophy and 

eventually HF. Cardiac hypertrophy involves nonmitotic cell growth, sarcomere 

rearrangement and gene expression (Metrich et al., 2008). Epac expression was 

found to be upregulated in cardiac hypertrophy and HF (Metrich et al., 2008, 

Ulucan et al., 2007). In addition, animal models of cardiac hypertrophy and 

patients with heart failure show increased Epac expression (Metrich et al., 2008, 

Ulucan et al., 2007). 
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Metrich et al (2008) discovered that prolonged Epac activation resulted in 

cytoskeleton reorganization and increased cell surface area. This effect was 

found to be PKA independent, with the involvement of Ras, Cn and CaMKII.  

Similarly, Morel et al (2005) observed morphological changes induced by Epac 

activation and expression of cardiac hypertrophic markers. Increases in 

cardiomyocyte size and changes in the sarcomeric organization were also 

observed. Protein synthesis was increased two fold. Epac stimulation was found 

activate Rac in a Ca2+ dependent manner thereby activating the calcineurin/NFAT 

prohypertrophic signalling pathway. Epac’s hypertrophic response was inhibited 

when Rac or Cn were blocked (Morel et al., 2005). Inhibition of protein synthesis 

by blocking transcription or transduction, and inhibition of CaMKII or Cn 

eliminated Epac’s chronic effects (Ruiz-Hurtado et al., 2012).  

After a period of 30 minutes Epac activation, not only was an increase in 

intranuclear [Ca2+] seen but also translocation of HDAC and subsequent MEF2 

suppression (Ruiz-Hurtado et al., 2012). Therefore, prolonged Epac activation 

results in CaMKII phosphorylation of HDAC, leading to HDAC translocation out 

of the nucleus and thus MEF activity is suppressed, activating gene transcription. 

Cn de-phosphorylates NFAT and forms a complex with it, leading to importation 

into the nucleus and activation of transcription (figure 8.11). This points to Epac’s 

importance in the cardiac response to stress (Ruiz-Hurtado et al., 2013). As 

mentioned previously, Epac1 forms part of a signalling complex with mAKAP 

further indicating its relevance in nuclear signalling and gene expression (Pereira 

et al., 2013).  
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The hypertrophic effects induced by Epac were found to be independent of its 

classical effector Rap1and dependent on the small GTPase H-Ras, Rac (Morel 

et al., 2005). The hypertrophic response was also observed by overexpressing 

Epac in the absence of Epac activators thus implying intracellular levels of cAMP 

are sufficient to activate Epac physiologically (Morel et al., 2005). It has also been 

suggested that Epac’s activation of PLC could lead to activation of 

cardioprotective pathways with the ability to balance the hypertrophic effects 

(Smrcka et al., 2007).  

 

Figure 8.11. Acute and Chronic Effects of Epac activation. Both acute and chronic 
effects of Epac activation displayed in a myocyte. Chronic Epac activation leads to 
CaMKII phosphorylation of HDAC which then translocations to the nucleus and 
activates gene transcription.  Increased intracellular Ca2+ due to acute Epac activation 
effects activates CaM which in turn activates Cn. Cn dephosphorylates NFAT and it 
gets imported into the nucleus and also activates gene transcription (Ruiz-Hurtado et 
al., 2013). 
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 Summary 

Thus far Epac’s effects on Langendorff whole heart physiology have only been 

studied in one paper in the mouse heart which attributed Epac to arrhythmia 

generation and therefore has the potential to be a target for treatment (Hothi et 

al., 2008).  Majority of the Epac research mentioned has involved the use of rat 

or mouse cells and there is only one guinea pig paper which displayed Epac’s 

downregulation of IKs (Aflaki et al., 2014). The guinea pig action potential is more 

representable of the human action potential, therefore the use of the whole heart 

guinea pig model will allow for more representative data with consideration of 

factors such as electrical coupling and spatial heterogeneities due to non-uniform 

ion channel dispersion. The chosen Langendorff preparation also means there 

will be no interference from haemodynamic reflexes and humoral factors (Ng et 

al., 2007) as seen in other in vivo models. 
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 Aims and hypothesis  

 Aims 

To investigate the role of Epac in cardiac arrhythmia in guinea pig hearts.  

 Hypothesis 

Epac activation will cause spontaneous calcium transients resulting in ventricular 

arrhythmogenesis 
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 Methods 

 Animal model  

Adult male Dunkin Hartley guinea pigs (n=14, 400-850g) were used for 

Langendorff whole heart perfusion and Ca2+ imaging. The guinea pig model was 

chosen as they have an action potential more physiologically similar to humans 

then rats and mice used in most of the previous Epac studies.  Data is also shown 

for Ca2+ imaging in rats due to the availability of the rat cardiomyocytes during 

learning of the technique and for comparison with previous research.  All 

procedures conformed to the ethical guidelines in the Animal Scientific Procedure 

Act 1986 (ASPA), in accordance with Guide for the Care and Use of Laboratory 

Animals published by the US National Institute of Health (NIH Publication No. 85-

23, revised 1985), and followed the criteria of the EU legislation on the protection 

of animals used for scientific purposes (Directive 2010/63/EU, 2010).  

 Langendorff whole heart perfusion 

 

Isolation of the whole heart 

This preparation has been described previously by Melgari et al (2015). In brief, 

Guinea pigs were culled by cervical dislocation. Confirmation of death was 

established by respiratory arrest and absence of the pedal or corneal reflex. To 

isolate the heart, a bilateral thoracotomy was performed followed by anterior 

ribcage resection, allowing for clear access to the heart and excision from 

surrounding tissues. The isolated heart was immediately immersed in cold 

Tyrode solution with 1000 IU of Heparin to reduce metabolic activity and prevent 

thrombosis formation.  

Langendorff perfusion 

Once the ascending aorta was identified, it was cannulated and the heart was 

perfused with Tyrode solution (37oC, pH of 7.4 maintained by bubbling with 95% 

O2/5% CO2) consisting of Na+ 138.0, K+ 4.0, Ca2+ 1.8, Mg2+ 1.0, HCO3
- 24, H2PO4

- 

0.4, Cl- 124, Glucose 11 (mM) at a flow rate of 20ml/min via a Gilson minipulse 3 

peristaltic pump (Anachem, Luton, UK). This allowed for retrograde perfusion, 



188 

 

forcing the aortic valve shut and Tyrode solution into the coronary arteries. The 

Thebesian venous effluent was drained via the left ventricle using a 1-2mm width 

catheter. 

