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Abstract 

Atrial fibrillation is the most common cardiac arrhythmia, currently affecting up to 

one million people in the UK. Clinical studies have demonstrated that ectopic 

activity originating from the cardiomyocyte sleeve which surrounds the pulmonary 

vein (PV), is an important cause of atrial fibrillation. However, the underlying 

mechanisms for this ectopic activity remain unclear. Recent studies have proposed 

that sodium channels in the PV cardiomyocytes play a role. Thus, the aim of this 

thesis was to determine the distribution of the Na+ channel isoforms, as well as 

examine their characteristics in the rat PV and for comparative purposes the 

properties of the Na+ channel isoforms in the left atrium (LA), using a number of 

complimentary techniques. Furthermore, the arrhythmogenic activity in the PV and 

LA was investigated with the use of Anemonia sulcata toxin II (ATX-II), a substance 

that is frequently used as a pro-arrhythmic toxin. 

 

Microelectrode recordings revealed that there was no significant difference in the 

electrically evoked action potentials in the rat PV and LA tissues. Subsequent 

voltage clamp experiments on single isolated cardiomyocytes demonstrated that the 

INa current density, activation and inactivation properties were also similar between 

the PV and LA. However, the use of the selective Na+ channel blocker tetrodotoxin 

(TTX), to distinguish between Na+ channel subtypes, revealed a 20% contribution of 

the TTX-sensitive INa to the total INa in PV cardiomyocytes, with the current 

activated at more depolarised potentials compared to the TTX-resistant INa. In 

contrast, there was no evidence of the TTX-sensitive INa in LA cardiomyocytes. 

Although, inhibition of the TTX-sensitive Na+ channels had no effect on the action 

potential of the PV and LA, a small, but significant, reduction in the contractile 

response of both tissues was observed.  

 

Arrhythmogenic activity in the form of spontaneous contractions, spontaneous action 

potentials (which for the purpose of this thesis are used to define contractions or 

action potentials that occur after treatment of the tissue with ATX-II, and which are 

independent of electrical stimulation), and early afterdepolarisations (EADs) were 
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induced in both PV and LA tissues in the presence of ATX-II, which is known to 

enhance the INaL. This ATX-II induced arrhythmogenic activity was not affected by 

block of TTX-sensitive Na+ channels alone, but was abolished by inhibition of both 

TTX-sensitive and TTX-resistant Na+ channels, highlighting the dependence of this 

arrhythmogenic activity on Na+ channels. In addition, suppression of the ATX-II 

induced arrhythmogenic activity using the calcium/calmodulin-dependent protein 

kinase II (CaMKII) blocker, KN-93, or the Na+/Ca2+ exchanger (NCX) inhibitor, 

ORM-10103, demonstrated the involvement of CaMKII and the NCX in ATX-II 

induced spontaneous activity. Thus, the excitability of cells from both the PV and 

LA is influenced by both the direct and indirect action of Na+ influx through the 

action of ATX-II.  

 

 

 



1 

 

 

 

 

Chapter 1  

 Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



2 

 

 

1.1 Atrial Fibrillation 

1.1.1 Atrial Fibrillation  

Atrial Fibrillation (AF) is the most common cardiac arrhythmia, affecting 

approximately 1% to 2% of the developed world population and it is a major 

contributor to morbidity and mortality (Murphy et al., 2007; Wilke et al., 2013). 

This arrhythmia is most common in those over 70 years of age and by 2050 the 

incidence of AF is expected to triple in line with the increasing elderly population 

(Miyasaka et al., 2006). Typically, AF is characterised by uncoordinated and 

disorganized contraction of the atria and can be diagnosed on an electrocardiogram 

in which the P wave is replaced by irregular fibrillatory waves (Bennett and 

Pentecost, 1970). During AF, the sinus node no longer controls the heart rate, instead 

the rate is determined by the interaction of the rapid atrial rate and the filtering 

ability of the atrioventricular (AV) node (Nattel, 2002). The fibrillating atrium 

greatly increases the occurrence of blood clots, consequently enhancing the risk of 

stroke (Wolf et al., 1978).  

 

There are numerous classifications of AF and the American Heart Association and 

The European Society of Cardiology (Fuster et al., 2006) recommends AF should be 

classed as: 

 

 First Detected AF – on initial detection by the clinician. 

 Recurrent AF – if there are more than two detected episodes of AF. 

 Paroxysmal AF – if the recurrent arrhythmia ceases spontaneously. 

 Persistent AF – if the recurrent arrhythmia is prolonged beyond 7 days. 

 Permanent AF – ongoing recurrent arrhythmia that cannot be attenuated by 

cardioversion. 

 

Numerous cardiac diseases such as coronary artery disease, hypertension, congestive 

heart failure and thyrotoxic heart disease can predispose to AF (Wolf et al., 1978; 



3 

 

Forfar et al., 1979). In addition, epidemiological factors such as old age, gender and 

smoking are thought to be predisposing factors in AF (Allessie et al., 2001). 

 

1.1.2 Atrial action potential 

Normally, mammalian atrial action potentials are initiated by the pacemaking 

activity of the sino-atrial node located in the right atrium. The action potentials are 

then conducted throughout the atria, to the AV node, through the bundle of His and 

into the Purkinje fibres of the ventricles. The action potentials are propagated 

between cardiomyocytes via gap junctions, which are composed of connexin 

proteins connecting the cytoplasm of adjacent cells (Yeager and Gilula, 1992). As 

shown in the schematic representation in Figure 1.1, the  resting membrane potential 

(phase 4), which is between -80 to -90 mV in human atrial cardiomyocytes, is 

maintained by the inward rectifier K+ currents such as IK1 (Koumi et al., 1994, 1995). 

Phase 4 depolarisation results in the membrane potential reaching a threshold to 

trigger an action potential. This begins with the action potential upstroke (phase 0), 

which is the result of a rapid influx of Na+ into the cardiomyocyte (Sakakibara et al., 

1992). Following this, the cell briefly repolarises (phase 1), due to activation of the 

transient outward K+ current (Ito) (Escande et al., 1987), and then reaches a plateau 

phase (phase 2) where there is a balance between inward Ca2+ currents through L-

type Ca2+ channels (ICaL) (Li and Nattel, 1997) and outward K+ currents (Yue et al., 

1996; Wettwer et al., 2004). During this phase there is a time dependent activation of 

the delayed rectifier K+ current (particularly the rapid delayed rectifier K+ current, 

IKr, and the slowly activating delayed rectifier current, IKs) resulting in rapid phase 3 

repolarisation and termination of the action potential (Wang et al., 1993, 1994). Both 

the constitutive acetylcholine-dependent potassium current (IKACh) and ultra-rapid 

delayed rectifier potassium current (IKur) are also involved in repolarisation (Wang et 

al., 1993; Wettwer et al., 2004). 
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Figure 1.1 Typical atrial action potential. Schematic cardiac action potential illustrating 

phases 0 to 4 (in purple) and the corresponding ionic currents (in red) accounting for the 

shape and time course of the action potential. The ion currents specific to the atrial action 

potential are shown in blue (Adapted from Ehrlich et al., 2008).  
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1.1.3 Ectopic activity 

While all cardiac tissue has inherent pacemaking activity, under normal 

physiological conditions the sino-atrial node is the dominant pacemaker of the heart. 

This is due to the fact that the sino-atrial node has the highest rate of spontaneous 

depolarization, and therefore suppresses the pacemaking activity of the other cardiac 

tissues. However, electrical and structural alterations in cardiac tissue can lead to 

abnormal spontaneous discharge, which results in ectopic activity (where the 

pacemaking electrical activity initiates in a site other than the sino-atrial node; Figure 

1.2). Such ectopic activity is responsible for the initiation of AF (Haïssaguerre et al., 

1998).  

 

In AF patients, the pulmonary vein (PV), which transports oxygenated blood from 

the lungs to the left atrium (LA), is the most common site of focal ectopic activity 

(Haïssaguerre et al., 1998), and this will be discussed in more detail later. In 

addition, ectopic activity can also originate from the vena cava, ligament of 

Marshall, mitral valve, tricuspid valve and crista terminalis (Wit and Cranefield, 

1976; Hwang et al., 1999; Tsai et al., 2000; Liu et al., 2002; Wu et al., 2002). 

Ectopic activity can be due to enhanced automaticity, afterdepolarisations and 

triggered activity. Enhanced automaticity (Figure 1.3A) has been shown to be a 

result of abnormalities in certain currents (such as a decrease in IK1 and/or an 

increase in the pacemaker “funny” current, If) during phase 4 of the action potential 

(Hoppe et al., 1998; Stillitano et al., 2008). Afterdepolarisations are abnormal 

depolarisations that occur following the action potential upstroke and there are two 

types: 

 Delayed afterdepolarisations (DADs), which occur when action potential 

repolarisation is complete or almost complete (Figure 1.3B). 

 Early afterdepolarisations (EADs), which are evident during phase 2 or phase 

3 of the action potential (Figure 1.3C). 
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Afterdepolarisations can become large enough to reach the threshold potential for 

activation of a regenerative inward current, resulting in an action potential. This is 

referred to as triggered activity (Brugada and Wellens, 1984). 

 

 1.1.3.1 Delayed afterdepolarisations 

In mammalian cardiomyocytes, transmembrane Ca2+ entry via L-type Ca2+ channels 

triggers Ca2+ release from the sarcoplasmic reticulum into the cytosol through the 

ryanodine receptor. This is termed Ca2+ induced Ca2+ release (Fabiato and Fabiato, 

1978; Cannell et al., 1995). Cytosolic Ca2+ levels are restored by reuptake of Ca2+ 

into the sarcoplasmic reticulum via the sarcoplasmic reticulum Ca2+ ATPase 

(SERCA) pump or by extrusion from the cell via the sodium/calcium exchanger 

(NCX), which extrudes one Ca2+ ion from the cytosol in exchange for three Na+ ions 

(Mackenzie et al., 2004). Generation of a transient inward current (Iti) upon 

activation of forward mode NCX, as well as Ca2+ overload, due to increased Ca2+ 

influx, decreased Ca2+ efflux and/or opening of the sarcoplasmic reticulum Ca2+ 

channels can cause substantial depolarisation in cardiomyocytes leading to DADs 

(Kass et al., 1978; Tweedie et al., 2000; Fujiwara et al., 2008).  

 

1.1.3.2 Early afterdepolarisations 

When the action potential duration (APD) becomes unusually prolonged, potentially 

because of either an increase in ICaL, an enhancement in the late sodium current (INaL) 

(Song et al., 2008; Lemoine et al., 2011) or a reduction in the K+ current (Ehrlich et 

al., 2005), this allows L-type Ca2+ channels  to recover from inactivation and re-

activate (January and Riddle, 1989; Zeng and Rudy, 1995). The Ca2+ influx results in 

increased Ca2+ induced Ca2+ release, which may then generate an inward current 

sufficient enough to overcome the outward repolarising K+ currents and generate 

EADs during phase 2 of repolarisation (January and Riddle, 1989; Zeng and Rudy, 

1995).  In addition, Burashnikov and Antzelevitch, (2003) reported the appearance of 

EADs in dog atrial cardiomyocytes during the late stages of repolarisation. These 

late phase 3 EADs appeared at rapid atrial rates and were associated with an 

abbreviated APD. 
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1.1.3.3 Re-entry 

Re-entry requires a substrate and a trigger that acts on that substrate (Figure 1.2). If 

there is a suitable substrate for re-entry then different zones of tissue can continually 

reactivate each other, producing persistent re-entrant activity (Allessie et al., 1976). 

Remodelling, which is discussed in more detail in section 1.1.4 can provide a 

suitable substrate for re-entry, whereas ectopic activity can result in re-entry triggers. 

There are two key mechanisms of re-entry; spiral wave re-entry and leading circle 

re-entry which are illustrated in Figure 1.4. 

 

Spiral wave re-entry (Figure 1.4A) involves a fast circulating rotor consisting of a 

central core of excitable but unexcited tissue, with a circulating curved wavefront 

which propagates outwards into excitable tissue (Davidenko et al., 1992; Pertsov et 

al., 1993; Ikeda et al., 1996). Tissue excitability and refractoriness determine the size 

of the spiral wave. For example, increased excitability and a short effective 

refractory period (ERP) will allow rapid rotation of the spiral wave around the small 

core, stabilising rotor maintenance (Comtois et al., 2005). A decrease in excitability 

or increased refractoriness will enlarge and slow the rotor, enhancing the chance that 

the rotors will be abolished as they come into contact with refractory tissue or 

anatomical boundaries (Comtois et al., 2005).  

 

With the leading circle concept (Figure 1.4B), re-entry establishes itself in the 

minimum sized circuit needed for the maintenance of re-entry. The minimum 

wavelength (λ; circumference of the circle) of the circuit is calculated by (Allessie et 

al., 1976; Rensma et al., 1988):  

 

λ = ERP x conduction velocity  

 

If the atria contain a small number of larger circuits, re-entry is unstable and self-

terminating. To allow the persistence of a re-entrant circuit, the wavelength has to be 

shorter than the available conduction path length, which then leaves an excitable gap 

before the propagating wavefront. For example, a decrease in wavelength (due to a 

reduction in the ERP or the conduction velocity) results in smaller, more abundant 
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Remodelling

• Ion channel alterations

• Ca2+ handling changes

• Structural modifications

Substrate Trigger
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circuits and maintenance of AF, as simultaneous self-termination of all the circuits is 

unlikely. An increase in the ERP, potentially due to an antiarrhythmic drug, would 

result in an increase in the wavelength (Figure 1.4C), decreasing the number of 

circuits that can be maintained. Therefore AF cannot be sustained (Moe and 

Abildskov, 1959; Moe, 1962; Allessie et al., 1977). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Basic mechanisms of atrial fibrillation. Remodelling of atrial tissue in the 

form of ion channel alterations or Ca2+ handling changes can generate arrhythmogenic 

delayed afterdepolarisations (DADs) and early afterdepolarisations (EADs), which can 

trigger electrical activity in areas outwith the sino-atrial node. The focal ectopic activity 

can result in the initiation and maintenance of atrial fibrillation (AF). Re-entry which 

relies on the action of a trigger (typically from an ectopic beat) acting on a susceptible 

substrate can also lead to AF (Dobrev and Nattel, 2010). 
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Figure 1.3 Mechanisms of focal ectopic activity. (A) Alterations during phase 4 of 

the action potential such as a decrease in IK1 results in diastolic depolarisation 

induced enhanced automaticity. (B) Delayed afterdepolarisation (DAD) can occur 

after repolarisation of the action potential and can induce triggered activity. (C) 

Early afterdepolarisations (EAD) occur during phase 2 or phase 3 of the action 

potential (Iwasaki et al., 2011). 



10 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Re-entry Concepts. (A) Spiral wave model of re-entry, consisting of a 

core of excitable but unexcited tissue with a circulating curved wavefront which 

propagates outwards into excitable tissue. (B) Leading circle model of re-entry. 

Activity establishes itself in the smallest pathway that can support re-entry, with 

wavelets maintaining the central core in a refractory state. (C) Role of wavelength in 

AF maintenance according to the leading circle model. Initiation and maintenance of 

re-entry circuits depends on the length of the wavelength. Shorter wavelengths allow 

several simultaneous re-entry circuits to be sustained, favouring AF. Antiarrhythmic 

drugs that increase the refractory period and therefore the wavelength, reduce the 

number of circuits that can be accommodated, favouring the suppression of AF.  λ – 

wavelength (Nattel, 2002b).  
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1.1.4 Atrial remodelling and AF 

Atrial remodelling, which is defined as any continual alteration in the structure or 

function of the atria, is thought to be a contributor to the initiation and maintenance 

of AF (Xu et al., 2013). Cardiac diseases such as heart failure, can lead to atrial 

remodelling and promotion of AF (Li et al., 1999). The presence of AF itself and the 

associated rapid atrial tachycardia can also result in further atrial remodelling. It is 

thought that atrial cardiomyocytes may adapt to AF by facilitating the maintenance 

of rapid atrial firing with the lowest metabolic cost, although this may result in 

further promotion of AF. This has been shown in animal models such as those 

developed as by Wijffels et al. (1995). They reported in a goat model of AF that 

while initially AF is short lived, over time AF itself causes atrial remodelling 

resulting in a gradual increase of its likelihood to become sustained. This was 

described as “AF begets AF”.  

 

Electrical remodelling, which alters the expression and/or function of ion channels, 

pumps and exchangers in atrial cardiomyocytes can promote AF (Wagoner et al., 

1997; Dobrev et al., 2002; Neef et al., 2010; Voigt et al., 2012). Remodelling of ion 

channels can abbreviate the cardiac action potential, increasing the tissue 

vulnerability to the initiation and maintenance of re-entry (Colman et al., 2013). The 

IK1, which determines the cardiomyocyte resting membrane potential and contributes 

to the termination of phase 3 repolarisation, has been found to be increased in atrial 

cells of AF patients (Giles and Imaizumi, 1988; Zhang et al., 2005). This increase in 

IK1 could contribute to a decrease in APD, promoting re-entry (Wagoner et al., 1997; 

Dobrev et al., 2002). Electrical remodelling can also result in Ca2+ overload, due to 

increased Ca2+ influx or decreased Ca2+ efflux (Vest et al., 2005; Chelu et al., 2009; 

Voigt et al., 2012), which leads to afterdepolarisations and ectopic activity. In atrial 

cardiomyocytes from AF patients, an increased open probability of the ryanodine 

receptor, which triggered the release of Ca2+ from the sarcoplasmic reticulum was 

reported (Neef et al., 2010; Voigt et al., 2012). This enhanced sarcoplasmic 

reticulum Ca2+ leak resulted in the promotion of arrhythmogenic DADs. An increase 

in Ca2+ overload can also promote further atrial remodelling. For example, ICaL is 
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reduced in atrial cardiomyocytes from AF animal models (Yagi et al., 2002; Bosch 

et al., 2003) and human permanent AF patients (Bosch et al., 1999; Workman et al., 

2001), potentially as a compensatory mechanism to alleviate the Ca2+ overload in AF 

(Qi et al., 2008). However, a reduction in ICaL could contribute to a reduction in 

APD, promoting re-entry and maintenance of AF. The AF induced remodelling can 

also lead to conduction abnormalities as altered connexion expression and 

distribution has been observed in human AF patients (Kostin et al., 2002; Nao et al., 

2003; Firouzi et al., 2004) and in the goat AF model (van der Velden et al., 1998).  

 

Structural remodelling is characterised by increased atrial size and cardiac tissue 

fibrosis. Sanfilippo et al. (1990) investigated the structural remodelling of the atria of 

AF patients and reported that over time, both atria can become enlarged as a 

consequence of AF. This increased atrial size is thought to favour re-entry 

persistence (Zou et al., 2005). Structural changes in the form of increased levels of 

fibrosis, are also common in the atria of AF patients (Boldt et al., 2004; Oakes et al., 

2009), as well as in dog AF models (Li et al., 1999). Fibrosis is the excessive 

deposition of extracellular matrix components such as collagen and fibronectin, 

synthesised by fibroblast related cells (Bishop, 1998; Swynghedauw, 1999). The 

presence of fibrosis is thought to interfere with local conduction and increase tissue 

susceptibility to re-entry  (Li et al., 1999; Verheule et al., 2013). Furthermore, Xu et 

al. (2004) reported a positive correlation in the extent of fibrosis and the persistence 

of AF, suggesting that AF itself may promote fibrosis.  

 

1.1.5 Pharmacological treatment of AF 

There are two main options in the treatment of AF: rate control and rhythm control. 

With rate control, regulation of ventricular rate is key while the atria remain 

fibrillating, whereas maintenance of sinus rhythm is the central aim in rhythm 

control (Fuster et al., 2006). Rhythm or rate control can be achieved by 

pharmacological treatment in the form of antiarrhythmic drugs. Vaughan Williams, 

1984, grouped the antiarrhythmic drugs according to their mechanisms of action 

(although some can span several classes), namely, Na+ channel blockade (Class I), β-

adrenoceptor antagonism (Class II), K+ channel blockade (Class III) and Ca2+ 
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channel blockade (Class IV). Alongside antiarrhythmics, aspirin or other 

anticoagulants are recommended to reduce the risk of stroke in AF patients (Fuster et 

al., 2006). However, the pharmacological treatments available are only moderately 

effective in the treatment of AF and many trigger unwanted side effects such as 

ventricular arrhythmia or organ toxicity (Camm et al., 2010). 

 

1.1.6 Non pharmacological treatment of AF 

Surgical and ablation techniques can be effective rhythm control treatments for AF 

when pharmacological therapy is unsuccessful (Calkins et al., 2007). The Cox-Maze 

III procedure uses a “cut and sew” technique to separate the left and right atrium and 

isolate the four pulmonary veins (PVs). The resultant scar tissue interrupts electrical 

impulses and re-entry circuits (Cox et al., 1995a, 1995b). Despite >90% AF 

termination success rate, few cardiologists perform Cox-Maze III due to the 

complexity and technical difficulties of the procedure (Prasad et al., 2003; Mokadam 

et al., 2004). However, surgical advances have allowed for the application of various 

energy sources such as radiofrequency, ultrasound and cryotherapy, enabling the 

procedure to be carried out with less tissue damage. This is termed Cox-Maze IV as 

a similar lesion pattern to the original is used, but with the use of energy sources in 

place of the “cut and sew” technique, and it is now a widely used surgical treatment 

for AF (Sandoval et al., 2011; Melby et al., 2013). 

 

Haïssaguerre et al. (1998) first discovered that AF triggered by ectopic activity 

originating from the PV could be terminated by radio-frequency ablation of the PVs. 

The procedure utilised mapping catheters in the pulmonary vein-left atrial (PV-LA) 

junction as a guide to establish the areas of PV ectopic activity. This widely used 

procedure now employs monopolar and bipolar radiofrequency in patients with 

paroxysmal AF (Camm et al., 2010). However, recurrence of AF is possible after the 

procedure due to the PVs re-establishing electrical connection with the LA (Shah et 

al., 2008; Bertaglia et al., 2014). 
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1.2 The structure of the PV 
 

Brunton and Fayrer, (1876) first observed that on cessation of artificial respiration, 

the PVs of anaesthetised rabbits and cats continued to pulsate after the heart had 

ceased beating; thus establishing the ability of the PV to contract independent of the 

atria. Following this discovery, the anatomical, contractile and electrical properties 

of the PVs have been the subject of numerous studies (Chen et al., 2002b; Hocini et 

al., 2002; Ehrlich et al., 2003; Bronquard et al., 2007; Lo et al., 2007; Luk et al., 

2008); however the mechanism underlying the PV ectopic activity is not fully 

elucidated.  

 

1.2.1 Anatomy of the PV 

A number of histological studies reported the PV structure of mammalian species 

(such as human, rat, dog and guinea pig) to consist of several layers of different cell 

types, including the cardiomyocyte sleeve. Closest to the lumen is the tunica intima 

comprised of a thin layer of endothelial cells. Then there is the tunica media, which 

is comprised of both smooth muscle cells and the cardiomyocyte sleeve, separated 

by a layer of collagenous tissue and finally a tunica externa, or adventitia, 

comprising of elastic fibrils and collagenous tissue (Nathan and Eliakim, 1966; 

Ludatscher, 1968; Hashizume et al., 1998; Saito et al., 2000; Hocini et al., 2002; 

Hassink et al., 2003; Takahara et al., 2011). The cardiomyocytes are believed to be 

responsible for the veins unique contractile and electrophysiological properties. The 

physiological relevance of the cardiomyocyte sleeve remains unknown; although it 

has been hypothesised that the PV contraction could prevent the backflow of blood 

when the atria contracts (Nathan and Eliakim, 1966). The cardiomyocyte sleeve was 

described as consisting of one or more layers of cardiomyocytes running in circular, 

longitudinal, oblique and spiral directions (Nathan and Eliakim, 1966). Further 

examination of the PVs of several species elaborated on the complexity of the 

cardiomyocyte sleeve, illustrating the non-uniform and complex arrangement of 

cardiomyocytes (Figure 1.5) (Hashizume et al., 1998; Ho et al., 2001). In some parts 

of the tissue, numerous cardiomyocytes are grouped together to form bundles, with 

several gaps between the bundles interspersed with fibrous tissue (which consists of 
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extracellular matrix proteins such as type 1 collagen) (Hashizume et al., 1998; Ho et 

al., 2001). As the sleeve becomes increasingly distal from the junction at which the 

PV meets the LA (PV-LA junction), the cardiomyocyte bundles diminish, and are 

replaced with an increasing amount of fibrous tissue (Saito et al., 2000; Hassink et 

al., 2003). Gap junction proteins are also present in the PV cardiomyocyte sleeve, 

thereby enabling the conduction of electrical activity between the PV 

cardiomyocytes (Verheule et al., 2002; Sun et al., 2008). Electron microscopy 

studies revealed a strong resemblance of PV cardiomyocytes to those of the LA in 

that they possessed completely developed contractile apparatus (Ludatscher, 1968; 

Hashizume et al., 1998; Verheule et al., 2002).  

 

In atrial cardiomyocytes transverse-tubules (T-tubules) are thought to be virtually 

absent in smaller animals such as rat, and present in larger mammals such as sheep 

and human (Dibb et al., 2009; Lenaerts et al., 2009; Richards et al., 2011). The 

presence of T-tubules in the PV cardiomyocytes of human and other mammals 

remains controversial. An electron microscopy study reported sparse T-tubules in the 

rat PV cardiomyocytes (Masani, 1986), whereas an abundance of T-tubules were 

observed in the same cells stained with di-8-ANEPPS (Okamoto et al., 2012), and in 

dog PV sections stained with the surface membrane stain, wheat germ agglutinin 

(Melnyk et al., 2005). However, Rietdorf et al. (2014) reported the absence of T-

tubules in mouse PV sections.  

 

The length of the human PV cardiomyocyte sleeve ranges from 0.4-4.8 cm, with a 

longer and more prominent sleeve present in the superior veins compared to the 

inferior veins (Saito et al., 2000; Ho et al., 2001; Hassink et al., 2003; Kholová and 

Kautzner, 2003; Roux et al., 2004). The dog PV sleeve is of similar length to that of 

human, with both cardiomyocyte sleeves terminating before reaching the lungs 

(Verheule et al., 2002). However, the PV sleeve in several rodent species such as 

mouse and rat extends into the lungs (Kramer and Marks, 1965; Mueller-Hoecker et 

al., 2008). The reason for this difference remains unknown, although it is 

hypothesised that in humans the pericardium potentially acts as a barrier for PV 
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cardiomyocytes, preventing further extension of the sleeve (Mueller-Hoecker et al., 

2008). 

 

The PV arrhythmogenic propensity could be associated with the length of the 

cardiomyocyte sleeve, with several groups reporting increased ectopic foci in the 

longest cardiomyocyte sleeves of human PVs (Haïssaguerre et al., 1998; Ho et al., 

2001). The PV sleeves of AF patients were found to be longer and thicker when 

compared to patients without a history of AF (Hassink et al., 2003; Kholová and 

Kautzner, 2003). Although, in contrast, Saito et al. (2000) reported no such 

relationship. The complex arrangement of the cardiomyocytes in the PV is also 

thought to enhance the arrhythmogenicity, as the abrupt changes in cardiomyocyte 

orientation can disturb electrical conduction, facilitating re-entry (Ho et al., 2001; 

Hocini et al., 2002; Hamabe et al., 2003; Roux et al., 2004; Tan et al., 2006). This 

complex and non-uniform arrangement may account for the slower conduction 

velocity in the guinea pig PV compared to the LA (Takahara et al., 2011). The 

presence of fibrosis, particularly in the distal areas of the PV sleeve, is also thought 

to enhance the arrhythmogenic substrate of the PV (Tagawa et al., 2001; Hassink et 

al., 2003; Steiner et al., 2006). Since fibrotic tissue offers a larger resistance to the 

propagation of electrical activity, this could potentially slow the conduction and 

create favourable substrate conditions for re-entry (Hassink et al., 2003).  
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Figure 1.5. Schematic representation of the rat pulmonary vein. The pulmonary 

vein (PV) contains a thin layer of smooth muscle cells (SM). Outside of the smooth 

muscle layer, are several layers of cardiomyocyte cells (CM) arranged in a complex 

manner, creating a cardiomyocyte sleeve on the PV. Capillaries (P) and nerve fibres 

(N) are present in the cardiomyocyte sleeve (Hashizume et al., 1998). 
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1.2.2 Origin of PV cardiomyocytes  

The origin of the PV cardiomyocyte sleeve has been a subject of great debate and 

two separate hypotheses have been proposed, the first being that the cardiomyocyte 

sleeve is an extension of left atrial cells into the PV during neonatal development 

(Jones et al., 1994; Millino et al., 2000). The second is that the cardiomyocytes are 

originally part of the PV cell line, which then differentiate into cardiomyocytes 

during development (van den Hoff et al., 2004). A study utilising genetic profiling at 

different stages of murine development introduced a biphasic model connecting both 

hypotheses. It was shown that mouse PV cardiomyocytes originate from PV 

mesenchymal cells at the connection of the PV and LA and then proliferate, migrate, 

and expand to form the cardiomyocyte sleeve (Mommersteeg et al., 2007). This is 

further supported by evidence demonstrating that the PV cardiomyocytes of various 

species possess a variable distribution, a highly differentiated physiological state and 

intrinsically pre-set developmental clock, which is different to that of the LA 

(Mueller-Hoecker et al., 2008; Kracklauer et al., 2013). The difference in origin of 

the PV cardiomyocytes in comparison to those of the LA, could support the 

hypothesis that PV cardiomyocytes possess a dissimilar physiology and 

pharmacology to LA cardiomyocytes and that they are more prone to the initiation of 

ectopic activity. 

 

1.2.3 Innervation of the PV 

The human PV cardiomyocyte sleeve contains a nerve plexus of cardiac origin 

(Armour et al., 1997; Tan et al., 2006; Vaitkevicius et al., 2008) with autonomic 

nerves in clusters, which are termed ganglionated plexi (Armour et al., 1997). Pauza 

et al. (2000) identified seven ganglionated subplexuses of the cardiac neural plexus 

and reported that three of these surrounded the PV. Immunohistochemical staining of 

human PVs revealed the majority (approximately 60%) of nerve bundles were purely 

adrenergic, 10% were purely cholinergic, 25% consisted of both cholinergic and 

adrenergic nerves in the same nerve bundle and 5% of nerve bundles were not 

immunoreactive to the antibodies used (Tan et al., 2006). However, the innervation 

pattern varies between species. In dog PVs, Arora et al. (2008) reported 

approximately 67% of nerve bundles contained cholinergic and adrenergic nerves, 
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with the remaining bundles consisting of purely cholinergic nerves. A mix of 

cholinergic and adrenergic nerve bundles were also identified in the PVs of guinea-

pig, rat and mouse (Fisher, 1965; Cech, 1969; Paes de Almeida et al., 1975; Zarzoso 

et al., 2013).  

 

Investigations using a number of animal models have suggested that the autonomic 

nervous system may contribute to the generation of PV ectopic activity. Direct 

electrical stimulation of the autonomic nerves in dog PV preparations in vitro, 

resulted in a shortening of the APD as well as initiation of afterdepolarisations and 

triggered activity in the majority of PVs (Schauerte et al., 2001; Patterson et al., 

2005, 2007). Similar results were observed in vivo in the dog, where autonomic 

stimulation produced ectopic beats in the PV (Schauerte et al., 2001; Patterson et al., 

2005, 2007). The afterdepolarisations and triggered activity were suppressed by 

cholinergic (atropine) or β-adrenergic (atenolol) receptor block, demonstrating that 

parasympathetic and sympathetic nerve activation may contribute to the 

development of the arrhythmogenic activity (Patterson et al., 2005). Block of the 

ryanodine receptor also inhibited this arrhythmogenic activity, suggesting that 

autonomic induced ectopic activity is the result of Ca2+ release through the ryanodine 

receptor (Patterson et al., 2005). Arrhythmogenic activity could also be triggered by 

parasympathetic or sympathetic nerve stimulation alone. Sympathetic stimulation 

through activation of α- and β-adrenoceptors with noradrenaline produced a positive 

inotropic effect (Maupoil et al., 2007; Malécot et al., 2014), and induced triggered 

activity in rat PV preparations (Doisne et al., 2009; Malécot et al., 2014) or in 

cardiomyocytes isolated from the rat PV (Okamoto et al., 2012).  Moreover, 

microelectrode recordings revealed adrenergic stimulation also induced 

afterdepolarisations and in some instances triggered activity in PVs from rabbit (Lo 

et al., 2007), guinea-pig (Cheung, 1981), mouse (Tsuneoka et al., 2012) and dog 

(Sicouri et al., 2008, 2012), further supporting the notion that the sympathetic 

neuronal influence alone can induce arrhythmogenic activity. Interestingly, 

application of noradrenaline did not induce arrhythmic activity in rat LA tissue 

(Maupoil et al., 2007; Doisne et al., 2009), indicating that PV may be more prone to 

ectopic activity generated by adrenergic activation. The autonomic nervous system 
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has also been associated with the promotion of PV ectopic activity in humans. A 

study in patients with paroxysmal AF and ectopic activity, which originates in the 

PV, identified an initial increase in adrenergic tone followed by a distinct shift 

toward vagal dominance directly before AF onset (Zimmermann and Kalusche, 

2001). In addition, in patients with paroxysmal AF, activation of the autonomic 

nervous system by endocardial high frequency stimulation of ganglionated plexi, 

triggered ectopic activity in human PVs (Lim et al., 2011). 

 

1.2.4 Presence of “pacemaker” cells 

The sino-atrial node contains pacemaker (P-cells) which are thought to generate the 

pacemaker activity of the heart (James et al., 1966; Bleeker et al., 1980). There is 

increasing evidence that these P-cells may also be present in the PV, with some 

hypothesising that these cells could contribute to PV ectopic activity (Masani, 1986; 

Perez-Lugones et al., 2003; Chou et al., 2005). Using electron microscopy, Masani, 

(1986) identified P-cells distally in the rat PV. In addition, the use of a positive 

periodic-acid Schiff (PAS) stain as an indicator for P-cells, revealed the presence of 

P-cells in dog PVs, with an increased presence in close proximity to areas of focal 

ectopic activity (Chou et al., 2005; Tan et al., 2008). However, there are conflicting 

reports regarding the presence of P-cells in the human PV. Perez-Lugones et al. 

(2003) observed P-cells in human PVs, but only in those with a history of AF, 

whereas Nguyen et al. (2009) reported PAS-positive cells in the PVs of patients with 

and without a history of AF. 

  

Pacemaker and other excitable cells, which are not typical cardiac cells have also 

been identified in the PV, although their role in ectopic activity is unclear. For 

instance, interstitial Cajal like cells, which are responsible for pacemaker activity in 

the gastrointestinal tract (Sanders, 1996), have been observed in the PVs of dog AF 

models (He et al., 2012) and human PVs of those with and without a history of AF 

(Gherghiceanu et al., 2008; Morel et al., 2008). Melanocyte like cells, which are 

excitable cells, were also identified in the mouse and human PVs (Levin et al., 

2009). Interestingly, atrial arrhythmias could not be induced in genetically modified 
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mice lacking melanocyte cells in the PV and atrium, suggesting that these cells may 

play a role in arrhythmogenesis (Levin et al., 2009).   

 

1.3 Electrophysiology of the PV  
 

1.3.1 Action potential and ionic currents of the PV; comparison to the 

LA and implications for ectopic activity initiation  
 

Both PV and LA tissue can be electrically stimulated to produce action potentials 

(Cheung, 1981; Sicouri et al., 2008, 2012; Song et al., 2008; Doisne et al., 2009). 

However, whether there is a difference in the action potential characteristics between 

both tissues and if this is linked to the greater arrhythmogenic propensity of the PV 

compared to the LA remains controversial (Doisne et al., 2009; Takahara et al., 

2011; Okamoto et al., 2012). With the use of the patch clamp recording technique, 

Ehrlich et al. (2003) demonstrated that the PV cardiomyocytes of dogs had a more 

depolarised resting membrane potential compared to those of the LA  Since the 

resting membrane potential is maintained by the outward hyperpolarising IK1 current 

(Figure 1.2), the smaller IK1 current density observed in dog PV cardiomyocytes 

compared to those of the LA, is thought to contribute to the less negative membrane 

potential (Cha et al., 2005; Melnyk et al., 2005). Several groups have also reported 

that rat PV cardiomyocytes exhibit a more depolarised resting membrane potential 

compared to the LA (Doisne et al., 2009; Okamoto et al., 2012; Malécot et al., 

2014), whereas others observed no difference in the resting membrane potential in 

both tissues of the rat (Miyauchi et al., 2004, 2005). 

 

Whether there are variations in APD between PV and LA cardiomyocytes also 

remains controversial (Ehrlich et al., 2003; Cha et al., 2005; Ding et al., 2006; 

Doisne et al., 2009; Okamoto et al., 2012). A shorter APD was recorded in dog and 

rat PV cardiomyocytes in comparison to those of the LA (Ehrlich et al., 2003; Cha et 

al., 2005; Okamoto et al., 2012). The abbreviated APD was attributed to differences 

in the densities of specific currents in the PV and LA. Smaller ICaL and higher IKr and 

IKs current densities were recorded in the rat and dog PV, than in the LA (Ehrlich et 

al., 2003; Cha et al., 2005; Okamoto et al., 2012). In addition Melnyk et al. (2005) 



22 

 

reported higher expression of hERG (IKr subunit) and KvLQT1 (IKs subunit) in dog 

PV cells. Since the K+ currents and the inward Ca2+ currents are important 

determinants of the APD (Figure 1.2), an increase in the K+ current and/or a decrease 

in the Ca2+ current could lead to shortening of the APD. In contrast, others have 

observed a longer APD in rat, dog and rabbit PVs in comparison to the LA (Arora et 

al., 2003; Ding et al., 2006; Doisne et al., 2009).  

 

A shorter APD can result in a decrease in the ERP, creating a favourable substrate 

for re-entry (Nattel, 2002). In human patients without a history of AF, a longer ERP 

was observed in PV cardiomyocytes compared to those of the LA. However, in AF 

patients, the ERP was shorter in the PV than in the LA, further suggesting a 

shortened ERP is associated with arrhythmic activity (Jaïs et al., 2002). A reduced 

upstroke velocity (dV/dtmax) was also established in dog PVs compared to the LA 

(Ehrlich et al., 2003; Okamoto et al., 2012). The INa density and 

activation/inactivation kinetics were comparable in both tissues, thus inactivation of 

INa, due to the more depolarised PV cardiomyocyte resting membrane potential, 

could be responsible for the reduced dV/dtmax (Ehrlich et al., 2003; Malécot et al., 

2014). In contrast, Doisne et al. (2009) recorded no difference in dV/dtmax between 

rat PV and LA cells. 

 

1.3.2 Calcium handling in PV and LA cardiomyocytes  
 

Disruption of Ca2+ regulation is thought to enhance the arrhythmogenicity of 

cardiomyocytes (Honjo et al., 2003; Patterson et al., 2005) and so a number of 

studies have investigated the Ca2+ handling properties in PV cardiomyocytes 

compared to those of the LA. Changes in intracellular Ca2+ can be monitored using 

Ca2+ sensitive fluorescent indicators and wide field or confocal microscopy. The 

Ca2+ sparks are the result of spontaneous Ca2+ release from the sarcoplasmic 

reticulum, due to opening of the ryanodine receptor (Cheng et al., 1993; Blatter et 

al., 1997); they also represent the fundamental event in excitation contraction 

coupling in cardiomyocytes. These Ca2+ sparks and/or spontaneous Ca2+ transients 

have been observed in PV cardiomyocytes of the mouse (Rietdorf et al., 2014), rat 

(Logantha et al., 2010), rabbit (Chang et al., 2008) and dog (Coutu et al., 2006). 
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Although a lone spark is not sufficient for cardiomyocyte excitation; the 

simultaneous occurrence of numerous sparks, can generate a propagating Ca2+ wave 

(Cheng et al., 1993). Whether there is a difference in Ca2+ handling properties 

between the PV and LA remains controversial. Dog PV and LA cardiomyocytes 

from control animals and those isolated from dogs which were subjected to 7-days of 

rapid atrial pacing, exhibited similar electrically evoked Ca2+ transient amplitude, 

half-decay time, beat-to-beat regularity, propensity to generate alternans and caffeine 

induced Ca2+ transients (Coutu et al., 2006). In contrast, Jones et al. (2008) observed 

a number of differences in the Ca2+ handling properties of rabbit PV cardiomyocytes 

compared to those of the LA, such as higher diastolic Ca2+ during stimulation and a 

slower decay to resting diastolic Ca2+ on stimulation cessation in PV 

cardiomyocytes. They also recorded smaller caffeine evoked responses in the PV 

cardiomyocytes, suggesting that these cells have a smaller sarcoplasmic reticulum 

Ca2+ capacity. Whether these reported differences in PV Ca2+ handling are a result of 

a species difference remains unknown.  

 

1.3.3 Automaticity in the PV 

As far as basic science studies are concerned, the existence of automaticity in the PV 

is a somewhat controversial issue. Automaticity is often referred to as spontaneous 

action potentials, since they occur in the absence of any applied electrical 

stimulation. Conflicting results have been reported between different animal species 

and different research groups. Chen et al. (2000, 2001) remain the only group to 

observe automaticity and afterdepolarisations in dog PV preparations as well as in 

cardiomyocytes isolated from the PV; while others have observed no such activity in 

the dog PV (Hocini et al., 2002; Ehrlich et al., 2003; Wang et al., 2003; Patterson et 

al., 2005; Sicouri et al., 2008). Automaticity has also been observed in the intact PV 

and single PV cardiomyocytes from the guinea pig (Cheung, 1981; Namekata et al., 

2009), rabbit (Chen et al., 2002b, 2004, 2009; Wongcharoen et al., 2006; Chang et 

al., 2007) and mouse (Tsuneoka et al., 2012), although there is considerable 

variability in the proportion of cardiomyocytes exhibiting automatic activity. Again, 

others did not observe automaticity in similar tissues (Honjo et al., 2003; Luk et al., 

2008). Doisne et al. (2009), reported the absence of intrinsic automatic activity in rat 
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PV preparations, whereas Egorov et al. (2015) observed automatic activity in 36% of 

rat PV tissues. In addition, Okamoto et al. (2012) only observed automatic activity in 

2 out of 120 cardiomyocytes isolated from the rat PV. Thus, whether automaticity is 

a normal intrinsic property of the PV cardiomyocyte sleeve, or the consequence of 

the experimental conditions and/or cell isolation technique remains unresolved 

(Wang et al., 2003; Chen et al., 2006a).  

 

1.3.4 The PV  pacemaker current 

The cardiac hyperpolarisation activated cation current is a mixed Na+/K+ inward 

current known as the “funny” current (If). It is thought to be the pacemaker current 

that contributes to spontaneous diastolic depolarisation, initiating the action 

potentials in the sino-atrial node (DiFrancesco, 1991). The molecular basis of If is a 

family of hyperpolarisation activated cyclic nucleotide-gated (HCN) channel 

isoforms, HCN1-4 (Baruscotti et al., 2010). The expression of HCN isoforms and 

the contribution of If to spontaneous action potentials and ectopic activity in the PV 

is controversial. To begin with, there may be species difference in the expression of 

HCN isoforms as both HCN2 and HCN4 mRNA expression were observed in rabbit 

PVs, but absent in rat PVs (Yamamoto et al., 2006). There are also conflicting 

reports within the same species since Li et al. (2014) reported the presence of HCN2 

and HCN4 in dog PVs, whereas Tan et al. (2008) did not observe either of these 

isoforms. Patch clamp studies have revealed the presence of If  in rabbit (Liu et al., 

2005) and dog (Li et al., 2012) PV cardiomyocytes. Furthermore, the addition of the 

selective If blocker, ivabradine to rabbit PV cardiomyocytes with automatic activity 

reduced the frequency of automatic action potentials in a concentration-dependent 

manner, suggesting the involvement of If in PV automaticity (Suenari et al., 2012). 

In addition, ivabradine reduced the slope of the diastolic depolarisation of 

spontaneous action potentials in PV cardiomyocytes isolated from rapid atrial paced 

dogs (Li et al., 2012). 
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1.4 Arrhythmogenic pulmonary vein pathologies 
 

1.4.1 Cardiac glycoside toxicity 
 

Cardiac glycosides are used in the treatment of heart failure. However, their narrow 

therapeutic range can easily induce cardiac arrhythmias due to intoxication (Irons 

and Orgain, 1966).  Intracellular recording of the membrane potential revealed that 

addition of the cardiac glycoside ouabain could induce afterdepolarisations and 

triggered activity in guinea pig and rabbit PVs (Cheung, 1981; Wongcharoen et al., 

2006; Namekata et al., 2009), at concentrations which did not induce arrhythmias in 

the ventricles (Tanaka et al., 2007). This suggests a possible role for the PV in the 

initiation of arrhythmias as a consequence of cardiac glycoside intoxication. It was 

proposed that ouabain induced arrhythmias in the PV through inhibition of the 

Na+/K+-ATPase, resulting in increased intracellular Na+ accumulation and activation 

of the reverse mode NCX, leading to intracellular Ca2+ overload (Wongcharoen et 

al., 2006). This was supported by Namekata et al. (2009) who reported that block of 

the NCX or ryanodine receptor reduced the incidence of ouabain induced 

arrhythmogenic activity in the PV. 

 

1.4.2 Hyperthyroidism 
 

There is a well-known link between hyperthyroidism and AF (Woeber, 1992; 

Cappola et al., 2006), and thyroid hormones have been shown to shorten the atrial 

APD increasing the susceptibility for re-entry (Johnson et al., 1973). Treatment of 

rabbit PV cardiomyocytes with the thyroid hormone L-triiodothyronine reduced the 

APD of electrically evoked action potentials and induced DADs (Chen et al., 2002a). 

This hormone also shortened the APD and induced EADs and DADs in the PV 

cardiomyocytes with automatic activity (Chen et al., 2002a). The ability of L-

triiodothyronine to induce arrhythmogenic activity in PV cardiomyocytes suggests 

an increase in thyroid hormones could trigger ectopic activity in the PVs and the 

decreased APD may also enhance the PV susceptibility to re-entry.  
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1.4.3 Renin-angiotensin system 
 

Renin released from the juxtaglomerular cells converts angiotensinogen to 

angiotensin-I. Angiotensin converting enzyme then converts angiotensin-I to 

angiotensin-II, which is the major active component of the renin-angiotensin system 

(RAS). The RAS components can be synthesised in the blood vessels, with the 

exception of renin, which is thought to be taken up by the circulation (Peach, 1977; 

Dzau, 1993; Nguyen Dinh Cat and Touyz, 2011). An up-regulation of angiotensin-II 

receptors was reported in atrial tissue of AF patients, highlighting a potential link 

between AF and the RAS (Goette et al., 2000). Treatment with angiotensin II 

induced DADs in electrically evoked action potentials and increased the force of 

contraction in the rabbit PV, suggesting that activation of angiotensin-II receptors 

could play a role in PV ectopic activity (Chen et al., 2006b). Patch clamp recording 

of PV cardiomyocytes from the rabbit revealed angiotensin II increased ICaL, thereby 

explaining the increased contractile amplitude. Both the Iti and NCX currents were 

also increased, which are associated with the generation of afterdepolarisations 

(Chen et al., 2006b). Sicouri et al. (2011) reported that inhibition of the RAS 

reduced arrhythmogenic activity in the PV. They found that losartan (an angiotensin 

II-receptor blocker) and enalapril (an angiotensin-converting enzyme inhibitor) both 

displayed antiarrhythmic activity on isoprenaline and high Ca2+ induced EADs, 

DADs and triggered activity in the dog PV (Sicouri et al., 2011).  

 

1.4.4 Oxidative stress 
 

Oxidative stress has also been linked to the initiation of AF (Mihm et al., 2001; 

Dudley et al., 2005). Induction of oxidative stress by treatment of rabbit PVs with 

H2O2 in vitro significantly enhanced PV contractility (Lin et al., 2010). Furthermore, 

H2O2 activation of free radicals induced bursts of spontaneous action potentials and 

EADs in the rabbit PV (Lin et al., 2010; Hanafy et al., 2013), but not in the LA (Lin 

et al., 2010) suggesting enhanced oxidative stress could be an underlying mechanism 

of PV ectopic activity.  
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1.4.5 The PV and re-entry  
 

Development of a re-entry circuit is also thought to be an underlying mechanism of 

arrhythmogenic activity in the PV. The complex and non-uniform arrangement of 

cells in the PV with abrupt changes in their orientation is associated with conduction 

disturbances, creating a substrate for re-entry (Ho et al., 2001; Hocini et al., 2002). 

In addition, the shorter APD in PV cardiomyocytes, compared to that of the LA, 

could lead to a reduced ERP and a decrease in wavelength, favouring the occurrence 

of re-entry (Li et al., 2001; Hocini et al., 2002; Arora et al., 2003; Ehrlich et al., 

2003). This mechanism was further examined in a computational study by Aslanidi 

et al. (2013) who suggested that a combination of action potential heterogeneity as 

well as conduction anisotropy between the PV and LA provides a substrate for re-

entrant activity.   

 

With the use of high-resolution optical mapping, re-entrant activity was observed in 

vitro in dog PV preparations after a combination of atrial electrical extra-stimulation 

and isoprenaline infusion (Arora et al., 2003). Moreover, a combination of rapid 

atrial pacing or cholinergic activation with acetylcholine also induced re-entry in dog 

PV preparations (Po et al., 2005). Re-entrant circuits have also been observed in AF 

patients, as Kumagai et al. (2004a) reported the appearance of unstable re-entrant 

circuits in the PV of patients with paroxysmal AF. The presence of rapid repetitive 

focal activity with short cycle lengths resulted in areas of abnormal conduction in the 

PV, allowing the formation of short lived re-entrant circuits. Therefore the presence 

of re-entry circuits in the PV may result in the initiation and maintenance of AF. 

 

1.4.6 Remodelling of the PV 

Similar to what has been observed in the LA, various pathologies are thought to lead 

to PV remodelling, enhancing the susceptibility of the PV to arrhythmogenic activity 

and the maintenance of AF. For example, an increase in fibrosis could disrupt the 

electrical propagation in the PV (Luo et al., 2007). In the PVs of a chronic AF 

model, increased fibrosis was thought to contribute to the down regulation of gap 

junction proteins, connexins CX40 and C43 as well as a change in their distribution 
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pattern (Sun et al., 2008). In addition, enhanced fibrosis was reported in the PVs of 

AF patients in comparison to those without a history of AF (Tagawa et al., 2001; 

Hassink et al., 2003; Steiner et al., 2006). Therefore the remodelling of the PV due 

to increased fibrosis, and the alterations in gap junctions, may lead to disturbances in 

the propagation of electrical activity and local conduction block creating a substrate 

for arrhythmia.  

 

Amyloidosis is characterised by the presence of abnormal protein deposits which, 

like fibrosis, are thought to cause conduction abnormalities in cardiac tissues of AF 

patients (Röcken et al., 2002, 2002). Amyloidosis was present in 58.5% of PVs from 

AF patients (Steiner et al., 2006). Incubation of single rabbit PV cardiomyocytes 

with the amyloid peptide beta-amyloid (Aβ25-35) significantly reduced the APD, 

demonstrating the ability of amyloid peptides to alter the PV cardiomyocyte action 

potential (Tsao et al., 2012). The resultant shortened APD could enhance the 

susceptibility of the PV for re-entry.  

 

Cardiac diseases related to AF, such as heart failure, have been shown to induce 

remodelling in the PV from animal models. An increase in NCX activity, Iti and INaL, 

as well as larger Ca2+ transients and a higher incidence and frequency of Ca2+ sparks, 

were recorded in the PV cardiomyocytes from a rabbit heart failure model (Chang et 

al., 2011). In addition, heart failure resulted in a higher rate of automaticity and an 

increased incidence of DADs in rabbit PV cardiomyocytes (Chang et al., 2011). 

These findings suggest that heart failure induced remodelling could enhance the 

capability of the PV to produce ectopic activity. Heart failure also induced 

autonomic remodelling, with PVs of a dog chronic heart failure model exhibiting a 

significant increase in sympathetic nerve fibre density (Ng et al., 2011). 

 

The presence of AF is also thought to promote PV remodelling. A reduction in Ito 

and ICaL and an increase in IK1 were observed in PV cardiomyocytes from a dog 7-

day atrial tachycardia pacing model, suggesting that rapid atrial beating during AF 

could lead to ionic remodelling in the PV cardiomyocytes (Cha et al., 2005). In 

addition, a decrease in Ito and a shorter APD was also observed in the PV of dogs 
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subject to long term (6-8 weeks) rapid atrial pacing (Chen et al., 2001; Li et al., 

2012). It is thought that AF induced remodelling in the PVs of AF patients results in 

abnormal conduction and action potential shortening (Jaïs et al., 2002; Takahashi et 

al., 2003; Rostock et al., 2008). Furthermore, Rostock et al. (2008) demonstrated in 

humans that the susceptibility to induce AF was significantly enhanced after short 

term AF exposure, particularly by pacing from within the PVs, suggesting that “AF 

begets AF in the PVs”. 

 

1.5 Sodium ion channels as therapeutic targets in AF 

1.5.1 Sodium channels  

During the cardiac cycle the key contributors to Na+ entry are the voltage gated 

sodium (Nav) channels and the NCX, with Na+ efflux maintained through the Na+/K+ 

ATPase. Opening of the Na+ channels allows for flow of Na+ into the cell, further 

depolarising the cell membrane, and so the Na+ channels are involved in the upstroke 

of the action potential in excitable cells such as cardiomyocytes (Draper and 

Weidmann, 1951; Cohen et al., 1984). Therefore, the larger the INa, the greater the 

dV/dtmax (Cohen et al., 1984). In addition, the activation and inactivation of cardiac 

Na+ channels can contribute to the determination of the conduction velocity as well 

as the refractory period between action potentials (Papadatos et al., 2002). The Na+ 

channels consist of the principal α-subunit, which is the major contributor to channel 

function and one or more β-subunits. Figure 1.6 illustrates the α-subunit of the Nav 

channel, a glycosylated membrane protein, which consists of four homologous 

domains (DI-DIV), each of which has six transmembrane segments (S1-S6) (Noda et 

al., 1984; Sato et al., 1998). The four domains fold to create a central ion conducting 

pore which is lined by the four S5 and S6 segments and the intervening pore loop 

(Pérez-García et al., 1996; Payandeh et al., 2011). The channel’s selectivity for Na+ 

ions is governed by the pore loop (Guy and Seetharamulu, 1986; Heinemann et al., 

1992; Pérez-García et al., 1997).  The four S4 transmembrane segments act as the 

voltage sensor as they contain positive amino acids motifs, such as arginine and 

lysine, within the membrane electric field which undergo outward displacement 

upon depolarisation, triggering opening of the central pore of the channel (Stühmer 

et al., 1989; Auld et al., 1990; Kontis et al., 1997). The work of Hodgkin and 
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Huxley, (1952a, 1952b) showed that the Nav channel exists in three states: 

deactivated (closed), activated (open), and inactivated (closed). The Na+ channel also 

has an activation gate as well as an inactivation gate. As shown in Figure 1.7, at the 

resting membrane potential the channel is deactivated, the pore is closed by the 

activation gate and so the open probability of the channel is low in this state. During 

membrane depolarisation the channel activates and opens (both the activation and 

inactivation gates are open) and it allows selective entry of Na+ ions into the cell. 

The channel then rapidly inactivates after 1-2 ms by folding of the intracellular 

inactivation gate into the channel, closing the pore. The repolarisation of the cell 

membrane allows recovery from inactivation to occur and the Na+ channels return to 

the deactivated (closed) state.  

 

Ten genes encode the Na+ channel α-subunits, nine are voltage gated and the other is 

a leak Na+ channel which is involved in salt sensing and so it is not voltage gated 

(Watanabe et al., 2000; Tremblay et al., 2011). The Nav 1.1, 1.2 and 1.3 channels are 

mainly located in the central nervous system of various species (Noda et al., 1984; 

Kayano et al., 1988; Ahmed et al., 1992; Lu et al., 1992). The Nav1.6 isoform is also 

located in the central nervous system and has also been observed in the peripheral 

nervous system such as the sciatic nerves and nodes of Ranvier (Schaller et al., 1995; 

Plummer et al., 1998; Smith et al., 1998). Nav 1.7, 1.8 and 1.9 are the primary 

sodium channels in the peripheral nervous system, with a number of studies 

reporting the presence of these channels in the dorsal root ganglia (Akopian et al., 

1996; Sangameswaran et al., 1996; Toledo-Aral et al., 1997; Dib-Hajj et al., 1998). 

The Nav 1.4 channel is the primary Na+ channel in skeletal muscle (Trimmer et al., 

1989). The major cardiac sodium channel is Nav1.5 as it is thought to establish the 

key electrophysiological and pharmacological properties of the cardiac INa (Gellens 

et al., 1992; Lu et al., 1992). Immunofluorescence studies in ventricular 

cardiomyocytes from a number of species, such as mouse, rat and dog, revealed 

Nav1.5 channels are clustered at intercalated discs where they could interact with gap 

junctions to transmit action potentials, as well as at z-lines (Cohen, 1996; Maier et 

al., 2002; Haufe et al., 2005a, 2005b; Xi et al., 2009). In rat and human atrial 

cardiomyocytes, Nav1.5 was observed to be distributed in a striated pattern similar to 
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the z-lines (Cohen, 1996; Kaufmann et al., 2013). The subcellular location of Nav1.5 

in the PV cardiomyocytes has yet to be elucidated.  

 

The Na+ channels can be modulated by a number of physiological factors such as 

intracellular Ca2+, pH, reactive oxygen species, temperature, stretch and 

phosphorylation (Rook et al., 2012; Remme, 2013). In addition there are a number of 

intracellular proteins such as ankyrin-G, syntrophin and calmodulin, which can 

modulate Na+ channels (Abriel, 2010).  
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Figure 1.6. General voltage gated sodium (Nav) channel structure. DI-DIV 

characterizes the four conserved domains, each consisting of six transmembrane 

segments (S1-S6) with S4 acting as a voltage sensor in each segment. The four 

domains are connected by three linker loops. Nav channels also contain one or more 

β-subunits (Brackenbury and Isom, 2011).  
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Figure 1.7 The Na+ channel gating. During the resting (closed) state the activation 

gate is closed while the inactivation gate is open. Rapid opening of the activation 

gate upon depolarisation of the cell membrane allows Na+ to flow through the 

channel. The inactivation gate rapidly closes and the Na+ channels move into the 

inactivated (closed) state. Repolarisation of the cell allows the channel to return to 

the resting state from (Kandel et al., 2000).  
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1.5.2 The β-subunits 

So far, five β-subunits have been identified in mammals: β1 and its splice variant 

β1B (previously known as β1A), β2, β3 and β4 (Isom et al., 1992; Kazen-Gillespie et 

al., 2000; Qin et al., 2003; Yu et al., 2003; Maltsev et al., 2009; Hakim et al., 

2010a). Four genes, SCN1B-SCN4B each encode for one of the β-subunits. Both β2 

and β4 can be disulphide linked to the α-subunit of the Nav channel, whereas β1 and 

β3 associate non-covalently with the α-subunit (Isom et al., 1992; Yu et al., 2003). 

Increasing evidence has demonstrated that the β-subunits have more influence of the 

α-subunit than first thought as they can alter the gating, voltage dependence, and 

kinetics of the Na+ channel α-subunit (Brackenbury and Isom, 2011).  

 

1.5.2.1 The β1-subunit 

There are conflicting reports as to whether or not co-expression of the β1-subunit 

with Nav1.5 affects the Na+ channel function. While some studies have reported that 

expression of the β1 subunit in cells such as Xenopus oocytes can increase Nav1.5 

current density with no effect on the channel kinetics, others saw a β1-mediated 

change in Nav1.5 gating and kinetics (Makielski et al., 1996; Dhar Malhotra et al., 

2001). Using knockout mice to further study the effect of β1 on the Na+ current, 

Lopez-Santiago et al. (2007) reported an increase in the INa and INaL density in 

ventricular cardiomyocytes of Scn1b-/- mice. Mutations in β-subunits may affect the 

cardiac INa and contribute to the maintenance of cardiac arrhythmias, as genetic 

screening studies identified mutations in the β1-subunit in patients with Brugada 

syndrome and in a small set of AF patients (Watanabe et al., 2008, 2009). 

Expression of these mutant β1-subunits in CHO cells resulted in a reduction in the 

INa current (Watanabe et al., 2008, 2009). 

 

1.5.2.2 The β2-subunit 

Co-expression of β2 with Nav1.5 in transformed human kidney cells (TsA201) or 

Chinese hamster ovary (CHO) cells had no effect on the INa current density or the ion 

channel kinetics (Dhar Malhotra et al., 2001; Watanabe et al., 2009). However, two 

mutations in the SCN2B gene were identified in a small set of AF patients. Co-
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expression of the mutated β2-subunit with Nav1.5 in CHO cells reduced the peak INa 

and produced a positive shift in the voltage dependence of activation and inactivation 

(Watanabe et al., 2009). This shows that mutations in the β2-subunit could 

contribute to arrhythmogenic activity, as the resultant reduction in peak INa could 

shorten the ERP and slow conduction, potentially creating a substrate for re-entry.  

 

1.5.2.3 The β3-subunit 

The β3-subunit is also thought to contribute to the regulation of the INa. Co-

expression of β3 mutants, which were present in a sub-set of AF patients, with 

Nav1.5 in CHO or HEK293 cells resulted in a reduction in INa density, although there 

was no effect on the activation or inactivation kinetics of the current (Wang et al., 

2010; Olesen et al., 2011). The role of the β3-subunit was also examined in 

Langendorff-perfused hearts from Scn3b-/- mice (Hakim et al., 2008, 2010a). The 

absence of the β3 subunit produced shorter cardiomyocyte ERPs due to the resultant 

effect on INa (Hakim et al., 2008, 2010a). The Scn3b-/- mouse hearts also displayed an 

increased susceptibility to arrhythmias, as burst pacing of the right atrial appendage 

resulted in AF in all Scn3b-/- hearts, but not in the wild type hearts (Hakim et al., 

2010a, 2010b).  

 

1.5.2.4 The β4-subunit 

The β4-subunit can also alter the cardiac Na+ channel as co-expression of β4 with 

Nav1.5 in HEK cells was found to increase the peak INa (Scicluna et al., 2008). 

Compared to the other β-subunits, there is less information on the link between β4 

mutations, the cardiac Na+ channel and AF. However, recently mutations in the β4 

subunit were identified in familial AF (Li et al., 2013).  

 

1.5.3 The PV and atrial sodium current in AF and associated 

pathologies 

The presence of AF or associated pathologies can alter the INa. A reduction in INa 

density and downregulation of SCN5A mRNA, which encodes for the main cardiac 

Na+ channel Nav1.5, was observed in atrial cardiomyocytes from the dog AF model 
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(Gaspo et al., 1997; Yue et al., 1999; Yagi et al., 2002). In addition, in vivo 

recordings showed a slowed atrial conduction velocity in the dog AF model (Gaspo 

et al., 1997). This was attributed to the decrease in INa since INa is one of the key 

determinants of the conduction velocity in cardiac tissue (Buchanan et al., 1985). 

This slowing of conduction could lead to the promotion of re-entry. Similar results 

were observed in humans as a 10-16% reduction in the INa density as well as a 26% 

decrease in the expression of SCN5A was reported in cardiomyocytes isolated from 

the right atrial appendage of patients with permanent AF, in comparison to patients 

in sinus rhythm (Bosch et al., 1999; Sossalla et al., 2010).  It was hypothesised that 

the reduction may be a consequence of the increased intracellular Ca2+ concentration 

that occurs during arrhythmic conditions, since this has been shown to down regulate 

Na+ channel expression (Duff et al., 1992). Although there is a general lack of 

information regarding the effect of AF on the INa in PVs, in animal models and 

humans, a decrease in INa density was recorded in PV cardiomyocytes from the 

rabbit heart failure model, which is a condition known to predispose to AF (Chang et 

al., 2011). A reduction in conduction velocity was also observed in the PV of AF 

patients (Jaïs et al., 2002; Takahashi et al., 2003; Rostock et al., 2008); however, 

whether a decrease in INa contributed to this awaits further study. 

 

1.5.4 The late sodium current  

In addition to the ‘peak’ INa which is responsible for phase 0 of the action potential, 

the INa also contains a smaller sustained component known as the late Na+ current 

(INaL), which persists during prolonged depolarization. A number of mechanisms are 

proposed to contribute to the generation of INaL, namely: 1) slow or failed 

inactivation of Na+ channels after their initial opening (Gintant et al., 1984); 2) 

single and/or bursts of Na+ channel openings that are in an unstable inactivated state 

during the plateau or repolarisation phase of the action potential (Patlak and Ortiz, 

1985; Maltsev et al., 1998); 3) rapid recovery of channels from inactivation during 

non-equilibrium conditions (Clancy et al., 2003). The INaL is a reverse rate-

dependent current, which means that the current magnitude decreases as the 

electrical simulation frequency increases (Zygmunt et al., 2001; Guo et al., 2011). 

Therefore, the involvement of INaL in the electrophysiology of cardiomyocytes is 
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thought to be of greater importance when the APD is longer and the heart rate is 

slower (Zygmunt et al., 2001; Grandi et al., 2007; Guo et al., 2011). Although INaL is 

small in cardiomyocytes, the overall amount of Na+ carried by INaL can be similar to 

that carried by peak INa due to the prolonged persistence of INaL (100-300 ms; (Li et 

al., 2000; Huang et al., 2001; Maltsev et al., 2007) . The INaL can be enhanced by 

cardiac pathologies. An increased INaL was observed in LA cardiomyocytes from a 

rabbit left ventricular hypertrophy model, which is an associated AF pathology (Guo 

et al., 2010). An enhanced INaL was also recorded in PV cardiomyocytes from a 

rabbit heart failure model (Chang et al., 2011). In addition, Sossalla et al. (2010) 

reported an enhancement of INaL (by 26%) in right atrial cardiomyocytes from 

permanent AF patients, when compared to patients without a history of AF. 

Although, in contrast, Poulet et al. (2015) recently reported no significant difference 

in the INaL in cardiomyocytes from the right atrial appendage of patients in sinus 

rhythm in comparison to those with chronic AF.  

 

The INaL can be directly or indirectly enhanced pharmacologically by a variety of 

agents such as H2O2, aconitine, veratridine or Anemonia sulcata toxin II (ATX-II), all 

of which prevent the Na+ channels entering their inactivated state (Scherf et al., 

1948; Isenberg and Ravens, 1984; Nánási et al., 1994; Lin et al., 2011). Using these 

pharmacological tools to increase INaL has indicated that this current may contribute 

to automaticity in cardiomyocytes. Specifically, addition of ATX-II or H2O2 

accelerated diastolic depolarisation and increased automaticity in guinea-pig isolated 

atrial cardiomyocytes (Song et al., 2009). Similarly ATX-II enhanced the 

automaticity in rabbit PV preparations (Lu et al., 2012; Chen et al., 2014). The 

involvement of INaL in automaticity was further supported by the finding that both the 

diastolic depolarisation and automaticity were reduced by the INaL blocker ranolazine 

(Song et al., 2009; Lu et al., 2012). An increase in INaL can also induce 

arrhythmogenic activity in atrial cardiomyocytes which did not display any inherent 

spontaneous activity (Song et al., 2008; Wolkowicz et al., 2014). For example, 

pharmacological increase in the INaL prolonged the APD of electrically evoked action 

potentials and induced EADs, DADs and triggered activity in rat atrial tissue 
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(Wolkowicz et al., 2014) and guinea pig isolated atrial cardiomyocytes (Song et al., 

2008, 2009).  

 

One proposal for the mechanism by which the increase in INaL enhances 

arrhythmogenic activity is through an increase in the intracellular Na+ concentration 

(Hoey et al., 1994; Sossalla et al., 2008). The consequence of the increase in 

intracellular Na+ is that it would reduce Ca2+ efflux via the NCX, or it may drive the 

NCX into reverse mode bringing Ca2+ into the cell. Activation of the reverse mode 

NCX and dysregulation of Ca2+ homeostasis leads to Ca2+ overload, which both 

contribute to the initiation of DADs (Faber and Rudy, 2000; Song et al., 2008; 

Sossalla et al., 2008; Undrovinas et al., 2010). An increase in INaL can also prolong 

the APD, leading to arrhythmogenic EADs. The prolonging of the APD allows the 

Ca2+ channels to recover from inactivation, leading to increased Ca2+ influx, which if 

sufficient can reverse the repolarisation and generate EADs (January and Riddle, 

1989; Zeng and Rudy, 1995).   

 

1.5.5 Effect of sodium channel blockers on atrial and PV 

arrhythmogenic activity 
 

Although Na+ channel blockers are widely used as an anti-arrhythmic treatment for 

AF, their mechanism of action in terminating the ectopic activity from the PV is 

complex and not fully elucidated. Reduction of both peak INa and INaL is exhibited by 

Na+ channel blockers, with many displaying enhanced potency for INaL in 

comparison to peak INa (Carmeliet and Mubagwa, 1998). Low concentrations of Na+ 

channel blockers such as lidocaine, quinidine and ranolazine can selectively inhibit 

INaL with minimal effect on the peak INa (Ju et al., 1992; Antzelevitch et al., 2004).  

 

In the atrium, Na+ channel block is thought to treat AF by suppression of re-entry 

(Brugada et al., 1993).  In dogs, rapid atrial pacing resulted in atrial re-entry and AF, 

which was prevented or terminated by the Na+ channel blockers flecainide (Wang et 

al., 1992), pilsicainide (Hayashi et al., 1998) or propafenone (Wang et al., 1993). 

Similar results were observed in human AF patients with the Na+ channel blockers 

cibenzoline (Brugada et al., 1993), disopyramide (Ishibashi et al., 1995), flecainide 
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(Kirchhof et al., 2005) and procainamide (Fujiki et al., 2001).  Generally, the Na+ 

channel blockers in these studies reduced excitability and suppressed re-entry by 

increasing the ERP and in some cases increasing the wavelength. A number of class 

I drugs (e.g. flecainide, propafenone) also inhibit the repolarising K+ currents, which 

would be expected to increase the ERP, due to an increase in the APD (Duan et al., 

1993; Slawsky and Castle, 1994; Yue et al., 2000). However, in some cases block of 

INa alone increased the atrial ERP even though the APD was not prolonged, resulting 

in post repolarisation refractoriness (Kanki et al., 1998). This could be due to 

suppression of INa reactivation in the atrial cardiomyocytes and an increase in the 

diastolic threshold for excitation.   

 

The Na+ channel blockers may also treat AF by suppression of PV ectopic activity. 

Hirose et al. (2007a) reported pre-treatment of anaesthetised dogs with pilsicainide 

prevented the induction of AF by rapid pacing of the left superior PV. The reduction 

in excitability was thought to create a conduction block between the PV and the LA 

(PV-LA junction), therefore suppressing PV ectopic activity. Clinical studies have 

also demonstrated the antiarrhythmic action of Na+ channel blockers in the PVs of 

AF patients. Procainamide significantly decreased the ectopic activity originating 

from the PV, in paroxysmal AF patients (Chen et al., 1999). In addition, Kumagai et 

al. (2004b) utilised basket catheter mapping to monitor the effect of pilsicainide on 

the PVs and PV-LA junction in patients with paroxysmal AF. Addition of 

pilsicainide terminated AF in 5 out of 8 patients with sustained AF by significantly 

prolonging the ERP, suggesting that Na+ channel blockers may suppress the 

substrate for re-entry in the PV. Moreover, PV-LA junction conduction block just 

before AF termination was also observed in a number of patients (Kumagai et al., 

2004b).  

 

Afterdepolarisations and triggered activity in atrial and PV cardiomyocytes were also 

suppressed by Na+ channel inhibition, with the reduction in intracellular Na+ thought 

to decrease Na+ dependent Ca2+ overload. The highly selective Na+ channel blocker 

tetrodotoxin (TTX; 2 µM) abolished ATX-II induced EADs, DADs and triggered 

activity in guinea-pig LA cardiomyocytes (Song et al., 2008). In addition, 
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microelectrode recording from PVs of dogs subjected to 6-8 weeks of rapid atrial 

pacing revealed the presence of high frequency irregular triggered activity, which 

was suppressed by 3 µM TTX (Chen et al., 2000).  

 

Although they are not currently approved for AF treatment, multichannel blockers 

that potently inhibit INaL, such as ranolazine, have shown great potential as 

antiarrhythmics for AF (Murdock et al., 2008; Miles et al., 2011; Scirica et al., 

2015). Ranolazine is thought to exhibit its antiarrhythmic effect in atrial 

cardiomyocytes through inhibition of INaL and peak INa, as well as block of IKr 

(Antzelevitch et al., 2004). Treatment with ranolazine suppressed the arrhythmic 

activity in rabbit and human atrial cardiomyocytes (Sossalla et al., 2010; Aidonidis 

et al., 2013). Block of INaL with ranolazine can also suppress PV ectopic activity as 

automaticity and EADs in rabbit PVs, induced by an increased INaL, were inhibited 

by ranolazine (Lu et al., 2012). In addition, DADs, late phase 3 EADs and triggered 

activity in dog PVs induced by acetylcholine or isoprenaline in combination with 

rapid pacing were attenuated by ranolazine as well as the selective INaL inhibitor GS-

458967 (Sicouri et al., 2008, 2013).  

 

1.5.6 Atrial selective sodium channel block  

A major problem with a number of antiarrhythmic drugs in the treatment of AF, is 

the risk of pro-arrhythmic activity in the ventricles (Camm et al., 2010). In recent 

years studies have focused on investigating the atrial selectivity of anti-arrhythmics. 

The Na+ channel blockers have been a main focus, due to the difference in Na+ 

channel characteristics between atrial and ventricular cardiomyocytes. Atrial 

cardiomyocytes from dog and guinea pig display a more negative half- inactivation 

voltage and a more positive membrane potential (so a greater proportion of Na+ 

channels are in the inactivated state), in comparison to those from the ventricle (Li et 

al., 2002; Burashnikov et al., 2007). The affinity of Na+ channel blockers is higher 

when the channels are in their activated or inactivated state as opposed to their 

resting state (Hondeghem and Katzung, 1984; Starmer et al., 1984). In addition, Na+ 

channel blockers with relatively rapid unbinding kinetics such as amiodarone, 

ranolazine and vernakalant display atrial selective INa block (Burashnikov et al., 
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2007, 2008). These anti-arrhythmics exert greater inhibition of parameters associated 

with the peak INa such as dV/dtmax, conduction velocity and excitability, in the atria 

compared to the ventricles (Burashnikov et al., 2007, 2008; Zygmunt et al., 2011). 

Certain Na+ channel blockers also display selectivity for PV cardiomyocytes over 

ventricular cardiomyocytes, as dog PVs treated with amiodarone displayed a greater 

suppression of dV/dtmax and conduction velocity in comparison to the left ventricular 

wedge (Sicouri et al., 2009). Although further study is needed to support this, it is 

feasable that Na+ channel blockers could be used to suppress PV ectopic activity 

with minimal ventricular pro-arrhythmic effects. 

 

1.5.7 Sodium channel mutations and AF 

Acquired and inherited mutations of the Na+ channel α-subunits particularly Nav1.5 

(SCN5A), can alter the kinetics of Na+ channels (Darbar et al., 2008). This change in 

kinetics could result in arrhythmic activity. Many Na+ channel mutations are unique 

to AF patients and not present in those without a history of AF, while others are 

thought to enhance the risk of developing AF (Darbar et al., 2008; Chen et al., 

2011). Loss of function Na+ channel mutations could result in a decrease in peak INa, 

diminished Na+ entry, and a reduction in conduction velocity in cardiomyocytes 

(Figure 1.8). A study of a large Finnish family in which conduction defects and atrial 

arrhythmias were common, revealed a missense mutation D1275N in the SCN5A 

gene in all affected individuals (Laitinen-Forsblom et al., 2006). In addition, the loss 

of function H558R polymorphism of the human SCN5A gene was associated with an 

increased incidence of AF (Chen et al., 2011). Gain of function Na+ channel 

mutations are associated with enhanced INaL and arrhythmogenic afterdepolarisations 

(Figure 1.8). Novel gain of function SCN5A mutations were discovered in familial 

AF patients and the biophysical properties were examined by transfection of 

heterologous cell lines with the mutations (Makiyama et al., 2008; Li et al., 2009). 

Transfection of one of these SCN5A coding variants, K1493R, into tsA201 cells 

resulted in a positive shift in the voltage dependence of inactivation and an increased 

INaL (Li et al., 2009). In addition, after transfection of the Na+ channel mutation into 

HL-1 atrial cardiomyocytes, spontaneous action potentials and a reduced threshold 

for action potential triggering were observed (Li et al., 2009).   
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Loss of Na+ channel function
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↑ Na+ entry; ↑ Intracellular Na+
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Triggered Activity
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↓ Relaxation
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↓ INaL INaL ↑ INaL

Peak INa Peak INa

 
 

Figure 1.8. Consequences of Na+ channel alteration. Schematic representation of 

the proposed AF promoting consequences of peak INa reduction and increase in INaL 

in cardiomyocytes. A decrease in peak INa can lead to a reduction in Na+ entry, Vmax 

and therefore conduction slowing in cardiac tissues as a consequence. Gain of 

function mutations are associated with an increase in INaL which can increase Na+ 

entry and generate accumulation of intracellular Na+. The resultant increase in APD 

leads to electrical instability and EADs. In addition the Na+ dependant Ca2+ overload 

can trigger afterdepolarisations as well as mechanical dysfunction in 

cardiomyocytes. APD, action potential duration; DAD, delayed afterdepolarisation; 

EAD, early afterdepolarisation; dV/dtmax, maximum upstroke velocity (Adapted from 

Remme and Wilde, 2014). 
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1.6 Aims 
 

Since Na+ channels are thought to play a key role in the generation of arrhythmic 

activity in cardiomyocytes, then this study hypothesised that the Na+ channels could 

contribute to PV ectopic activity. Differences in Na+ channel expression, 

distribution, kinetics or density may account for the PVs susceptibility to ectopic 

activity in comparison to the LA. 