 Haemodynamics 

Certain functional parameters of the heart were assessed in order to monitor the 

health of the heart. Two pressure transducers (MLT0380/D ADInstruments Ltd, 

Charlgrove, UK) were removed of all air bubbles and calibrated using a 

sphygmomanometer at the start of each experiment. One transducer was used 

to measure the perfusion pressure (PP) and the other was attached to a fluid filled 

latex balloon inserted through the left atrium into the ventricle to measure the left 

ventricular pressure (LVP). The balloon was inflated with distilled water to reach 

an end diastolic pressure of 0-5mmHg. Heart rate was calculated using cyclic 

measurements from the LVP. Hook electrodes are attached to the right atria in 

order the measure the atrial electrogram. The final Langendorff perfusion set up 

is displayed in fig 8.12.  

 Cardiac electrophysiology and pacing 

 

Ventricular pacing 

A pacing catheter (ADinstruments Ltd, Chalgrove, UK) was inserted into the right 

ventricle (fig 8.12) which delivers a current to the heart at double the current of 

the diastolic pacing threshold (to ensure capture of ventricles) using a constant 

current stimulator. The pacing protocols used included constant pacing where the 

heart is paced at a steady state at cycle lengths of 200 ms, 250 ms and 300 ms. 

Standard restitution and dynamic restitution pacing protocols were used as they 

serve as an important predictor of arrhythmogenesis.  
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Monophasic action potentials 

Monophasic action potentials (MAPs) are representative of the repolarization 

time course of transmembrane action potentials (Franz, 1999). They were 

recorded extracellularly from the left ventricular epicardial surface of the heart at 

the base and apex, by pressing two MAP electrodes (Harvard Apparatus Ltd, 

Holliston, Massachusetts, US. Model number 73-0150) gently on the surface. The 

myocardium cells directly below the electrode become depolarised to -30 to -

20mV due to the pressure exerted. These cells are unexcitable due to inactivated 

Na+ channels, whereas the surrounding cells activate as normal. This gives rise 

to a time-varying electrical gradient allowing current flow between the unexcitable 

and excitable cells (Franz, 1999) as shown in fig 8.13.  

Figure 8.12. Langendorff whole heart perfusion preparation for guinea pig 
heart. Tyrode solution is perfused via the cannula at 20ml/min. The pacing electrode 
is inserted into the right ventricle and allows pacing of the heart via a current 
stimulator. The LVP balloon is inserted into the left ventricle and gives a measure 
of the LVP and also a calculation of heart rate. The hook electrodes record an atrial 
electrogram from the right atria. The MAP electrodes allow recordings of MAPs from 
the lent ventricular epicardial surface at basal and apical sites.  
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Restitution protocol 

The restitution (RT) protocol use consisted of pacing at a cycle length (CL) of 250 

ms for 25 S1 drive train beats, followed by a single extra stimulus (S2). S2 had 

an initial CL of 250 ms which was decreased in increments of 3 ms until the 

effective refractory period (ERP) was reached (fig 8.14). The ERP is defined as 

the longest S1-S2 interval that fails to capture the S2 beat.  

 

Figure 8.13. Diagram illustrating the generation of MAP recordings by contact 
electrodes. (A) Electrical diastole (late). Cells beneath the electrode are depolarised 
(-20mV) and unexcitable due to the pressure it exerts. Surrounding cells have a 
potential of-90mV and so current flows from these cells to the depolarised cells. This 
forms the base of the MAP recording. (B) Electrical systole (early). An action potential 
arrives carrying a potential of +30mV. There is a change in current flow and the MAP 
upstroke is recorded. (C) Electrical systole (mid). There is a gradual repolarisation 
and the plateau phase is observed on the MAP recording. (D) Electrical diastole (end). 
Potentials become repolarised, returning to their pre-existing states and the cycle is 
complete. A completed MAP recording is observed (Franz, 1999).   
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These measurements allow construction of action potential duration (APD) 

restitution curves allowing arrhythmia susceptibility to be measured from the 

slope of the curve. This was produced by plotting S2 MAPD90 vs. DI. APD was 

identified from time of activation (Tact) to 90% of repolarisation (MAPD90) using 

the programme NewMap (Francis Burton, Glasgow University, UK). Using 

Microcal Origin (v 6.0, Origin, San Diego, CA, US), an exponential curve was 

formulated using the following function: MAPD90 = maximum MAPD90[1-e-DI/ԏ] 

where ԏ=time constant and the maximum slope of the curve (RTmaxslope) was 

acquired by measuring the first derivative.  

Dynamic pacing protocol 

The susceptibility of the heart to repolarization alternans and VF inducibility was 

explored using the dynamic pacing protocol, a second method to measure APD 

RT whereby a drive train of 100 pulses with an initial CL of 250ms was applied to 

the heart (figure 16). The CL was decreased in increments of 10ms until VF was 

induced. VF was stabilized by perfusing the heart with small volumes (2-5ml) of 

potassium chloride (KCl). 
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  Effects of 8-CPT on cardiac function 

The Epac activator 8-pCPT-2’-O-Me-cAMP (8-CPT) was perfused through the 

heart in order to activate the Epac protein. The parameters mentioned above 

were recorded and the pacing protocols applied at two concentrations of 8-CPT. 

Initially a 1M 8-CPT concentration was used in accordance with the mouse 

whole heart paper (Hothi et al., 2008). This was later increased to 10M 8-CPT 

as used by many other Epac studies including Pereira et al (2007) and Oestreich 

et al (2007) when no significant response with 1M 8-CPT was observed.  

 

Figure 8.14. Pacing protocols. (a) Constant pacing protocol. Involves pacing the heart 
at a steady state at cycle lengths of 200 ms, 250 ms and 300 ms. (b) Electrical restitution 
protocol. The heart is paced at 250 ms for 25 pulses (S1). Following this an extrastimulus 
is applied (S2). The S1-S2 interval initially has a250 ms cycle length and then this is 
decreased in 3ms increments until ERP is reached. (c) Dynamic pacing protocol. 
Involves pacing the heart with 100 pulses at 250 ms cycle length initially. This then 
decreased in 10ms increments until VF is induced. 
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 Effects of positive control isoproterenol on cardiac function 

A positive control of isoproterenol (ISO) was used for comparison with results 

with 8-CPT. Epac has been found to mimic the effects of ISO (Aflaki et al., 2014).  