 

The aims of this study were to compare the functional characteristics of the rat PV 

and LA cardiomyocytes by comparing the electrically evoked contractile properties, 

as well as the action potential characteristics in both tissues. In order to further 

understand the properties of Na+ channels, the distribution of the Na+ channel 

isoforms, as well as the INa properties were examined in the PV compared to that of 

the LA. This was explored further by a comparison of the contribution of the TTX-

sensitive INa to the total INa in PV and LA cardiomyocytes as well as determining if 

the TTX-sensitive INa is significantly involved in the action potential and contractile 

properties of both tissues. Lastly, the ability of ATX-II, which increases INaL, to 

induce arrhythmogenic activity in the PV and LA was investigated, with the aim of 

establishing the contribution of TTX-sensitive Na+ channels, CaMKII and the NCX 

to ATX-II mediated arrhythmogenic activity.  
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Chapter 2  

Morphological and Electrophysiological Comparison of the 

PV and LA 
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2.1 Introduction 

2.1.1 The mammalian PV sleeve 

The PVs contain several layers of cardiomyocytes, which form a sleeve surrounding 

the external aspect of the blood vessel. This arrangement has been found to exist in 

mammalian PVs, such as those of human (Moubarak et al., 2000; Saito et al., 2000; 

Ho et al., 2001; Hassink et al., 2003; Perez-Lugones et al., 2003), rat (Kramer and 

Marks, 1965; Paes de Almeida et al., 1975; Masani, 1986; Hashizume et al., 1998; 

Miyauchi et al., 2004), guinea pig (Takahara et al., 2011) and dog (Hocini et al., 

2002). Since Haïssaguerre et al. (1998) discovered that ectopic activity originating 

from the PV cardiomyocyte sleeve causes AF, the PV has been the subject of intense 

investigation in order to better understand its role in disease processes.   

 

Brunton and Fayer first observed that the PVs of anaesthetised rabbits and cats 

would continue to pulsate after the cessation of artificial respiration and the heart had 

stopped beating, indicating that the PV had inherent contractile activity (Brunton and 

Fayrer, 1876). Since then various groups have utilised myography techniques to 

measure electrically evoked contractions of the rabbit and rat PVs (MacLeod and 

Hunter, 1967; Bronquard et al., 2007; Maupoil et al., 2007; Luk et al., 2008). The 

contractile properties of the PV have been shown to be more like cardiac tissue than 

smooth muscle tissue and it is thought that the smooth muscle does not play a major 

role in the contraction of the PV (Bronquard et al., 2007).  In addition, the associated 

endothelium appears not to contribute significantly to the contractile or relaxant 

response to the PV (Bronquard et al., 2007).  

 

The electrical activity of the PV cardiomyocyte sleeve has also been the focus of a 

number of studies (Cheung, 1981; Wang et al., 2003; Po et al., 2005). Several 

groups have reported that there is heterogeneity in the action potentials recorded in 

PV cardiomyocytes located proximal and distal to the atrium in a number of different 

species (Cheung, 1981; Po et al., 2005). This has led to the hypothesis that certain 

regions of the PV may be more prone to ectopic activity than others. Distal 

cardiomyocytes in guinea pig and dog PVs were found to exhibit a more depolarised 

resting membrane potential in comparison to cardiomyocytes proximal to the LA 
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(Cheung, 1981; Po et al., 2005). In addition, a shorter action potential duration 

(APD) was recorded in the distal region of the guinea pig PV (Cheung, 1981). 

However, others have reported in the dog PV that there was no difference in the 

action potential characteristics along the length of the cardiomyocyte sleeve (Wang 

et al., 2003).   

 

There has been some comparison of the action potential characteristics in the PV and 

LA, in order to try and establish if the cardiomyocytes from these two tissues have 

any distinguishing characteristics. However, these studies have also tended to 

produce quite variable results (Ehrlich et al., 2003; Miyauchi et al., 2004, 2005; Cha 

et al., 2005). A number of groups reported no significant difference between the 

action potentials recorded from the rat PV and LA (Miyauchi et al., 2004, 2005), 

while others recorded differences such as a more depolarised resting membrane 

potential in rat (Doisne et al., 2009; Okamoto et al., 2012; Malécot et al., 2014) and 

dog PVs (Ehrlich et al., 2003), or a shorter APD in rat (Okamoto et al., 2012) and 

dog PVs (Ehrlich et al., 2003; Cha et al., 2005). 

 

The aims of this chapter were to histologically examine and compare the 

arrangement of cardiomyocytes in the PV and LA from both rat and human tissue 

species. Following this, the contractile properties of the rat PV and LA tissue were 

compared. Lastly, the electrophysiology of the rat PV and LA tissues were compared 

to determine if there is a difference in the evoked action potential characteristics 

between the tissues.  
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2.2 Methods  

2.2.1 Animals and dissection 

The rat was chosen for this study as the rat PV adventitia consists of only a thin layer 

of collagenous tissue, allowing microelectrode impalement to be carried out with 

relative ease. Male Sprague-Dawley rats (200-400 g) were sacrificed by cervical 

dislocation and the heart and lungs were carefully removed and placed in ice cold, 

oxygenated bath solution of the following composition: 150 mM NaCl, 5.4 mM KCl, 

10 mM HEPES, 10 mM glucose, 1.2 mM MgCl2, 1.8 mM CaCl2, pH 7.4 with NaOH. 

The tissue was pinned out on a Sylgard®184 (Dow Corning Corporation, Midland, 

USA) coated petri dish containing cold bath solution. The PVs were then carefully 

dissected from the left lobe and the posterior or median right lobe (Figure 2.1).  

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Rat heart and lungs. The heart and lung were removed en bloc from the 

rat and pinned out on a Sylgard®184 coated petri dish. The five lobes of the rat lungs 

are: left (L); postcaval right (PCR); posterior right (PR); median right (MR) and 

anterior right (AR). The blood vessels that are visible in the lungs in this image are 

the PVs. 
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2.2.2. Human tissue 

Human hearts were provided by Biopta Ltd, Glasgow, UK and they were obtained 

with ethical consent. The human tissue was obtained from transplant donors, for 

whom there was no suitable recipient or which weren’t used in transplant procedures 

because of logistical reasons. The donor hearts used in this study were from a 21 

year old male and a 60 year old male. The hearts were 24-48 hours post donation at 

the time of formalin fixation. Patients were screened for blood-borne diseases and 

were not accepted by Biopta if considered to be positive. There were no reports of 

cardiovascular disease in the medical history of the 21 year old male. The medical 

history of the 60 year old male is unknown. The LA and ventricular tissue were 

identified by a member of Biopta and a 1-2 cm section was dissected. The veins were 

identified by their position in relation to the LA, and a 0.5-1 cm long ring of PV was 

cut from the heart tissue. Electrophysiological examination of the PV was not 

possible due to the lack of availability of tissue necessary to carry out these 

experiments.  

 

2.2.3 Histology of cardiac sections 

2.2.3.1 Preparation of tissues 

The PVs and the LA from rat or humans were fixed in 10% formalin solution for a 

minimum of 24 hours. Tissues were then processed in a Citadel 1000 tissue 

processor (Thermofisher, UK) under in the following conditions: 3 hours in 70% 

ethanol; 3.5 hours in 90% ethanol; 3 hours in 100% ethanol; 1 hour in a 1:1 mixture 

of ethanol and Histo-Clear (Thermofisher, UK); 3 hours in 100% Histo-Clear and 4 

hours in paraffin wax. After which the tissue was paraffin wax embedded using a 

Leica paraffin embedding station, model EG1140H. The wax blocks were cut into 4 

μm thick sections using a Leica RM2125RTS rotary microtome and floated onto 

polarised glass slides in a water bath set to 50oC. The slides were polarised 

beforehand by 10 minute washes with each of the following: acetone; 5% (v/v) (3-

aminopropyl)triethoxysaline (APTES) in acetone; running tap water and then 

covered and air dried for 48 hours. To clear excess wax before staining, the slides 

were placed in an oven set at 60-65°C for 30-40 minutes. Prior to staining, the tissue 

sections were rehydrated using a Varistain 24-4 auto stainer (Thermo Shandon, UK) 
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using the following conditions: 10 minute wash in Histo-Clear (repeated 3 times), 10 

minute wash with 100% ethanol (repeated 3 times) and a 5 minute wash in distilled 

water.  

 

2.2.3.2 Masson’s trichrome stain 

Following rehydration, the tissues were stained using Masson’s trichrome stain 

according to the following procedure: 10 minutes in Weigert’s iron haematoxylin 

solution; 10 minutes in warm running tap water; 10 minutes in Biebrich-Scarlet acid 

fuschin solution; 15 minutes in phosphomolybdic-phosphotungstic acid solution; 8 

minutes in aniline blue solution; 1 minute wash in distilled water; 4 minutes in 1% 

acetic acid solution and a 1 minute wash in distilled water. The tissues were then 

dehydrated by a 2 second exposure to each of the following solutions: 95% ethanol; 

100% ethanol and then Histo-Clear. Thereafter the tissues were mounted with 

Histomount (ThermoFisher, UK) and 24x50 mm coverslips. The slides were left to 

dry overnight before viewing with a Leica DM LB2 microscope equipped with a 

Leica DFC 320 camera. Scale bars were added to the images using Image J software 

(Version 1.48). 

 

2.2.4 Contraction studies 

Once the heart and lungs were removed en bloc from the rat, the left or posterior 

right PVs were carefully dissected from the lungs in ice cold bath solution, 

oxygenated with medical oxygen, and excess connective tissue was removed. In 

addition, the LA was separated from the heart. Surgical silk suture was looped onto 

the LA or the section of the PV proximal to the LA and fixed onto a hook inside a 10 

mL organ bath filled with oxygenated bath solution and warmed to 37oC. The other 

end of the tissue was attached by silk thread to a force displacement transducer 

(FT03C, Grass Instrument Co., USA), so that the tissue was positioned vertically in 

the organ bath. To record force, the transducer was connected to a Grass model 79H 

polygraph whose output was digitized via a national instruments PCR-6221 data 

acquisition board. Platinum wire electrodes, connected to a stimulus isolation unit 

(model SIU 5A, Grass Instrument Co., USA), were lowered into the bath and 

encircled around the PV or LA tissue, to allow delivery of an electrical stimulus. 
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Contractions were evoked by a single stimulus, which was twice that of the threshold 

voltage, and 2 ms duration at 0.1 Hz using a Grass stimulator (Model S88, Grass 

Instrument Co., USA). The resting tension of the tissue was gradually increased until 

the maximal contraction was observed and this was typically around 0.5 g. The 

tissue was allowed to equilibrate for 30-40 minutes, to allow the contractions to 

stabilise. Data was recorded at 1 kHz using Chart Software (Dr. J. Dempster, 

University of Strathclyde) and converted into a text file in WinEDR (Version 3.4.3 

Dr J. Dempster, University of Strathclyde) to enable analysis of the contractions. The 

text file was then opened with Chart 5 software (ADInstruments, Dunedin, New 

Zealand), which allowed for identification of contractions by only detecting the 

response which occurred above a certain threshold amplitude. The contraction 

amplitudes were analysed over a 5 minute period, with the average during this time 

period being used for comparison. The WINWCP (Version 4.6.5 Dr J. Dempster, 

University of Strathclyde) software was used for measurement of the following 

contraction parameters: 

 Contraction duration - The time taken from initiation of contraction until 

return to baseline.  

 Time to peak contraction - The time taken for the contraction to rise from 

10% to 90% of the peak amplitude. 

 

2.2.5 Microelectrode studies 

Once the heart and lungs were removed en bloc from the rat, the LA was carefully 

dissected from the heart. Following this the lungs were separated from the heart and 

the left, posterior right and median right lung lobes were cut at the PV-LA junction 

to provide the individual lobes. The PV was not dissected from the lobes; instead 

excess lung parenchyma was removed to allow the lobe of the lung to fit inside the 

recording chamber. The additional lobes of the lung and LA were stored in ice cold 

oxygenated bath solution (until required, which was not longer than 8 hours). Each 

lung or LA preparation was pinned onto a Sylgard®184 (Dow Corning, USA) coated 

recording chamber and continuously perfused with oxygenated bath solution heated 

to 37oC using a temperature regulator (HSE Temperature Regulator, Type 319, Hugo 
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Sachs, Germany). The tissue was allowed to equilibrate for 30 minutes before 

commencing any recording. 

 

Action potential recordings were made using the conventional microelectrode 

technique. For microelectrode fabrication, borosilicate glass capillaries (1.5 mm 

outer diameter, 0.86 mm inner diameter, Warner Instruments, USA) were pulled 

using a vertical micropipette puller (model P-30, Sutter Instrument Co., Novato, 

USA) to produce electrodes with a resistance of 20-50 MΩ. These were then 

backfilled with 3 M KCl. A mechanical micromanipulator (Leitz, Wetzlar, Germany) 

was used to position the microelectrode prior to insertion into the cell. In order to 

reduce mechanical vibration and electrical noise, the recording chamber and 

micromanipulator were fixed onto an air table (Model AVT 701, Wentworth 

Laboratories LTD, Bedford, UK) and enclosed in a Faraday cage. A silver/silver 

chloride bead type reference electrode was positioned in the recording chamber. The 

potential difference between the reference electrode and the recording 

microelectrode in the cell was measured by a unitary gain high input impedance 

electrometer (model Electro 705, World Precision Instruments, Hertfordshire, UK).  

 

Electrical signals were amplified using a CED1902 amplifier (Cambridge Electronic 

Design LTD, Cambridge, UK) and data was sampled at 16 kHz by a computer 

controlled data acquisition system (National Instruments PCI-6221 data acquisition 

board) connected to the computer using a bespoke BNC interface. The amplified 

signals were displayed using WinEDR electrophysiology software (Version 3.3.4, 

Dr. J. Dempster, University of Strathclyde) and simultaneously stored on the hard 

disk of a desktop computer for later analysis.  

 

Platinum electrodes, placed at least 1 cm from the recording electrode (to minimise 

artefacts), were used to electrically stimulate the tissue. A Grass S44 stimulator 

supplied rectangular voltage pulses via a stimulus isolation unit (model SIU 5A, 

Grass Instrument Co., USA). Following impalement of the cell, the stimulation 

voltage was increased in 5 V steps until the threshold voltage capable of eliciting an 

action potential was reached. All experiments were carried out at twice the threshold 
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voltage and a pulse duration of 2 ms, with a stimulation frequency of 1 Hz (unless 

otherwise stated). The membrane potential was continuously monitored, although 

recordings were typically made over a 1-5 minute period. Cells were rejected if the 

membrane potential was more depolarised than -60 mV. The tissue was constantly 

perfused with oxygenated bath solution at a rate of 5 mL/min.  

 

Action potentials were identified using WinEDR software and exported to WinWCP 

software (Version 4.6.5 Dr. J. Dempster, University of Strathclyde) for further 

analysis. The membrane potential and the following action potential parameters were 

measured (Figure 2.2A): 

 Peak amplitude – The peak action potential amplitude measured relative to 

the resting membrane potential 

 Rise time – The time taken for the action potential to rise from 10% to 90% 

of the peak amplitude 

 Rate of rise (dV/dtmax) – The maximum rate of voltage change during the 

upstroke of the action potential 

 APD90 – The action potential duration at 90% repolarisation 

Action potential characteristics were calculated from the average of 5 consecutive 

action potentials for each experimental observation.  

 

The effective refractory period (ERP) was determined by stimulating tissues with a 

double pulse protocol comprising of an initial pulse (S1) which was followed by a 

second pulse (S2) of the same magnitude (Figure 2.2B). The S1-S2 interval was 

progressively shortened in 2 ms steps and the ERP was defined as the longest S1-S2 

interval which failed to elicit an S2 action potential. 

 

The data was transferred to GraphPad Prism (Version 4.03, GraphPad Software Inc., 

USA) to plot graphs and produce representative recordings.  
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2.2.6 Statistics  

Graphs were produced using GraphPad Prism (version 4.03, GraphPad Software 

Inc., San Diego, CA, USA). Electrophysiological data, where more than one 

recording was made from the same tissue, are expressed as mean ± standard error of 

the mean (s.e.m) of N technical replicates (number of recordings), from n biological 

replicates (number of rats). Statistical comparisons were made using Student’s 

unpaired t-test and P<0.05 was considered to be statistically significant.  
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Figure 2.2. Illustration of the electrically evoked action potential parameters in 

cardiomyocytes. (A) Illustration of the action potential in the PV illustrating the 

measured parameters: the membrane potential; peak amplitude, rise time, rate of rise 

(dV/dtmax) and the action potential duration at 90% repolarisation (APD90). (B) 

Superimposed action potentials of the initial pulse (S1) with each pulse followed by a 

second pulse (S2). The S1-S2 interval was progressively shortened in 2 ms 

increments. The effective refractory period (ERP) is indicated by the solid bar. 
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2.3 Results  

2.3.1 Histological Examination of the rat and human PV and LA tissue. 

Rat and human PVs and LA were sectioned and Masson’s trichrome stained to 

differentiate the musculature (stained red) and connective tissue (stained blue). The 

rectangular and striated appearance of the cardiomyocytes distinguished them from 

smooth muscle cells. Figure 2.3A shows the cardiomyocyte sleeve extending along 

the length of the rat left PV. The sleeve becomes gradually thinner and diminishes at 

the distal part of the vein, which is located within the lung (intrapulmonary). The 

magnified PV sleeve sections in Figures 2.3 illustrate a mixture of cell arrangements 

with some cardiomyocytes observed in a uniform arrangement (Figure 2.3B), 

orientated parallel to each other, while other cardiomyocytes display a non-uniform 

arrangement, where groups of cardiomyocytes cross over each other (Figure 2.3C, 

D) .  

 

The circumferential arrangement of cardiomyocytes around the vein was confirmed 

in transverse sections of the rat PV. Figures 2.3 E and F show a transverse section of 

the left PV proximal to the LA. The sections show that, several layers of 

cardiomyocytes encircle the vein. Moving toward the lumen, the cardiomyocyte 

sleeve diminishes and is replaced with connective tissue and a layer of small thin 

cells in the tunica intima, which are morphologically distinct from the 

cardiomyocytes. 

 

Examination of the human left superior PV revealed a similar arrangement of 

cardiomyocytes to that of the rat PV. In the same PV, the cardiomyocyte 

arrangement varied from a uniform arrangement (Figure 2.4A), with typical 

cardiomyocyte striations are visible at higher magnification in Figure 2.4D, to a non-

uniform and complex arrangement with cardiomyocytes running in different 

directions (Figure 2.4B,C). In addition, bundles of cardiomyocytes were often 

observed, separated by collagenous tissue. Similar to the rat PV, transverse sections 

of the human PV revealed the cardiomyocytes surrounding the lumen, although 

unsurprisingly the cardiomyocyte sleeve of the human PV appeared to be several 
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layers thicker than that of the rat (Figure 2.4E). The cardiomyocyte bundles are also 

evident in the transverse sections.   

A complex arrangement of cardiomyocytes was also observed in the LA of rat 

(Figure 2.5A) with cardiomyocytes orientated uniformly in some areas as well as in 

differing planes in other sections. Higher magnification of the rat LA 

cardiomyocytes showed the striated appearance of the cells (Figure 2.5B). In 

addition, a similar arrangement was observed in the human LA (Figure 2.5C), with 

the striations of the cardiomyocytes evident at a higher magnification (Figure 2.5D). 

 

2.3.2. Contraction of rat PV and LA tissues 

Both the PV and LA tissues could be electrically stimulated to evoke contractions. 

The representative examples in Figure 2.6A illustrate the similarities in time course 

of the PV and LA contractions, as well as the greater amplitude of the LA 

contraction. Figure 2.6B shows that during electrical stimulation at 0.1 Hz, the LA 

contraction amplitude (0.3 ± 0.06 g) was significantly greater than that of the PV 

(0.2 ± 0.03 g, P<0.05). However, there was no significant difference in the time to 

peak contraction between the PV (29.4 ± 0.7 ms) and LA (27.1 ± 1.5 ms; Figure 

2.6C). In addition, the duration of both contractions were similar, with the 

contraction duration determined as 92.0 ± 4.4 ms in the PV, compared to 84.6 ± 5.4 

ms in the LA (Figure 2.6D). Contractions were creased in the absence of electrical 

activity.  

 

2.3.3 Action potential characteristics of the PV and LA 

The characteristics of electrically evoked action potentials which were recorded 0-

0.5 cm proximal to the PV-LA junction, and those >0.5 cm from PV-LA junction 

(hereafter referred to as distal) were investigated in the rat PV. The membrane 

potential was similar in proximal (-73.3 ± 2.0 mV) and distal regions of the PV        

(-68.3 ± 1.6 mV, P=0.0615; Figure 2.7A). Figure 2.7B shows the peak amplitude of 

the action potential in distal PV cardiomyocytes was significantly smaller (74.8 ± 1.9 

mV) when compared to proximal regions of the PV (80.6 ± 1.9 mV, P<0.05). The 

rise time (Figure 2.7C), dV/dtmax (Figure 2.7D), and APD90 (Figure 2.7E) were not 

significantly different in either region of the PV. In addition, a similar ERP was 
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recorded in proximal (35.2 ± 2 ms) and distal regions of the PV (35.5 ± 1.4 ms; 

Figure 2.7F).  

 

The action potential parameters of the proximal PV and those of the LA from the 

same rat were also compared, demonstrating the similarity in the shape of the action 

potential between both tissues (Figure 2.8A). The membrane potential of both tissues 

was similar, being -73.3 ± 2.2 mV in the PV and -71.9 ± 0.8 mV in the LA (Figure 

2.8B). Figure 2.8 shows the peak amplitude (Figure 2.8C) and rise time (Figure 

2.8D) were also similar in the PV and LA. Although it was not significant, the 

dV/dtmax was slightly higher in the PV (213.1 ± 15.2 mV/ms) compared to the LA 

(185.8 ± 9.4 mV/ms; Figure 2.8E). There was no significant difference in the APD90 

between the PV (32.9 ± 1.0 ms) and LA preparations (33.8 ± 1.2 ms; Figure 2.8F). 

The ERP was also no different in PV (36.1 ± 1.6 ms) and LA (32.3 ± 1.6 ms) tissues 

(Figure 2.8G).  
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D E F 
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Figure 2.3 Histological sections of the rat PV. Formalin fixed rat PVs were wax 

embedded, sectioned and Masson’s trichrome stained. Collagen is stained blue, 

muscle cells red and nuclei black. (A) Longitudinal section shows the cardiomyocyte 

sleeve extends along the length of the left PV. The proximal, middle and distal areas 

are shown at higher magnification in (B), (C) and (D) respectively. (E) Transverse 

section of the PV shows layers of cardiomyocytes encircling the lumen of the vein 

and shown at higher magnification in (F).  Scale bar values are noted on each image. 
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Figure 2.4 Histological sections of the human PV. Formalin fixed human PVs were 

wax embedded, sectioned and Masson’s trichrome stained. Collagen is stained blue, 

muscle cells red and nuclei black. (A) Longitudinal section showing the uniform 

arrangement of cardiomyocytes in one area, and the striated cardiomyocytes are 

shown at higher magnification in (B). (C) and (D) Longitudinal sections showing the 

non-uniform arrangement of cardiomyocytes in the PV of two different patients. (E) 

Transverse section of the human PV. Scale bar values are noted on each image. 
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Figure 2.5. Histological sections of the rat and human LA. Formalin fixed tissues 

were wax embedded, sectioned and Masson’s trichrome stained. Collagen is stained 

blue, muscle cells red and nuclei black. (A) Rat LA and (C) human LA sections 

demonstrating the arrangement of the cardiomyocytes and shown at a higher 

magnification in (B) and (D) respectively. Scale bar values are noted on each image. 
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Figure 2.6 Electrical stimulation evoked contractions of the rat PV and LA 

tissues. (A) Representative recording of the rat PV (i) and LA (ii) contraction 

elicited by electrical stimulation at 0.1 Hz. Bar charts show the contraction amplitude 

(B), time to peak contraction (C) and contraction duration (D) in PV (n=7) and LA 

(n=7)  tissues evoked by electrical stimulation at 0.1 Hz. All data are presented as 

mean ± s.e.m. * indicates P<0.05 for PV vs. LA. Arrows represent the electrical 

stimulus. 
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Figure 2.7 Action potential characteristics of PV cardiomyocytes proximal and 

distal to the LA. At a simulation frequency of 1 Hz, the membrane potential (A); 

and action potential peak amplitude (B); rise time (C); dV/dtmax (D); APD90 (E); and 

ERP (F) in PV cardiomyocytes located within 0.5 cm of the PV-LA junction 

(n=12/4) and cardiomyocytes located >0.5 cm from the PV-LA junction (n=11/4). 

All data are presented as mean ± s.e.m. * indicates P<0.05 for proximal vs. distal. 
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Figure 2.8 Action potential characteristics of the PV and LA. (A) Typical 

microelectrode action potential recording of a PV cardiomyocyte located within 0.5 

cm of the PV-LA junction (proximal) (i) and LA cardiomyocyte (ii) evoked by 

electrical stimulation at 1 Hz. Membrane potential (B); action potential peak 

amplitude (C); rise time rise time (D) and dV/dt (E) in PV tissue located proximal to 

the PV-LA junction (n=54/21 rats) and LA (n=57/21) tissues.  All data are presented 

as mean ± s.e.m. 
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Figure 2.8 (Cont’d) The action potential characteristics of the PV and LA. The 

APD90 (F) and ERP (G) in PV located within 0.5 cm of the PV-LA junction 

(n=54/21) and LA (n=57/21) cardiomyocytes. All data are presented as mean ± 

s.e.m. 
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2.4 Discussion 

2.4.1 The arrangement of cardiomyocytes in PV and LA tissues 

Both the rat and human PV and LA were examined histologically after staining with 

Masson’s trichrome. Longitudinal sections of the rat PV showed extension of the 

cardiomyocyte sleeve from the atrium, and into the intrapulmonary sections of the 

vein.  Previous histological studies of the PV of rat and other rodents also reported 

the extension of the cardiomyocyte sleeve into the intrapulmonary sections of the PV 

(Kramer and Marks, 1965; Mueller-Hoecker et al., 2008). However, in larger 

mammals the cardiomyocyte sleeve does not extend as far. The human and dog PV 

cardiomyocyte sleeve is reported to be around 0.4–4.8 cm long and terminates before 

reaching the lungs (Saito et al., 2000; Ho et al., 2001; Verheule et al., 2002; Hassink 

et al., 2003; Kholová and Kautzner, 2003; Roux et al., 2004). However, this could 

not be confirmed in the present study, because sections of the PV obtained were too 

short in length. Some of the basic ultrastructural characteristics of the PV 

cardiomyocyte sleeve are similar in rat and humans. Both the rat and human PV 

sleeve possessed a complex arrangement of cardiomyocytes with areas of non-

uniformity, where cardiomyocytes were orientated in differing directions, although 

this complex arrangement was possibly more prominent in the human PV compared 

to that of the rat. This histological observation is consistent with previous 

examinations of PVs and the complex PV architecture is a common feature in 

mammals (Kramer and Marks, 1965; Ludatscher, 1968; Hashizume et al., 1998; 

Mueller-Hoecker et al., 2008; Nathan and Eliakim, 1966; Moubarak et al., 2000; 

Saito et al., 2000; Ho et al., 2001; Hassink et al., 2003; Perez-Lugones et al., 2003; 

Roux et al., 2004). This complex and non-uniform arrangement of cardiomyocytes in 

areas of the PV will likely affect electrical conduction in the vein since the 

conduction velocity is influenced by the cardiomyocyte arrangement (Spach et al., 

2000). For example, detailed examination of cardiac conduction has demonstrated 

the existence of anisotropic conduction as electrical signals are propagated more 

rapidly over the longitudinal axis of the cardiomyocytes, compared to transverse 

cardiomyocyte paths (Sano et al., 1959; Clerc, 1976; Roberts et al., 1979). This is 

thought to be a consequence of the greater number of cell boundaries per unit 

distance encountered in the transverse direction, which can slow the conduction 
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velocity (Sano et al., 1959). Microelectrode array recordings on the dog PV revealed 

that conduction abnormalities arose in areas where there was abrupt changes in 

cardiomyocyte orientation (Hocini et al., 2002; Hamabe et al., 2003). Such 

conduction abnormalities may also create a favourable substrate for re-entry in the 

PV. 

 

Transverse sections demonstrated that the PVs of both species had several layers of 

cardiomyocytes surrounding the vein. Due to the nature of the Masson’s trichrome 

stain, the cell type of the thin layer of cells close to the lumen was not clear. 

However, previous confocal and electron microscopy studies of the rat PV showed 

that close to the lumen there was a thin layer of endothelial cells, with an adjacent 

layer of smooth muscle cells which stained positive for α-smooth muscle actin 

(Hashizume et al., 1998; Hosoyamada et al., 2010). Further immunostaining of the 

PV with F-actin confirmed that several layers of striated cardiomyocytes encircled 

the smooth muscle layer (Hosoyamada et al., 2010). A similar arrangement was also 

observed in the PVs from human (Saito et al., 2000), guinea pig (Takahara et al., 

2011) and dog (Verheule et al., 2002). 

 

2.4.2 Contractile properties of PV and LA tissues 

Electrical stimulation elicited a PV contraction, which on average was similar in 

time to peak and duration, but smaller in amplitude when compared to the LA. The 

similarity in contraction duration between both tissues suggests the PV contraction is 

due to the cardiomyocyte sleeve as vascular smooth muscle contraction has a much 

longer timecourse compared to cardiac muscle. The lack of contractions, in the 

absence of electrical stimulation, in the rat PV and LA preparations was in 

agreement with previous studies (Maupoil et al., 2007; Luk et al., 2008). This also 

further highlights the lack of intrinsic automaticity in the rat PV sleeve.  

 

The underlying mechanism of excitation contraction coupling, which initiates 

contraction, is thought to be similar in PV and LA tissues. This could account for the 

similarity in the contraction timecourse of both tissues. The greater contractile 

magnitude observed in the LA compared to the PV presumably reflects the greater 
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muscle mass of this tissue. Previously, the Ca2+ dependence of contraction was 

demonstrated by Luk et al. (2008), who reported that the amplitude of the 

electrically evoked contraction of the rabbit PV was dependent on the Ca2+ 

concentration in the external solution. Similar findings were reported in rabbit and 

guinea pig LA preparations (Winegrad and Shanes, 1962; Toda, 1969).  

 

2.4.3 Action potential characteristics of the PV and LA  

As to whether or not there is heterogeneity in the action potential characteristics 

along the cardiomyocyte sleeve is controversial (Cheung, 1981; Wang et al., 2003; 

Po et al., 2005). In this study, the smaller action potential peak amplitude in distal 

PV cardiomyocytes compared to those in the proximal regions suggests there is 

some degree of heterogeneity along the length of the sleeve. Recently, Egorov et al. 

(2015) also reported heterogeneity in the PV sleeve as they observed a more 

depolarised resting membrane potential in the distal areas of the PV, compared to 

those proximal, although this was measured in the absence of electrical stimulation. 

Previous studies in other species also observed action potential heterogeneity along 

the PV as a smaller amplitude, a more depolarised resting membrane potential and a 

shorter APD was recorded in the distal PV cardiomyocytes from the guinea pig 

(Cheung, 1981). A more depolarised resting membrane potential was also reported in 

the distal regions of the dog PV (Po et al., 2005). Conversely others reported no 

difference in AP characteristics along the PV sleeve of dogs (Wang et al., 2003).  

 

There was no discernible difference in the action potential characteristics between 

proximal regions of the PV and the LA in this study. This is in agreement with 

previous studies on the rat, which reported that there was no difference in the 

electrically evoked action potentials in these two tissues (Miyauchi et al., 2004, 

2005). Therefore, the PVs susceptibility to arrhythmogenic activity is not simply due 

to a difference in the action potential characteristics compared to the LA. However, 

others have observed a slower dV/dtmax and shorter APD Okamoto et al. (2012) in rat 

PV cardiomyocytes compared to those of the LA. A more depolarised resting 

membrane potential in rat PV cardiomyocytes was also reported, although this was 

measured in the absence of electrical stimulation and the membrane potential 
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became more negative and of a similar value to the LA upon initiation of electrical 

stimulation (Doisne et al., 2009; Malécot et al., 2014; Egorov et al., 2015).  

 

In conclusion, a similar arrangement of cardiomyocytes was observed in rat and 

human PVs, with a mix of uniform and non-uniform arrangements of 

cardiomyocytes in both species. Functional studies of the rat PV demonstrated the 

ability of rat PVs to contract during electrical stimulation with a similar timecourse 

to that of the LA. Further electrophysiological characterisation of the rat PV revealed 

the peak amplitude of electrically evoked action potentials was significantly smaller 

in the distal regions of the PV, compared to those proximal. In addition, the 

electrically evoked action potentials in PV cardiomyocytes proximal to the LA, were 

not significantly different from those of the LA.  
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Chapter 3  

The Properties of Na+ Channels in the PV and LA 
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3.1 Introduction 

3.1.1 Na+ channel subtypes in cardiomyocytes 

The nine voltage gated Na+ channels (Nav) display diverse distribution and differing 

pharmacological properties. The subtypes can be distinguished by their sensitivity to 

the selective Na+ channel blocker, tetrodotoxin (TTX) (Renaud et al., 1983). The 

Na+ channel isoforms which are sensitive to inhibition by nanomolar concentrations 

of TTX are termed TTX-sensitive Na+
 channels (Nav1.1, 1.2, 1.3, 1.4, 1.6 and 1.7) 

whereas those which require micromolar concentrations of TTX for inhibition are 

termed TTX-resistant Na+ channels (Nav1.5, 1.8 and 1.9). This difference in TTX-

sensitivity is due to the presence of a cysteine residue in the pore region of the 

Nav1.5 isoform and the presence of serine in Nav1.8 and Nav1.9, instead of 

phenylalanine or tyrosine, which reduces their sensitivity to TTX (Satin et al., 1992; 

Sivilotti et al., 1997). The Nav1.1, 1.2, 1.3, 1.6 and 1.7 subunits are expressed 

primarily in the nervous system (Kayano et al., 1988; Ahmed et al., 1992; Lu et al., 

1992; Schaller et al., 1995), while the Nav1.4 isoform, is mainly present in skeletal 

muscle (Trimmer et al., 1989). Two of the TTX-resistant isoforms, Nav1.8 and 1.9, 

are primarily located in the peripheral nervous system (Akopian et al., 1996; Toledo-

Aral et al., 1997; Dib-Hajj et al., 1998). The Nav1.5 isoform is the major cardiac Na+ 

channel isoform, establishing the key electrophysiological and pharmacological 

properties of the cardiac INa (Gellens et al., 1992). However, using tritiated 

ethylenediamine TTX ([3H]) in binding assays, Renaud et al. (1983) reported the 

existence of a small fraction of Na+ channels with a high affinity for TTX, as well as 

a larger fraction with a low affinity for TTX in neonatal ventricular rat 

cardiomyocytes. Subsequent, patch clamp recordings in rat ventricular 

cardiomyocytes revealed that 14% of the total INa was TTX-sensitive (Brette and 

Orchard, 2006), indicating that Nav1.5 is not the only contributor to the cardiac INa. 

The TTX-sensitive current was found to contribute 8% of the total INa in mouse 

(Haufe et al., 2005a) and 10-22% in dog ventricular cardiomyocytes (Haufe et al., 

2005b), while 27% of the total INa in human right atrial cardiomyocytes was TTX-

sensitive (Kaufmann et al., 2013).  
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Expression of Nav1.1, Nav1.2, Nav1.3 and Nav1.4 mRNA, and the corresponding 

proteins, has been reported in the ventricles of rat, mouse, dog, pig and human (Sills 

et al., 1989; Schaller et al., 1995; Dhar Malhotra et al., 2001; Zimmer et al., 2002; 

Haufe et al., 2005a; Gaborit et al., 2007; Blechschmidt et al., 2008; Sossalla et al., 

2010). This adds further support to the notion that Nav1.5 is not the only Na+ channel 

isoform present in cardiomyocytes. The localisation of the TTX-sensitive channels in 

comparison to the Nav1.5 channels has also been examined. Immunocytochemistry 

studies revealed that Nav1.5 is present at the T-tubules, as well as the intercalated 

discs of ventricular cardiomyocytes suggesting they are involved in rapid 

depolarisation and conduction of the action potential (Cohen, 1996; Maier et al., 

2002, 2004; Haufe et al., 2005a; Xi et al., 2009). Furthermore Nav1.5 was observed 

in a uniform striated pattern in the atria (Cohen, 1996; Kaufmann et al., 2013). The 

TTX-sensitive channels Nav1.1, Nav1.2, and Nav1.6 were observed in a striated 

pattern in ventricular cardiomyocytes of mouse (Maier et al., 2002, 2004; Haufe et 

al., 2005a; Westenbroek et al., 2013) and dog (Haufe et al., 2005b), indicative of a 

location at the T-tubules, and in some studies they were also located at the 

intercalated discs. The Nav1.3 channel displays a species difference in distribution, 

with a striated T-tubular location reported in mouse ventricular cardiomyocytes 

(Maier et al., 2002, 2004; Westenbroek et al., 2013), and a more diffuse distribution 

throughout the cell in dog ventricular cardiomyocytes (Haufe et al., 2005b). The 

TTX-sensitive isoforms were located differently in human atrial cells, with Nav1.1, 

1.3 and 1.6 located in a diffuse pattern on the cell surface and Nav1.2 observed at the 

intercalated discs (Kaufmann et al., 2013).   

 

3.1.2 Role of TTX-sensitive Na+ channels in cardiomyocytes 

Whether, as hypothesised by Maier et al. (2002), a difference in the localisation of 

the Na+ channel isoforms suggests specific physiological roles for the TTX-sensitive 

and TTX-resistant Na+ channel isoforms remains controversial. The presence of 

TTX-sensitive Na+ channels at the intercalated discs and T-tubules suggests a 

potential role in both the excitation contraction coupling and propagation of the 

action potential in ventricular cardiomyocytes. This hypothesis was supported by 

Maier et al. (2002) who reported that low concentrations of TTX (100-200 nM) 
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decreased left ventricular contraction in mouse and guinea pig whole hearts, when 

studied in vitro. In addition, a reduction in the conduction velocity was observed in 

the ventricles of Nav1.6 null mice (Noujaim et al., 2012). The TTX-sensitive Na+ 

channels are also thought to be somehow involved in triggering the release of Ca2+ 

from the sarcoplasmic reticulum, as inhibition of TTX-sensitive Na+ channels 

reduced the maximum rate of rise, as well as the amplitude of the Ca2+ transients in 

rabbit ventricular cardiomyocytes (Torres et al., 2010). In contrast, (Brette and 

Orchard, 2006) found that low concentrations of TTX did not affect the Ca2+ 

transients or contraction of rat ventricular cardiomyocytes.  

 

The TTX-resistant Nav1.8, may also contribute to the cardiac INa, as expression of 

mRNA from the SCN10A gene, which encodes Nav1.8, was identified in the atria 

and ventricle of mice and humans (Chambers et al., 2010; Facer et al., 2011). It has 

been shown that A-803467, a Nav1.8 blocker, reduced the INaL in mouse ventricular 

cardiomyocytes, shortened the APD and suppressed EADs (Yang et al., 2012). Thus, 

it was suggested that Nav1.8 contributes to INaL and could be involved in 

arrhythmogenic activity. This was further supported by genome wide association 

studies, which linked mutations in the SCN10a gene to an altered PR interval and 

QRS duration in the ECG (Chambers et al., 2010; Holm et al., 2010; Pfeufer et al., 

2010; Sotoodehnia et al., 2010). Furthermore, Pfeufer et al. (2010) identified a link 

between variations in the Nav1.8 gene and AF.   

 

3.1.3 Aims 

The aims of this chapter were to examine the role of INa in the generation of the 

action potential and gain further insight into the effect of inhibition of Na+ channels 

on the excitability of PV and LA cardiomyocytes. A method was then developed to 

isolate cardiomyocytes from the PV and LA, which were then subsequently studied 

in order to compare the INa characteristics in both cell types. The contribution of 

TTX-sensitive Na+ channels to the total INa, as well as the individual Na+ channel 

isoform expression and localisation in PV and LA cardiomyocytes was also 

investigated. The potential role of TTX-sensitive Na+ channels in the contraction as 

well as the generation of action potentials was also examined in both tissues.   
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3.2 Methods  

3.2.1 Microelectrode studies  

Male Sprague Dawley rats were sacrificed by cervical dislocation and the heart and 

lungs removed. The PV and LA were dissected and action potentials recorded using 

the microelectrode technique described in Section 2.2.5. The tissues were allowed to 

equilibrate in bath solution, consisting of 150 mM NaCl, 5.4 mM KCl, 10 mM 

HEPES, 10 mM glucose, 1.2 mM MgCl2, 1.8 mM CaCl2, pH 7.4 with NaOH, 

warmed to 37oC for 30 minutes before commencing any recording. Action potentials 

were elicited by stimulating at twice the threshold voltage, with a 2 ms pulse at a rate 

of 1 Hz. To determine the action potential threshold voltage, the stimulation voltage 

was increased in 5 V increments under control conditions until an action potential 

was elicite; this was also repeated in the presence of TTX. To investigate the effect 

of TTX on PV and LA action potentials, the tissues were stimulated at 1 Hz and 

recordings (1 minute in duration) were obtained in the same cell before and after 15 

minutes in the presence of TTX. Data was acquired using WinEDR software 

(Version 3.3.4, Dr. J. Dempster, University of Strathclyde), which was subsequently 

exported to WinWCP software (Version 4.6.5 Dr. J. Dempster, University of 

Strathclyde) to enable the action potential characteristics and effective refractory 

period (ERP) to be measured as described in section 2.2.5.  

 

3.2.2 Cell isolation – The Chunk method  

The chunk method alone (where the PV or LA tissue was cut into chunks and 

incubated with digestive enzymes) was first adopted for cardiomyocyte isolation, 

with a number of different enzyme combinations and incubation time periods tested. 

The tissue was incubated in Ca2+ free isolation solution 1 (see appendix, Table 6.1) 

with a combination of papain (1 mg/mL) and dithiothreitol (DTT, 1 mg/mL) for 10 

minutes to 1 hour and then transferred to isolation solution 1 containing Type VIII 

collagenase for periods of 15 minutes to 1 hour, similar to the method used by 

Michelakis et al. (2001). However this resulted in cardiomyocytes which were not 

viable for patch clamping due to a low yield of Ca2+ tolerant cardiomyocytes, with a 

“blebby” appearance. The Ca2+ tolerance was determined by the observation of cells 
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rounding up after the re-introduction of Ca2+. Different approaches to the chunk 

method were then adopted in order to try and improve the yield and Ca2+ tolerance. 

The PV tissues were digested using Type I, II or VIII collagenase in a number of 

different Ca2+ free isolation solutions (see appendix, Table 6.1) for periods of 20, 40 

or 60 minutes. However, this did not yield single cardiomyocytes, without the aid of 

vigorous trituration, which rendered the cells non-viable. In a number of digestions, 

approximately 50 µM CaCl2 was also added during collagenase digestion to aid with 

collagenase activation and perhaps improve the Ca2+ tolerance, but this also did not 

produce viable single cardiomyocytes. A combination of digestive enzymes was then 

tested in order to reduce the trituration needed to produce single cells. Incubation of 

the PV with collagenase (Type I, II or VIII) in combination with elastase or protease, 

in a Ca2+ free isolation solution for 20-60 minutes, in some cases produced a higher 

yield of cardiomyocytes, with minimal trituration, in comparison to digestion with 

collagenase alone. In particular, dissociation with Type I collagenase and Type XIV 

protease for 20 minutes resulted in rod shaped cardiomyocytes. However, the 

cardiomyocytes were not Ca2+ tolerant and not viable for patch clamping. Incubation 

of isolated cells in KB solution (Honjo et al., 1996); 70 mM L-glutamic acid, 25 mM 

KCl, 20 mM taurine, 10 mM KH2PO4, 3mM MgCl2, 10 mM glucose, 10 mM 

HEPES, 0.5 mM EGTA, pH 7.4 with KOH) for at least one hour at 4oC, which has 

been shown previously to improve Ca2+ tolerance in cardiomyocytes (Isenberg and 

Klockner, 1982; Honjo et al., 1996), also did not improve cardiomyocyte viability 

with the different chunk methods tested. A similar outcome was also observed when 

Ca2+ was reintroduced stepwise every 10 minutes from 0.01 mM to 0.05, 0.1, 0.5, 

0.9, 1.3 and 1.8 mM, even after the cells were pre-incubated for 1 hour with KB 

solution prior to the Ca2+ reintroduction.  

 

Previous studies also reported a poor cell yield with the use of the chunk method to 

isolate dog PV cardiomyocytes (Sicouri et al., 2011). Therefore, in order to try and 

improve the cardiomyocyte yield and quality, the Langendorff technique was 

utilised.  Several other groups have reported success with the use of the Langendorff 

technique in the dissociation of rat PV cardiomyocytes (Okamoto et al., 2012, 2014) 

and rat LA cardiomyocytes (Xu and Best, 1990; Kim, 1993; Bond et al., 2014). 
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3.2.3 Cell isolation – The Langendorff method 

All solutions used in this section were prepared with commercially supplied sterile 

water (VWR, UK) as this was found to improve the Ca2+ tolerance of the isolated 

cardiomyocytes, in comparison to solutions prepared with water from the laboratory 

Purite Milli-Q® system. The Langendorff apparatus was primed with 200 mL of 

VWR water, followed by 200 mL of Ca2+ free isolation solution (120 mM NaCl, 20 

mM HEPES, 5.4 mM KCl, 0.52 mM NaH2PO4, 3.5 mM MgCl2, 20 mM taurine, 10 

mM creatine, glucose 11.1 mM, pH 7.4 with NaOH) in which 1 mM EGTA was also 

added to chelate any excess Ca2+. For the isolation, all solutions were warmed to 

37oC before perfusion and the perfusate was maintained at 37oC throughout by the 

use of a heated coil (see Figure 2.1A). Male Sprague-Dawley rats (200-400 g) were 

anesthetised by intraperitoneal injection of Euthatal (100 mg/kg), to allow 

transportation from the Biological Procedures Unit (BPU) to the laboratory where 

they were euthanised by cervical dislocation. The heart and lungs were quickly 

removed, briefly immersed in Ca2+ free isolation solution containing around 1-2% 

heparin (5000 IU/mL, Leo Pharma, UK) and mounted via the aorta to the 

Langendorff apparatus (Figure. 3.1A, B), while the heart was still beating. The tissue 

was then perfused with 50 mL oxygenated Ca2+ free isolation solution, to clear the 

heart and lungs of blood, at a flow rate of 6 mL/min using a Watson Marlow 

peristaltic pump.  The removal of Ca2+ from the solution is thought to aid in the 

dissociation of the cardiomyocytes by disrupting intercellular connections at the 

intercalated discs (Muir, 1967). The position of the cannula was adjusted, so that it 

was reaching as far down as the beginning of the left ventricle, and care was taken to 

check the solution was able to flow in the coronary circulation as well as within the 

PVs.  A small incision was also made in the pulmonary artery to aid clearing of the 

blood from the lungs. For enzymatic digestion, the perfusate was replaced with 

oxygenated Ca2+ free isolation solution containing 0.66 mg/mL Type I collagenase 

(Worthington, New Jersey, USA) and 0.04 mg/mL Type XIV protease (Sigma, UK) 

for 7-10 minutes. After digestion, the enzymes were removed by perfusion with 50 

mL of Ca2+ free isolation solution containing 0.8 mg/mL BSA (Sigma, UK). The 

heart and lungs were then removed from the apparatus and the LA was cut into 1-2 

mm cubes, transferred to KB solution containing 0.8 mg/mL BSA (70 mM L-
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glutamic acid, 25 mM KCl, 20 mM taurine, 10 mM KH2PO4, 3mM MgCl2, 10 mM 

glucose, 10 mM HEPES, 0.5 mM EGTA, pH 7.4 with KOH) and gently triturated 5-

10 times with a fire polished glass pipette. The PVs could not be fully digested with 

the Langendorff method alone, as even an increase in the perfusion time did not 

yield single PV cardiomyocytes, and resulted in over digested LA cardiomyocytes. 

Therefore, following the Langendorff perfusion the PVs were carefully dissected 

from the lungs and further digested by incubating in Ca2+ free isolation solution 

containing 0.8 mg/mL Type I collagenase and 0.08 mg/mL Type XIV protease for 

15-20 minutes in a slowly shaking waterbath set at 37oC. Following this, the PVs 

were cut into 1-2 mm chunks and gently triturated 5-10 times with a fire polished 

glass pipette into KB solution containing 0.8 mg/mL BSA. To improve Ca2+ 

tolerance, isolated PV and LA cells were stored at 4oC in KB solution for at least one 

hour before use.  

 

Isolated cells were viewed with an Olympus CK2 inverted microscope. Cell images 

were acquired using a Tuscen IS1000 digital microscope camera (Xintu Photonics 

Co., Ltd, China) and cell length and width were measured with the use of Tsview 

version 7 software. Measurements were taken during resting conditions and only 

Ca2+ tolerant cardiomyocytes with clear striations and ‘non-blebby’ membranes were 

used. 
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Figure 3.1. The Langendorff apparatus. Cannulation of the rat aorta, which was 

held in place with silk suture thread and a bulldog clamp, allowed retrograde 

perfusion of the heart with Ca2+ free and enzyme containing solutions by constant 

flow perfusion. Solutions were pre-heated to 37oC in a waterbath and passed through 

a 37oC heating coil before reaching the heart and lungs, which were suspended in a 

water jacketed glass vessel at 37oC.  
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3.2.4 Patch Clamp 

3.2.4.1 Whole cell recording 

After storage for 1 hour at 4oC in KB solution, a drop of freshly isolated PV or LA 

cardiomyocytes was allowed to adhere for 10-15 minutes onto a cover glass that 

formed the bottom of a 1.5 mL circular chamber, which was mounted onto the stage 

of an Olympus CK2 inverted microscope. Investigations were carried out on Ca2+ 

tolerant cardiomyocytes, using the whole-cell configuration of the patch clamp 

technique. Experiments were carried out at room temperature (18-23oC) to reduce 

the magnitude of the INa and thereby ensure adequate voltage control (Colatsky, 

1980; Makielski et al., 1987). An Axopatch 1D (Axon Instruments, USA) patch 

clamp amplifier connected via a BNC-2110 connector block to a NI PCI-6221 data 

acquisition card (National Instruments, Texas, USA), was used throughout. Data 

acquisition and analysis was achieved using WinWCP software (Version 4.6.5). 

Currents were filtered at 5 kHz (-3 dB) before digitization at 20 kHz and stored 

electronically on the hard drive of a desk top computer. The microscope and 

manipulators (three-axis oil hydraulic, MMO 203, Narishige, Japan) were mounted 

onto an air table (Model AVT 701, Wentworth Laboratories LTD, Bedford, UK) to 

minimise vibrations and enclosed in a Faraday cage.  

 

External and internal solutions containing a low Na+ concentration were used in 

order to reduce the magnitude of INa, which improves the voltage control of the cell 

membrane potential (Colatsky, 1980). A Nanion (Nanion, Germany) perfusion 

system perfused the low Na+ external solution (Undrovinas et al., 2006), which 

consisted of 5 mM NaCl, 133 mM CsCl, 2 mM MgCl2, 1.8 mM CaCl2, 0.002 nM 

nifedipine, 5 mM HEPES, 5 mM glucose, pH 7.3 with CsOH, at a rate of 1-2 

mL/min. Osmolarity of the solution was measured with an Osmomat 030 cryoscopic 

osmometer (Gonotec, Germany) and adjusted to 300-310 mOsm with sucrose. The 

inclusion of CsCl and nifedipine was added to avoid contamination of overlapping 

K+ and Ca2+ currents respectively. Patch pipettes (1.2-2.5 MΩ) were fabricated using 

borosilicate glass (1.5 mm outer diameter, 0.86 mm inner diameter, Clark 



79 

 

Electromedical Instruments, UK) and a horizontal micropipette puller (Model P-87, 

Sutter Instruments Co, Novato, California). The pipette solution  contained 133 mM 

CsCl, 5 mM NaCl, 5 mM Mg2ATP, 20 mM TEACl, 5 mM HEPES, 10 mM EGTA, 

pH 7.3 with CsOH and an osmolarity of 290-300 mOsm. The current was zeroed 

when the pipette was placed in the bath solution to correct for liquid junction 

potentials between the bath solution and the pipette solution. After obtaining the 

whole cell recording configuration, the cell membrane capacitance was measured by 

integrating the capacitance current recording during a 5 mV hyperpolarising step 

from -80 mV. The cell capacitance was significantly greater in PV cardiomyocytes 

(114.0 ± 5.2 pF, n=42) than LA cardiomyocytes (68.9 ± 4.3 pF, n=34; P<0.001). The 

amplifier was limited to capacitance compensation for cells up to 100 pF. 

Capacitance and series resistance were adjusted to obtain minimal contribution of the 

capacitive transients. Series resistance was compensated by 80-85% without ringing. 

A P/4 protocol was used to subtract residual linear leak and capacitance currents.  

 

3.2.4.2 Voltage protocols and curve fitting 

Recording began 5-10 minutes after establishing the whole-cell recording 

configuration. Cells were rejected if the leak current was >-11 pA/pF at a holding 

potential of -120 mV. The electronic series resistance compensation (ERs) was 

adjusted to a point just before ringing occurred. The current-voltage (I-V) 

relationship for peak INa was then used to determine the maximum peak INa (Imax). 

Voltage clamp quality was also assessed for each cell using a method adapted from 

(Maltsev and Undrovinas, 1997),  and the deviation from voltage command (Vdev) 

was estimated using the following equation: 

Vdev = Imax x Rs x (100% - ERs)/100%      (1) 

where Rs is the non-compensated series resistance. If Vdev was <6 mV, adequate 

voltage control was assumed and only these cells were included in the study. 

Currents are expressed as the current density (pA/pF), to account for the variability 

in cell size. The current voltage relationship and steady state activation were 

determined using a series of 25 ms depolarising test pulses, from a holding potential 
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of -120 mV, to voltages between -90 mV and +50 mV in 5 mV increments. For 

steady-state activation curves, the Boltzmann equation was fitted: 

G/Gmax = 1/(1+exp((V½-V)/k))       (2) 

where Gmax is the maximal peak Na+ conductance, V½ the voltage of half maximal 

activation and k the slope factor.  

To determine the steady-state inactivation, the cells were held at -120 mV and a 500 

ms conditioning prepulse was applied in 5 mV increments between -130 and -30 

mV, followed by a 20 ms test pulse to -20 mV. The following equation was fitted to 

the steady state inactivation curves: 

I/Imax = 1/(1+exp((V½-V)/k))        (3) 

where V½ is the voltage of half maximal inactivation and k is the slope factor.  

The inactivation fast (τf) and slow (τs) time constants were determined during the 

steady state inactivation protocol, by fitting the decay phase of the current elicited by 

a test potential to -30 mV with the following bi-exponential equation: 

I/Imax = Af  exp(-t/τf)+As exp(-t/τf)+Ss      (4) 

where Af and As represent the relative amplitudes of the fast and slow inactivation 

time constants.  

To determine recovery from inactivation, cells were held at -120 mV followed by a 

step to -20 mV (P1) for 500 ms, and then stepped to the recovery potential of -120 

mV, for 1-1000 ms. After the specified recovery period, the potential was again 

stepped to -20 mV (P2) for 20 ms. The peak Na+ current measured during P2 was 

normalised to the peak Na+ current measured during P1. The fractional current was 

then plotted as a function of the recovery time between the 2 test pulses. The time 

course of recovery from inactivation was measured after fitting the following bi-

exponential equation: 

P2/P1 = 1-Af*exp(-x/τf)-(1-Af)exp(-x/τs)      (5) 
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where τf  and τs represent the fast and slow recovery time constants respectively and 

Af is the relative fraction of the fast recovery time component. The relative fraction 

of slow recovery time component (As) can be calculated by: 

As = (1-Af)          (6) 

An F-test comparison of the absolute sum of squares of both single and bi-

exponential fit of the recovery of inactivation data, confirmed that the bi-exponential 

equation resulted in a better fit.  

The TTX-sensitive Na+ channels were distinguished from the TTX-resistant Na+ 

channels with the use of two different test potentials. Cardiomyocytes were held at     

-120 mV and stepped to -60 mV for 25 ms and then back to -120 mV for a recovery 

period. Following this the cardiomyocytes were stepped to -10 mV for 25 ms. The 

TTX-resistant Na+ channels are activated at -60 mV, whereas the TTX-sensitive 

channels are activated at more depolarised potentials (Lei et al., 2004; Haufe et al., 

2005a; Brette and Orchard, 2006). When stepping to -10 mV, the probability of all 

Na+ channels being in the activated state is the greatest. The peak INa at each test 

potential under control conditions and in the presence of TTX was determined with 

WinWCP (Version 4.6.5) and the TTX concentration response curve was plotted 

with GraphPad Prism (Version 4.03, Graph Pad Software Inc., San Diego, CA, 

USA). The concentration response curve for TTX-resistant activation was fitted with 

an equation (Brette and Orchard, 2006): 

INa TTX/INa Control = 1-(1/(10^(KD,R-[TTX])+1))     (7) 

where KD,R is the dissociation constant of the TTX-resistant INa and [TTX] is the 

TTX concentration. The TTX concentration response curve when Na+ channels are 

fully activated (holding at -120 mV and stepping to -10 mV) was fitted with the 

following Hill type equation: 

INa TTX/INa Control = 1-(f/(10^(KD,S-[TTX])+1)) - ((1-f)/(10^(KD,R-[TTX])+1))  (8) 

Where KD,S is the dissociation constant of the TTX-sensitive INa and f is the fraction 

of the total INa which is TTX-sensitive. 
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3.2.5 cDNA Preparation and Reverse Transcription PCR 

The PVs were dissected from the lungs in bath solution and excess connective tissue 

and lung parenchyma removed. The LA was separated from the heart. Tissues were 

then placed separately into RNA Later (Qiagen, UK) and stored overnight at 4oC. 

Following this, RNA Later was removed and the tissues stored at -80oC until use. 

Total RNA was extracted from the tissues using an RNAqueous-Micro Kit (Ambion, 

UK). A cone ball (RETSCH, Germany) and 0.1 mL of Lysis Solution per 10 mg of 

tissue was added and then rapidly shaken for 1 minute with a Beadmill Grinder 

(RETSCH, Germany). This was repeated 3 times until the tissue was homogenised. 

Thereafter, 100 µl of the homogenised sample was added to 200 µl RNAse free 

water and 3.3 µl Proteinase K (Qiagen, UK), and incubated at 55oC for 10 minutes in 

a DriBlock (Techne). The samples were centrifuged for 3 minutes at 10,000 g, at 

room temperature and the supernatant transferred to a DNase free microcentrifuge 

tube. Following this, 50 µl of ethanol per 100 µl of lysate was added to each sample 

and the lysate/ethanol mixture was loaded into a microfilter cartridge and centrifuged 

for 10 seconds at 16,000 g. The filter was washed by adding 180 µl of Wash 

Solution 1 to the microfilter cartridge and centrifuging for 10 seconds. This was 

repeated twice with Wash Solution 2. The flow through was discarded and the 

microfilter cartridge and collection tube centrifuged at 16,000 g for 1 minute to dry 

the filter. The microfilter cartridge was then transferred to a new micro elution tube 

and 10 µl Elution Solution, preheated to 75oC, was added. After a 1 minute 

incubation at room temperature the column was centrifuged for 1.5 minutes to elute 

the RNA from the filter. The RNA filtrate, 2 µl of 10X DNase I Buffer and 1 µl of 

DNase I was transferred to a centrifuge tube and incubated for 30 minutes at 37oC. 

Afterwards, 2 µl DNase inactivation reagent was added to the centrifuge tube, 

vortexed once to disperse the agent and then stored at room temperature for 2 

minutes. The tube was centrifuged for 1.5 minutes at 16,000 g and the RNA was 

transferred to an RNase free tube. The Nanodrop (ThermoScientific, UK) was 

utilised for RNA concentration and purity determination. Only samples with an 

A260/280 > 1.85 were used.  
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A Tetro cDNA Synthesis Kit (Bioline, UK) was used for cDNA generation. The 

reaction was carried out on ice and each sample consisted of a positive (+) and 

negative (-) (deficient of reverse transcriptase) reaction. To each tube, 1 µl of oligo 

(DT)18, 1 µl of 10 mM DNTP mix, 1 µg of RNA and RNase free water was added to 

make up a total volume of 10 µl. To generate the single stranded RNA, the tubes 

were incubated at 70oC for 5 minutes and cooled on ice for 1 minute. To each tube, 4 

µl of First Strand Buffer and 1 µl of Ribosafe RNAase inhibitor were added. Then 1 

µl of reverse transcriptase was added to (+) tubes only, along with DNAse free water 

to both tubes to give a final reaction volume of 20 µl. Samples were incubated for 30 

minutes at 45oC and then 15 minutes at 75oC in a DNA thermal cycler. The 

generated cDNA was used in a PCR reaction or stored at -20oC for future use. 

 

For the reverse transcription PCR reaction, 1 µl of cDNA, 1 µl of a forward and 

reverse primer for one subunit (Table 3.1) at a concentration of 10 pmol/µl, 25 µl of 

KOD Hot Start Mastertmix (Merck, USA) and RNase free water were added to a 

PCR reaction tube to make a final total volume of 50 µl. The reaction was heated to 

95oC for 2 minutes in a Primus 96 Plus Thermocycler (MWG AG Biotech, 

Germany) and was then subject to the following conditions: 95oC for 20 seconds, 

55oC for 10 seconds, 70oC for 5 seconds for 30-35 cycles. Products were viewed 

with the use of SYNGENE Inventory (SYNGENE Bioimaging) on a 2% ethidium 

bromide (Sigma, UK) stained agarose gel with Hyperladder II (Bioline, UK) as a 

size marker.  

 

GenElute Gel Extraction Kit (Sigma, UK) solutions and columns were used for gel 

extraction and purification. Products were excised from a 1% ethidium bromide 

stained, agarose gel and then 3 gel volumes of Gel Solubilisation Solution were 

added to each gel slice. After a 10 minute incubation at 55oC, 1 gel volume of 

isopropanol was added and 700 µl of the dissociated gel solution at a time was added 

to the binding column and centrifuged at 16,000 g for 1 minute. This was repeated 

with 700 µl of Wash Solution G. The flow through was discarded and the column 

was centrifuged for 1 minute to remove excess ethanol. The column was incubated 

with 50 µl of Elution Solution for 3 mins and centrifuged for 1.5 mins to elute the 
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DNA. Nanodrop (ThermoScientific) was utilised for DNA concentration and purity 

determination. Extracted DNA was stored at -20oC until sequencing. Samples were 

then sequenced with the use of the LightRun (GATC Biotech, Germany) sequencing 

service. The generated sequence was checked using Nucleotide Blast (NCBI) and 

compared to the predicted PCR sequence with MUSCLE Multiple Sequence 

Alignment (EBI).  

 

Table 3.1. Primer pair sequences and expected products. Primer pairs were 

designed in-house with the use of Gene-Runner (Version 3.0) and purchased from 

Eurofins (Germany). 

Gene Primer Pair (forward/reverse primer) Amplicon (bp) 

rSCN1A 

(Nav1.1) 

GGAACCAGAAGAAACCCTTGAGC/ 

CCTAACAGGGCATTCACAACCAC 
519 

rSCN3A 

(Nav1.3) 

AGAGCCGATGGAGACAGGTTTC/ 

TGGTGTTGGTCAGGATACTGGC 
451 

rSCN5A 

(Nav1.5) 

GCCTTGGCACAGAGGAAGAGTCC/ 

TTGTCCGCGTACTCCAGCAGAAC 
532 and 373 

rSCN10A 

(Nav1.8) 

GACCATTTCCAGATTCAGTGCCAC/ 

GTCTATCGCTGCACCCACATCG  
325 

rSCN1B (β1) 
GCTGCGTGGAGGTGGATTCTG/ 

TCTCGGAAGTAATGGCCAGGTATTC 
 

561 

rSCN2B (β2) 
AATGCACAGGGATGCCTGGCTAC / 

CCACTGAGGCACCCACGATGAC 
500 

rSCN3B (β3) 
GCTCATCTACTGGGTCAGAGTCTGC/ 

CTCCACAGGTACCACAGAGTTCTCC 
601 

rSCN4B (β4) 
GAGGCAATACTCAGGCGAGATGG/ 

AGCCCGTTCTCTGTGTTGTCG 
625 

 

3.2.6 Immunocytochemistry and Immunohistochemistry  

3.2.6.1 Antibodies 

Anti-Nav 1.1, anti-Nav 1.3, anti-Nav 1.4, anti-Nav 1.5 and anti-Nav 1.6 primary 

antibodies were obtained from Alomone (Jerusalem, Israel) and, as stated by 

Alomone, are specific against each Na+ channel epitope. The secondary antibody, 

goat anti-rabbit Alexa 488 was obtained from Life Sciences (Invitrogen, UK).  
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3.2.6.2 Single cell immunofluorescence 

For maximal cell adhesion, glass coverslips were coated with Poly-l-lysine (Sigma, 

UK) and allowed to oven dry for one hour. Freshly isolated PV, LA or ventricular 

cardiomyocytes were fixed with 1% paraformaldehyde for 20 minutes. After fixation 

the cells were washed 3 times with phosphate buffered saline (PBS; Tablets 

purchased from Sigma, UK) for 10 minutes, permeabilised for 20 minutes at room 

temperature with 0.1% Triton-X100 in PBS and then washed in PBS for 10 minutes. 

Non-specific antibody binding sites were blocked by incubating with a blocking 

solution (10% goat serum in PBS) for 1 hour at room temperature. Primary 

antibodies were diluted 1:100 in blocking serum and 25 μl of the antibody solution 

was applied to parafilm in the chambers of a 6-well plate. Coverslips were laid face 

down onto the antibody and stored overnight at 4oC. A moist paper towel was placed 

inside the lid of the plate to create a humidifying environment, preventing 

evaporation of the solution. Thereafter, the cells were washed three times for 10 

minutes each in PBS. Secondary antibodies were diluted 1:200 in PBS and 50 μl of 

solution added to parafilm. Coverslips were laid face down onto the antibody and 

incubated for 1 hour at room temperature. The cells were washed three times for 10 

minutes each in PBS and mounted onto glass slides using VECTASHIELD hard set 

mounting medium with DAPI (Vector Laboratories, USA). To obtain negative 

controls, a similar procedure was followed, except the primary antibody was omitted. 

The slides were stored at 4oC in a dark box until imaged.  

 

3.2.6.3 Whole tissue immunofluorescence  

Human PV and LA tissue slides were prepared and rehydrated as in section 2.1 of 

the previous chapter. Heat induced epitope retrieval was then performed in order to 

facilitate epitope unmasking in the formalin fixed tissue. For this, the slides were 

placed in pre-heated Tris/EDTA buffer (10 mM Tris Base, 1.3 mM EDTA, pH 9.0) 

in a pressure cooker and microwaved for 17 minutes. Afterwards the tissues were 

washed in PBS and tissue sections were circled with a hydrophobic barrier using a 

wax pen (Vector Laboratories, USA). Non-specific antibody binding was decreased 

by incubation of the tissue for 1 hour at room temperature in blocking serum (10% 

goat serum and 0.5 % Triton X-100 in PBS). The tissues were then incubated with 
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primary antibodies diluted 1:100 with blocking serum overnight at 4oC. A moist 

paper towel was added to the chamber to create a humidifying environment. Tissues 

were washed three times in PBS for 10 minutes each time and incubated at room 

temperature in a dark humidifying chamber for 2.5 hours with the secondary 

antibody, which was diluted 1:200 with PBS. Tissues were mounted with 

VECTASHEILD mounting medium with added DAPI. To obtain negative controls, 

a similar procedure was followed, except the primary antibody was omitted. Slides 

were stored at 4oC in a dark box until imaged.  

 

3.2.6.4 Confocal microscopy 

Presented images were obtained using a Leica TCS SP5 confocal microscope (Leica 

Microsystems, Mannheim, Germany) with either a 60.66 µm or 95.55 µm pin hole. 

For Alexa 488 the filters used were, excitation 488 nm and emission 499-588 nm. 

The filters used for DAPI were, excitation 405 nm and emission 499-463 nm. Scale 

bars were added with Image J software (Version 1.48). 

 

3.2.7 Contraction studies 

The rat PV and LA tissues were obtained and set up for contraction studies as 

described in section 2.2.4. Contractions were evoked using field stimulation via ring 

electrodes at twice the threshold voltage and 2 ms duration, delivered at 1 Hz using a 

Grass stimulator (Model S88, Grass Instrument Co.,USA). The tissue was allowed to 

equilibrate at 37oC for at least 40 minutes before beginning the experiments. To 

determine the effect of TTX on the electrically evoked contractions, recordings were 

obtained for 5 minute periods under control conditions and then after 15 minutes in 

the presence of TTX. Contractions were recorded via a DAQ PCI 6221 analogue to 

digital converter (National Instruments, Texas, USA) and displayed continuously 

using Chart Software (Version 5.0.7, Dr. J. Dempster, University of Strathclyde). 

The data were converted to a text file using WinEDR (Version 3.4.3, Dr. J. 

Dempster, University of Strathclyde) and the contraction height was determined 

using Chart5 software (ADInstruments, Dunedin, New Zealand). 
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 3.2.8 Chemicals and Drugs 

TTX (Alomone, Israel) was dissolved in water at a stock concentration of 1 mM, and 

stored at -20oC until required. All digestive enzymes were purchased from Sigma, 

UK with the exception of Type I Collagenase, which was purchased from 

Worthington, New Jersey, USA.  

 

3.2.9 Statistics 

Graphs were produced using GraphPad Prism (Version 4.03, Graph Pad Software 

Inc., San Diego, CA, USA). Electrophysiological data, where more than one 

recording was made from the same tissue, are expressed as mean ± standard error of 

the mean (s.e.m) of N technical replicates (number of recordings), from n biological 

replicates (number of rats). Prism was also used to carry out Student’s paired and 

unpaired t-tests on the data. For each group of experiments, PV and LA data were 

obtained from at least three different animals. A Student’s unpaired t-test determined 

the statistical significance of the Na+ current kinetics in the PV and LA 

cardiomyocytes, with the exception of current density which was analysed using a 

nonparametric test (Mann-Whitney U test). In both tissues, a Student’s paired t-test 

was used when comparing the effect of TTX on the action potential characteristics 

and the effect of TTX on INa at two different test potentials.   
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3.3 Results  

3.3.1 The effect of TTX on the PV and LA action potentials.  

In order to determine the effect of Na+ channel inhibition on the PV and LA action 

potentials, 10 µM TTX was utilised. This concentration of TTX (10 µM) provides a 

full and partial block of TTX-sensitive and TTX-resistant Na+ channels, respectively. 

Treatment with TTX (10 µM), altered a number of key characteristics of the 

electrically evoked action potential in the rat PV and LA, with similar effects 

exhibited in both tissues (Figure 3.2A). In addition, in comparison to control 

conditions, the presence of TTX (10 µM) resulted in a noticeable lag in the period 

following electrical stimulation to the initiation of the action potential in both tissues 

(Figure 3.2A). Detailed examination of the action potentials revealed that the 

membrane potential of both tissues was not significantly affected by the presence of 

TTX (Figure 3.2B), whereas treatment with TTX resulted in a significant reduction 

in action potential peak amplitude from 94.7 ± 1.3 mV to 67.1 ± 7.7 mV (P<0.05) in 

the PV and from 83.1 ± 5.9 mV to 71.4 ± 4.9 mV (P<0.05) in the LA (Figure 3.2C). 

The rise time was also significantly increased in both tissues, increasing from 0.6 ± 

0.1 ms to 1.4 ± 0.2 ms (P<0.05) in the PV in the presence of TTX and from 0.7 ± 0.1 

ms to 1.8 ± 0.3 ms (P<0.05) in the LA in the presence of TTX (Figure 3.2D). 

Furthermore, the dV/dt was significantly slower in the presence of TTX (10 µM) in 

the PV, being reduced from 212.9 ± 18.3 mV/ms to 80.0 ± 18.9 mV/ms, (P<0.05) 

and in the LA, being reduced from 162.7 ± 79.6 mV/ms to 45.8 ± 22.9 mV/ms, 

(P<0.05, Figure 3.2E). The APD90 of either tissue was not significantly affected by 

TTX (Figure 3.2 F), although the presence of TTX increased the ERP from 35.8 ± 

2.6 ms to 159.5 ± 34.8 ms, (P<0.05) in the PV and from 28.8 ± 3.0 ms to 121.5 ± 

27.4 ms, (P<0.05) in the LA (Figure 3.2G). The action potential excitation threshold 

in both tissues was altered by the presence of TTX (10 µM). An example of this is 

shown in Figure 3.3, where the voltage needed to elicit an action potential in the PV 

was 40 V under control conditions and increased to 80 V in the presence of TTX (10 

µM).  
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3.3.2 Morphology of enzymatically dissociated rat PV and LA 

cardiomyocytes. 

The Langendorff method yielded single cardiomyocytes from the rat PV and LA, 

which were identified by their striated appearance. The morphology of both PV 

(Figure 3.4A) and LA (Figure 3.4B) cardiomyocytes was varied, with some of the 

rod shaped cardiomyocytes displaying smooth tapered ends, whereas others had 

bifurcations. Measurement of cell size (Figure 3.4C) revealed a difference in cell size 

as rat PV cardiomyocytes were significantly longer (117.8 ± 4.0 µm) in comparison 

LA cardiomyocytes (104.0 ± 4.2 µm). In addition, the PV cardiomyocytes were also 

significantly wider (19.4 ±1.0 µm) compared to those of the LA (15.0 ± 0.5 µm; 

P<0.01, Figure 3.4D).   

 

3.3.3 Comparison of INa kinetics in PV and LA cardiomyocytes. 

Detailed patch clamp examination of the INa in cardiomyocytes isolated from the rat 

PV and LA revealed similarities in INa properties between both tissues. The I-V 

relationship recorded from PV and LA cardiomyocytes shows both the adequate 

voltage control as well as a similar peak INa density in PV and LA cardiomyocytes 

(Figure 3.5A).  A normalised peak density of -62.2 ± 5.3 pA/pF in the PV and -63.5 

± 5.6 pA/pF in the LA was recorded while holding cells at -120 mV and stepping to  

-40 mV for 25 ms (Figure 3.5B). In addition, there was no significant difference in 

the voltage of half activation (V½) in both tissues, being -54.0 ± 2 mV in the PV and    

-55.5 ± 1.1 mV in the LA (Figure 3.5C). The inactivation properties of the INa in PV 

and LA cardiomyocytes were also similar, as there was no difference in the 

inactivation V½ between PV (-98.3 ± 1.8 mV) and LA (-100.0 ± 2.4 mV) 

cardiomyocytes (Figure 3.6A, B). The fast and slow inactivation time constants 

(Figure 3.6C) and the relative amplitude of the inactivation components of the INa 

were also similar (Figure 3.6D) in both tissues. The recovery of the INa from 

inactivation was also studied (Figure 3.7A), which revealed the similarities in 

recovery from inactivation in PV cardiomyocytes compared to those of the LA 

(Figure 3.7B). Fitting Equation (5) yielded two inactivation time constants; a fast 

recovery time constant (τf : PV, 9.3 ± 1.2 ms vs LA, 10.5 ± 2.8 ms), which was 

similar in both tissues (Figure 3.7C) and a slow recovery time constant (τs ) which 
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was higher in the PV (272.1 ± 65.8 ms) than the LA (114.2 ± 22.8 ms), although this 

was not statistically significant (P=0.058).  

 

3.3.4 The presence of TTX-resistant and TTX-sensitive INa in PV and LA 

cardiomyocytes. 

To establish the presence of TTX-sensitive INa and determine its contribution to the 

total INa in PV and LA cardiomyocytes, a concentration response curve for TTX 

inhibition of INa at two different test potentials was determined. Holding the 

cardiomyocyte membrane potential at -120 mV and stepping to -60 mV activates 

TTX-resistant channels. During this voltage step, the TTX-sensitive channels are 

closed as they are activated at more depolarised potentials (Lei et al., 2004; Haufe et 

al., 2005a; Brette and Orchard, 2006). Stepping to -10 mV, from a holding potential 

of -120 mV, activates both the TTX-resistant and TTX-sensitive channels. 