 Data recording and statistical analysis 

The Powerlab 16/30 system (AD Instruments Ltd, Chalgrove, UK) was used to 

record the signals, which were processed at 2 kHz.  Paired t-tests were 

conducted and statistical significance was taken at 5% level (p<0.05).  

 

 Calcium Imaging  

Ventricular myocyte isolation 

The isolation of the whole heart was conducted as mentioned above. After 

isolation, hearts were immediately immersed in cold Ca2+-free Tyrode solution 

consisting of NaCl 135 mM, KCl 4 mM, Glucose 10 mM, HEPES 10 mM, Na+ 

Pyruvate 5 mM, NaH2PO4 0.33 mM and MgCl 1 mM. After identifying the aorta it 

was cannulated and perfused at 12ml/min with Ca2+-free Tyrode. The heart was 

perfused in a retrograde manner, forcing the aortic valve shut and solution into 

the coronary arteries. This was continued for 4-6 minutes whilst excess tissue 

surrounding the heart was removed. This was followed by 8-11 minutes perfusion 

of enzyme solution containing 0.56mg/ml Protease Type XIV, 1.04mg/ml 

Collagenase Type I and 1.67mg/ml BSA. The atria were then removed and the 

heart was cut down, dissected into smaller pieces and placed in ~10ml 2mM Ca2+
 

Tyrode made up of the same components as the Ca2+-free Tyrode with the 

addition of CaCl 2mM. Gentle shaking of the heart at 35oC at a speed of 15rpm 

released single myocytes from the tissue. Periodically, the cell suspension is 

separated from the tissue and more 2mM Ca2+ Tyrode is added to the tissue and 

returned to shaking. This was repeated until the cardiac tissue fully dissociated 

or until there was a decrease in healthy myocytes.  A 200μm2 pore stainless steel 

sieve was used to sieve the cell suspensions and they were left to sediment. 

Once a pellet has formed, the supernatant is discarded and the pellet is 



194 

 

resuspended in 2mM Ca2+ Tyrode. This is repeated for a second time and the 

final cell suspension is transferred to a petri dish. All solutions were bubbled with 

oxygen during isolation.  

Loading Myocytes with Fura-2  

25μl of 5% Pluronic acid in DMSO was added to 5μg of the Ca2+ sensitive dye 

Fura-2 to produce a 2mM stock which was stored at -20oC and concealed from 

light. 5μl of Fura-2 stock solution was added to 2ml of the myocyte cell 

suspension. This was left for 20 minutes to load and kept unexposed to light. The 

Fura-2 acetoxymethyl (AM) ester form of the dye that is initially loaded on to the 

cells is membrane permeable but Ca2+ insensitive. Esterases cleave the AM 

groups once the dye is inside the cell, trapping the Fura-2 within the cell. This 

cleaved from of the dye is able to bind to Ca2+ (Hirst et al., 2006).  Following this, 

the cells were washed with 2mM Ca2+ Tyrode to remove free Fura-2AM-ester and 

after a five minute period were washed again in the same way.  

Measurement of intracellular Ca2+ 

Fura-2 is a ratiometric dye and upon binding of Ca2+ there is a shift in the 

excitation spectrum. At 340nm, excitation of Fura-2 causes an increase in 

fluorescence whereas at 380nm there is a decrease. During recordings, dual 

excitation of Fura-2 at 340/380nm was used whilst monitoring at 510nm. At a 

wavelength of 340nm, maximum Fura-2 fluorescence is observed in the presence 

of Ca2+ whereas this occurs at 380nm in Ca2+ free conditions. This allows for an 

intracellular Ca2+ ratio to be measured. These recordings were taken from within 

a light protective chamber. A PTI bryte box acquisition system collected the 

fluorescence recordings at a rate of 60Hz. These were calibrated using PTI Felix 

32 software using the following equation where Kd=285mM, Rmin=0.4, Rmax=4.96, 

F380max/F380min=6.39 and R=uncalibrated Fura-2 ratio: 

[Ca2+] = K𝑑 (
R − R𝑚𝑖𝑛

R𝑚𝑎𝑥 − 𝑅
)  x (

F380𝑚𝑎𝑥

F380𝑚𝑖𝑛

) 
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The values used were produced for the rat model however, as there is no 

evidence to suggest they should be different for the guinea pig model, the same 

values were used for both species.  

Tyrode solution was perfused at a rate of 2-4ml/min via a peristaltic pump into 

the superfusion chamber which was maintained at 35± 2°C (Warner Instruments 

Single Inline Solution Heater SH-27B) for a period of ~5 minutes. A small amount 

of the Fura-2 loaded cells were pipetted into the superfusion chamber on the 

microscope stage (Nikon diaphot) and left to settle to the bottom of the chamber 

for 5 minutes with the perfusion turned off. Tyrode perfusion was continued for 5 

minutes allowing cells to reach a steady state. Cells were field stimulated at a 

rate of 1Hz during this time using two platinum stimulation electrodes connected 

to a Harvard research stimulator.  After a contracting cell was selected, 

recordings were taken for no more than 30 seconds to avoid photobleaching.  

Approximately 6-8 electrically evoked Ca2+ transients were recorded before the 

recording was paused. The drug solution was then perfused for a period of 5 

minutes into the superfusion chamber before the recording was restarted and 

recordings were taken in the same manner as before (fig 8.15a).  

To record caffeine evoked Ca2+ transients, 6-8 electrically evoked Ca2+  transients 

were recorded before the stimulator was turned off. 20mM Caffeine was then 

perfused into the superfusion chamber via a separate line to the Tyrode solution. 

Once a large peak of caffeine evoked transient is observed the caffeine perfusion 

is switched off. The stimulator is turned back on after this until electrically evoked 

transients return to their original state (fig 8.15b).  
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Analysis of Ca2+ transients and statistical analysis 

Once calibrated, the electrically evoked Ca2+ transients are averaged in sets of 

three and measurements of systolic [Ca2+]I and diastolic [Ca2+]I were taken. To 

analyse caffeine evoked Ca2+ transients, the peak Ca2+ transient was measured 

which signifies the SR Ca2+ load (Bers, 2002).  Statistical analysis was carried 

out using paired t-tests with statistical significance at a 5% level (p<0.05).   