Therefore, if the cardiomyocyte INa consists of both a TTX-resistant and a TTX-

sensitive INa, the concentration response curves at the two different test potentials 

should display a deviation in the presence of nanomolar concentrations of TTX (Lei 

et al., 2004; Haufe et al., 2005a). In PV cardiomyocytes inhibition of INa with 10 nM 

or 100 nM TTX was significantly greater at a test potential of -10 mV than a test 

potential of -60 mV (Figure 3.8A,B). This showed that TTX-resistant and TTX-

sensitive INa both contribute to the INa in PV cardiomyocytes. It was not possible to 

complete a full concentration response experiment on each cell (particularly in the 

PV cells). Instead only one concentration of TTX was added per cell. Fitting 

Equation 7 to the data points in the concentration response curve at a step potential 

to -60 mV yields a KD value of 650 nM for TTX-resistant INa (Figure 3.8B). The 

TTX concentration response curve for the step potential to -10 mV was fitted with 

Equation 8 giving a KD value of 5 nM for the TTX-sensitive INa and the fraction of 

TTX-sensitive current as 0.2 (20%) (Figure 3.8B). Conversely, in LA 

cardiomyocytes there was not a significant difference in TTX inhibition at the two 

different test potentials (Figure 3.8C) and so TTX-sensitive INa was not measurable 

in the LA cardiomyocytes. 
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In PV cardiomyocytes, the activation characteristics of the TTX-sensitive and the 

TTX-resistant INa were characterised by their sensitivity to TTX; a low concentration 

of TTX (100 nM) has been shown to inhibit TTX-sensitive Na+ channels with 

minimal effect on TTX-resistant Na+ channels. Inhibition of the INa with 100 nM 

TTX, leaves only the TTX-resistant INa and then subtraction of the TTX-resistant INa 

from the control INa gives the TTX-sensitive INa (Figure 3.9A,B). Fitting the 

Boltzmann equation to the activation curves (Figure 3.9C) of both INa currents 

revealed the TTX-sensitive INa was activated at more positive potentials, with an 

activation V½ of -53.0 ± 2.3 mV in comparison to an activation V½ of -62.3 ± 1.6 mV 

(P<0.05) for the TTX-resistant INa. The effect of TTX (100 nM) was reversible upon 

washing with external bath solution. This was not repeated in LA cardiomyocytes as 

the TTX-sensitive INa was not measurable in these cells.   

 

3.3.5 Detection of Na+ channel subunits in the rat PV and LA  

The mRNA for a number of Na+ channel α- and β-subunits was identified in rat PV 

and LA tissues using reverse transcriptase PCR. These investigations showed that 

there was a difference in Na+ channel mRNA expression, with the Nav1.1 subunit 

mRNA being detected in PV (Figure 3.10A) but not in LA tissues (Figure. 3.10B), 

whereas Nav1.3 mRNA was present in both tissues (Figure 3.10A,B). A primer was 

designed to recognise Nav1.5 (573 bp) and one splice variant Nav1.5a (352 bp), 

which were both identified in the PV (Figure 3.10A) and LA (Figure 3.10B). The 

band between Nav1.5 and Nav1.5a is thought to represent a Nav1.5/Nav1.5a 

heteroduplex which is common in primers detecting both Nav1.5 and Nav1.5a 

(Zimmer et al., 2002; Blechschmidt et al., 2008). The presence of each of these α-

subunits was confirmed by sequencing of the DNA in each band after reverse 

transcription PCR (see appendix, Figure 6.1-Figure 6.4). The mRNA of the four β-

subunits: β1, β2, β3 and β4 were present in both PV (Figure 3.10A) and LA (Figure 

3.10B) tissues. The presence of each β-subunit was confirmed by sequencing of the 

DNA in each band after reverse transcription PCR (see appendix, Figure 6.5-Figure 

6.8).  The TTX-resistant Nav1.8 mRNA was absent in PV and LA tissues (Figure 

3.10C). Since, other Na+ channel subunits were observed in the tissues used, then the 

negative result was not due to issues with the tissue. The Nav1.8 primer was 
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validated using rat dorsal root ganglion tissue (Figure 3.10D), as previous studies 

have detected Nav1.8 mRNA in this tissue (Joshi et al., 2006).  

3.3.6 Localisation of Na+ channel α-subunits in rat and human PV and 

LA cardiomyocytes.  

To determine the cellular location of Na+ channels, rat PV and LA cardiomyocytes 

were isolated and labelled with antibodies recognising individual Na+ channel α-

subunits. The Nav1.1 and Nav1.3 channels were located in a diffuse pattern 

throughout the PV and LA cardiomyocytes (Figure 3.11A,B). There was a difference 

in the Nav1.4 localisation between both tissues as in the PV, Nav1.4 was widely 

distributed throughout the cardiomyocyte in a striated pattern which was 

perpendicular to the long axis of the cells, whereas in the LA Nav1.4 was diffuse in 

the cytoplasm (Figure 3.11C). In both PV and LA cardiomyocytes, Nav1.5 was 

located in a striated pattern as well as around the periphery of the cell (Figure 3.11D) 

and the Nav1.6 subunit was located in a diffuse pattern (Figure 3.11E). Staining was 

absent when the primary antibodies were omitted (Figure 3.11F). Some nuclear 

labelling was observed with Nav1.1, Nav1.3 and Nav1.6; this was presumably non-

specific labelling (Lei et al., 2004, Xi et al., 2009). 

 

Human PV and LA samples were also labelled with antibodies recognising 

individual Na+ channel α-subunits, to allow comparison of Na+ channel distribution 

between species. Similar to the rat, Nav1.1 was diffuse throughout the human PV and 

LA tissues (Figure 3.12A). In contrast to their location in the rat, Nav1.3 and Nav1.6 

isoforms were localised in a striated pattern throughout the human PV and LA 

cardiomyocytes (Figure 3.12B, E). The Nav1.4 and Nav1.5 Na+ channels were also 

observed in a striated pattern in the human PV and LA (Figure 3.12C,D). In the 

human tissues there was no difference in Na+ channel distribution between the PV 

and LA. Again, in the negative controls, when the primary antibody was omitted, 

there was an absence of positive staining (Figure 3.12F). 
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3.3.7 Effect of TTX-sensitive Na+ channel block on the action potential 

and contraction in the rat PV and LA  

To determine whether TTX-sensitive Na+ channels had a physiological function, the 

effect of TTX-sensitive Na+ channel inhibition on electrically evoked action 

potentials and contractions of the PV and LA were investigated. A lack of effect of 

TTX (100 nM) on the action potential was observed in both tissues, as the presence 

of TTX (100 nM) had no effect on the membrane potential of the PV (-79.1 ± 4.2 

mV in control conditions and -78.7 ± 3.7 mV in the presence of TTX) and the LA    

(-78.7 ± 0.8 mV in control conditions and -78.2 ± 1.0 mV in the presence of TTX, 

Figure 3.13A). There was also no significant difference in the action potential peak 

amplitude (Figure 3.13B), rise time (Figure 3.13C), dV/dt (Figure 3.13D) and ERP 

(Figure 3.13F), in either tissue in the presence of TTX (100 nM). In addition, the PV 

APD90 was not altered by the presence of 100 nM TTX (from 31.2 ± 3.4 ms in 

control conditions to 30.7 ± 2.9 ms in the presence of TTX, Figure 3.13E), nor was 

that of the LA (from 39.4 ± 6.1 ms in control conditions to 38.8 ± 4.8 ms, in the 

presence of TTX; Figure 3.13E). However, the treatment with TTX did alter the 

contraction amplitude of both tissues with a small but significant decrease in the 

contraction amplitude from 0.064 ± 0.01 g to 0.056 ± 0.01 g in PV tissues (P<0.05) 

and from 0.092 ± 0.005 g to 0.078 ± 0.005 g in LA tissues (P<0.05; Figure 3.14B). 

This decrease in contraction amplitude was reversible after washing with bath 

solution. 
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Figure 3.2 The effect of TTX on rat PV and LA action potentials. (A) 

Superimposed microelectrode recordings of PV (i) and LA (ii) action potentials 

elicited by electrical stimulation at 1 Hz under control conditions and in the presence 

of TTX (10 µM). The PV (n=4) and LA (n=4) membrane potential (B); action 

potential peak amplitude (C); rise time (D) and dV/dtmax (E) under control conditions 

and in the presence of TTX (10 µM). All data are presented as mean ± s.e.m. * 

indicates P<0.05 for control vs. TTX. Solid black arrows represent the onset of 

electrical stimulus.  
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Figure 3.2 (Cont’d.) The effect of TTX on rat PV and LA cardiomyocyte action 

potentials. The PV (n=4) and LA (n=4) cardiomyocyte APD90 (F) and ERP (G) 

under control conditions and in the presence of TTX (10 µM). All data are presented 

as mean ± s.e.m. * indicates P<0.05 for control vs. TTX. 
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Figure 3.3 The effect of TTX on the stimulus voltage required to elicit an action 

potential. Shown are representative microelectrode recordings from PV tissue under 

control conditions (i) and in the presence of 10 µM TTX (ii). Action potentials were 

elicited at 1 Hz electrical stimulation and with the increasing stimulation voltages 

shown by each bar. Solid black arrows represent the onset of electrical stimulus. 
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Figure 3.4 The morphology of cardiomyocytes isolated from the rat PV and LA. 

Rat PV (A) and LA (B) cardiomyocytes were isolated via the Langendorff method. 

Measurement of cell length (C) and cell width (D) of Ca2+ tolerant, quiescent rat PV 

(n=28) and LA (n=25) cardiomyocytes. All data are presented as mean ± s.e.m.* 

indicates P<0.05 PV vs. LA and ** indicates P<0.01 PV vs. LA.  

C D 
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Figure 3.5 Current density and activation properties of the INa in PV and LA 

cardiomyocytes. (A) Superimposed recordings of INa in PV (i) and LA (ii) 

cardiomyocytes. The voltage protocol is shown in the inset, the I-V was measured 

using a series of 25 ms depolarising test pulses to a range of voltages between -90 

mV and +50 mV in 5 mV increments, from a holding potential of 120 mV. (B) 

Average peak INa I-V curve for PV (n=10) and LA (n=8) cardiomyocytes. (C) 

Average steady state activation curve of PV (n=10) and LA (n=8) cardiomyocytes. 

The activation V½ was calculated by fitting the Boltzmann equation (Equation 2). All 

data are presented as mean ± s.e.m. 
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Figure 3.6 Inactivation of INa in PV and LA cardiomyocytes. (A) Representative 

INa recording showing the inactivation protocol in a PV cardiomyocyte. 

Cardiomyocytes were held at a holding potential of -120 mV and a 500 ms 

conditioning prepulse was applied in 5 mV increments between -130 and -30 mV, 

followed by a 20 ms test pulse to -20 mV. The voltage protocol is shown in the inset. 

(B) Average data of the steady state inactivation curve of the Na+ current in PV 

(n=7) and LA (n=6) cardiomyocytes. (C) Values for the fast (τf ) and slow (τs) 

inactivation time constant for PV and LA cardiomyocytes at a test potential of -30 

mV. (D) The relative amplitudes (%) of the fast (Af) and slow (As) inactivation 

components of the INa. All data are presented as mean ± s.e.m. 
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Figure 3.7 Recovery from inactivation in PV and LA cardiomyocytes. (A) 

Representative recording from a PV cardiomyocyte showing the Na+ current 

recovery from inactivation. (B) The recovery from inactivation of the Na+ current in 

PV (n=7) and LA (n=8) cardiomyocytes. The voltage protocol is shown in the inset. 

The currents were elicited by holding the cells at -120 mV and stepping to -20 mV 

for 500 ms (P1), then stepping back to the holding potential for 1-1000 ms. After the 

recovery period, the potential was again stepped to -20 mV (P2) for 20 ms. (C) 

Fitting the bi-exponential equation 5 yielded fast (τf ) and slow (τs ) recovery time 

constants. All data are presented as mean ± s.e.m. 
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Figure 3.8 Concentration response curves for TTX block of INa in PV and LA 

cardiomyocytes. (A) Representative recordings from a PV (i) and a LA (ii) 

cardiomyocyte during control conditions and in the presence of TTX (100 nM) at the 

two test potentials. Cells were held at -120 mV and stepped to a test potential of -60 

mV, activating TTX-resistant channels only. Following a recovery period at -120 

mV, cells were stepped to -10 mV, activating TTX-resistant and TTX-sensitive 

channels. Concentration response curves showing the effect of TTX on INa in PV (B, 

n=3-7 cells for each concentration) and LA (C, n=3-6 cells for each concentration) 

cardiomyocytes at test potentials of -60 mV and -10 mV. All data are presented as 

mean ± s.e.m. * indicates P<0.05 for the current magnitude of the step to -10 mV vs. 

the step to -60 mV. 
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Figure 3.9 Current density and activation properties of TTX-resistant and TTX-

sensitive INa in PV cardiomyocytes. (A) Superimposed recordings of INa in a PV 

cardiomyocyte under control conditions (left), in the presence of 100 nM TTX 

(middle) and the TTX-sensitive INa (obtained by subtraction of the TTX-resistant INa 

from the control current; right). The INa was elicited by using a series of 25 ms 

depolarising test pulses to a range of voltages between -90 mV and +50 mV in 5 mV 

increments from a holding potential of -120 mV (B) I-V relationships for total INa 

(control), TTX-resistant INa (in the presence of 100 nM TTX) and TTX-sensitive INa 

(the current which is blocked by 100 nM TTX) (n=4). (C) Activation curves of the 

TTX-resistant and TTX-sensitive INa from PV cardiomyocytes (n=4). All data are 

presented as mean ± s.e.m.  

 

A 

B C 

-100 -80 -60 -40 -20 0 20 40 60
-80

-60

-40

-20

0

20

40

Subtraction

Control

100 nM TTX

Test Voltage (mV)

I N
a
 D

e
n

s
it

y
 (

p
A

/p
F

)
2 ms

2
0

 p
A

/p
F

 

2 ms
2
0
 p

A
/p

F



103 

 

 

 

 

 

 

 

              

Figure 3.10 Reverse transcriptase PCR demonstrating the presence of Na+ 

channels mRNA in rat tissue. The reverse transcription PCR products were 

generated through the use of gene specific primers and then separated on a 2% 

agarose gel. In PV (A) and LA (B) tissue, primers for Nav1.1 (519 bp product); 

Nav1.3 (416 bp product); Nav1.5 (535 bp product) and the splice variant (373 bp 

product); β1 (561 bp); β2 (457 bp); β3 (601 bp) and β4 (625 bp) were used to 

determine the presence of Na+ channel subunit mRNA. Primers were also used to 

determine the presence of Nav1.8 (325 bp) mRNA in (C) PV and LA tissue and in 

(D) dorsal root ganglion tissue, as a positive control. This was repeated using tissue 

from three separate rats. 
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 Figure 3.11 Immunostaining of Na+ channel α-subunits in rat PV and LA 

cardiomyocytes. Rat PV (left panels) and LA (right panels) cardiomyocytes were 

isolated using the Langendorff method and labelled with: (A) Nav1.1, (B) Nav1.3, 

(C) Nav1.4, and (D) Nav1.5 primary antibodies and an Alexa 488 secondary antibody 

(green). DAPI staining of the nucleus is shown in blue. For these images, the plane 

of focus was within the cell. In some cells, magnified sections are shown inset in the 

yellow box. Scale bars are 10 µm. This was repeated using cells from three separate 

rats. 
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Figure 3.11 (cont’d) Immunostaining of Na+ channel α-subunits in rat PV and 

LA cardiomyocytes. Rat PV (left panels) and LA (right panels) cardiomyocytes 

were isolated using the Langendorff method and labelled with a Nav1.6 antibody (E) 

and an Alexa 488 secondary antibody (green). (F) Negative controls in which the 

primary antibody was omitted are also shown. DAPI staining of the nucleus is shown 

in blue. For these images, the plane of focus was within the cell. Scale bars are 10 

µm. This was repeated using cells from three separate rats. 
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Figure 3.12 Immunostaining of Na+ channel α-subunits in human PV and LA tissue. 

Left superior PV (left panels) and LA (right panels) tissue sections were labelled with (A) 

Nav1.1, (B) Nav1.3 and (C) Nav1.4 antibodies and Alexa 488 secondary antibody (green). 

DAPI staining of the nucleus is shown in blue. Scale bars are 10 µm. Staining was carried 

out in tissue from two human patients. 
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Figure 3.12 (cont’d) Immunostaining of Na+ channel α-subunits in human PV and LA 

tissue. Left superior PV (left panels) and LA (right panels) tissue sections were stained with 

(D) Nav1.5 and (E) Nav1.6 antibodies and Alexa 488 secondary antibody. (F) Negative 

controls in which the primary antibody was omitted are also shown. DAPI staining of the 

nucleus is shown in blue. Scale bars are 10 µm.   
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Figure 3.13 The effect of TTX-sensitive Na+ channel block on PV and LA action 

potential characteristics. Action potentials were elicited by electrical stimulation at 

1 Hz and the membrane potential (A); and action potential peak amplitude (B); rise 

time (C); dV/dtmax (D); APD90 (E) and ERP (F) of PV (n=5) and LA (n=3) 

cardiomyocytes under control conditions and in the presence of TTX (100 nM) were 

measured. All data are presented as mean ± s.e.m. 
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Figure 3.14 The effect of TTX-sensitive Na+ channel block on PV and LA 

contraction amplitude. (A) Representative recording of the rat PV (i) and LA (ii) 

contraction elicited by electrical stimulation at 1 Hz during control conditions and in 

the presence of TTX (100 nM). Solid black arrows represent the onset of electrical 

stimulus. (B) The graph shows PV (n=4) and LA (n=5) contractions evoked by 

electrical stimulation at 1 Hz, under control conditions and in the presence of TTX 

(100 nM). All data are presented as mean ± s.e.m. * indicates P<0.05 for control vs. 

TTX (100 nM).  
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3.4 Discussion 

3.4.1 The role of Na+ channels in excitability of PV and LA tissues  

It is widely accepted that Na+ channels are involved in the upstroke of the action 

potential in atrial and ventricular cardiomyocytes (Sakakibara et al., 1992). The 

present study demonstrated their importance in the upstroke of the PV action 

potential, as inhibition of both TTX-sensitive and TTX-resistant Na+ channels with 

TTX (10 µM) reduced the action potential peak amplitude and dV/dtmax in PV 

cardiomyocytes. The effect of TTX on the PV action potential was similar to what 

was observed in LA cardiomyocytes in the current study, as well as earlier studies in 

which TTX reduced the action potential amplitude in atrial preparations from guinea 

pig and human (Fabiato and Fabiato, 1971; Jakob and Nawrath, 1988; Luk et al., 

1988).  This is also in agreement with Takahara et al. (2012) who reported similar 

results in guinea pig PV and LA tissues with the Class I antiarrhythmic pilsicainide, 

and further supports the notion that Na+ channels are involved in the upstroke of the 

action potential in PV cardiomyocytes. The involvement of Na+ channels in the 

excitability of PV and LA cardiomyocytes was also demonstrated in the present 

study, as the threshold electrical stimulation voltage, which elicited an action 

potential, was almost doubled in both tissues when TTX was present. This reduction 

in excitability could explain the lag observed between electrical stimulation of the 

tissue and the upstroke of the action potential in both tissues, in the presence of TTX 

(10 µM). 

 

The increase in ERP without any change in the APD observed in the presence of 

TTX (10 µM), shows that Na+ channel block also results in post repolarisation 

refractoriness in PV cardiomyocytes as well as the LA. Previous studies in atrial 

tissues have shown that Na+ channel blockers such as pilsicainide mainly exert their 

antiarrhythmic action due to the induction of post repolarisation refractoriness 

(Kanki et al., 1998; Fukuda et al., 2011). The post repolarisation refractoriness 

induced by Na+ channel blockers has been reported to decrease the incidence of 

ectopic activity in the PV, since pilsicainide suppressed AF induced by electrical 
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stimulation of the PV in both dog (Hirose et al., 2007b) and human AF patients 

(Kumagai et al., 2004b; Yasuda et al., 2010). 

 

3.4.2 Properties of INa in PV and LA cardiomyocytes 

Investigation of the INa revealed no significant difference in INa density and 

activation kinetics in PV and LA cardiomyocytes. This is consistent with a recent 

study by Malécot et al. (2015) who also reported no difference in INa current density 

or activation kinetics in rat PV cardiomyocytes compared to those of the LA. In 

addition, similar INa current density and activation properties were also observed in 

dog PV cardiomyocytes compared to those of the LA (Ehrlich et al., 2003). The 

calculated activation V½ in the current study was slightly more negative compared to 

those reported in previous studies in rat PV (-50.01 ± 1.32 mV) and LA (-46.93 ± 

1.24 mV) cardiomyocytes as well as the dog PV (-48.2 ± 4.3 mV) and LA (-49.9 ± 

3.6 mV) cardiomyocytes (Ehrlich et al., 2003; Malécot et al., 2015). 

 

The INa steady state inactivation was also similar in the PV and LA cardiomyocytes, 

with the inactivation V½ consistent with what has been reported previously (Ehrlich 

et al., 2003; Malécot et al., 2015). The steady state inactivation had a fast and a slow 

inactivation component. There was no significant difference in the τf or τs 

components of inactivation in the PV and LA cardiomyocytes. The presence of both 

the τf and τs inactivation time constants were also reported in atrial cardiomyocytes 

of human and dog (Sakakibara et al., 1992; Baba et al., 2006). 

 

In this study there was no significant difference in the recovery from inactivation (τf 

or τs) in the PV and LA. This is consistent with Ehrlich et al. (2003) who also 

reported similar recovery from inactivation time constants in the dog PV and LA, 

whereas Malécot et al. (2015) measured a slower τf of recovery from inactivation in 

the rat PV (6.52 ± 0.62 ms) in comparison to the LA (4.95 ± 0.34 ms).  

 

3.4.3 The TTX-sensitive INa in PV and LA cardiomyocytes 

This study also revealed the presence of TTX-sensitive INa in rat PV cardiomyocytes 

as there was a deviation in block of the INa by nanomolar concentrations of TTX 
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when the cardiomyocytes were held at -120 mV and stepped to two different test 

potentials of -60 mV and -10 mV. The difference in TTX inhibition observed at the 

two test potentials is unlikely to be due to block of Nav1.5 alone as Haufe et al. 

(2005) demonstrated, with the expression of Nav1.5 in HEK293 cells, that nanomolar 

concentrations of TTX exhibit similar block of Nav1.5 at both test potentials. The 

calculated TTX KD value of 5 nM for TTX-sensitive Na+ channels and 650 nM for 

TTX-resistant Na+ channels is in agreement with previous KD values for TTX in 

mouse and rat ventricular cardiomyocytes, in which solutions with low 

concentrations of Na+ were used (Maier et al., 2002; Brette and Orchard, 2006). 

However, the KD for the TTX-resistant component is lower compared to a number of 

earlier studies, which generally report a KD value in the micromolar range when 

physiological Na+ concentrations are used (White et al., 1991; Tate et al., 1998). 

Since the affinity for TTX is dependent on the extracellular Na+ concentration (Reed 

and Raftery, 1976; Doyle et al., 1993), the discrepancy in KD values is most likely a 

consequence of the differing Na+ concentrations used in the extracellular solutions of 

these studies. The TTX-sensitive Na+ channels were found to contribute 20% of the 

total INa in PV cardiomyocytes, which is similar to the 8-22% contribution to the 

total INa reported in rat, mouse and dog ventricular cardiomyocytes (Haufe et al., 

2005a, 2005b; Brette and Orchard, 2006).  

 

Characterisation of the TTX-sensitive INa in rat PV cardiomyocytes demonstrated 

that the TTX-sensitive Na+ channels were activated at more depolarised potentials 

compared to TTX-resistant Na+ channels. Utilising a similar technique Brette and 

Orchard, (2006) reported a difference in activation properties in rat ventricular 

cardiomyocytes. This difference in activation properties is in agreement with the idea 

that different Na+ channel isoforms contribute to the TTX-sensitive and TTX-

resistant INa. It has been hypothesised that the more depolarised activation properties 

of the TTX-sensitive Na+ channels may aid in preserving normal cardiac conduction 

in disease conditions in which there is a depolarised myocardium, such as 

myocardial infarction (Huang et al., 2001; Protas et al., 2009; Anyukhovsky et al., 

2011). For example, Huang et al. (2001) reported an increased expression of Nav1.1 

mRNA and a larger TTX-sensitive Na+ current in mouse ventricular cardiomyocytes 
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after myocardial infarction, compared to control cardiomyocytes. Furthermore, rat 

and mouse cardiomyocytes transfected with the TTX-sensitive Nav1.4 isoform were 

more effective than control cardiomyocytes at preserving dV/dtmax when the 

extracellular K+ was increased, depolarising the membrane potential (Protas et al., 

2009; Anyukhovsky et al., 2011).  

 

In the LA cardiomyocytes, there was no deviation in the INa inhibition in the 

presence of nanomolar concentrations of TTX, when the cells were held at -120 mV 

and stepped to the two different test potentials. Thus, there was no evidence of the 

TTX-sensitive INa in LA cardiomyocytes. An earlier patch clamp study in human 

right atrial cardiomyocytes identified the presence of high and low affinity TTX 

binding sites, by fitting a two-binding-site model to the TTX concentration response 

curve (Sakakibara et al., 1992). In addition, using two different test potentials to 

differentiate the TTX-sensitive and TTX-resistant INa, Kaufmann et al. (2013) 

reported that 27% of the INa was attributed to the TTX-sensitive INa in human right 

atrial cardiomyocytes. These findings may simply reflect species differences in the 

expression of TTX-sensitive Na+ channels. 

 

3.4.4 Expression and distribution of TTX-sensitive Na+ channel isoforms 

in the PV and LA  

Reverse transcriptase PCR demonstrated the presence of mRNA for Nav1.5 and the 

TTX-sensitive Na+ channel isoform Nav1.3 in the PV and LA. The mRNA for 

Nav1.1 was identified in the PV but not the LA. Using real time PCR, Marionneau et 

al. (2005) reported the presence of Nav1.1 and Nav1.3 in mouse atrial tissue (from 

pooled left and right atrial tissue), indicating that Nav1.1 is present in the atria of 

other rodents. Since the present study only used reverse transcriptase PCR, the 

mRNA expression levels of the different Na+ channel isoforms in the PV and LA 

could not be deduced.  However, previous studies have reported a difference in the 

Na+ channel isoform expression in atrial and ventricular cardiomyocytes. With the 

use of real time PCR, a higher expression of Nav1.4 mRNA was identified in mouse 

ventricular tissue in comparison to atrial tissue (Marionneau et al., 2005), and 

increased Nav1.3 mRNA expression levels were detected in human ventricular tissue 
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compared to atrial tissue (Gaborit et al., 2007).  Whether there is a difference in the 

TTX-sensitive Na+ channel transcript level in rat PV and LA tissues, which would 

explain the observed difference in TTX-sensitive Na+ channel current, requires 

further investigation. It should also be taken into account that the preparations could 

also contain mRNA from nerve terminals in the PV and LA. This could be an 

additional source of Na+ channel RNA for the Nav1.1, Nav 1.3 and Nav 1.6 isoforms, 

which can be located in neurons (Noda et al., 1984; Kayano et al., 1988; Ahmed et 

al., 1992; Lu et al., 1992). 

 

The immunofluorescence studies determined the location of Nav1.1, 1.3, 1.4, 1.5 and 

1.6 in the PV and LA of both rat and human. The results demonstrated a variation in 

localisation of the Nav1.5 isoform and the TTX-sensitive Na+ channels. As 

hypothesised by Maier et al. (2002), this variation in localisation may suggest a 

difference in physiological roles for the TTX-sensitive and TTX-resistant Na+ 

channels. In rat PV and LA cardiomyocytes, Nav1.5 was distributed in a striated 

pattern presumably along the z-lines, as well as around the cell periphery. This 

localisation is similar to what was observed in rat ventricular cardiomyocytes in this 

study (see appendix, Figure 6.9D), as well as previous studies in ventricular 

cardiomyocytes from rat (Xi et al., 2009) and mouse (Haufe et al., 2005a). This 

striated distribution, which is in register with the z-lines of cardiomyocytes, is 

thought to demonstrate the role of Na+ channels in the rapid depolarisation of the 

action potential (Cohen, 1996; Kaufmann et al., 2013; Xi et al., 2009).  

 

There were no discernible differences between rat PV and LA cardiomyocytes in the 

localisation of Nav1.1 or Nav 1.3, which were diffuse throughout the cell. In contrast, 

these TTX-sensitive channels were observed in a striated pattern along the z-lines of 

rat (see appendix, Figure 6.9A,B) and mouse ventricular cardiomyocytes (Maier et 

al., 2002, 2004; Haufe et al., 2005a; Westenbroek et al., 2013), although Haufe et al. 

(2005b) reported a diffuse distribution of Nav1.3 in dog ventricular cardiomyocytes. 

The Nav1.1 mRNA was not detected in the LA in the PCR study, yet Nav1.1 was 

identified in the LA with immunocytochemistry. Whether this is due to an antibody 

specificity issue remains to be elucidated. In rat PV cardiomyocytes, Nav1.4 was 
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observed in a striated pattern similar to the localisation of Nav1.5. In contrast, in LA 

cardiomyocytes, Nav1.4 was observed in a diffuse pattern. In ventricular 

cardiomyocytes, Nav1.4 had a similar localisation to the PV as it was observed in a 

striated pattern throughout the cell (appendix, Figure 6.9C), although a previous 

study in mouse ventricular cardiomyocytes reported that Nav1.4 was only present at 

the intercalated discs (Ednie et al., 2013). The Nav1.6 isoform was also localised in a 

diffuse pattern throughout the PV and LA cardiomyocytes, as well as in rat 

ventricular cardiomyocytes (see appendix, Figure 6.9E). Xi et al. (2009) also 

observed this staining pattern in rat ventricular cardiomyocytes. 

 

In the human PV and LA tissue there was no difference in the diffuse distribution of 

Nav1.1 and the striated pattern of Nav1.5 when compared to the rat. The striated 

distribution of the Nav1.4 isoform in the human PV of the current study, is also 

comparable to that of the rat PV. However the striated localisation of Nav1.4 in the 

human LA is in distinction to the diffuse distribution observed in the rat LA 

cardiomyocytes. A species difference in the location of Nav1.3 and Nav1.6 was 

evident, as unlike the diffuse distribution observed in the rat PV and LA, they were 

observed in a striated distribution, potentially at the z-lines, of the human PV and LA 

tissue. The distribution of TTX-sensitive Na+ channel isoforms can vary between the 

left and right atrial cardiomyocytes. For example, Kaufmann et al. (2013) reported 

that Nav1.3 and Nav1.6 were localised in a diffuse pattern with no overlap with the z-

lines in right atrial cardiomyocytes, which is in contrast to the striated distribution 

observed in the human LA in the present study. 

 

3.4.5 Function of TTX-sensitive Na+ channels in PV and LA tissues 

The variation in localisation of Na+ channel isoforms could be an indication that they 

possess distinct physiological functions, as hypothesised by Maier et al. (2002). 

However, the present study showed that inhibition of the TTX-sensitive INa with 100 

nM TTX had no effect on the action potential characteristics in the rat PV or LA. 

Brette and Orchard, (2006) observed a very small decrease in the action potential 

amplitude and dV/dt in rat ventricular myocytes treated with TTX, although they 

used a slightly higher concentration of TTX (200 nM), which could have produced a 
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slight block of Nav1.5. Thus, under physiological conditions, TTX-resistant channels 

are the major contributors to the action potential peak amplitude, dV/dtmax, rise time 

and the ERP in the rat PV and LA. However, a potential contribution of TTX-

sensitive Na+ channels to action potential characteristics when cardiomyocytes are 

depolarised cannot be ruled out (Protas et al., 2009; Anyukhovsky et al., 2011).  

 

In general, it is known that the INa is involved in the contractility of cardiomyocytes 

as opening of Nav channels triggers the upstroke of the action potential (Bers and 

Despa, 2009). In the current study, inhibition of the TTX-sensitive Na+ channels 

with TTX (100 nM) decreased the contraction amplitude in the PV and LA 

suggesting involvement of the TTX-sensitive Na+ channels in contractility. This is in 

agreement with previous studies which reported that block of TTX-sensitive 

channels reduced the contraction amplitude in human right atrial muscle (Kaufmann 

et al., 2013) and decreased the maximal rate of rise of left ventricular pressure 

(dP/dtmax), a measurement of cardiac contractility, in guinea pig hearts (Maier et al., 

2002). The presence of a low concentration of TTX also altered the latency and 

amplitude of Ca2+ transients in ventricular cardiomyocytes isolated from the rat 

(Lines et al., 2006), mouse (Radwański et al., 2015), and rabbit (Torres et al., 2010) 

further indicating that TTX-sensitive Na+ channels play a role in excitation 

contraction coupling in ventricular cardiomyocytes. Moreover, Torres et al. (2010) 

demonstrated that sarcoplasmic reticulum Ca2+ release could be modulated by the 

TTX-sensitive Na+ channels as inhibition of TTX-sensitive Na+ channels decreased 

the rate of rise and amplitude of the Ca2+ transient. They proposed that TTX-

sensitive Na+ channels may reside within couplons, which are regarded as the 

functional unit of ion channels and receptors that generate a Ca2+ spark (Franzini-

Armstrong et al., 1999). The presence of the Na+ channels could result in Na+ 

accumulation, activating the reverse mode NCX and thereby priming the dyadic cleft 

with Ca2+. This could enhance the probability of the ryanodine receptor opening, 

following the influx of Ca2+ via the L-type Ca2+ channels. Conversely, Brette and 

Orchard, (2006) reported inhibition of TTX-sensitive channels had no effect on the 

contraction or Ca2+ handling in rat ventricular cardiomyocytes. The rat PV and LA 

are both highly innervated (Paes de Almeida et al., 1975; McLean et al., 1983; 
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Cheng et al., 1997) and so there is the possibility that block of the TTX-sensitive 

channels in neurons prevents neurotransmitter release, leading to the observed 

decrease in contractility, particularly since a TTX-sensitive INa was not present in the 

LA.  

 

3.4.6 Nav1.8 and β-subunits  

The lack of Nav1.8 mRNA expression in both rat PV and LA tissue is consistent with 

previous studies in which northern blot and real time PCR did not detect Nav1.8 in 

the rat whole heart (Akopian et al., 1996; Rabert et al., 1998). In addition, using 

immunohistochemistry, Verkerk et al. (2012) reported that Nav1.8 was absent in 

mouse atrial and ventricular cardiomyocytes, but was present in cardiac neurons.  

 

This study also confirmed the presence of mRNA for the four β-subunits β1, β2, β3 

and β4 in both rat PV and LA tissue. Previous studies have reported the presence of 

the four β-subunits in human atrial tissue (Gaborit et al., 2007; Kaufmann et al., 

2013). However, their localisation, particularly in relation of the Na+ channel α-

subunits, in the cardiomyocytes of rat PV and LA cardiomyocytes remains to be 

elucidated 

 

3.4.7 Summary 

In summary, there are no differences in the total Na+ current properties in rat PV and 

LA cardiomyocytes. The Na+ channels contribute to the upstroke of the action 

potential in both tissues and block of these channels can result in post repolarisation 

refractoriness. In PV cardiomyocytes, the TTX-sensitive Na+ channels contribute 

20% of the total INa and they are activated at more depolarised potentials compared 

to the TTX-resistant channels. However, there was no evidence of the TTX-sensitive 

current in LA cardiomyocytes. As well as the cardiac Nav1.5, the TTX-sensitive 

Nav1.1, Nav1.3, Nav1.4, and Nav1.6 isoforms were also observed in both rat PV and 

LA tissues, with a variation in their localisation, particularly between the rat and 

human PV and LA cardiomyocytes. The TTX-sensitive channels did not contribute 

to the action potential upstroke of rat PV and LA cardiomyocytes; but may play a 

small role in the tissue contraction.  
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Chapter 4  

 ATX-II Induced Arrhythmic Activity in the PV and LA 
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4.1 Introduction 

4.1.1 The Na+ channel isoforms and the cardiac INaL  

Gain of function mutations in the SCN5A gene, which encodes for the main cardiac 

Na+ channel Nav1.5, are linked to AF (Makiyama et al., 2008; Li et al., 2009) and 

long QT syndrome (LTQS), which is associated with a high incidence of AF (Benito 

et al., 2008; Zellerhoff et al., 2009). The arrhythmogenic activity associated with 

SCN5A gain of function mutations is thought to be due mainly to an increase in the 

cardiac late Na+ current (INaL). This was demonstrated in a number of studies, which 

reported that heterologous expression of human gain of function Nav1.5 mutations in 

HEK293 cells resulted in an increase in INaL and prolongation of the APD (Bennett et 

al., 1995; Wang et al., 1995). The contribution of Nav1.5 to INaL was further 

supported by evidence demonstrating that knockdown of Nav1.5 in dog ventricular 

cardiomyocytes resulted in a 60% decrease in INaL (Maltsev et al., 2007). There is an 

increasing body of evidence suggesting that the TTX-sensitive Na+ channel isoforms 

as well as Nav1.8 and Nav1.9 may also contribute to the cardiac INaL. Utilising (2-

aminoethyl)mehanethiosulfonate (MTSEA) to selectively inhibit Nav1.5, Biet et al. 

(2012) reported a 44% contribution of the other Na+ channel isoforms to the INaL in 

dog ventricular cardiomyocytes.  

 

The contribution of TTX-sensitive Na+ channels to the INaL is thought to increase in 

disease states such as heart failure. For example, Mishra et al. (2014) reported an 

upregulation of Nav1.1 expression in ventricular cardiomyocytes isolated from a dog 

heart failure model. Furthermore, siRNA silencing of Nav1.1 in cardiomyocytes 

isolated from the dog heart failure model revealed that Nav1.5 was not the main 

contributor to INaL, instead Nav1.1 contributed approximately 60% of INaL (Maltsev et 

al., 2008; Mishra et al., 2014). Additionally, an increase in INaL in ventricular 

cardiomyocytes from a rat model of heart failure was thought to be a consequence of 

a 2.5 fold increase in the expression of Nav1.1 and Nav1.6 mRNA (Xi et al., 2009). 

A 60% decrease in Nav1.5 mRNA was measured in the same cells, suggesting that 

the enhanced INaL was not linked to Nav1.5 (Xi et al., 2009). The neuronal Na+ 

channel isoforms may also be of importance in the development of arrhythmogenic 

activity induced by INaL. This was shown by Yang et al. (2012) who reported that 
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EADs induced by an enhanced INaL in isolated rabbit and mouse ventricular 

cardiomyocytes were suppressed by addition of the highly selective Nav1.8 blocker, 

A-803467. 

 

Investigations of mutations present in human patients have also linked the TTX-

sensitive Na+ channels as well as Nav1.8 with the INaL. Missense mutations in TTX-

sensitive Na+ channels such as Nav1.1, Nav1.2 and Nav1.4, which are associated with 

epilepsy and paramyotonia congenita, result in altered biophysical properties of Na+ 

channels and increased INaL in neurons and skeletal muscle cells (Sugawara et al., 

2001a, 2001b; Akalin et al., 2003). Notably, a prolonged QT interval was also 

observed in hereditary epilepsy patients (Christidis et al., 2006), epileptic children 

(Akalin et al., 2003), and paramyotonia congenita (Péréon et al., 2003) suggesting 

that Na+ channels, which were thought to be normally expressed in neuronal tissue 

and skeletal muscle cells, are also involved in the cardiac action potential. 

Furthermore, SCN10A gene variants, which encodes for Nav1.8, have been identified 

in AF patients. Expression of the Nav1.8 mutations in ND7/23 cells revealed an 

enhanced INaL in comparison to the wild type Nav1.8 isoform (Savio Galimberti et 

al., 2012; Savio-Galimberti et al., 2014). 

 

4.1.2 Pharmacological enhancement of INaL  

One well established pharmacological tool that is used to enhance INaL is anemonia 

sulcata toxin II (ATX-II). This toxin has been shown to selectively increase INaL in 

isolated atrial and ventricular cardiomyocytes (Isenberg and Ravens, 1984; Song et 

al., 2004, 2009; Fischer et al., 2015). The ATX-II induced increase in INaL results in 

prolongation of the APD, with evidence of this effect apparent in whole tissue 

studies, as well as in single cells isolated from the ventricle (Isenberg and Ravens, 

1984; Hoey et al., 1994; Studenik et al., 2001), atria (Song et al., 2008), and PVs 

(Lu et al., 2012). However, the effect of ATX-II on action potential parameters such 

as the peak amplitude and rise time is unknown in atrial and PV preparations. 

 

Enhancement of INaL by ATX-II leads to the generation of EADs, DADs and 

triggered activity in dog and guinea pig ventricular preparations (Boutjdir and el-
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Sherif, 1991; Song et al., 2004). This ATX-II induced arrhythmogenic activity was 

also observed in guinea pig atrial (Song et al., 2004, 2009) as well as rabbit and rat 

PV preparations (Lu et al., 2012; Chen et al., 2014). The ATX-II mediated 

arrhythmogenic activity is thought to be due to an increase in the intracellular Na+ 

concentration (Hoey et al., 1994; Sossalla et al., 2008). Sossalla et al., 2008 

demonstrated using the Na+ sensitive fluorescence dye SBFI that treatment of rabbit 

ventricular cardiomyocytes with ATX-II (40 nM) resulted in a 4 fold increase in the 

intracellular Na+ concentration. Moreover, in rat ventricular cardiomyocytes, a 50% 

and a 70% increase in intracellular Na+ was observed after addition of 10 nM and 30 

nM ATX-II respectively (Yao et al., 2011).  The increased intracellular Na+ 

concentration has been shown to drive the NCX in reverse mode, leading to cellular 

Ca2+ overload, which in turn contributes to the generation of DADs (Faber and 

Rudy, 2000; Sossalla et al., 2008; Undrovinas et al., 2010). The ATX-II induced 

prolongation of the APD also allows the L-type Ca2+ channels to recover from 

inactivation, leading to increased Ca2+ entry, which if sufficient enough can reverse 

the repolarising K+ currents and generate EADs during phase 2 of the action 

potential (January and Riddle, 1989; Zeng and Rudy, 1995). 

 

The ATX-II induced Ca2+ overload can also lead to contraction abnormalities in 

cardiac tissues. Addition of ATX-II to rat and guinea pig LA preparations resulted in 

the presence of ATX-II induced spontaneous contractions (Alsen et al., 1976, 1982; 

Wolkowicz et al., 2014).  

 

4.1.3 The effect of CaMKII on the cardiac INaL 

CaMKII is a serine/threonine protein kinase involved in the regulation of Ca2+ 

signalling (Witcher et al., 1991; Dzhura et al., 2000; Maier et al., 2003). Intracellular 

Ca2+ binds to calmodulin (CaM), and the Ca2+/CaM complex binds to CaMKII 

resulting in a conformational change that enables kinase activity, by freeing the 

catalytic domain of CaMKII from its autoinhibitory pseudosubstrate (Witcher et al., 

1991; Dzhura et al., 2000; Maier et al., 2003). Typically, in cardiomyocytes CaMKII 

exerts its action by the phosphorylation of various key Ca2+ transport proteins and 
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ion channels such as the type 2 ryanodine receptor (RyR2; Witcher et al., 1991; 

Maier et al., 2003), L-type Ca2+ channels (Dzhura et al., 2000) and K+ channels 

(Tessier et al., 1999). 

 

CaMKII has also been shown to phosphorylate Na+ channels (Tan et al., 2002; 

Wagner et al., 2006). This was confirmed by Aiba et al. (2010) who showed that 

CaMKII phosphorylated Nav1.5 predominately at the I-II linker region, as well as at 

the carboxyl terminus of the α-subunit. Phosphorylation by CaMKII can alter Na+ 

channel gating. This was shown by Wagner et al. (2006) who reported that 

overexpression of CaMKII in mouse and rabbit ventricular cardiomyocytes slowed 

Na+ channel inactivation and recovery from inactivation, which was reversed by 

inhibition of CaMKII. This slowed Na+ channel inactivation could lead to an 

increase in INaL. Adenovirus-mediated overexpression of the cytosolic CaMKII 

isoform, CaMKII𝛿, in rabbit isolated ventricular cardiomyocytes and in vivo by 

transgenic overexpression of CaMKII𝛿 in mice resulted in a rise in the intracellular 

Na+ concentration and an increased INaL (Wagner et al., 2006, 2011). It is thought 

that the CaMKII mediated increase in INaL could lead to arrhythmogenic activity in 

cardiomyocytes. This was supported by studies in transgenic mice overexpressing 

CaMKII𝛿, where a prolonged QT interval (which is typical of increased INaL), and 

an enhanced susceptibility to develop ventricular tachycardia was observed (Wagner 

et al., 2006). Furthermore, papillary muscles from transgenic mice overexpressing 

CaMKII𝛿 displayed extra contractions, which were abolished by the INaL inhibitor 

ranolazine (Sossalla et al., 2011). An increase in INaL can also in turn activate 

CaMKII. Western blot analysis of ATX-II treated rat neonatal ventricular 

cardiomyocytes and adult mouse ventricular cardiomyocytes revealed an increased 

autophosphorylation of CaMKII, which was reduced by treatment with ranolazine or 

the specific CAMKII blocker autocamtide-2-related inhibitory peptide (AIP) (Yao et 

al., 2011; Sag et al., 2014). As recently demonstrated in a computational model of 

mouse ventricular cardiomyocyte electrophysiology, this could result in a positive 

feedback loop of CaMKII activation and increased INaL, which could enhance cardiac 

arrhythmogenicity (Morotti et al., 2014).  
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Expression of CaMKII has been shown to be upregulated in dogs with pacing-

induced atrial tachycardia (Wakili et al., 2010), in goats with induced AF (Greiser et 

al., 2009), and in the right atrial appendage of AF patients (Tessier et al., 1999; Neef 

et al., 2010; Voigt et al., 2012), suggesting that increased CaMKII expression may 

be linked to AF. Two CaMKII inhibitors, N-[2-[[[3-(4-chlorophenyl)-2-

propenyl]methylamino]methyl]phenyl]-N-(2-hydroxyethyl)4methoxybenzenesulpho 

namide (KN-93) and AIP have been shown to inhibit INaL in cardiomyocytes isolated 

from guinea pig (Horvath et al., 2013), rabbit (Wagner et al., 2006) and rat (Yoon et 

al., 2009). Both KN-93 and AIP can also reduce arrhythmogenic activity induced by 

ATX-II in cardiomyocytes. Treatment with AIP decreased ATX-II induced DADs in 

mouse ventricular cardiomyocytes (Sag et al., 2014) and prevented ATX-II induced 

arrhythmogenic activity in the rat Langendorff perfused heart (Yao et al., 2011). Pre-

incubation with KN-93 also prevented ATX-II induced extra contractions in rat LA 

preparations (Wolkowicz et al., 2014).  

 

4.1.4 NCX and INaL 

The forward mode NCX, which extrudes one Ca2+ ion in exchange for three Na+ 

ions, aids in the regulation of intracellular Ca2+ in cardiomyocytes. Generation of a 

transient inward current (ITi) upon activation of forward mode NCX, as well as Ca2+ 

overload, due to increased Ca2+ influx, decreased Ca2+ efflux and/or opening of the 

sarcoplasmic reticulum Ca2+ channels can cause substantial depolarisation in 

cardiomyocytes leading to DADs (Kass et al., 1978; Tweedie et al., 2000; Fujiwara 

et al., 2008). In addition, a rise in INaL drives the NCX into reverse mode, which can 

also lead to Ca2+ overload, contributing to the generation of DADs (Faber and Rudy, 

2000; Sossalla et al., 2008; Undrovinas et al., 2010). The NCX has also been linked 

to AF, since NCX expression and ITi is increased is increased in atrial tissue of AF 

patients (Schotten et al., 2002; Voigt et al., 2012). 

 

Honjo et al. (2003), reported the NCX current as a key contributor to pacing induced 

spontaneous activity in rabbit PVs, as block of the NCX with Ni2+ reduced the 

pacing induced spontaneous action potentials. The antiarrhythmic effects of the NCX 

blockers KB-R7943 and SEA-0400 have also been reported in various cardiac 
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tissues (Watano et al., 1999; Wongcharoen et al., 2006; Milberg et al., 2008; Song et 

al., 2008; Namekata et al., 2009). Ouabain, a Na+ pump inhibitor which has been 

shown to indirectly increase the INaL (Hoyer et al., 2011; Wu et al., 2015), induced 

arrhythmogenic activity which was suppressed by KB-R7943 in guinea pig atria 

(Watano et al., 1999) and rabbit PV (Wongcharoen et al., 2006), as well as by SEA-

0400 in the guinea pig PV (Namekata et al., 2009). In addition, pre-incubation with 

KB-R7943 abolished ATX-II induced DADs in guinea pig atrial cardiomyocytes 

(Song et al., 2008). These studies demonstrate the potential involvement of the NCX 

in the generation of ATX-II induced arrhythmogenic activity in the atria and PV. 

However, KB-R7943 and SEA-0400 can also inhibit INa and ICaL (Watano et al., 

1999; Tanaka et al., 2002; Birinyi et al., 2005), casting doubt on the mechanism of 

action underlying their antiarrhythmic properties. Recently, a more specific NCX 

inhibitor, ORM-10103 has been developed. This inhibitor reduced both the inward 

and outward NCX currents, with no effect on ICaL, the Na+/K+ pump, or the main K+ 

currents at concentrations up to 10 µM in dog ventricular cells, although there was a 

small reduction in IKr (Jost et al., 2013). Treatment of dog ventricular preparations 

with ORM-10103 reversed the ATX-II induced increase in Ca2+ transient amplitude, 

which was thought to be due to NCX inhibition preventing the Na+ induced Ca2+ 

overload (Nagy et al., 2014).  

 

Since the majority of investigations with ATX-II have focused on ventricular 

cardiomyocytes, the aim of this chapter was to examine the ATX-II mediated 

arrhythmogenic activity in rat PV and LA tissues. The ability of ATX-II, which has 

been shown in previous studies to directly increase the INaL (Isenberg and Ravens, 

1984), to induce spontaneous contractions, spontaneous action potentials and 

afterdepolarisations at various stimulation frequencies was investigated. In addition, 

the contribution of TTX-sensitive Na+ channels, CaMKII and the NCX to ATX-II 

mediated arrhythmogenic activity was also determined.  
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4.2 Methods 

4.2.1 Contraction studies  

The rat PV and LA tissues were obtained and set up for contraction studies as 

described in section 2.2.4. Contractions were evoked using field stimulation via ring 

electrodes at twice the threshold voltage and 2 ms duration, delivered at the indicated 

frequency (from 0.1 Hz – 10 Hz) using a Grass stimulator (Model S88, Grass 

Instrument Co. USA). The tissue was allowed to equilibrate in bath solution, 

consisting of 150 mM NaCl, 5.4 mM KCl, 10 mM HEPES, 10 mM glucose, 1.2 mM 

MgCl2, 1.8 mM CaCl2, pH 7.4 with NaOH, at 37oC for at least 40 minutes before 

beginning the experiments. Contractions were recorded via a DAQ PCI 6221 

analogue to digital converter (National Instruments, Texas, USA) and displayed 

continuously using Chart Software (Version 5.0.7, Dr. J. Dempster, University of 

Strathclyde).  

 

4.2.1.1 Determination of the effect of ATX-II on PV and LA contraction 

For the purpose of the results in this chapter, the term spontaneous contraction or 

spontaneous action potential is used to define contractions or action potentials that 

occur after treatment of the tissue with ATX-II (15 nM), and which are independent 

of electrical stimulation. For the majority of studies with ATX-II the tissues were 

incubated with ATX-II for 15-20 minutes, to allow development of the spontaneous 

contractions, prior to commencing any subsequent steps in the protocol.  

 

Initially the influence of concomitant electrical stimulation on the ability of ATX-II 

to induce spontaneous contractions in both tissues was examined. To determine this, 

the PV or LA was subject to a period of electrical stimulation at 0.1, 0.3, 1, 3 or 10 

Hz for 2-5 minutes at each frequency. The tissue was then treated with ATX-II (15 

nM) and the electrical stimulation at the different frequencies was repeated in the 

presence of ATX-II. 

 

To examine the effect of CaMKII inhibition on the spontaneous contractions induced 

by ATX-II, the CaMKII blocker KN-93 was utilised. The tissues were pre-treated 
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with KN-93 as previous studies have shown that KN-93 is more successful at 

preventing the onset arrhythmogenic activity rather than suppressing arrhythmogenic 

activity once it has developed (Anderson et al., 1998; Lo et al., 2007; Wolkowicz et 

al., 2014).  In PV and LA preparations, control recordings were obtained over 5 

minute periods in the absence of electrical stimulation and then during stimulation at 

0.1 Hz. This was repeated in the presence of KN-93 (10 µM or 20 µM) allowing 30 

minutes for equilibration with the tissue before recordings. Following this tissues 

were treated with ATX-II (15 nM) and the recordings repeated. 

 

The selective NCX inhibitor ORM-10103 was used to determine the involvement of 

the NCX in the ATX-II induced spontaneous contractions. Control recordings were 

initially obtained from the PV or LA, over 5 minute periods, in the absence of 

electrical stimulation and then during stimulation at 0.1 Hz. The recordings were 

then repeated in the presence of ATX-II (15 nM). Thereafter, the tissue was treated 

with ORM-10103 (10 µM) for 20 minutes to determine what effect it had on the 

ATX-II induced spontaneous activity. The ORM-10103 concentration was 

subsequently increased to 20 µM. 

 

4.2.1.2 Analysis of the Contractile Response 

The data acquired using Chart software was converted to a text file using WinEDR 

(Version 3.4.3, Dr. J. Dempster, University of Strathclyde), which was subsequently 

converted to the Chart 5 software (ADInstruments, Dunedin, New Zealand) to enable 

analysis of the spontaneous contractions. To calculate the number of spontaneous 

contractions induced by ATX-II, the number of electrically evoked contractions per 

minute under control conditions was subtracted from the total number of 

contractions per minute in the presence of ATX-II. The contraction time to peak and 

duration were determined as per section 2.2.4.  

 

4.2.2 Microelectrode studies 

The rat PV and LA were dissected and action potentials recorded using the 

microelectrode technique described in Section 2.2.5. The tissues were allowed to 

equilibrate in bath solution, consisting of 150 mM NaCl, 5.4 mM KCl, 10 mM 
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HEPES, 10 mM glucose, 1.2 mM MgCl2, 1.8 mM CaCl2, pH 7.4 with NaOH, heated 

to 37oC for 30 minutes before commencing any recording. Action potentials were 

elicited by electrically stimulating the tissue at twice the threshold voltage, with a 2 

ms pulse and a stimulation frequency of 0.1 or 1 Hz. To determine the action 

potential threshold voltage, the stimulation voltage was increased in 10 V increments 

under control conditions until an action potential was elicited.  

 

4.2.2.1 Determination of the effect of ATX-II, KN-93 and ORM-10103 on 

the characteristics of the electrically evoked action potential 

Action potentials were elicited by electrical stimulation at 1 Hz, and 1 minute 

recordings were made from 2-5 individual sites in each tissue before and then in the 

presence of each drug treatment. When assessing the effect of ATX-II (15 nM or 40 

nM) on the action potential characteristics of the PV or LA, the preparations were 

incubated with ATX-II for 15-20 minutes, before obtaining recordings.  

 

To investigate the effect of KN-93 on the ATX-II induced changes in the action 

potential characteristics, recordings were obtained under control conditions, then 

after a 20 minute pre-treatment with 10 µM or 20 µM KN-93. Thereafter tissues 

were treated with ATX-II (40 nM) and the recordings repeated.  

 

To determine the effect of ORM-10103 on the ATX-II induced changes in the action 

potential characteristics, the electrically evoked action potentials were recorded 

under control conditions and then in the presence of ATX-II (40 nM). The recordings 

were then repeated after a 20 minute treatment with 10 µM ORM-10103, and once 

again upon increasing the ORM-10103 concentration to 20 µM. 

 

For examination of the effect of the presence of KN-93 or ORM-10103 alone on the 

action potential characteristics of the PV and LA, action potentials were elicited by 

electrical stimulation at 1 Hz and recordings, 1 minute in duration, were obtained in 

the same cell, before and then 15 minutes after the addition of each drug. 
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4.2.2.2 Determination of the ability of ATX-II to induce spontaneous 

action potentials in the PV and LA 

The term EAD is used to describe afterdepolarisations, which occur during the 

repolarisation phase of the action potential, in the presence of ATX-II. For the 

following studies, the PV and LA tissues were treated with ATX-II (40 nM) for 15-

20 minutes, to allow the spontaneous action potentials and EADs to develop, before 

continuing subsequent steps in the protocol. 

 

For the following microelectrode studies, 1-2 minute recordings were made from 2-5 

individual sites in the PV and LA before and then in the presence of each treatment. 

The ability of ATX-II to induce spontaneous action potentials and EADs in the PV 

and LA preparations was assessed. Control recordings were made when the tissue 

was electrically stimulated at 0.1 Hz and 1 Hz for periods of 1-2 minutes. The 

stimulation frequencies were then repeated in the presence of ATX-II (40 nM). As 

spontaneous action potentials were observed in both tissues in the absence of 

electrical stimulation and during stimulation at 0.1 Hz, then these stimulation 

protocols were chosen for subsequent studies. 

 

Control recordings were obtained in the PV and LA in the absence of electrical 

stimulation and at a stimulation frequency of 0.1 Hz. This was repeated in the 

presence of 10 µM or 20 µM KN-93, allowing 30 minutes for equilibration with the 

preparation, before treatment with ATX-II (40 nM).  

 

The effect of ORM-10103 on the spontaneous action potentials and EADs was also 

examined. Control recordings were made in both tissues in the absence of electrical 

stimulation as well as when the tissue was stimulated at 0.1 Hz and were then 

repeated in the presence of ATX-II (40 nM). Following this the tissues were treated 

with 10 µM ORM-10103 for 20 minutes, which was subsequently increased to 20 

µM ORM-10103. 
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4.2.2.3 Analysis of electrically evoked and ATX-II induced spontaneous 

action potentials 

Electrophysiological data was acquired using WinEDR software (Version 3.3.4, Dr. 

J. Dempster, University of Strathclyde), which was subsequently exported to 

WinWCP software (Version 4.6.5 Dr. J. Dempster, University of Strathclyde) to 

enable the action potential characteristics and effective refractory period (ERP) to be 

measured as described in section 2.2.5. The number of spontaneous action potentials 

and EADs were manually counted over a 1 minute period. 

 

4.2.3 Chemicals and drugs  

TTX and ATX-II (Alomone, Israel) were dissolved in water to provide stock 

concentrations of 1 mM and 100 µM respectively, and they were then stored at -20oC 

until required. KN-93 (Sigma, UK) was dissolved in dimethyl sulfoxide (DMSO) to 

a stock concentration of 5 mM and stored at -20oC. ORM-10103 (Sigma, UK) was 

dissolved in DMSO to a stock concentration of 20 mM and stored at room 

temperature.  

 

4.2.4 Statistics 

Graphs were produced using GraphPad Prism (Version 4.03, Graph Pad Software 

Inc., San Diego, CA, USA). Electrophysiological data, where more than one 

recording was made from the same tissue, are expressed as mean ± standard error of 

the mean (s.e.m) of N technical replicates (number of recordings), from n biological 

replicates (number of rats). All other data are expressed as mean ± standard error of 

the mean (s.e.m) of n biological replicates. The PV and LA data from at least three 

different animals were used for each group of experiments. A Student’s paired t-test 

was used when comparing the effect of ATX-II, KN-93 or ORM-10103 alone on 

action potential characteristics. For all other experimental results two way multilayer 

ANOVAs were performed in Minitab (Version 17.1.0, Minitab Inc., State College, 

Pennsylvania, USA) in order to determine the statistical significance between 

treatment groups as well as the statistical significance between the PV and LA. This 

was followed by Tukey’s post hoc test. The difference was considered to be 

statistically significant when P<0.05.  
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4.3 Results 

4.3.1 ATX-II induced spontaneous contractions in the rat PV and LA  

The ability of ATX-II to induce spontaneous contractions at a range of stimulation 

frequencies was investigated, in order to determine the optimum stimulation 

frequency for use in subsequent experiments. This also gave further insight into the 

relationship between ATX-II induced spontaneous activity and the electrical 

stimulation frequency. Representative recordings in Figure 4.1 show that when 

ATX-II is not present, there are no spontaneous contractions in the rat PV (A) or LA 

(B), in the absence of electrical stimulation and when the tissue was electrically 

stimulated at 0.1 Hz or 1 Hz. Under these conditions, only the electrically evoked 

contractions were observed. However, the presence of ATX-II (15 nM) induced 

spontaneous contractions in both the PV (Figure 4.1A) and LA (Figure 4.1B), which 

appeared in an irregular manner. The ATX-II induced spontaneous contractions were 

observed at a rate of 22.2 ± 2.7 min-1 in the absence of stimulation and a rate of 21.0 

± 6.8 min-1 at a stimulation frequency of 0.1 Hz, in the PV (Figure 4.1C). However, 

spontaneous contractions were not apparent in the PV, at electrical stimulation 

frequencies of 0.3 Hz and above. The presence of ATX-II also induced spontaneous 

contractions in the LA in the absence of electrical stimulation at a rate of 15.7 ± 2.8 

min-1 and at a rate of 16.0 ± 3.6 min-1 when the tissue was electrically stimulated at a 

frequency of 0.1 Hz. In contrast to the PV, spontaneous contractions were observed 

at electrical stimulation frequencies of 0.3 Hz and 1 Hz in LA preparations at rates of 

19.6 ± 7.9 and 28.1 ± 8.7 min-1 respectively (Figure 4.1D). However, the 

spontaneous contractions were not apparent at the higher electrical stimulation 

frequencies of 3 Hz and 10 Hz. The sustainability of the effect of ATX-II over time 

was also examined and Figure 4.1E shows that the spontaneous contractions in the 

PV and LA were sustained 1 hour after the addition of ATX-II, under conditions 

where the tissues were electrically stimulated at 0.1 Hz. In addition, the ATX-II 

induced spontaneous contractions were not affected by the presence of 0.1% DMSO 

(Appendix Figure 6.11). Table 4.1 summarises the time to peak tension and 

timecourse of the contraction in the PV and LA under control conditions and in the 
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presence of ATX-II (15 nM). No statistically significant change was detected in the 

contraction parameters.  

 

Treatment with 15 nM ATX-II was deemed the optimum concentration for 

contraction studies as increasing the ATX-II concentration to 40 nM appeared to 

hinder both the stimulated and spontaneous contractions.  

 

4.3.2 Effect of 15 nM ATX-II on action potentials of the PV and LA 

The effect of ATX-II (15 nM) on the electrically evoked action potential 

characteristics was also determined, whilst stimulating the tissue at 1 Hz. In Figure 

4.2A, representative microelectrode recordings of the PV and LA action potentials, 

show the prolonged APD in the presence of ATX-II (15 nM), which is accompanied 

by an increase in ERP (Figure 4.2B). Detailed analysis of the PV and LA action 

potentials demonstrated that ATX-II (15 nM) had no effect on the membrane 

potential (Figure 4.2C) or action potential peak amplitude (Figure 4.2D). The 

presence of ATX-II, significantly increased the action potential rise time of the PV 

from 0.6 ± 0.02 ms to 1.1 ± 0.1 ms (P<0.05 Figure 4.2E), but did not alter the rise 

time of the LA (Figure 4.2E). In the PV, ATX-II decreased the rate of rise (dV/dtmax) 

from 188.0 ± 10.1 mV/ms to 111.1 ± 7.2 mV/ms (P<0.05, Figure 4.2F). In contrast, 

no such effect was observed in the LA (Figure 4.2F). The presence of ATX-II 

significantly prolonged the APD90 in both tissues, with an increase from 37.8 ± 0.9 

ms to 365.3 ± 6.8 ms in the PV, and from 32.3 ± 1.4 ms to 203.2 ± 11.4 ms in the LA 

(P<0.05; Figure 4.2G). Moreover, the prolongation of the APD90 was significantly 

greater in the PV compared to the LA (P<0.05). The prolonged APD90 was 

accompanied by a significant increase in the ERP in the PV from 38.9 ± 2.8 ms to 

368.3 ± 35.6 ms (P<0.05) and in the LA from 39.0 ± 4.1 ms to 141.7 ± 41.7 ms 

(P<0.05, Figure 4.2H). The ATX-II induced ERP prolongation was greater in the PV 

than in the LA (P<0.05). 
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4.3.3 The effect of Na+ channel blockade on ATX-II induced spontaneous 

contractions and action potential parameters 

The presence of 100 nM TTX inhibits the TTX-sensitive channels with minimal 

effect of the TTX-resistant channels (Doyle et al., 1993). Therefore, to assess the 

contribution of TTX-sensitive Na+ channels to ATX-II induced spontaneous 

contractions and action potentials, 100 nM TTX was utilised. An electrical 

stimulation frequency of 0.1 Hz was chosen, as the spontaneous contractions were 

observed in both tissues in the presence of ATX-II at this stimulation frequency. 

Treatment with TTX (100 nM) had no effect on the spontaneous contractions in the 

PV, with a rate of 11 ± 2 min-1 observed in ATX-II alone and a rate of 11 ± 3 min-1 

with ATX-II and 100 nM TTX. Similar results were observed in LA tissues with 

spontaneous contractions remaining at a rate of 23 ± 8 min-1 in ATX-II alone and at 

16 ± 3 min-1 in the presence of ATX-II and 100 nM TTX (Figure 4.3A). In addition, 

the ATX-II induced alterations in the PV action potential rise time (Figure 4.3B) and 

dV/dt (Figure 4.3C) were not reversed by TTX. However, in the PV, the prolonged 

APD90, was significantly attenuated from 386.6 ± 12.1 ms to 327.7 ± 9.2 ms in the 

presence of TTX (P<0.05; Figure 4.3D). 

 

The TTX concentration was increased to 10 µM in order to inhibit both TTX-

sensitive and TTX-resistant Na+ channels. As shown in Figure 4.4A, increasing the 

TTX concentration to 10 µM TTX significantly reduced the spontaneous 

contractions from a rate of 15.4 ± 1.7 min-1 to 0.9 ± 0.5 min-1 in the PV (P<0.05; 

Figure 4.4B). Similarly, in the LA the spontaneous contractions were significantly 

suppressed from 19.1 ± 7.4 min-1 to 0.5 ± 0.03 min-1  (P<0.05; Figure 4.4B) by 10 

µM TTX. 

 

4.3.4 The effect of 40 nM ATX-II on action potentials of the PV and LA  

In microelectrode studies, the ATX-II concentration was increased to 40 nM, to 

determine whether higher concentrations of ATX-II had an effect on the LA action 

potential rise time and rate of rise. In Figure 4.5A, the representative PV (i) and LA 

(ii) recordings show the effect of ATX-II (40 nM) on the action potentials evoked by 

electrical stimulation at 1 Hz. Treatment with ATX-II (40 nM) had no effect on the 
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resting membrane potential (Figure 4.5B), nor the action potential peak amplitude 

(Figure 4.5C) in both the PV and LA. However, ATX-II significantly increased the 

action potential rise time in the PV from 0.6 ± 0.04 ms to 1.2 ± 0.2 ms (P<0.05), and 

in the LA from 0.8 ± 0.1 ms to 1.3 ± 0.2 ms (P<0.05, Figure 4.5D). In the presence 

of ATX-II the action potential dV/dtmax decreased significantly from 232.5 ± 15.7 

mV/ms to 141.7 ± 12.8 mV/ms (P<0.05) in the PV, and from 189.1 ± 12.9 mV/ms to 

120.5 ± 6.5 mV/ms (P<0.05) in the LA (Figure 4.5E). Treatment with ATX-II also 

significantly prolonged the APD90, from 31.8 ± 0.5 ms to 373.0 ± 23.1 ms (P<0.05) 

in the PV, and from 29.1 ± 1.5 ms to 322.2 ± 63.3 ms (P<0.05) in the LA (Figure 

4.5F). This was accompanied by an increase in ERP from 35.8 ± 2.3 ms to 365.8 ± 

16.0 ms (P<0.05) in the PV, and from 30.3 ± 0.1 ms to 332.0 ± 66.7 ms (P<0.05) in 

the LA (Figure 4.5G).  

 

Since ATX-II was shown to induce arrhythmogenic activity in the form of 

spontaneous contractions in the PV and LA, the ability of ATX-II to induce 

spontaneous action potentials and EADs in both tissues was also examined. The 

occurrence of the spontaneous contractions and EADs was studied at various 

electrical stimulation rates in order to determine the optimum electrical stimulation 

protocol to use in subsequent experiments. This also allowed for the examination of 

the relationship of the electrical stimulation frequency to the spontaneous activity. 

Under control conditions, no spontaneous action potentials were observed in the rat 

PV (Figure 4.6A) or LA (Figure 4.6B) in the absence of electrical stimulation, or 

when the tissue was electrically stimulated at 0.1 Hz or 1 Hz. However the presence 

of ATX-II induced spontaneous action potentials and EADs in the PV (Figure 4.6A) 

and LA (Figure 4.6B). In the PV, ATX-II (40 nM) induced spontaneous action 

potentials were observed at a rate of 11.8 ± 1.3 min-1, in the absence of electrical 

stimulation and at a rate of 12.1 ± 1.7 min-1 when the tissue was electrically 

stimulated at 0.1 Hz (Figure 4.6C). However, no spontaneous action potentials were 

present at an electrical stimulation frequency of 1 Hz (Figure 4.6C). Similar to what 

was observed in the PV, ATX-II induced spontaneous action potentials appeared at a 

rate of 9.1 ± 1.4 min-1 in the LA in the absence of electrical stimulation and at a rate 

of 16.4 ± 6.3 min-1 when the tissue was stimulated at a frequency of 0.1 Hz (Figure 
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4.6D). However, in contrast to the PV, spontaneous action potentials were still 

observed in the LA when the stimulation frequency was increased to 1 Hz (Figure 

4.6D).  

 

As summarised in Table 4.2, there was also a difference in the ability of ATX-II to 

induce EADs at various electrical stimulation frequencies in the PV compared with 

the LA. In the PV, treatment with ATX-II induced EADs in the absence of electrical 

stimulation and when the tissue was stimulated at 0.1 Hz, but EADs were not present 

at the higher stimulation frequency of 1 Hz. In the LA, ATX-II also induced EADs 

in the absence of electrical stimulation and at a stimulation frequency of 0.1 Hz. 

Although unlike the PV, ATX-II induced EADs were exhibited in the LA at the 

higher stimulation frequency of 1 Hz.  

 

4.3.5 The effect of KN-93 on ATX-II induced arrhythmogenic activity in 

PV and LA preparations 

The CaMKII inhibitor, KN-93 was utilised to gain insight into the contribution of 

CaMKII to ATX-II induced arrhythmogenic activity. Both 10 µM and 20 µM KN-93 

was chosen for this study as these concentrations have previously been reported to 

reduce ATX-II induced arrhythmic activity in rat cardiac tissue (Wolkowicz et al., 

2014). The PV contraction recordings in Figure 4.7A, show that at a stimulation 

frequency of 0.1 Hz, pre-incubation with KN-93 (20 µM) reduced the number of 

ATX-II induced spontaneous contractions, with an average reduction from 21.9 ± 6.4 

min-1 to 3.9 ± 1.9 min-1 (P<0.05; Figure 4.7B). Similarly, in the LA, spontaneous 

contractions were reduced from 15.6 ± 3.7 min-1 to 1.2 ± 0.4 min-1 (P<0.05) by the 

presence of KN-93 (20 µM; Figure 4.7B). In the absence of electrical stimulation, 

pre-incubation with KN-93 (10 µM) did not alter the ATX-II spontaneous 

contractions in either tissue (Figure 4.7C). However, increasing the KN-93 

concentration to 20 µM significantly attenuated the rate of spontaneous contractions 

from 25.8 ± 6.3 min-1 to 10.9 ± 2.8 min-1 (P<0.05) in the PV, and from 13.9 ± 3.2 

min-1 to 5.6 ± 1.2 min-1 (P<0.05) in the LA (Figure 4.7C).  
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Table 4.3 shows that treatment of either tissue with KN-93 (20 µM) had no effect on 

the action potentials elicited by 1 Hz electrical stimulation. The higher ATX-II 

concentration (40 nM) was chosen for subsequent studies, since its effect on the 

electrically evoked action potentials in the PV and LA was similar. The consequence 

of CaMKII inhibition on ATX-II (40 nM) induced changes to the electrically evoked 

action potential were studied by pre-incubation of tissues with KN-93 prior to 

addition of ATX-II (40 nM). In PV tissues, the increase in action potential rise time 

due to ATX-II, was slightly, but not significantly reduced from 1.2 ± 0.2 ms to 0.9 ± 

0.1 ms (Figure 4.8A) by 10 µM KN-93, with a significant reduction to 0.8 ± 0.1 ms 

(P<0.05) upon increasing KN-93 to 20 µM (Figure 4.8A). The ATX-II induced 

increase in rise time in LA preparations was also slightly attenuated by KN-93 (10 

µM or 20 µM; Figure 4.8A), although this was without significance. Pre-incubation 

with KN-93 (10 µM or 20 µM) failed to prevent the ATX-II induced decrease in rate 

of rise of the action potential in both the PV and LA (Figure 4.8B). In the PV, the 

ATX-II induced prolongation of the APD90 was significantly reduced from 373 ± 

23.1 ms to 225.0 ± 31.2 ms (P<0.05) in the presence of 10 µM KN-93 and to 261.1 ± 

24.8 ms in the presence of 20 µM KN-93 (P<0.05, Figure 4.8C). In the LA, the 

ATX-II induced APD90 prolongation was not altered by pre-incubation with 10 µM 

KN-93; however increasing KN-93 to 20 µM significantly reduced the APD90 from 

322.2 ± 63.3 ms to 227.8 ± 22.9 ms (P<0.05, Figure 4.8C). 

The effect of pre-treatment of the PV and LA with KN-93 (10 µM or 20 µM) on the 

ability of ATX-II (40 nM) to induce spontaneous action potentials and EADs was 

examined. The representative PV recording in Figure 4.9A shows that, at 0.1 Hz 

electrical stimulation, prior treatment with KN-93 (20 µM) considerably suppressed 

the spontaneous action potentials. Figure 4.9B demonstrates that the spontaneous 

action potentials in the PV were reduced from 12.1 ± 1.7 min-1 to 6.5 ± 1.5 min-1 

following pre-treatment with 10 µM KN-93, with a further inhibition to 1.0 ± 0.6 

min-1 (P<0.05) in the presence of 20 µM KN-93 (Figure 4.9B). Incubation with KN-

93 exhibited similar results in the LA, as spontaneous action potentials were 

attenuated from 16.4 ± 6.3 min-1 to 5.3 ± 0.9 min-1 (P<0.05) in the presence of 10 

µM KN-93 and to 5.0 ± 1.9 min-1 in the presence of 20 µM KN-93 (P<0.05, Figure 

4.9B). Pre-treatment with KN-93 also reduced the incidence of ATX-II (40 nM) 
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induced EADs in both tissues. In the PV, 10 µM KN-93 decreased the incidence of 

EADs from 53 ± 3% to 6 ± 6% (P<0.05) and no EADs were observed in the 

presence of 20 µM KN-93 (Table 4.4). In LA preparations, 10 µM KN-93 had no 

effect on EADs, whereas pre-incubation with 20 µM KN-93 suppressed the 

incidence of EADs from 81 ± 19% of cells to 18 ± 10% of cells (P<0.05, Table 4.4).  

 

The effect of pre-incubation of KN-93 on ATX-II (40 nM) induced spontaneous 

action potentials and EADs was also studied in the absence of electrical stimulation. 

In the PV, spontaneous action potentials were reduced from 12.2 ± 1.0 min-1 to 4.2 ± 

1.1 min-1 by pre-treatment with 20 µM KN-93 (P<0.05, Figure 4.9C). In contrast, 

prior treatment with KN-93 (10 µM or 20 µM) did not reduce the spontaneous action 

potentials in LA preparations (Figure 4.9C). No ATX-II induced EADs were 

observed after pre-incubation with KN-93 (10 µM or 20 µM) in PV tissues whereas 

only the higher concentration of KN-93 (20 µM) significantly suppressed the EADs 

in LA tissues (Table 4.4).  

 

4.3.6 The effect of ORM-10103 on ATX-II induced arrhythmogenic 

activity in the PV and LA  

To investigate if the NCX contributes to the ATX-II induced spontaneous 

contractions in the PV and LA, the NCX inhibitor ORM-10103 was utilised. A 

concentration of 10 µM ORM-10103 was initially selected as a number of studies 

reported a suppression in arrhythmic activity with minimal effect on other ion 

currents at this concentration (Jost et al., 2013, Nagy et al 2014). The ORM-10103 

concentration was increased to 20 µM to examine if the anti-arrhythmic effect may 

be enhanced. When the PV was electrically stimulated at 0.1 Hz, the ATX-II induced 

spontaneous contractions were reduced from 22.9 ± 6.4 min-1 to 10.8 ± 3.5 min-1 in 

presence of 10 µM ORM-10103, although this was without significance, and 

significantly reduced to 10.3 ± 3.8 min-1 (P<0.05) by 20 µM ORM-10103 (Figure 

4.10A, B). Repetition of this experimental protocol in the LA produced similar 

results, with a decrease in spontaneous contractions from 15.6 ± 3.7 min-1 to 7.9 ± 

1.2 min-1 in the presence of 10 µM ORM-10103, but this was without significance, 

and a significant reduction to 5.3 ± 1.7 min-1  in the presence of 20 µM ORM-10103 
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(P<0.05, Figure 4.10B). In contrast, when the same experiment was carried out in 

the absence of electrical stimulation, ORM-10103 (10 µM or 20 µM) had no effect 

on the spontaneous contractions in the PV, and only a small non-significant decrease 

in LA preparations (Figure 4.10C).  