Figure 8.15. Protocol for recording Ca2+ transients. (a) Electrically evoked Ca2+ 
transients recorded with the stimulator on, after 5 mins of normal Tyrode perfusion. 
Dotted line represents pause of recording during 5 min drug perfusion before 
recording is restarted. (b) To record caffeine evoked Ca2+ transient, the stimulator is 
first turned on. The stimulator is then turned off and 20nM caffeine is applied. After 
the caffeine evoked Ca2+ transient ends the stimulator is turned back on.  
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  Results 

 The effect of Epac on whole heart physiology 

LVP, PP, MAP and HR 

Fig 8.16 displays the effects on left ventricular pressure (LVP), perfusion pressure 

(PP), monophasic action potentials (MAP) and heart rate (HR) with 1μM and 

10μM 8-CPT. No obvious changes in these parameters were observed with either 

concentration. There were no changes in LVP or heart rate.  

  

Figure 8.16. The effect 8-CPT on LVP, PP, MAPs and HR. Raw trace of left ventricular 
pressure (LVP), perfusion pressure (PP), basal monophasic action potentials (MAP) 
and heart rate during perfusion of 1μM 8-CPT (a) and 10μM 8-CPT (b).  
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MAPD during constant pacing  

Mean data and representative figures for the effect of 1M (n=5) and 10M 8-

CPT (n=4) are shown in figure 8.17 and 8.18 respectively. MAPD was measured 

at two time points; 50% repolarization of the monophasic action potential 

(MAPD50) and 90% repolarization of the action potential (MAPD90) as shown in 

the first basal and apical single trace MAPs of fig 19b & d and fig 12b & d. 30 

MAPs were averaged from each of the cycle lengths of 200 ms, 250 ms and 300 

ms. Although there appeared to be a trend for increase in MAPD with the Epac 

activator, mean data demonstrate that there was no significant difference in the 

MAPD from baseline with 1M 8-CPT  or with 10M 8-CPT.  
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Figure 8.17. Effect of 1M 8-CPT on monophasic action potential duration (MAPD). 
Mean data of MAPD50 and MAPD 90 at the base (a) and apex (c) in baseline (BL) 

conditions and with 1M 8-CPT during constant pacing at cycle lengths of 200ms, 250ms 
and 300ms.  Raw data of the MAP’s at the base (b) and apex (d) at cycle lengths of 

200ms, 250ms and 300ms at BL and with 1M 8-CPT also illustrated. P= ns between 

BL and 1M 8-CPT for all conditions, n=5.   
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Figure 8.18. Effect of 10uM 8-CPT on action potential duration (APD). Mean MAPD50 

and MAPD90 and SEM illustrated at the base (a) and apex (c) during constant pacing at 
200ms, 250ms and 300ms at baseline (BL) and with 10uM 8-CPT. Corresponding raw 
data MAP’s shown at the base (b) and apex (d). P=ns between BL and 10uM 8-CPT for 
all conditions, n=4.  
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ERP 

Fig 8.19 shows ERP data at 1M 8-CPT and at 10M 8-CPT. The figures also 

show there was no statistical difference with 1M 8-CPT or 10M 8-CPT in 

comparison to baseline.  

Standard restitution 

Restitution (RT) curves were plotted from the data obtained from the standard 

restitution protocol. Fig 8.20 and 8.21 illustrate this data with 1M 8-CPT (n=5) 

and 10M 8-CPT (n=4) respectively. RT curves displaying both S1 and S2 data 

are shown in fig 8.20a & b and figure 8.21a & b. The curves in fig 8.20c and fig 

8.21c show S2 data baseline and 1M or 10M 8-CPT respectively. The straight 

dotted line represents the maximum slope. Fig 8.20d and fig 8.21d show the 

maximum slopes of the RT curves (RTmaxslope) generated by measuring the first 

derivative. There appeared to be a trend for increase in RTmaxslope with 1M 8-

CPT however t-tests showed no significant difference from baseline and this trend 

was not replicated with 10M 8-CPT which also did not reach statistical 

significance.  

 

Figure 8.19. Effect of 8-CPT on effective refractory period. Effective refractory period 
(ERP) data at baseline (BL) and in the presence of 8-CPT at 1uM (a) n=5, and 10uM (b) 
n=4. P=ns.  



202 

 

 

Figure 8.20 Effect of 1uM 8-CPT on standard restitution curves. (a)  Baseline (BL) 
and (b) 1uM 8-CPT restitution curves illustrating data from both S1 and S2 MAP’s. (c) 
Restitution curve showing BL and 1uM 8-CPT data with exponential curve fit (MAPD90 = 
maximum MAPD90 [1-e-DI/τ]). (d) Derivative of fitted curve for BL and 1uM 8-CPT 
restitution curves. (e) Mean of maximum restitution slope data and SEM at base and 
apex at BL and with 1uM 8-CPT (n=5), P=ns.  
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Figure 8.21. Effect of 10M 8-CPT on standard restitution curves. (a) Baseline (BL) 

and (b) 10M 8-CPT restitution curves. Both S1 and S2 data are illustrated. (c) 

Restitution curve showing BL and 10M 8-CPT data with exponential curve fit (MAPD90 

= maximum MAPD90 [1-e-DI/τ]). (d) Derivative of fitted curve for BL and 10M 8-CPT 
restitution curves. (e) Mean of maximum restitution slope data and SEM at base and 

apex at BL and with 10M 8-CPT (n=5), P =ns.  
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Dynamic pacing and the effect of Epac activator 8-CPT 

The dynamic pacing protocol induced ventricular fibrillation (VF) in baseline 

conditions and in the presence of the Epac activator at short cycle lengths varying 

from 40-70 ms. The cycle length that induced VF at baseline was similar or the 

same as the cycle length that induced VF with 8-CPT as shown by fig 8.22a with 

1M 8-CPT (n=2) and figure 8.22b with 10M 8-CPT (n=4) indicating no statistical 

difference. MAPD90 was also plotted against DI (fig 8.23a and fig 8.24a) and 

against cycle length (fig 8.23b and fig 8.24b). For these curves, the last three 

MAPs of the 100 pulses at each cycle length were analysed. This would allow for 

detection of alternans which are beat to beat alterations in APD. However, no 

alternans were observed. The corresponding RTmaxslope is plotted in fig 8.23c 

and fig 8.24c. Again this showed no significant difference with 1M 8-CPT or with 

10μM 8-CPT compared to baseline.  
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Figure 8.22. VF induced by dynamic pacing protocol. VF induced by dynamic pacing 

protocol at baseline (BL) and with 1M 8-CPT and 10M 8-CPT. VF was induced by the 
same cycle length at BL and with drug in these hearts.  
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Figure 8.23.  Dynamic restitution data with 1M 8-CPT. (a) Restitution curve of the 

dynamic restitution data at baseline (BL) and with 1M 8-CPT, with exponential fit 
MAPD90 = maximum MAPD90 [1-e-DI/τ] (b) MAPD data at each cycle length during the 

dynamic pacing protocol. (c) Derivative of fitted curves for BL and 1M 8-CPT data. (d) 
Mean and SEM data illustrating the cycle length at which the dynamic pacing protocol 

induced VF at BL and with 1M 8-CPT (n=2). P =ns. 



207 

 

 

 

 

  

Figure 8.24 . Dynamic restitution data with 10M 8-CPT. (a) Restitution curve of the 

dynamic restitution data at baseline (BL) and with 10M 8-CPT. Curve fitted with 
exponential fit MAPD90 = maximum MAPD90 [1-e-DI/τ] (b) MAPD data at each cycle length 

during the dynamic pacing protocol. (c) Derivative of fitted curves for BL and 10 M 8-
CPT data. (d) Mean and SEM data illustrating the cycle length at which the dynamic 
pacing protocol induced VF at BL and with 10uM 8-CPT (n=4). P =ns. 
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 The effect of positive control isoproterenol on whole heart 

physiology 

 A positive control of 1nM isoproterenol (ISO) was applied to 2 hearts. ISO is a -

AR agonist that causes positive inotropy and chronotropy leading to increased 

predisposition to arrhythmias (Dodge et al., 1960). Upon perfusion of 1nM ISO, 

VF was induced after ~2.5 minutes. After a steady state was reached, the 

protocols were applied. It was difficult to generate data using the protocols as the 

intrinsic heart rate increased in the presence of 1nM ISO and the heart became 

difficult to pace, so only one successful run of the protocol was possible.  

LVP, PP, MAP and HR with ISO 

Figure 8.25 illustrates the change in LVP, PP, MAPs and HR during perfusion of 

2nM ISO. An obvious change in these parameters was observed, LVP increased, 

intrinsic heart rate increased and signals eventually deteriorated into VF. LVP 

increased from 61.74mmHg at baseline to 118.94mmHg with 1nM ISO.  
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Effect of isoproterenol on MAPD during constant pacing   

MAPD50 and MAPD90 were measured at cycle lengths of 200 ms and 250 ms. 

300 ms cycle length could not be recorded, as the heart could not be paced at 

this cycle length in the presence of 1nM ISO due to a high intrinsic heart rate. 

Figure 8.26 illustrates the effect of 1nM ISO on MAPD.  
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Figure 8.25. The effect of 1nM ISO on LVP, PP, MAPs and HR. (a) Raw data trace 
illustrating left ventricular pressure (LVP), perfusion pressure (PP), basal monophasic 
action potential duration (MAP) and heart rate during perfusion of 1nM isoproterenol 
(ISO) and during constant pacing. (b) Single raw data trace demonstrating changes in 
LVP during 1nM ISO perfusion.  
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Effect of isoproterenol on electrical restitution  

The ERP in baseline conditions was 110 ms and with 1nM ISO was 116 ms. Fig 

8.27 displays the S1 and S2 RT data at BL and 1nM ISO. Fig 8.27c shows the 

S2 data for both conditions. The RTmaxslope is illustrated in fig 8.27d with RTmax 

values of 1.29 for control and 2.07 with 1nM ISO.   
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Figure 8.26. Effect of 1nM ISO on monophasic action potential duration (MAPD). 
Mean data of MAPD50 and MAPD 90 at the base (a) and apex (c) at baseline (BL) and 
with 1nM ISO during constant pacing at cycle lengths of 200 ms and 250 ms.  Raw data 
of the MAP’s at the base (b) and apex (d) at cycle lengths of 200ms and 250 ms at BL 
and with 1nM ISO also illustrated. n=2. 
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Dynamic pacing and the effect of isoproterenol 

MAPD90 was plotted against DI (fig 8.28a) and cycle length (fig 8.28b) in baseline 

conditions and with 1nM ISO. The last 3 MAPs from the each cycle length were 

plotted so that alternans could be observed. RTmaxslope curves were also plotted 

from this data (fig 8.28c). VF occurred at 60ms in baseline conditions and 40ms 

with 1nM ISO.  
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Figure 8.27.  Effect of 1nM Isoproterenol on standard restitution curves. (a) 
Baseline (BL) and (b) 1nM isoproterenol restitution curves. Both S1 and S2 data are 
illustrated. (c) Restitution curve showing BL and 1nM isoproterenol data with exponential 
curve fit (MAPD90 = maximum MAPD90 [1-e-DI/τ]). (d) Derivative of fitted curve for BL and 
1nM isoproterenol restitution curves. (e) Mean of maximum restitution slope data and 
SEM at base and apex in control conditions and with 1nM isoproterenol (n=1). 
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 The effect of Epac activator 8-CPT on cardiomyocyte Ca2+
 handling 

 

The effect of Epac on electrically evoked Ca2+ transients in rat 

cardiomyocytes 

Fig 8.29a displays the electrically evoked Ca2+ transients rat cardiomyocytes, in 

baseline conditions and in the presence of 10M 8-CPT. A trace showing a single 

averaged transient (5 transients averaged) is illustrated in fig 31b. Similarly, the 

same data is displayed in fig 8.29c & d with a 50M 8-CPT concentration.  