 

Before examining the ability of ORM-10103 to modify ATX-II (40 nM) induced 

changes to the action potential characteristics, the effect of ORM-10103 alone on the 

PV and LA electrically evoked action potential was investigated. Microelectrode 

studies demonstrated ORM-10103 (20 µM) had no effect on action potentials evoked 

by 1 Hz electrical stimulation in PV and LA tissues (Table 4.5). Detailed 

examination of the electrically evoked action potentials revealed the presence of 

ORM-10103 (10 µM or 20 µM) did not alter the ATX-II (40 nM) induced increase 

in rise time (Figure 4.11A), the decrease in the rate of rise (Figure 4.11B) or the 

ATX-II dependent APD90 prolongation (Figure 4.11C) in either tissue.  

 

The ability of ORM-10103 to suppress ATX-II (40 nM) induced spontaneous action 

potentials and EADs was also examined. The example PV recording in Figure 4.12A 

demonstrates ATX-II (15 nM) induced spontaneous action potentials, when the 

tissue was electrically stimulated at 0.1 Hz, were suppressed by treatment with 

ORM-10103 (20 µM) from 12.1 ± 1.8 min-1  to 6.3 ± 2.1 min-1  (P<0.05, Figure 

4.12B). Likewise, in LA tissues, spontaneous action potentials were significantly 

suppressed from 15.4 ± 6.3 min-1 to 3.8 ± 1.8 min-1 after treatment with 10 µM 

ORM-10103 and then to 3.7 ± 1.0 min-1 when ORM-10103 was increased to 20 µM 

(P<0.05, Figure 4.12B). However, the anti-arrhythmic ability of ORM-10103 was 

suppressed when the same experiments were carried out in the absence of electrical 

stimulation as treatment with ORM-10103 (10 µM or 20 µM) did not significantly 

reduce spontaneous action potentials in the PV or LA (Figure 4.12C). The presence 

of ORM-10103 had no effect on the ATX-II induced EADs in either tissue when 

they were electrically stimulated at 0.1 Hz or in the absence of electrical stimulation 

(Table 4.6). 
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Figure 4.1. The influence of electrical field stimulation on the contraction 

response of the rat PV and LA in the presence of ATX-II. Representative 

recordings showing contraction of the PV (A) and LA (B) in the absence of electrical 

stimulation (no stim) and when electrically stimulated at 0.1 Hz or 1 Hz. The top 

panels in A and B represent contractions under control conditions and the bottom 

panels show the same tissue in the presence of ATX-II (15 nM). 
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Figure 4.1 (Cont’d) The influence of electrical field stimulation on the 

contraction response of the rat PV and LA in the presence of ATX-II. The 

number of ATX-II (15 nM) induced spontaneous contractions in PV (C; n=6) and 

LA (D; n=7) preparations were determined when there was no electrical stimulation 

and when the frequency of electrical stimulation was varied. (E) The number of 

spontaneous contractions per minute in PV (n=4) and LA (n=3) tissues at various 

time points after addition of ATX-II, during electrical stimulation at 0.1 Hz. All data 

are presented as mean ± s.e.m. * indicates P<0.05 for control conditions vs. ATX-II 

treatment.   
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Table 4.1. The effect of ATX-II (15 nM) on the PV and LA contraction parameters, 

when electrically stimulated at 0.1 Hz. 

 
PV (n=6) LA (n=7) 

 
Control  ATX-II (15 nM) Control  ATX-II (15 nM) 

Time to Peak Tension (ms) 28.3 ± 0.9 29.5 ± 1.8 28.2 ± 1.0 30.7 ± 1.7 

Duration of Contraction (ms) 83.5 ± 5.2 76.1 ± 4.9 79.2 ± 6.7 74.9 ± 3.6 
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Figure 4.2 The effect of ATX-II on action potential characteristics of the rat PV and 

LA. (A) Superimposed recordings of PV (i) and LA (ii) action potentials elicited by 

electrical stimulation at 1 Hz, during control conditions and in the presence of ATX-II 

(15 nM). (B) Superimposed recordings of PV action potentials depicting the effective 

refractory period (ERP) under control conditions (top panel) and in the presence of 

ATX-II (15 nM) (bottom panel).  
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Figure 4.2 (Cont’d) The effect of ATX-II (15 nM) on action potential 

characteristics of the rat PV and LA. Action potential membrane potential (C); 

peak amplitude (D); rise time (E); dV/dtmax (F); APD90 (G) elicited by electrical 

stimulation at 1 Hz and ERP (H) under control conditions (PV, n=15/4; LA, n=17/4) 

and in the presence of 15 nM ATX-II (PV, n=20/4 rats; LA, n=15/4). All data are 

presented as mean ± s.e.m. * indicates P<0.05 for control conditions vs. ATX-II 

treatment, ‡ indicates P<0.05 for PV vs. LA.  
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Figure 4.3 Effect of TTX-sensitive Na+ channel block on ATX-II induced 

spontaneous contractions and ATX-II induced changes in action potential 

characteristics of the PV and LA. (A) The rate of ATX-II induced spontaneous 

contractions in PV (n=7) and LA (n=5) tissues before and after the addition of TTX 

(100 nM) at an electrical stimulation frequency of 0.1 Hz. Action potential rise time 

(B); dV/dtmax (C); and APD90 (D) elicited by electrical stimulation at 1 Hz, in the 

presence of ATX-II (15 nM) (PV, n=20/4; LA, n=15/4) and TTX (100 nM) in the 

presence of ATX-II (15 nM) (PV, n=18/4; LA, n=15/4). All data are presented as 

mean ± s.e.m. * indicates P<0.05 for ATX treatment vs. ATX treatment + TTX 

treatment. ‡P<0.05 PV vs. LA. 
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Figure 4.4 Effect of TTX-sensitive and TTX-resistant Na+ channel block on 

ATX-II induced spontaneous contractions. (A) Representative recording of PV 

contractions at a stimulation frequency of 0.1 Hz under control conditions (left 

panel), in the presence of ATX-II (15 nM; middle panel) and in the presence of 

ATX-II and TTX (10 µM; right panel) (B) The rate of ATX-II induced spontaneous 

contractions in PV (n=3) and LA (n=3) tissues before and after the treatment with 

TTX (10 µM) at an electrical stimulation frequency of 0.1 Hz. All data are presented 

as mean ± s.e.m. * indicates P<0.05 for ATX treatment vs. ATX treatment + TTX 

treatment.  
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Figure 4.5. The effect of ATX-II (40 nM) on action potential characteristics of 

the rat PV and LA. (A) Superimposed recordings of PV (i) and LA (ii) action 

potentials elicited by electrical stimulation at 1 Hz during control conditions and in 

the presence of ATX-II (40 nM). The membrane potential (B); and action potential 

peak amplitude (C); rise time (D); and dV/dtmax (E) elicited by a 1 Hz electrical 

stimulation frequency, under control conditions (PV, n=10/4; LA n=10/3) and in the 

presence of 40 nM ATX-II (PV n=11/4; LA n=6/3). All data are presented as mean ± 

s.e.m. * indicates P<0.05 for control vs. ATX-II treatment.  
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Figure 4.5 (Cont’d). The effect of ATX-II (40 nM) on action potential 

characteristics of the rat PV and LA. The APD90 at 1 Hz stimulation (F) and ERP 

(G), under control conditions (PV, n=10/4; LA n=10/3) and in the presence of 40 nM 

ATX-II (PV n=11/4; LA n=6/3). All data are presented as mean ± s.e.m. * indicates 

P<0.05 for control vs. ATX-II treatment. 
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Figure 4.6 The influence of electrical field stimulation on the ability of ATX-II to 

induce spontaneous action potentials in the rat PV and LA. Representative 

recordings showing ATX-II (40 nM) induced spontaneous action potentials and EADs 

recorded from the rat PV (A) and LA (B) in the absence of electrical stimulation (no 

stim) or when electrically stimulated at 0.1 Hz or 1 Hz. The top panels in A and B 

represent action potentials under control conditions and the bottom panels show the 

same tissue in the presence of ATX-II (40 nM). An example of an action potential with 

an EAD is shown inset in A. Arrows represent the electrical stimulus.  
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Figure 4.6 (Cont’d) The influence of electrical field stimulation on the ability of 

ATX-II to induce spontaneous action potentials in the rat PV and LA. The 

number of spontaneous action potentials in PV (C) or LA (D) preparations in the 

absence of electrical stimulation (PV n=13/4; LA n=13/4), at 0.1 Hz (PV n=10/4; LA 

n=12/4) and at 1 Hz electrical stimulation (PV n=18/4; LA n=18/4).  All data are 

presented as mean ± s.e.m. * indicates P<0.05 for control vs. ATX-II treatment.  

 

 

Table 4.2 The effect of increasing the electrical simulation frequency on the generation 

of ATX-II (40 nM) induced EADs in PV and LA tissues.  

 PV cells with EADs (%) LA cells with EADs (%) 

 Control ATX-II (40 nM) Control ATX-II (40 nM) 

No stim None detected 

(n=12/4) 

58 ± 22* 

(n=13/4) 

None detected 

(n=12/4) 

81 ± 19* 

(n=13/4) 

0.1 Hz None detected 

(n=12/4) 

55 ± 6* 

(n=10/4) 

None detected 

(n=12/4) 

81 ± 19* 

(n=12/4) 

1 Hz None detected 

(n=20/4) 

None detected 

(n=18/4) 

None detected 

(n=20/4) 

18 ± 13   

(n=18/4) 

The n number is reported as: the number of recordings/number of rats. * indicates 

P<0.05 for control vs. ATX-II. 
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Figure 4.7 Effect of KN-93 on ATX-II induced spontaneous contractions in the 

PV and LA. (A) Representative recordings showing PV contractions during 

treatment with KN-93 (20 µM) and in the presence of ATX-II (15 nM) after pre-

treatment with KN-93, at a stimulation frequency of 0.1 Hz. The number of 

spontaneous contractions were determined with ATX-II treatment (data obtained 

from separate group of rats, PV, n=4; LA, n=4) and then examined after 30 minute 

pre-incubation with KN-93 (10 µM or 20 µM) in the PV (n=4) and LA (n=4) tissues 

at (B) 0.1 Hz electrical stimulation and (C) no electrical stimulation (no stim.). All 

data are presented as mean ± s.e.m. * indicates P<0.05 for KN-93 treatment vs. 

ATX-II treatment. 

 

A 

20 µM KN-93 20 µM KN-93 + 15 nM ATX-II 

A 

B C Electrical Stim. (0.1 Hz) No stim. 



150 

 

 

 

Table 4.3 The effect of KN-93 (20 µM) on the action potentials evoked at 1 Hz 

electrical stimulation 

 PV (n=3) LA (n=3) 

 Control KN-93 (20 μM ) Control KN-93 (20 μM) 

Peak (mV) 91.8 ± 1.6 88.9 ± 4.2 96.9 ± 9.3 98.0 ± 7.8 

Rise Time (ms) 0.6 ± 0.1 0.6 ± 0.2 0.7 ± 0.1 1 ± 0.3 

dV/dt (mV/ms) 191.5 ± 25.4 194.0 ± 38.2 215.0 ± 40.1 204.7 ± 38.5 

APD50 (ms) 8.2 ± 1.2 8.9 ± 1.3 8.6 ± 2.8 10.0 ± 3.4 

APD90 (ms) 31.2 ± 2.5 32.5 ± 3.1 29.9 ± 5.2 34.2 ± 6.4 

Membrane Potential (mV) -72.5 ± 1.3 -71.4 ± 1.7 -78.4 ± 3.1 -78.0 ± 3.4 
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Figure 4.8 The effect of KN-93 on the ATX-II-induced changes in action 

potential characteristics of the PV and LA.  Action potential rise time (A); 

dV/dtmax (B); and APD90 (C) elicited by stimulation at 1 Hz, in the presence of 40 

nM ATX-II (data obtained from separate group of rats, PV, n=11/4; LA, n=6/3). The 

effect of ATX-II (40 nM) was then examined after incubating the tissue for 30 

minutes with 10 μM KN-93 (PV, n=14/4; LA, n=11/4) or 20 μM KN-93 (PV, 

n=13/3; LA, n=7/3). All data are presented as mean ± s.e.m. * indicates P<0.05 for 

KN-93 + ATX-II treatment vs. ATX-II treatment.  

 

A B 
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Figure 4.9. The effect of KN-93 on ATX-II induced spontaneous action potentials. 

(A) Representative PV recordings showing action potentials in the presence of KN-93 

alone (20 µM, left panel) and ATX-II (40 nM) after pre-incubation with KN-93 (20 µM, 

right panel). (B) The rate of ATX-II induced spontaneous action potentials at 0.1 Hz 

electrical stimulation, in the presence of 40 nM ATX-II (data obtained from separate 

group of rats, PV, n=10/4; LA, n=12/4) was recorded. The effect of ATX-II (40 nM) 

was reassessed after incubation with 10 µM KN-93 (PV, n=16/4; LA, n=10/4) or 20 µM 

KN-93 (PV, n=11/4; LA, n=7/4). (C) Spontaneous action potentials (PV, n=13/4; LA, 

n=13/4) in the absence of electrical stimulation (no stim.) were also recorded. The effect 

of ATX-II was examined after pre-incubation with 10 µM (PV, n=16/4; LA, n=8/4) or 

20 µM KN-93 (PV, n=13/4; LA, n=7/4). All data are presented as mean ± s.e.m. * 

indicates P<0.05 for KN-93 + ATX-II treatment vs. ATX-II treatment. Arrows represent 

the electrical stimulus. 

A 

B C 

 

Electrical Stim. (0.1 Hz) No stim. 
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  Table 4.4 The effect of KN-93 on ATX-II induced EADs in PV and LA tissues 

 PV cells with EADs (%) LA cells with EADs (%) 

 
ATX-II          

(40 nM) 

KN-93 (10 µM)   

+ ATX-II 

KN-93 (20 µM)     

+ ATX-II 

ATX-II  

(40 nM)          

KN-93 (10 µM)           

+ ATX-II 

KN-93 (20 µM)  

+ ATX-II 

0.1 Hz 53 ± 3 

(n=10/4) 

6 ± 6*       

(n=16/4) 

None detected* 

(n=11/4) 

81 ± 19            

(n=12/4) 

34 ± 19*        

(n=10/4) 

18 ± 10*    

(n=7/4) 

No Stim 58 ± 22 

(n=13/4) 

None detected* 

(n=16/4) 

None detected* 

(n=13/4) 

81 ± 19            

(n=13/4) 

42 ± 8              

(n=8/4) 

None detected* 

(n=7/4) 

   The n number is reported as: the number of recordings/number of rats.  

    *indicates P<0.05 for KN-93 treatment vs. ATX-II alone.  
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Figure 4.10 Effect of ORM-10103 on ATX-II induced contractions in the PV and 

LA. (A) Representative recording of LA contractions at a stimulation frequency of 

0.1 Hz under control conditions (left panel), in the presence of ATX-II (15 nM) 

(middle panel) and in the presence of ATX-II and ORM-10103 (20 µM) (right 

panel).  Graphs show PV (n=6) and LA (n=4) contractions induced by ATX-II at (B) 

0.1 Hz electrical stimulation and (C) no electrical stimulation (no stim.) in the 

presence of ATX-II alone (15 nM) and after addition of ORM-10103 (10 µM or 20 

µM). All data are presented as mean ± s.e.m. * indicates P<0.05 for ATX-II vs. 

ORM-10103 treatment. 

A 

B 

15 nM ATX-II 15 nM ATX-II +  
20 µM ORM-10103 

B C 

  

  

60s 

Electrical Stim. (0.1 Hz) No stim. 
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Table 4.5. The effect of 20 µM of ORM-10103 on the action potentials evoked by 

1 Hz electrical stimulation  

 PV (n=3) LA (n=3) 

 Control ORM-10103 (20 μM)  Control ORM-10103 (20 μM ) 

Peak (mV) 84.1 ± 3.4 84.1 ± 2.0 84.7 ± 7.7 86.4 ± 6.4 

Rise Time (ms) 0.7 ± 0.1 0.7 ± 0.1 1.2 ± 0.1 1.0 ± 0.2 

dV/dt (mV/ms) 144.9 ± 5.9 155.0 ± 0.8 127.0 ± 25.9 134.2 ± 18.6 

APD50 (ms) 6.6 ± 0.7 6.8 ± 0.9 7.0 ± 1.0 10.2 ± 2.5 

APD90 (ms) 28.2 ± 2.9 28.8 ± 4.6 29.8 ± 3.5 30.1 ± 4.2 

Membrane Potential (mV) -74.7 ± 2.6 -75.5 ± 3.7 -78.1 ± 4.8 -77.9 ± 4.4 
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Figure 4.11. The effect of ORM-1013 on ATX-II induced changes in action 

potential characteristics of the PV and LA. Action potential rise time (A); 

dV/dtmax (B); and APD90 (C) elicited by electrical stimulation at 1 Hz, in the 

presence of 40 nM ATX-II (PV, n=11/4; LA, n=6/3) and ATX-II (40 nM) in the 

presence of 10 μM ORM-10103 (PV, n=9/4; LA, n=8/3) or 20 μM of ORM-10103 

(PV, n=8/4; LA, n=8/3 rats). All data are presented as mean ± s.e.m. 
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C 



157 

 

10 s

2
0
 m

V

            

40 nM ATX-II 40 nM ATX-II + 20 M ORM-10103

PV LA
0

5

10

15

20

25

* *

*

ATX-II (40 nM)

ATX-II + ORM-10103 (10 M)

ATX-II + ORM-10103 (20 M)

S
p

o
n

ta
n

e
o

u
s

 A
c

ti
o

n

P
o

te
n

ti
a

ls
 (

m
in

-1
)

PV LA
0

5

10

15

20

25

S
p

o
n

ta
n

e
o

u
s

 A
c

ti
o

n

P
o

te
n

ti
a

ls
 (

m
in

-1
)

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 The effect of ORM-10103 on ATX-II induced arrhythmogenic 

activity. (A) Representative recordings of the PV in the presence of ATX-II (40 nM) 

(left panel) and after treatment with ORM-10103 (20 µM) (right panel). (B) The rate 

of ATX-II induced spontaneous action potentials in the presence of 40 nM ATX-II 

(PV, n=10/4; LA, n=12/4) and after treatment with 10 µM ORM-10103 (PV, n=8/4; 

LA, n=10/4) and then 20 µM ORM-10103 (PV, n=8/4; LA, n=10/4). (C) Summary 

data in the absence of electrical stimulation (no stim.), of the rate of spontaneous 

action potentials per minute in the presence of 40 nM ATX-II (PV, n=13/4; LA, 

n=13/4) and after treatment with 10 µM ORM-10103 (PV, n=8/4; LA, n=8/4) and 20 

µM ORM-10103 (PV, n=8/4; LA, n=8/4). All data are presented as mean ± s.e.m. * 

indicates P<0.05 ATX-II treatment vs. ORM-10103 treatment.  Arrows represent the 

electrical stimulus. 

A 

C Electrical Stim. (0.1 Hz) B No Stim. 
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  Table 4.6 The effect of ORM-10103 on ATX-II induced EADs in PV and LA tissues 

 PV cells with EADs (%) LA cells with EADs (%) 

 
ATX-II          

(40 nM) 

ATX-II + ORM 

(10 µM)    

ATX-II + ORM  

(20 µM)      

ATX-II     

 (40 nM) 

ATX-II + ORM     

(10 µM)            

ATX + ORM   

(20 µM)  

0.1 Hz 53 ± 14 

(n=10/4) 

25 ± 25   

(n=8/4) 

33 ± 19      

(n=8/4) 

81 ± 19                

(n=10/4) 

42 ± 21           

(n=10/4) 

50 ± 14    

(n=10/4) 

No Stim 42 ± 30 

(n=13/4) 

44 ± 29   

(n=8/4) 

22 ± 22      

(n=8/4) 

81 ± 19                 

(n=13/4) 

50 ± 29            

(n=8/4) 

42 ± 30      

(n=8/4) 

   The n number is reported as: the number of recordings/number of rats. 
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4.4 Discussion 

4.4.1 The effect electrical stimulation rate on ATX-II induced 

spontaneous contractions 

Treatment with ATX-II (15 nM) induced contractions in the absence of electrical 

stimulation as well as at electrical stimulation frequencies up to 0.3 Hz in PV tissues 

and up to 1 Hz in LA tissues. Therefore highlighting the ability of ATX-II to induce 

arrhythmogenic activity in the rat PV and the LA. Previous studies in mouse and 

guinea pig isolated atrial cardiomyocytes demonstrated that ATX-II directly 

increased the INaL (Song et al., 2008; Fischer et al., 2015). Wolkowicz et al. (2014) 

showed that the ATX-II induced increase in the INaL could initiate spontaneous 

contractions in rat LA preparations, which were attenuated by inhibition of the INaL 

with ranolazine. Therefore in the current study, the spontaneous contractions 

observed in the PV and LA tissues may be attributed to an ATX-II mediated increase 

in INaL. This could lead to Na+ dependent Ca2+ accumulation in the cytosol (Sossalla 

et al., 2008), which is associated with contractile dysfunction in cardiomyocytes 

(Undrovinas et al., 2010).  The spontaneous contractions displayed a rate dependent 

relationship with the electrical stimulation frequency in both tissues, as the extra 

contractions were abolished at higher (> 1 Hz) electrical stimulation frequencies. 

This is in agreement with Wolkowicz et al. (2014), who reported that spontaneous 

contractions were abolished at frequencies above 1 Hz in the rat LA. The abolition of 

the ATX-II induced spontaneous contractions at higher electrical stimulation 

frequencies in both tissues is also thought to suggest the ATX-II arrhythmogenic 

activity is attributed to the INaL. Guo et al. (2011) demonstrated the electrical 

stimulation rate dependence of the INaL, as a reduction in INaL density was recorded at 

more rapid electrical stimulation frequencies. At faster electrical stimulation rates, 

Na+ channels become increasingly inactivated and so the reduction of the INaL at 

these more rapid electrical stimulation frequencies is attributed to the channels slow 

inactivation and recovery kinetics (Guo et al., 2011). In addition, since the Na+ 

channel kinetics were similar between the PV and LA (as previously shown in 

Section 3.3.3), the suppression of ATX-II extra contractions by a lower electrical 

stimulation frequency in the PV in comparison to the LA could suggest an increased 

sensitivity of the LA to ATX-II, compared to the PV. A recent study revealed rabbit 
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LA cardiomyocytes exhibited an enhanced sensitivity to ATX-II and ranolazine in 

comparison to left ventricular cardiomyocytes as the EC50 of ATX-II was lower in 

atrial cardiomyocytes in comparison to ventricular cardiomyocytes (Luo et al., 

2014). Furthermore, ranolazine decreased INaL more in atrial than ventricular 

cardiomyocytes (Luo et al., 2014). This was thought to be attributed to a larger INaL 

current density in the LA cardiomyocytes (Luo et al., 2014).  

 

In contrast, Malécot et al. (2014) reported the absence of INaL in rat PV and LA 

cardiomyocytes. Although, during their whole cell patch clamp studies they observed 

a small current typical of INaL, this was not blocked by the INaL inhibitor, ranolazine. 

However, the external solution only contained 30 mM NaCl, which may not provide 

sufficient Na+ influx to observe the INaL. Other groups tend to use a more 

physiological external NaCl concentration of around 140 mM, to allow measurement 

of INaL in cardiomyocytes (Maltsev et al., 1998, 2007; Undrovinas et al., 2006, 2010; 

Luo et al., 2014).  

 

In the current study, treatment with ATX-II did not alter the shape or time course of 

the contractions, as the spontaneous contraction upstroke and duration in both tissues 

was similar to those of the electrically evoked contractions under control conditions. 

Similar results were also recorded in guinea pig papillary muscles (Ravens, 1976).  

 

4.4.2 The effect of ATX-II on the action potential characteristics of the 

PV and LA  

The presence of the lower ATX-II concentration (15 nM), altered the rise time, rate 

of rise and APD90 of electrically evoked action potentials in the PV, but only affected 

the APD90 in the LA. However, increasing the ATX-II concentration to 40 nM 

altered the characteristics of the electrically evoked action potentials in both the PV 

and LA. This effect of ATX-II is presumably due to an increase in INaL, since 

previous studies in LA cardiomyocytes have shown that ATX-II enhances INaL (Song 

et al., 2008, 2009). The ATX-II mediated increase in rise time and decrease in the 

rate of rise in both tissues shown in the current study, was also previously reported 

by Ravens, (1976) in guinea pig ventricular papillary muscles. The prolongation of 
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the APD90 and increase in the ERP recorded in both PV and LA tissues after 

treatment with ATX-II is also in agreement with similar studies on guinea-pig 

isolated atrial cardiomyocytes (Song et al., 2008) and rabbit PV preparations (Lu et 

al., 2012; Chen et al., 2014). A balance of inward and outward currents usually 

determines the APD (Carmeliet and Mubagwa, 1998), and ATX-II is thought to shift 

the balance of currents in favour of inward currents, which prolongs the APD 

(Antzelevitch, 2004). An increase in APD is a well-known characteristic of an 

enhanced INaL (Kiyosue and Arita, 1989; Liu et al., 1992; Song et al., 2004, 2008), 

further supporting the assumption in this study that the ATX-II induced effects in the 

PV and LA are mediated by an increase in INaL. In addition, the prolonged APD90 

was more pronounced at the lower electrical stimulation frequency of 0.1 Hz, 

compared to 1 Hz, in both tissues (Appendix, Figure 6.12). This is likely due to the 

ATX-II induced increase in INaL, since INaL is thought to be greater at lower 

frequencies (Zygmunt et al., 2001; Grandi et al., 2007; Guo et al., 2011). Although 

AF is usually associated with an abbreviated APD, a prolonged APD is also 

associated with this arrhythmia (Benito et al., 2008; Zellerhoff et al., 2009). Several 

gain of function SCN5A mutations, which are common to LQTS, are associated with 

increased INaL, prolonged APD and a high incidence of AF (Benito et al., 2008; 

Zellerhoff et al., 2009).  

 

4.4.3 The contribution of TTX-sensitive sodium channels to ATX-II 

mediated activity 

In the present study, inhibition of TTX-sensitive Na+ channels with TTX (100 nM) 

did not alter the spontaneous contractions in either the PV or LA tissue. This 

suggests that blockade of TTX-sensitive channels alone is not sufficient to reduce 

ATX-II induced arrhythmogenesis. However, the higher concentration of TTX (10 

µM) suppressed the ATX-II induced spontaneous contractions in both tissues. In 

previous studies inhibition of TTX-sensitive and TTX-resistant Na+ channels with 

micromolar concentrations of TTX decreased INaL in human ventricular 

cardiomyocytes as well as decreasing the INaL enhanced by ATX-II (Isenberg and 

Ravens, 1984; Maltsev et al., 1998). Moreover, micromolar concentrations of TTX 

also suppressed ATX-II induced EADs and DADs in ventricular cardiomyocytes 
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(Maltsev et al., 1998; Song et al., 2008; Sag et al., 2014) and attenuated the ATX-II 

induced prolongation of the APD (Ravens, 1976; Studenik et al., 2001). Thus, 

suggesting that inhibition of both TTX-resistant and TTX-sensitive Na+ channels is 

needed to reduce ATX-II induced arrhythmogenic activity. The Na+ dependence of 

INaL induced arrhythmias has also been shown in rat and rabbit PV as well as rat and 

guinea pig atrial preparations as ATX-II induced activity was suppressed by 

ranolazine (Song et al., 2008; Lu et al., 2012; Wolkowicz et al., 2014). 

 

The ability of 100 nM TTX to slightly attenuate the ATX-II mediated prolongation 

of the APD90 in the PV suggests that there could be a small TTX-sensitive Na+ 

channel contribution to this effect in PV cardiomyocytes. This is in agreement with 

Nishio et al. (1991) who observed a reduction in the ATX-II induced prolongation of 

the APD90, by inhibition of the TTX-sensitive Na+ channels in guinea pig papillary 

preparations.  

4.4.4 Treatment with ATX-II induces spontaneous action potentials and 

EADs in PV and LA tissues 

Increasing the ATX-II concentration to 40 nM resulted in arrhythmogenic activity in 

the form of spontaneous action potentials and EADs in both PV and LA tissues. 

Previous studies on the rabbit PV and guinea pig atrium also reported the appearance 

of EADs and spontaneous action potentials in the presence of ATX-II, which was 

inhibited by ranolazine (Song et al., 2008; Lu et al., 2012; Chen et al., 2014). 

Therefore the spontaneous action potentials and EADs were likely due to an increase 

in the INaL, which could lead to ectopic activity in the PV. Song et al. (2008) reported 

that the ATX-II induced action potentials were thought to stem from DADs and 

EADs, in line with an accumulation of intracellular Ca2+, secondary to an enhanced 

INaL. The ATX-II induced DADs and triggered activity were attributed to an increase 

in the Iti, which is associated with Ca2+ overload (Song et al., 2008), whereas the 

ATX-II induced EADs are thought to be due to the prolonged APD (Song et al., 

2008).  
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4.4.5 The effect of KN-93 on ATX-II induced arrhythmogenic activity in 

PV and LA tissues 

The suppression of ATX-II induced spontaneous contractions by pre-incubation of 

the PV or LA with the CaMKII inhibitor, KN-93, suggests the involvement of 

CaMKII in this arrhythmogenic activity. These results support the findings of 

Wolkowicz et al. (2014) in which KN-93 also inhibited spontaneous contractions 

induced by ATX-II in the rat LA. In the present study, the requirement for CaMKII 

activity in ATX-II mediated arrhythmogenesis in PV and LA tissues was further 

demonstrated by the finding that KN-93 attenuated the rate of spontaneous action 

potentials and the appearance of EADs. This is in agreement with previous 

investigations in mouse ventricular cardiomyocytes where inhibition of CaMKII by 

AIP reduced ATX-II dependent DADs (Sag et al., 2014). Since ATX-II is thought to 

increase INaL, then CaMKII activation may play a role in INaL mediated 

arrhythmogenic activity in PV and LA tissues. Furthermore, inhibition of CaMKII 

also prevented isoproterenol or phenylephrine induced EADs and DADs in rabbit PV 

preparations (Lo et al., 2007). Sag et al. (2014) reported that treatment of mouse 

ventricular cardiomyocytes with ATX-II increased the activation of CaMKII, which 

was reversed by ranolazine. Therefore it is likely the ATX-II mediated increase in 

INaL in PV and LA tissues resulted in an increase in CaMKII activity. 

 

In the present study, CaMKII inhibition also attenuated the ATX-II induced APD90 

prolongation in both the PV and LA. Since prolongation of the APD promotes EADs 

in cardiac tissue (January and Riddle, 1989; Zeng and Rudy, 1995), the suppression 

of EADs could be attributed to the reduction in APD90. This is consistent with an 

earlier study in rabbit isolated ventricular cardiomyocytes, which reported that the 

ability of the non-specific INaL activator H2O2 to prolong the APD and induce EADs 

was attenuated by the presence of KN-93 (Xie et al., 2009).  

 

Though KN-93 is thought of as a relatively selective blocker for CaMKII, previous 

studies have demonstrated non-specific effects on other ion channels. Specifically 

KN-93 at a concentration above 1µM was shown to inhibit several voltage gated K+ 

channels in heterologous cell lines (Rezazadeh et al., 2006). In addition, Gao et al. 
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(2006) reported that in a neuroblastoma cell line transfected with Cav1.3, 10 µM KN-

93 suppressed the L-type Ca2+ current. As enhanced L-type Ca2+ current can 

contribute to the generation of EADs (January and Riddle, 1989), the KN-93 

suppression of EADs could be partly due to decrease in L-type Ca2+ current. 

However, the highest concentration of KN-93 had no effect on action potential 

parameters in this study, including the APD50 which has previously been shown to 

be reduced by L-type Ca2+ channel blockers (Mitchell et al., 1984; Schouten and 

Keurs, 1985). The lack of effect of KN-93 on action potential characteristics 

highlights that CaMKII does not play a key role in action potential characteristics of 

the PV and LA under control conditions. This is in line with previous work in which 

KN-93 had no effect on the APD of rabbit PV (Lo et al., 2007) or ventricular 

cardiomyocytes (Anderson et al., 1998). The inactivate derivative of KN-93, KN-92, 

which lacks kinase activity but inhibits a number of similar ion channels in 

comparison to KN-93 (Anderson et al., 1998; Chelu et al., 2009; Xie et al., 2009; 

Wolkowicz et al., 2014) could be used in future to establish if the anti-arrhythmic 

effect observed in the presence of KN-93 is due to the inhibition of CaMKII or non-

specific effects on ion channels.  

 

Although these results suggest that CaMKII activity contributes to ATX-II mediated 

arrhythmogenesis in the PV and LA, further work is needed in order to fully 

elucidate its arrhythmogenic action. An upregulation in CaMKII activity can affect 

Na+ channel gating, resulting in increased INaL and accumulation of intracellular Na+ 

in ventricular cardiomyocytes (Wagner et al., 2006, 2011). The increase in 

intracellular Na+ can lead to Na+ dependent Ca2+ overload, which has been shown to 

enhance CaMKII phosphorylation (Sag et al., 2014). This could in turn lead to a 

positive feedback loop of CaMKII activation and intracellular Na+ accumulation, 

promoting arrhythmogenesis (Sag et al., 2014). A simplistic representation of this 

positive feedback loop is shown in Figure 4.13. In addition, the increase in CaMKII 

activity could also promote phosphorylation of the ryanodine receptor, leading to 

Ca2+ release from the sarcoplasmic reticulum (Neef et al., 2010; Fischer et al., 2015). 

Neef et al. (2010) reported an increase in phosphorylation of the ryanodine receptor 

type 2 at the CaMKII specific Ser 2814 site, in line with an increase in CaMKII 



165 

 

expression and CaMKII activity in cardiomyocytes from the right atrial appendage 

of human AF patients. This CaMKII mediated hyperphosphorylation of the 

ryanodine receptor is thought to be responsible for the arrhythmogenic sarcoplasmic 

reticulum Ca2+ leak and increased diastolic Ca2+ in the atrial cardiomyocytes from 

AF patients (Neef et al., 2010). In mouse ventricular cardiomyocytes, exposure to 

ATX-II resulted in an increased diastolic sarcoplasmic reticulum Ca2+ loss, despite 

an unaltered sarcoplasmic reticulum content, which resulted in DADs (Sag et al., 

2014). A decrease in the intracellular Na+ concentration by TTX and ranolazine or 

block of CaMKII reduced the sarcoplasmic Ca2+ loss and suppressed the DADs, 

further demonstrating the role of an increased intracellular Na+ concentration and 

CaMKII activity in sarcoplasmic Ca2+ loss (Sag et al., 2014). Activation of CaMKII 

may also phosphorylate ICaL, slowing ICaL inactivation, which would prolong the 

APD and lead to EADs (Qi et al., 2009).  
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Figure 4.13. Simplistic representation of the ATX-II induced positive feedback 

loop. The presence of ATX-II increases the INaL, leading to accumulation of 

intracellular Na+ and activation of reverse mode NCX. This resultant increase in 

intracellular Ca2+ can activate CaMKII, which phosphorylates Na+ channels, 

subsequently increasing the INaL. 



167 

 

 

4.4.6 The effect of ORM-10103 on ATX-II induced arrhythmogenesis in 

PV and LA tissues 

 

The suppression of ATX-II induced spontaneous contractions and spontaneous 

action potentials by ORM-10103, when the tissue was electrically stimulated at 0.1 

Hz, suggests that the NCX contributes to ATX-II mediated arrhythmogenic activity 

in the PV and the LA. In ventricular cardiomyocytes, it has been shown that 

arrhythmogenic activity could be triggered by a Ca2+ induced increase in forward 

mode NCX, generating the Iti (Tweedie et al., 2000; Fujiwara et al., 2008) or 

increased reverse mode NCX to remove excess intracellular Na+, leading to Ca2+ 

overload (Faber and Rudy, 2000; Sossalla et al., 2008; Undrovinas et al., 2010). 

Treatment with ORM-10103 reduced the ATX-II induced increase in intracellular 

Ca2+ in dog ventricular cardiomyocytes, and the activity was thought to be primarily 

due to the reverse mode of the NCX (Nagy et al., 2014). This could suggest that 

ORM-10103 may exert its antiarrhythmogenic action by reducing the Na+ induced 

Ca2+ overload. Whether this is also the case in PV and LA cardiomyocytes awaits 

further study.  

 

Inhibition of NCX by ORM-10103 did not suppress EADs in either of the tissues, 

suggesting that ATX-II induced EADs in the PV and LA are not dependent on 

forward or reverse mode NCX. Song et al. (2008) showed that the less selective 

NCX blocker KB-R7943 also failed to inhibit ATX-II induced EADs in guinea pig 

atrial cardiomyocytes. Furthermore, they reported that the ATX-II induced EADs 

were not inhibited by the sarcoplasmic reticulum Ca2+ release inhibitor ryanodine, or 

the Ca2+ chelators EGTA and BAPTA suggesting that the EADs are unlikely to be 

due to forward mode NCX following Ca2+ release from the sarcoplasmic reticulum 

(Song et al., 2008). Previous studies have demonstrated that the ATX-II induced 

EADs in LA cardiomyocytes were suppressed by TTX (at µM concentrations) or 

ranolazine and so they are reliant on Na+ influx (Song et al., 2008). In the current 

study ORM-10103 did not suppress the ATX-II induced prolongation of APD90. 

Since EADs occur when the APD is prolonged (January and Riddle, 1989; Clancy et 
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al., 2003), the lack of effect of ORM-10103 on the ATX-II induced APD 

prolongation could also explain the lack of EAD inhibition by ORM-10103. This is 

in agreement with a previous study which reported that selective NCX inhibition did 

not reduce ATX-II induced APD prolongation in dog papillary muscles and Purkinje 

fibres (Nagy et al., 2014).  

 

The lack of effect of the NCX inhibitor, ORM-10103, on the action potential 

characteristics of the PV and LA is also consistent with Nagy et al. (2014) who 

reported a lack of effect of ORM-10103 on electrically evoked action potentials from 

dog papillary muscle and Purkinje fibre preparations. They hypothesised that the 

lack of effect of NCX inhibition on the action potential is due to compensation by 

other repolarising currents as a consequence of the strong repolarisation reserve in 

cardiomyocytes (Roden, 1998; Biliczki et al., 2002). The failure of ORM-10103 (20 

µM) to alter the action potential characteristics suggests that this inhibitor may not 

exhibit non-specific effects on a number of ion channels. Although previous work by 

Jost et al. (2013) showed that ORM-10103 at the lower concentration of 10 µM had 

no effect on ICaL, the Na+/K+ pump or the main K+ currents, with the exception of a 

small reduction in IKr, it is currently unknown if the higher concentration of 20 µM 

ORM-10103 effects these ion currents.   