 

Figure 8.28. Dynamic restitution data with 1nM isoproterenol (ISO). (a) Restitution 
curve of the dynamic restitution data in control conditions and with 1nM ISO, with 
exponential fit MAPD90 = maximum MAPD90 [1-e-DI/τ]. (b) MAPD data at each cycle 
length during the dynamic pacing protocol. (c) Derivative of fitted curves for control 
and 1nM ISO data. (d) Mean and SEM data illustrating the cycle length at which the 
dynamic pacing protocol induced VF in control conditions and with 1nM ISO (n=2).  
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Data is represented as; n = n of hearts/ n of cells. Systolic and diastolic Ca2+ 

mean and SEM data are displayed in fig 8.30a & c for 10M 8-CPT (n= 2 / 8) and 

50M 8-CPT respectively (n= 2 / 2). There was no significant difference between 

systolic or diastolic Ca2+ with 10μM 8-CPT) or with 50μM 8-CPT.  
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Figure 8.29. Electrically evoked Ca2+ transient traces and the effect of Epac in rat 
cardiomyocytes. Traces showing electrically evoked Ca2+ transients in (a) Control and  

with 10M 8-CPT  and (c) Control and 50M 8-CPT. Averaged single Ca2+ transient 

generated from averaging 5 Ca2+ transients in control conditions and with (b)10M 8-

CPT  and (d) 50M 8-CPT.  
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Figure 8.30. The effect of Epac on electrically evoked Ca2+ transients in rat 
cardiomyocytes. Mean and SEM systolic and diastolic Ca2+ levels in control conditions 

and in the presence of 10M 8-CPT (a) and 50M 8-CPT (c). Mean and SEM Ca2+ 

transient amplitude data for 10M 8-CPT (b) and 50M 8-CPT (d).  
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Caffeine evoked Ca2+
 transients and the effect of Epac activator 8-

CPT in rat cardiomyocytes 

Fig 8.31 illustrates the changes in SR Ca2+ load in the presence of the Epac 

activator, studied by perfusion of cells with caffeine. There appeared to be a trend 

for decrease in caffeine evoked Ca2+ transients with the Epac activator. With 

10μM 8-CPT there was a 12.7% decrease in the transients (n= 2 / 2). However 

this showed no statistical significance from control. There was a 15.7% decrease 

in the transients with 50μM 8-CPT (n= 2 / 2), but again this showed no statistical 

difference.  
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The effect of Epac activator 8-CPT on electrically evoked Ca2+ 

transients in guinea pig cardiomyocytes 

Fig 8.32a shows the electrically evoked Ca2+
 transients during control conditions 

and during perfusion of 10M 8-CPT (n= 2 / 17). Figure 8.32b shows 5 averaged 

Ca2+ transients for both conditions. There was no statistically significant 

difference in systolic Ca2+ between control and 10M 8-CPT as shown in fig 

8.33a. Diastolic Ca2+ appeared to show a trend for increase with 10M 8-CPT, 

however mean data showed only an 8.24nM increase (6.8% increase) between 

Figure 8.31. The effect of Epac on caffeine evoked Ca2+ transients in rat 
cardiomyocytes. Mean and SEM data displaying peak values of the caffeine evoked 

Ca2+ transients in controlconditions and (a) with 10M 8-CPT and (c) 50M 8-CPT (n=2). 
P values from statistical tests are also displayed (p<0.05).  Traces of caffeine evoked 

Ca2+ transients in control and (b) with 10M 8-CPT and (d) 50M 8-CPT. 
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control and 10M 8-CPT with no significant difference. There was also no 

significant difference in Ca2+ transient amplitude displayed in fig 8.33b.  
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Figure 8.32. Electrically evoked Ca2+ transient traces and the effect of Epac 
in guinea pig cardiomyocytes. (a) Trace showing electrically evoked Ca2+ 

transients in both control and 10M 8-CPT. (b) Averaged single Ca2+ transient 

generated from averaging 5 Ca2+ transients in control and with 10M 8-CPT. 
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Figure 8.33. The effect of Epac on electrically evoked Ca2+ transients in guinea pig 
cardiomyocytes. (a) Mean and SEM systolic and diastolic Ca2+ levels in control 

conditions and in the presence of 10M 8-CPT. (b) Mean and SEM Ca2+ transient 
amplitude data. n=2 / 17.  

 

Caffeine evoked Ca2+
 transients and the effect of Epac activator 8 -

CPT in guinea pig cardiomyocytes 

The measure of SR Ca2+ load obtained by perfusion cells with caffeine is shown 

in fig 8.34 (n= 2 / 2). There appears to be a decrease in SR Ca2+ load with 10M 

8-CPT (9.98% decrease). However this is also shown to have no statistical 

significance.  
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Figure 8.34. The effect of Epac on caffeine evoked Ca2+ transients in guinea 
pig cardiomyocytes. (a) Mean and SEM data displaying peak values of the 

caffeine evoked Ca2+ transients in control conditions and with 10M 8-CPT (n=2 

/ 2). (b) Traces of caffeine evoked Ca2+ transients im control and with 10M 8-
CPT.  
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  Discussion 

Although the results showed negative data, they were very consistent which gives 

greater confidence in this result. An initial concentration of 1μM 8-CPT was used 

because the mouse whole heart paper by Hothi et al (2008) also used this 

concentration. After observing no significant response with this concentration, a 

10μM concentration of Epac was used, as used by Pereira et al (2007), Pereira 

et al (2009), Oestreich et al (2007), Oestreich et al (2009), Brette et al (2013) and 

Ruiz-Hurtado et al (2013) in rat and mice cardiomyocytes. This was further 

increased to 50μM during the Ca2+ imaging technique.  None of the previous 

studies have used concentrations above 50μM unless using concentrations 

>100μM which are not specific for Epac.  

 The effect of Epac activator 8-CPT on whole heart guinea pig 

physiology 

 

MAPD duration 

The MAPD was measured at two time points; 50% repolarization of the MAP and 

90% repolarization of the MAP. This is during phase 3 of the cardiac action 

potential and so can provide information about the IKr, IKs and IK1 channels 

involved in repolarization (Grunnet, 2010).  

Results showed no significant changes in MAPD with either of the 8-CPT 

concentrations, at any of the cycle lengths. This was in accord with previous 

cardiomyocyte studies which have also shown a similar effect (Pereira et al., 

2007; Oestreich et al., 2009; Hothi et al., 2008). In contrast, Brette et al (2013) 

observed lengthening of the APD with 10M 8-CPT-AM that was attributed to 

inhibition of the steady state K+ current. This was still observed in the presence 

of PKA inhibitors indicating that it was Epac that was causing this result. They 

were however unable to reproduce this result with 8-CPT and suggested that this 

was because 8-CPT has a poor permeability. Others have argued that the higher 

permeability of 8-CPT-AM is in fact disrupting Epac’s compartmentalization of 
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signalling and thus these results are not physiologically applicable (Ruiz-Hurtado 

et al., 2012). 

Action potential lengthening with 8-CPT was also demonstrated by Aflaki et al 

(2014) at APD50 and APD90. This was as a response to 6 week administration of 

6μM 8-CPT to guinea pigs and perhaps is more representative of chronic effects 

of Epac as it was attributed to decreased expression of IKs. In addition, it was 

found to be Epac1 that was causing the APD lengthening whereas Ca2+ handling 

papers have demonstrated that Epac2 was responsible for the abnormal Ca2+ 

handling and arrhythmia in the heart and Epac1 cannot replace its function 

(Pereira et al., 2013). This could imply that Epac’s acute effects are Epac2 

dependent and the chronic effects are Epac1 dependent and hence why no 

changes in MAPD were observed with short periods of perfusion used in this 

study. As Epac1 is expressed in higher concentrations in the heart (Metrich et al., 

2008; Schmidt et al., 2007), this could explain why this effect is more prominent.  

Further supporting this, whole heart Epac experiments in mouse hearts with 

similar periods of perfusion did not display any changes in MAPD (Hothi et al., 

2008).   

Electrical restitution 

In order to generate the most suitable protocol for electrical restitution in the 

guinea pig, several papers were examined (Fossa et al., 2007, Kazusa et al., 

2014, Osadchii, 2012a, Osadchii, 2012b, Osadchii, 2014c, Osadchii, 2014b, 

Osadchii, 2014a, Osadchii et al., 2009, Osadchii et al., 2010, Osadchii et al., 

2011, Soltysinska et al., 2011, Stark et al., 1996, Wang et al., 2015). Electrical 

restitution is a measure of the MAPD and its preceding diastolic interval. The 

relationship between these parameters acts as an indicator of arrhythmia 

inducibility. The S2 results show that MAPD decreased monotonically as DI 

decreased, which was as expected (Weiss et al., 2006).  

If Epac has an arrhythmogenic effect as suggested, one would expect an 

increase in the RTmax. RTmax values of >1 increases probability of wavebreaks 

and the amplitude of alternans, therefore increasing arrhythmia susceptibility. 

There appeared to be an increase in RTmax with 1μM 8-CPT at both apical and 
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basal sites however this showed no significant difference and this trend was not 

reproduced with 10μM 8-CPT possibly suggesting a dose dependent effect. No 

changes in ERP were observed as also shown by Hothi et al (2008). 

Epac has however been show to induce triggered activity in mouse hearts during 

electrical restitution protocols (Hothi et al., 2008), but this could not be reproduced 

in the guinea pig.  

Dynamic pacing 

The dynamic pacing protocol for guinea pigs was established by assessing 

protocols from various guinea pig papers (Osadchii, 2012a, Osadchii, 2012b, 

Osadchii et al., 2009, Osadchii et al., 2010, Osadchii et al., 2011, Soltysinska et 

al., 2011). As expected, MAPD decreased as CL decreased and as DI decreased. 

It was also expected that alternans would be observed. Alternans are beat to beat 

alterations in APD and Ca2+ transients. They usually alternate in a repeating 

pattern e.g. long-short-long-short (Weiss et al., 2006). Alternans tend to occur in 

conditions where arrhythmia is common and therefore they can be used as a 

predictor of arrhythmogenesis. By plotting the last 3 MAPs of each cycle length 

in the protocol, observation of alternans was expected as the cycle length 

shortened. However, no alternans were observed in control or in the presence of 

the Epac activator. MAPs were consistent in amplitude and duration until 

immediate degeneration into VF at short cycle lengths.  

A similar dynamic pacing protocol was also used by Hothi et al (2008) and this 

showed slightly larger alternans magnitude in the presence of 8-CPT but likewise 

this did not reach statistical significance.  

 The effect of positive control isoproterenol on whole heart guinea pig 

physiology 

Isoproterenol (ISO) is -AR agonist and is known to increase inotropy and 

chronotropy of the heart. ISO causes increases in diastolic Ca2+ and intracellular 

Ca2+ overload. It has also been suggested that ISO can enhance Epac1 

expression (Aflaki et al., 2014). Perfusion of ISO caused a large increase in 



224 

 

intrinsic heart rate and this made it difficult to pace the heart at fixed CLs.  The 

heart could not be paced well above CLs of 200 ms, which made it difficult to 

apply protocols as they required longer CLs then this. As perfusion continued 

there was also an obvious change in MAPs. MAPD was lengthened which was 

expected as this effect with ISO and APD has been seen in other studies using 

guinea pig cardiomyocytes (Tweedie et al., 1997, Belardinelli and Isenberg, 1983, 

Aflaki et al., 2014), and after long periods of perfusion the MAP shape changed 

morphology. An increase in MAPD with ISO has also been observed in rabbit 

whole heart experiments (Qin et al., 2013).  

As the electrical restitution protocol is a measure of arrhythmogenesis, a 

significant response with ISO was expected. ERP was found to be at a longer 

S1-S2 interval then with control, the RT curve was much steeper and the 

RTmaxSlope almost doubles in the presence of ISO. This demonstrates increased 

predisposition to arrhythmogenesis. Qin et al (2013) also observed increased 

ERP in the presence of ISO and an increase in RTmaxSlope. They also observed 

an increased incidence of ventricular arrhythmia with ISO.  

Alternans were observed during the dynamic pacing protocol with ISO, also seen 

in the study by Qin et al (2013). As cycle lengths became shorter MAPs became 

more triangular, less consistent in shape and occurred at irregular intervals. 

Alternans where observed more frequently at shorter cycle lengths. This is 

observed by the scattering of the curve at the shorter CLs and DIs.   

The positive control data strengthens the confidence in the data gathered with 

the Epac activator as it demonstrates the drugs are perfusing correctly into the 

heart and the parameters of the protocols are suitable enough to show difference. 

If Epac were to have an arrhythmogenic effect as suggested, then results should 

have shown similar effect as ISO. Aflaki et al (2014) found that Epac mimicked 

the effects of 100nM ISO, but again this was with chronic Epac administration.  
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 Epac’s effect on Ca2+ handling in rat and guinea pig cardiomyocytes 

Rat cardiomyocytes were initially used for the Ca2+ imaging as they were more 

readily available and data from these cells allowed comparison to the other Ca2+ 

handling studies that used 8-CPT (Pereira et al., 2007; Dominguez-Rodriguez et 

al., 2013). However, there were no statistically significant changes in Ca2+ 

transients which was an unexpected result as the previous rat cardiomyocyte 

study by Pereira et al (2007) showed decreased Ca2+ transient amplitude and 

increased probability of Ca2+ sparks with 10M 8-CPT. This was found using 

confocal microscopy with different fluorescent Ca2+ dyes (Fluo-3AM and Rhod 

2AM). Mouse cardiomyocyte studies showed increased amplitude of electrically 

evoked Ca2+ transients (Oestreich et al., 2007). Other studies have also shown 

Epac’s effects on Ca2+ handling e.g. Purves et al (2009) displayed elevated 

intracellular Ca2+ in ventricular smooth muscle cells, Kang et al (2001) showed 

Epac mediated CICR in pancreatic cells, Ster et al (2007) demonstrate Epac 

induced activation of Ca2+ sensitive K+ channels due to mobilization of 

intracellular Ca2+ stores in cerebellar granule cells, Schmidt et al (2001) found 

Epac caused Ca2+ mobilization in HEK-293 cells and neuroblastoma cells and 

Hothi et al (2008) showing spontaneous Ca2+
 transients in murine 

cardiomyocytes.  

There has only been one other Epac study that used guinea pig cardiomyocytes, 

which showed IKs downregulation with 6μM 8-CPT. However, as mentioned 

previously, the guinea pigs were administered with the Epac activator over a 6 

week period before experiments took place so this study demonstrates the more 

chronic effects of Epac in gene transcription whereas the focus of this project was 

Epac’s acute effects on arrhythmia induction. Calcium imaging in guinea pig 

cardiomyocytes with 5 minute perfusion of 8-CPT (longer perfusion was 

attempted, 5-15 mins, however there were still no changes) showed no changes 

in Ca2+ transients. Diastolic Ca2+ showed a trend for increase, also seen by 

Pereira et al (2007), but this did not reach levels of significance.  

Although there did appear to be a decrease in SR Ca2+ load with the Epac 

activator in both species, this was not large enough to be significant. Pereira et 
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al (2007), saw a significant decrease in SR load from 650nM to 425nM (n=10) in 

rat cardiomyocytes with the same concentration of 8-CPT (10M). The 

differences could be due to the small n numbers used so far (n of 2 rat hearts, n 

of 2 guinea pig hearts) or also due to the difference in techniques. Pereira et al 

(2007) used confocal microscopy to measure SR Ca2+ load and used a different 

ratiometric fluorescent dye; Indo-1 AM. It has been suggested that Epac causes 

SR Ca2+ leak due to phosphorylation of RyR by CaMKII (Oestreich et al., 2009; 

Pereira et al., 2007; Kawasaki et al., 1998). This was also evidenced in whole 

heart models, where use of CaMKII inhibitors blocked Epac’s arrhythmogenic 

effect (Hothi et al., 2008). If this were the case, we would expect SR Ca2+ to be 

significantly decreased with 8-CPT. Another explanation is that although Epac 

may cause SR Ca2+ leak, it does not occur in a large enough magnitude in the 

whole heart for it to be physiologically relevant.  

 Limitations 

Although MAPs are a good representation of transmembrane action potentials, 

there are limitations associated with them. For example, the quality of the MAP 

is determined by the angle and location of the electrode on the epicardium. The 

placement of the electrode can affect the amount of signal interference and the 

shape of the MAPs. The pressure exerted by the electrode can also affect the 

amplitude of the MAP and if the pressure is too great then this can cause ischemia 

in the cells directly beneath it. There is also a tendency for MAPs to deteriorate 

over time in which case occasionally the MAP position had to be moved to a new 

site. Another limitation was that, depending on the intrinsic HR, some hearts were 

difficult to pace at CLs above 200ms. This made it difficult to apply the protocols 

which have initial CLs of 250ms and so in some case the parameters had to be 

modified.  

However, MAPs and whole heart techniques allow for consideration of factors 

such as heterogeneities due to non-uniform ion channel distributions and 

electrical coupling, without interference from haemodynamic reflexes and 

humoral factors, demonstrating the importance of this method and the data it 

generates.  
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  Conclusions 

Contradictory to the hypothesis, Epac had no effect on Ca2+ handling and did not 

induce ventricular arrhythmogenesis in the guinea pig heart. The consistency of 

the data across a total of 11 hearts with the Epac activator relays confidence in 

the observed results. The lack of effect could be due to species differences 

because there is a higher activity of SERCA in rat ventricles then in guinea pig 

ventricles and there are different patterns of ion channel expression (Bers, 2002). 

There is also reason to believe Epac is expressed in guinea pig heart (Aflaki et 

al., 2014).  

Under physiological conditions both Epac and PKA are coactivated. In 

comparison to solely Epac activation, global activation of both Epac and PKA 

results in increases Ca2+ transients, SR Ca2+ leak and SR Ca2+ load (Pereira et 

al., 2013). Decreased Ca2+ transients and SR Ca2+ load is seen when Epac alone 

is activated due to a greater SR Ca2+ leak (Pereira et al., 2007) so it is debatable 

whether this is relevant physiologically. It could also be that Epac just reduces 

the ability of PKA to increase SR Ca2+ load via Ca2+ current and PLB. It has also 

been suggested that the effects that PKA induces can overpower the effects 

induced by Epac (Pereira et al., 2013). 

As there is evidence to suggest that Epac has no function under baseline 

conditions (Pereira et al., 2013), it has been proposed that Epac signalling 

pathways may have more relevance during pathophysiological conditions 

(Purves et al., 2009), hence its increased expression in HF (Ulucan et al., 2007; 

Metrich et al., 2008). This would explain the observed negative result. The 

presence of Epac under cardiovascular disease states may be worth exploring.  

Increased expression of Epac in HF and the effects of increased Epac on 

arrhythmias could expose Epac as a potential therapeutic target (Ruiz-Hurtado 

et al., 2013).  Aflaki et al (2014) suggested targeting of Epac-mediated electric 

remodelling may have a preventative effect on lethal arrhythmias.  
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