 

4.4.7 Summary 

In summary, the results show that the presence of ATX-II leads to arrhythmogenic 

spontaneous contractions, action potentials and EADs in both PV and LA tissues, 

which may be due to an ATX-II induced increase in INaL. Therefore an increase in 

INaL could be an underlying mechanism in ectopic activity generated in PV or LA 

preparations which can lead to AF. Enhanced INaL also leads to a prolonged APD90 in 

both tissues, which generates EADs. The TTX-sensitive Na+ channels may 

contribute to INaL in the PV, although block of the TTX-sensitive channels alone was 

not sufficient to suppress INaL mediated arrhythmogenic activity. Lastly, CaMKII and 

NCX activation contributes to ATX-II mediated arrhythmogenic activity in PV and 

LA tissues, although EADs are not dependent on the NCX.  
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Chapter 5  

General Discussion 
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5.1 General Discussion 

5.1.1 Characteristics of the INa in the PV and LA 

Characterisation of the electrophysiological properties of the rat PV and LA revealed 

that there was no obvious difference in the action potential characteristics of the 

cardiomyocytes in either tissue. This similarity in the action potentials is consistent 

with previous studies in rat tissues (Miyauchi et al., 2004, 2005). Since the action 

potential peak amplitude, rise time, rate of rise, and ERP are primarily governed by 

the properties of the Na+ channels, this suggests that the Na+ channel properties are 

also similar in both tissues. This was supported by subsequent studies on isolated 

cardiomyocytes from the PV and LA, where no significant difference in the INa 

density, or the activation and inactivation characteristics of the INa was found. 

 

5.1.2 The TTX-sensitive INa in the PV and LA 

Although there was no significant difference in the total INa in PV and LA 

cardiomyocytes, the lack of a TTX-sensitive INa in LA cardiomyocytes, suggests that 

there may be a difference in the expression of Na+ channel isoforms in the two 

tissues. It is not yet clear whether this could be attributed to the absence of Nav1.1 

mRNA in the LA, since in the current study Nav1.1 mRNA was absent in LA tissue. 

Although the immunocytochemistry studies with the Nav1.1 antibody appeared to 

detect this subunit in the LA, western blotting is required to confirm the specificity 

of this antibody for Nav1.1.  

 

As established in the present study, the TTX-sensitive Na+ channel isoforms are not 

significantly involved in initiating the action potential in the PV or LA. However, it 

has been hypothesised that the more depolarised activation properties of the TTX-

sensitive Na+ channels may aid in preserving normal cardiac excitation in disease 

conditions, where the myocardium is likely to be more depolarised (Huang et al., 

2001; Protas et al., 2009; Anyukhovsky et al., 2011). For example, rat and mouse 

ventricular cardiomyocytes transfected with Nav1.4 displayed a greater ability to 

preserve the action potential dV/dtmax under depolarised conditions (high K+ 

concentration), compared to cardiomyocytes without the transfection (Protas et al., 

2009; Anyukhovsky et al., 2011). This is not a property of the main cardiac Na+ 
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channel, as overexpression of Nav1.5 did not provide the same enhanced ability to 

preserve the action potential dV/dtmax in depolarised conditions (Protas et al., 2009). 

A number of studies have observed an increase in the mRNA expression of TTX-

sensitive Na+ channels in ventricular tissue from animal models with disease 

conditions associated with AF. Upregulation of Nav1.1 mRNA was reported in 

ventricular preparations from rat and dog myocardial infarction and heart failure 

models (Huang et al., 2001; Xi et al., 2009; Mishra et al., 2014). In addition, an 

increased expression of Nav1.6 was observed in ventricular cardiomyocytes from the 

rat heart failure model (Xi et al., 2009). Thus, it is reasonable to hypothesise that 

TTX-sensitive Na+ channels could also aid in preserving the dV/dtmax in depolarised 

conditions in the PV and LA. Future work could determine whether the TTX-

sensitive Na+ channel subunits are also upregulated in the PV and LA from animal 

models with pathologies that may predispose to AF and where the cardiomyocytes 

can be depolarised, such as heart failure (Chang et al., 2011). 

 

The small reduction in contraction of the PV and LA observed after block of the 

TTX-sensitive Na+ channels, suggests that they may play a minor role in excitation 

contraction coupling. However, there is an uncertainty to the involvement of TTX-

sensitive channels in the decrease in contraction amplitude in the LA, since there was 

no evidence of the TTX-sensitive INa in the LA cardiomyocytes. It is possible that 

block of the TTX-sensitive channels in neurons by TTX, thereby preventing 

neurotransmitter release, contributed to the observed decrease in contractility. 

Therefore, further work is needed to give clearer insight into the role of TTX-

sensitive Na+ channels in excitation-contraction coupling in the PV and LA. Previous 

studies in rat ventricular cardiomyocytes have also shown that inhibition of TTX-

sensitive Na+ channels increased the Ca2+ transient latency (Lines et al., 2006), 

reduced sarcoplasmic reticulum Ca2+ release, and decreased the Ca2+ transient 

amplitude in rabbit ventricular cardiomyocytes (Torres et al., 2010). This has led to 

the hypothesis that TTX-sensitive Na+ channels can modulate sarcoplasmic 

reticulum Ca2+ release as they also reside in couplons. The Na+ accumulation could 

activate reverse mode of the NCX, thereby priming the dyadic cleft with Ca2+. This, 

in turn, could increase the probability of the ryanodine receptor opening, following 
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the influx of Ca2+ via the L-type Ca2+ channels (Torres et al., 2010). Whether a 

similar mechanism exits in the PV and LA awaits further study. 

 

5.2.1 ATX-II induced arrhythmogenic activity   

Treatment with ATX-II initiated arrhythmogenic activity in the PV and LA in the 

form of spontaneous contractions, spontaneous action potentials, and EADs. This 

toxin is a well-established enhancer of INaL and has been shown to directly increase 

INaL in isolated atrial and ventricular cardiomyocytes, resulting in EADs, DADs and 

triggered activity (Isenberg and Ravens, 1984; Song et al., 2004, 2009; Fischer et al., 

2015). Although there have been no studies examining the direct effect of ATX-II on 

the INaL in PV cardiomyocytes; previous studies have shown that ATX-II resulted in 

arrhythmogenic activity in the rabbit PV, which was suppressed by the INaL inhibitor 

ranolazine (Lu et al., 2012; Chen et al., 2014). Thus, it could be hypothesised that 

the induction of spontaneous activity and EADs in the PV and LA in the present 

study is due to an ATX-II mediated increase in INaL.  

 

5.2.2 The contribution of Na+ channels to ATX-II induced 

arrhythmogenic activity 

The ATX-II induced APD90 prolongation was partially reversed by 100 nM TTX in 

the PV, suggesting that the TTX-sensitive Na+ channels could contribute to the INaL. 

The TTX-sensitive channels also contribute to the INaL in dog ventricular 

cardiomyocytes (Biet et al., 2012; Mishra et al., 2014). In contrast, inhibition of 

TTX-sensitive Na+ channels had no effect on the ATX-II induced prolongation of the 

APD90 in the LA. Since there was no evidence of a TTX-sensitive Na+ current in the 

LA cardiomyocytes, this may explain why 100 nM TTX had no effect on the ATX-II 

induced prolongation of the APD90 in the LA.  

 

Although TTX-sensitive Na+ channel inhibition partially reversed the ATX-II 

induced APD90 prolongation, 100 nM TTX did not suppress the ATX-II induced 

spontaneous contractions in the PV. This suggests that TTX-sensitive Na+ channels 

do not play a major role in the ATX-II induced arrhythmogenic activity. Inhibition of 

both TTX-sensitive and TTX-resistant INa (with 10 µM TTX) was needed to 
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significantly reduce the ATX-II induced spontaneous contractions in both tissues. 

This is in agreement with earlier studies in atrial and ventricular cardiomyocytes, 

which reported that micromolar concentrations of TTX were required to suppress the 

ATX-II induced arrhythmogenic activity in atrial and ventricular cardiomyocytes 

(Maltsev et al., 1998; Song et al., 2008; Sag et al., 2014). Whether the suppression 

of the ATX-II induced spontaneous contractions by 10 µM TTX is due to block of 

the main cardiac Na+ channel Nav1.5, or if the other TTX-resistant Na+ channel 

isoforms such as Nav1.8 or Nav1.9 also contribute to the INaL in PV and LA 

cardiomyocytes remains unknown. Although there is a lack of specific inhibitors for 

Nav1.9, a number of studies reported A-803467 as a selective Nav1.8 channel blocker 

(Jarvis et al., 2007; Yang et al., 2012). Treatment of mouse and rabbit ventricular 

cardiomyocytes with A-803467 decreased the INaL and suppressed ATX-II induced 

EADs (Yang et al., 2012). Since no mRNA was detected for Nav1.8 in the rat PV or 

LA, the inhibitor was not tested in the present study.  

 

5.2.3 The contribution of CaMKII and NCX to ATX-II induced 

arrhythmogenic activity 

The CaMKII inhibitor, KN-93 suppressed the ATX-II induced spontaneous activity 

and EADs, as well as attenuated the prolongation of the APD90 in both tissues. This 

suggests that CaMKII is somehow linked to the ATX-II induced arrhythmogenic 

activity in the rat PV and LA. However, the mechanism by which this occurs in the 

PV and LA remains to be elucidated. In ventricular cardiomyocytes, a positive 

feedback loop is thought to exist between CaMKII activation and the ATX-II 

mediated increase in INaL. Yoon et al. (2009) reported that CaMKII was 

constitutively active in rat ventricular cardiomyocytes, and regulates Na+ channel 

function. Further studies in mouse and rabbit ventricular cardiomyocytes revealed 

that overexpression of CaMKII alters the Na+ channel gating, resulting in an 

increased INaL and intracellular Na+ accumulation (Wagner et al., 2006, 2011). This 

could lead to Na+ induced Ca2+ overload, which has been reported to enhance 

CaMKII activation (Sag et al., 2014). In addition, in mouse ventricular 

cardiomyocytes, an ATX-II induced increase in the INaL was shown to increase the 

activation of CaMKII (Wagner et al., 2006, 2011; Sag et al., 2014). This positive 
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feedback loop could promote arrhythmogenic activity in the PV and LA and so 

should be explored further. Hence, the effect of CaMKII inhibition on the INaL itself 

in PV and LA cardiomyocytes should be determined. An increase in the INaL has 

been found in a heart failure model (Valdivia et al., 2005; Maltsev et al., 2007; Xi et 

al., 2009; Chang et al., 2011), which can lead to DADs and spontaneous action 

potentials in the PV (Chang et al., 2011). Whether CaMKII is also upregulated in the 

PV and LA of this model, remains to be determined and the model could be used to 

gain further insight into the positive feedback loop involving CaMKII and the INaL. 

The ability of CaMKII inhibition to decrease the heart failure induced increase in 

INaL as well as suppress any arrhythmogenic contractions and action potentials 

present in the PV and LA could also be examined.  

 

Treatment with the NCX inhibitor, ORM-10103 also suppressed spontaneous 

contractions and action potentials in both the PV and LA, suggesting that the NCX is 

involved in ATX-II mediated arrhythmogenic activity. Previously, the presence of 

ATX-II has been shown to activate forward as well as reverse mode NCX in 

ventricular cardiomyocytes (Faber and Rudy, 2000; Tweedie et al., 2000; Fujiwara et 

al., 2008; Sossalla et al., 2008; Undrovinas et al., 2010), and recently Nagy et al. 

(2014) reported that the NCX blockers ORM-10103 and SEA-0400 most likely 

exerted their antiarrhythmic effect by inhibiting the reverse mode of the NCX. They 

established, in dog ventricular cardiomyocytes, that ATX-II increased the INaL as 

well as increased the Ca2+ transient amplitude, indicating the Na+ influx may have 

promoted reverse NCX activity resulting in Ca2+ overload. This Na+ induced Ca2+ 

overload was prevented by pre-treatment with ORM-10103 or SEA-0400 and 

suppressed by either NCX inhibitor following ATX-II treatment, which is indicative 

of a reverse NCX block (Nagy et al., 2014).  

 

5.2.4 Other sources of Ca2+ in ATX-II induced arrhythmogenic activity 

Although this thesis demonstrated the importance of CaMKII and the NCX in ATX-

II induced arrhythmogenic activity in the PV and LA, the mechanism of ATX-II 

induced arrhythmogenic activity in these tissues could be explored further.  Song et 

al. (2008) established that the ATX-II mediated arrhythmogenic activity in LA 
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cardiomyocytes was suppressed by verapamil and ryanodine, suggesting that Ca2+ 

entry via the L-type Ca2+ channels and Ca2+ release from the sarcoplasmic reticulum 

is essential for this type of activity. However, as reported by Wolkowicz et al. 

(2014), alternative sources of Ca2+ also contribute to the ATX-II induced 

arrhythmogenic activity in rat LA tissues. They found that the ATX-II induced 

spontaneous extra contractions were suppressed by LOE-908, an inhibitor of voltage 

independent, arachidonate regulated, Ca2+ channels, suggesting that complex Ca2+ 

dependent signalling may be involved in the ATX-II induced arrhythmia. Their study 

also reported that inhibitors of the voltage-independent Ca2+ release Orai channels, 

ML-7 and SKF-96365, suppressed ATX-II induced triggered activity and EADs 

(Wolkowicz et al., 2014).  

 

As well as CaMKII other kinases, such as protein kinase A (PKA), and protein 

kinase C (PKC) may also be involved in ATX-II induced arrhythmic activity (Ma et 

al., 2012; Fischer et al., 2015; Wu et al., 2015). For instance, PKC, which is 

activated by an increase in the local Ca2+ concentration (Nishizuka, 1992), can also 

phosphorylate Na+ channels, resulting in an increase in the INaL (Qu et al., 1996; 

Murray et al., 1997; Ward and Giles, 1997).  Furthermore, in rabbit ventricular 

cardiomyocytes, the INaL which was enhanced by an increased Ca2+ concentration in 

the intracellular solution, or treatment with ouabain, was suppressed by the presence 

of the PKC inhibitor bisindolylmaleimide (BIM) (Ma et al., 2012; Wu et al., 2015). 

This suggests a potential role for PKC in INaL induced arrhythmogenic activity. 

However, whether inhibition of PKC could suppress spontaneous contractions, 

spontaneous action potentials and EADs induced by ATX-II remains to be 

elucidated. This could provide further insight into the mechanism of ATX-II induced 

arrhythmogenic activity in the PV and LA. 

 

5.3 Clinical relevance 

Although AF is primarily associated with a reduced APD, which is a consequence of 

electrical remodelling (Wijffels et al., 1995), increasing evidence has also linked AF 

to an increase in the APD, which can be associated with an enhanced INaL (Song et 

al., 2008, 2009). For example, in a number of cases, AF has been linked to long QT 
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syndrome (LQTS), which is associated with a prolonged APD (Johnson et al., 2008; 

Zellerhoff et al., 2009). The prevalence of LQTS has been shown to be a result of 

gain of function SCN5A mutations, which leads to an increase in INaL (Benito et al., 

2008; Blana et al., 2010; Lemoine et al., 2011). Furthermore, a number of small 

clinical trials have demonstrated the involvement of INaL in AF (Murdock et al., 

2008, 2009; Miles et al., 2011; De Ferrari et al., 2015). The INaL inhibitor, ranolazine 

prevented post-operative AF, suppressed paroxysmal AF and reduced AF recurrence 

after cardioversion (Murdock et al., 2008, 2009; Miles et al., 2011; De Ferrari et al., 

2015). Although, ranolazine is highly selective for INaL, it should also be taken into 

account that ranolazine also exhibits minor effects on other currents (Antzelevitch et 

al., 2004). 

 

Whether suppression of CaMKII activation would be viable as an antiarrhythmic 

strategy in clinical AF requires further work. Inhibition of CaMKII suppressed 

arrhythmogenic sarcoplasmic reticulum Ca2+ leak in atrial cardiomyocytes isolated 

from chronic AF patients (Neef et al., 2010; Fischer et al., 2015). However, CaMKII 

is involved in a number of other physiological processes and so systemic inhibition 

of CaMKII may produce a number of unwanted side effects such as impaired 

memory or reduced fertility (Marín-Briggiler et al., 2005; Backs et al., 2010; Halt et 

al., 2012). In order to tackle this issue, future work could focus on the effect of 

inhibiting downstream/upstream targets in the CaMKII pathway as well as localised 

CaMKII inhibition in cardiomyocytes, to determine if its inhibition could be 

clinically relevant (Duan, 2015). Whether this localised inhibition could be achieved 

by inhibiting specific CaMKII isoforms and splice variants, which are common to 

cardiomyocytes remains to be elucidated.  

 

5.4 Summary 

To summarise, this study has shown that there was no significant difference in the 

action potential characteristics between the PV and LA. The INa characteristics were 

also similar in the PV compared to the LA. However, a detailed examination of the 

TTX-sensitive INa revealed that it contributed 20% to the total INa in PV 

cardiomyocytes, with the current activated at more depolarised potentials compared 



177 

 

to the TTX-resistant INa. In contrast, there was no evidence of a TTX-sensitive INa in 

the LA cardiomyocytes. Further investigation revealed that TTX-sensitive Na+ 

channels do not significantly contribute to the action potential characteristics. 

 

Examination of the arrhythmogenic properties of the PV and LA revealed the INaL 

enhancer ATX-II could induce spontaneous contractions, action potentials and EADs 

in both tissues. Further investigation revealed the complex mechanism underlying 

ATX-II induced arrhythmogenic activity is reliant on the Na+ channels as well as 

CaMKII and NCX activity. Thus, the excitability of cells from both the PV and LA 

is influenced by both the direct and indirect action of Na+ influx through the action 

of ATX-II. 
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Table 6.1. Cardiomyocyte isolation solutions 

 Isolation Solutions (mM) 

 Isolation 

solution 1 

Isolation 

solution 2 

Isolation 

solution 3 

Isolation 

solution 4 

NaCl 140 120 140 120 

KCl 4.2 5.4 5.4 5.4 

KH2PO4 1.2 - - - 

MgCl2 1.5 5 1 3.5 

HEPES 10 10 5 20 

EGTA 0.1 - - - 

NaH2PO4 - - - 0.52 

Creatine - - - 10 

Taurine - 20 - 20 

Glucose - 20 10 11.1 

pH 7.4 
NaOH 

6.9 or 7.4 
NaOH 

7.4 
NaOH 

7.4 
NaOH 
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PV      --------------------------AAGCTTGCTTC-CTGAAGGCTGTGTGCAGAGATT 

Pred.   GGAACCAGAAGAAACCCTTGAGCCCGAAGCTTGCTTCACTGAAGGCTGTGTGCAGAGATT 

                                   

PV      CAAGTGCTGTCAAATCAGTGTGGAAGAAGGAAGAGGAAAACAGTGGTGGAACCTTCGGAG 

Pred.   CAAGTGCTGTCAAATCAGTGTGGAAGAAGGAAGAGGAAAACAGTGGTGGAACCTTCGGAG 

 

PV      AACGTGCTTCCGAATAGTTGAGCACAACTGGTTTGAGACCTTCATTGTGTTCATGATTCT 

Pred.   AACGTGCTTCCGAATAGTTGAGCACAACTGGTTTGAGACCTTCATTGTGTTCATGATTCT 

 

PV      CCTCAGTAGTGGTGCCCTGGCCTTTGAGGATATATACATTGATCAGCGAAAGACAATCAA 

Pred.   CCTCAGTAGTGGTGCCCTGGCCTTTGAGGATATATACATTGATCAGCGAAAGACAATCAA 

 

PV      GACCATGCTGGAGTATGCAGACAAGGTTTTC-CTTACATTTTTATCCTGGAGATGCTCCT 

Pred.   GACCATGCTGGAGTATGCAGACAAGGTTTTCACTTACATTTTTATCCTGGAGATGCTCCT 

 

PV      CAAATGGGTAGCCTACGGCTATCAAACGTATTTCACCAATGCCAGGTGTTGGCTGGACTT 

Pred.   CAAATGGGTAGCCTACGGCTATCAAACGTATTTCACCAATGCCTGGTGTTGGCTGGACTT 

 

PV      CTTAATTGTTGATGTTTCATTGGTCAGTTTAACAGCAAATGCCTTGGGTTACTCTGAACT 

Pred.   CTTAATTGTTGATGTTTCATTGGTCAGTTTAACAGCAAATGCCTTGGGTTACTCTGAACT 

 

PV      TGGGGCCATCAAGTCCCTAAGGACACTAAGAGCTCTGAGACCCCTAAGAGCCTTATCACG 

Pred.   TGGGGCCATCAAGTCCCTAAGGACACTAAGAGCTCTGAGACCCCTAAGAGCCTTATCACG 

 

PV      ATTTGAAG------------------------------- 

Pred.   ATTTGAAGGGATGAGGGTGGTTGTGAATGCCCTGTTAGG 

 

 

Figure 6.1 Multiple sequence alignment of SCN1A DNA. The alignment of the extracted 

DNA from the rat PV against the predicted SCN1A (Nav1.1) 519 bp amplicon. The matching 

nucleotides in the DNA sequence are highlighted in black. The forward primer used in the 

detection is underlined.   
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PV      -------------------------AGTCGGAATCGGAAGACAGTGTCAAACGAAGAAGC 

LA      -----------------------CAAGTCGGAATCGGAAGACAGTGTCAAACGAAGAAGC 

Pred.   AGAGCCGATGGAGACAGGTTTCCCAAGTCGGAATCGGAAGACAGTGTCAAACGAAGAAGC 

 

PV      TTCCTGCTCTCCCTGGATGGCAACCCGCTGACTGGTGACAAGAAGCTGTGCTCTCCCCAC 

LA      TTCCTGCTCTCCCTGGATGGCAACCCGCTGACTGGTGACAAGAAGCTGTGCTCTCCCCAC 

Pred.   TTCCTGCTCTCCCTGGATGGCAACCCGCTGACTGGTGACAAGAAGCTGTGCTCTCCCCAC 

 

PV      CAGTCTCTCTTGAGTATCCGTGGCTCCCTGTTTTCCCCAAGACGCAATAGCAAAACGAGC 

LA      CAGTCTCTCTTGAGTATCCGTGGCTCCCTGTTTTCCCCAAGACGCAATAGCAAAACGAGC 

Pred.   CAGTCTCTCTTGAGTATCCGTGGCTCCCTGTTTTCCCCAAGACGCAATAGCAAAACGAGC 

 

PV      ATTTTCAGCTTCAGAGGTCGGGCGAAGGACGTGGGGTCTGAGAATGACTTTGCAGACGAT 

LA      ATTTTCAGCTTCAGAGGTCGGGCGAAGGACGTGGGGTCTGAGAATGACTTTGCAGACGAT 

Pred.   ATTTTCAGCTTCAGAGGTCGGGCGAAGGACGTGGGGTCTGAGAATGACTTTGCAGACGAT 

 

PV      GAGCTCAGCACCTTCGAGGACAGCGAGAGCAGGAGAGACTCCCTGTTTGTGCCGCACAGA 

LA      GAGCACAGCACCTTCGAGGACAGCGAGAGCAGGAGAGACTCCCTGTTTGTGCCGCACTGA 

Pred.   GAGCACAGCACCTTCGAGGACAGCGAGAGCAGGAGAGACTCCCTGTTTGTGCCGCACAGA 

 

PV      CCTGGAGAGCGACGCAACAGTAACGGTACCACCACTGAAACGGAAGTCAGGAAGAGAAGG 

LA      CCTGGAGAGCGACGCAACAGTAACGGTACCACCACTGAAACGGAAGTCAGGAAGAGAAAG 

Pred.   CCTGGAGAGCGACGCAACAGTAACGGTACCACCACTGAAACGGAAGTCAGGAAGAGAAGG 

 

PV      CTAAGTTGTTACCAGATTTCAATGGAAATGCTGGAGGATTCCTCTGGAAGACAAAGATCC 

LA      CTAAGTTCTTACCAGATTTCAATGGAAATGCTGGAGGATTCCTCTGGAAGACAAAG---- 

Pred.   CTAAGTTCTTACCAGATTTCAATGGAAATGCTGGAGGATTCCTCTGGAAGACAAAGATCC 

 

PV       ATG---------------------------- 

LA       ------------------------------- 

Pred.    ATGAGCATAGCCAGTATCCTGACCAACACCA 

 

Figure 6.2 Multiple sequence alignment of SCN3A DNA. The alignment of the extracted 

DNA from the rat PV and LA against the predicted SCN3A (Nav1.3) 451 bp amplicon. The 

matching nucleotides in the DNA sequence are highlighted in black. The forward primer 

used in the detection is underlined.   
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PV    ----------------------------------GGTATCCCAAGTTGTGTCTGGTGGCC 

LA     ----------------------------------GGAATCCCAAGTTGTGTCTGGTGGCC 

Pred.  GCCTTGGCACAGAGGAAGAGTCCAGCAAACAGCAGGAATCCCAAGTTGTGTCTGGTGGCC 

                                           

PV     CTGGGGCCAGTACATCTCAGGCAGACTGGCAGCAAGAGCAGAAAACGGAGCCCCAGGCCC 

LA     CTGGGGCCAGTACATCTCAGGCAGACTGGCAGCAAGAGCAGAAAACGGAGCCCCAGGCCC 

Pred.  CTGGGGCCAGTACATCTCAGGCAGACTGGCAGCAAGAGCAGAAAACGGAGCCCCAGGCCC 

 

PV     CGGGGTGCGGTGAGACCCCTGAGGACAGTTACTCCGAGGGCAGCACAGCTGACATGACCA 

LA     CGGGGTGCGGTGAGACCCCTGAGGACAGTTACTCCGAGGGCAGCACAGCTGACATGACCA 

Pred.  CGGGGTGCGGTGAGACCCCTGAGGACAGTTACTCCGAGGGCAGCACAGCTGACATGACCA 

 

PV     ACACCGCCGACCTCCTGGAGCAAATCCCAGACCTTGGTGAGGACGTCAAGGACCCAGAGG 

LA     ACACCGCCGACCTCCTGGAGCAAATCCCAGACCTTGGTGAGGACGTCAAGGACCCAGAGG 

Pred.  ACACCGCCGACCTCCTGGAGCAAATCCCAGACCTTGGTGAGGACGTCAAGGACCCAGAGG 

 

PV     ACTGCTTTACTGAAGGCTGCGTCCGACGCTGTCCCTGCTGCATGGTAGACACAACCCAGT 

LA     ACTGCTTTACTGAAGGCTGCGTCCGACGCTGTCCCTGCTGCATGGTAGACACAACCCAGT 

Pred.  ACTGCTTTACTGAAGGCTGCGTCCGACGCTGTCCCTGCTGCATGGTAGACACAACCCAGT 

 

PV     CCCCAGGGAAGGTCTGGTGGCGATTGCGCAAGACCTGCTACCGCATCGTGGAGCACAGCT 

LA     CCCCAGGGAAGGTCTGGTGGCGATTGCGCAAGACCTGCTACCGCATCGTGGAGCACAGCT 

Pred.  CCCCAGGGAAGGTCTGGTGGCGATTGCGCAAGACCTGCTACCGCATCGTGGAGCACAGCT 

 

PV     GGTTCGAGACTTTCATCATCTTCATGATCCTGCTCAGCAGTGGAGCGCTGGCCTTCGAGG 

LA     GGTTCGAGACTTTCATCATCTTCATGATCCTGCTCAGCAGTGGAGCGCTGGCCTTCGAGG 

Pred.  GGTTCGAGACTTTCATCATCTTCATGATCCTGCTCAGCAGTGGAGCGCTGGCCTTCGAGG 

 

PV     ACATCTACCTGGAGGAGCGGAAGACCATCAAGGTTCTGCTGGAGTACGCGGACAAAA 

LA     ACATCTACCTGGAGGAGCGGAAGACCATCAAGGTTCTGCTGGAGTACGCGGACAAA- 

Pred.  ACATCTACCTGGAGGAGCGGAAGACCATCAAGGTTCTGCTGGAGTACGCGGACAA-- 

 

 

 

Figure 6.3 Multiple sequence alignment of SCN5A DNA (band 1). The alignment of the 

extracted DNA from the rat PV and LA against the predicted SCN5A (Nav1.5) 532 bp 

amplicon from band 1. The matching nucleotides in the DNA sequence are highlighted in 

black. The forward primer used in the detection is underlined.   
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PV    ---------------------------------CCCCTGAGGACAGTTACTCCGAAGGGC 

LA    -----------------------------CAGACCCCTGAGGACAGTTACTCCG-AGGGC 

Pred. GCCTTGGCACAGAGGAAGAGTCCAGCAAACAGACCCCTGAGGACAGTTACTCCG-AGGGC 

 

PV     GCACAGCTGACATGACCAACACCGCCGACCTCCTGGAGCAAATCCCAGACCTTGGTGAGG 

LA     GCACAGCTGACATGACCAACACCGCCGACCTCCTGGAGCAAATCCCAGACCTTGGTGAGG 

Pred.  GCACAGCTGACATGACCAACACCGCCGACCTCCTGGAGCAAATCCCAGACCTTGGTGAGG 

 

PV     ACGTCAAGGACCCAGAGGACTGCTTTACTGAAGGCTGCGTCCGACGCTGTCCCTGCTGCA 

LA     ACGTCAAGGACCCAGAGGACTGCTTTACTGAAGGCTGCGTCCGACGCTGTCCCTGCTGCA 

Pred.  ACGTCAAGGACCCAGAGGACTGCTTTACTGAAGGCTGCGTCCGACGCTGTCCCTGCTGCA 

 

PV     TGGTAGACACAACCCGGTCCCCAGGGAAGGTCTGGTGGCGATTGCGCAAGACCTGATACC 

LA     TGGTAGACACAACCCAGTCCCCAGGGAAGGTCTGGTGGCGATTGCGCAAGACCTGCTACC 

Pred.  TGGTAGACACAACCCAGTCCCCAGGGAAGGTCTGGTGGCGATTGCGCAAGACCTGCTACC 

 

PV     GCATCGTGGAGCACAGCTGGTTCGAGACTTTCATCATCTTCATGATCCTGCTCAGCAGTG 

LA     GCATCGTGGAGCACAGCTGGTTCGAGACTTTCATCATCTTCATGATCCTGCTCAGCAGTG 

Pred.  GCATCGTGGAGCACAGCTGGTTCGAGACTTTCATCATCTTCATGATCCTGCTCAGCAGTG 

 

PV     GAGCGCTGGCCTTCGAGGACATCTACCTGGAGGA-------------------------- 

LA     GAGCGCTGGCCTTCGAGGACATCTACCTGGAGGAGCGGAAGACCATCAAGGTTCTGCTGG 

Pred.  GAGCGCTGGCCTTCGAGGACATCTACCTGGAGGAGCGGAAGACCATCAAGGTTCTGCTGG 

 

PV     -------------- 

LA     AGTACGCGGACAAA 

Pred.  AGTACGCGGACAA- 

 

Figure 6.4 Multiple sequence alignment of SCN5A DNA (band 3). The alignment of the 

extracted DNA from the rat PV and LA against the predicted SCN5A (Nav1.5) splice variant 

372 bp amplicon. The matching nucleotides in the DNA sequence are highlighted in black. 

The forward primer used in the detection is underlined.   
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PV      -----------------------CCCGAGGTAGTGTATGGGATGACCCTCAAAATCCTGT 

LA      -----------------------CCCGAGCTAGTGTATGGGATGACCCTCAAAATCCTGT 

Pred.   GCTGCGTGGAGGTGGATTCTGAGACCGAGGCAGTGTATGGGATGACCTTCAAAATCCTGT                              

      

PV      GTATCTCCTGTAAGCGTCGTAGTGAGACCACCGCCGAGACCTTCACGGAGTGGACCTTCC 

LA      GTATCTCCTGTAAGCGTCGTAGTGAGACCACCGCCGAGACCTTCACGGAGTGGACCTTCC 

Pred.   GTATCTCCTGTAAGCGTCGTAGTGAGACCACCGCCGAGACCTTCACGGAGTGGACCTTCC 

 

PV      GCCAGAAGGGCACAGAGGAATTTGTCAAGATCCTACGCTATGAGAATGAGGTGCTGCAGC 

LA      GCCAGAAGGGCACAGAGGAATTTGTCAAGATCCTACGCTATGAGAATGAGGTGCTGCAGC 

Pred.   GCCAGAAGGGCACAGAGGAATTTGTCAAGATCCTACGCTATGAGAATGAGGTGCTGCAGC 

 

PV      TGGAGGAAGATGAGCGCTTTGAGGGCCGTGTGGTGTGGAACGGTAGTCGGGGCACCAAGG 

LA      TGGAGGAAGATGAGCGCTTTGAGGGCCGTGTGGTGTGGAACGGTAGTCGGGGCACCAAGG 

Pred.   TGGAGGAAGATGAGCGCTTTGAGGGCCGTGTGGTGTGGAACGGTAGTCGGGGCACCAAGG 

 

PV      ACCTGCAGGACCTGTCCATCTTCATCACCAATGTCACCTACAACCACTCTGGCGACTACG 

LA      ACCTGCAGGACCTGTCCATCTTCATCACCAATGTCACCTACAACCACTCTGGCGACTACG 

Pred.   ACCTGCAGGACCTGTCCATCTTCATCACCAATGTCACCTACAACCACTCTGGCGACTACG 

 

PV      AATGTCACGTCTACCGTCTCCTCTTCTTTGATAATTACGAGCACAACACCAGCGTCGTCA 

LA      AATGTCACGTCTACCGTCTCCTCTTCTTTGATAATTACGAGCACAACACCAGCGTCGTCA 

Pred.   AATGTCACGTCTACCGTCTCCTCTTCTTTGATAATTACGAGCACAACACCAGCGTCGTCA 

 

PV      AGAAGATCCACCTGGAGGTGGTGGACAAGGCCAACAGAGATATGGCATCCATCGTGTCAG 

LA      AGAAGATCCACCTGGAGGTGGTGGACAAGGCCAACAGAGATATGGCATCCATCGTGTCAG 

Pred.   AGAAGATCCACCTGGAGGTGGTGGACAAGGCCAACAGAGATATGGCATCCATCGTGTCAG 

 

PV      AGATCATGATGTACGTGCTCATTGTGGTGTTAACCATATGGCTCGTGGCGGAGATGGTGT 

LA      AGATCATGATGTACGTGCTCATTGTGGTGTTAACCATATGGCTCGTGGCGGAGATGGTGT 

Pred.   AGATCATGATGTACGTGCTCATTGTGGTGTTAACCATATGGCTCGTGGCGGAGATGGTGT 

 

PV      ACTGCTACAAGAAGATTGCTGCTGCCACGGAAGCTGCTGCACAAGAGAATGCCT------ 

LA      ACTGCTACAAGAAGATTGCTGCTGCCACGGAAGCTGCTGCACAAGAGAA----------- 

Pred.   ACTGCTACAAGAAGATTGCTGCTGCCACGGAAGCTGCTGCACAAGAGAATGCCTCGGAAT 

 

PV      --------------------- 

LA      --------------------- 

Pred.   ACCTGGCCATTACTTCCGAGA 

 

 
Figure 6.5 Multiple sequence alignment of SCNB1 DNA. The alignment of the extracted 

DNA from the rat PV and LA against the predicted SCNB1 (β1) 561 bp amplicon. The 

matching nucleotides in the DNA sequence are highlighted in black. The forward primer 

used in the detection is underlined.   
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PV      ----------------------------CCTGCCTTCAGCCTCACGGGGCTCAGTCTGTT 

LA      ------------------------TCGCCCTGCCTTCAGCCTCACGGGGCTCAGTCTGTT 

Pred.   AATGCACAGGGATGCCTGGCTACCTCGCCCTGCCTTCAGCCTCACGGGGCTCAGTCTGTT 

                                     

PV      TTTCTCTTTGGTGCCCTCGGGGCGGAGCATGGAAGTCACAGTCCCCACCACTCTTAGTGT 

LA      TTTCTCTTTGGTGCCCTCGGGGCGGAGCATGGAAGTCACAGTCCCCACCACTCTTAGTGT 

Pred.   TTTCTCTTTGGTGCCCTCGGGGCGGAGCATGGAAGTCACAGTCCCCACCACTCTTAGTGT 

 

PV      CCTCAACGGGTCTGATACCCGCCTGCCCTGTACCTTCAACTCCTGCTATACCGTGAACCA 

LA      CCTCAACGGGTCTGATACCCGCCTGCCCTGTACCTTCAACTCCTGCTATACCGTGAACCA 

Pred.   CCTCAACGGGTCTGATACCCGCCTGCCCTGTACCTTCAACTCCTGCTATACCGTGAACCA 

 

PV      CAAGCAGTTCTCTCTGAACTGGACTTACCAGGAGTGTAGCAATTGCTCAGAGGAGATGTT 

LA      CAAGCAGTTCTCTCTGAACTGGACTTACCAGGAGTGTAGCAATTGCTCAGAGGAGATGTT 

Pred.   CAAGCAGTTCTCTCTGAACTGGACTTACCAGGAGTGTAGCAATTGCTCAGAGGAGATGTT 

 

PV      CCTCCAGTTCCGAATGAAGATCATCAACCTGAAGCTGGAGCGGTTTGGAGACCGCGTAGA 

LA      CCTCCAGTTCCGAATGAAGATCATCAACCTGAAGCTGGAGCGGTTTGGAGACCGCGTAGA 

Pred.   CCTCCAGTTCCGAATGAAGATCATCAACCTGAAGCTGGAGCGGTTTGGAGACCGCGTAGA 

 

PV      GTTCTCGGGGAACCCCAGTAAGTACGACGTGTCAGTGACTCTAAAGAACGTGCAGCTAGA 

LA      GTTCTCGGGGAACCCCAGTAAGTACGACGTGTCAGTGACTCTAAAGAACGTGCAGCTAGA 

Pred.   GTTCTCGGGGAACCCCAGTAAGTACGACGTGTCAGTGACTCTAAAGAACGTGCAGCTAGA 

 

PV      AGACGAAGGCATTTACAACTGCTACATCACCAACCCTCCAGACCGCAACCGTGGCCATGG 

LA      AGACGAAGGCATTTACAACTGCTACATCACCAACCCTCCAGACCGCCACCGTGGCCATGG 

Pred.   AGACGAAGGCATTTACAACTGCTACATCACCAACCCTCCAGACCGCCACCGTGGCCATGG 

 

PV      CAAGATCTACCTGCAGGTCCTTCTAGAAGTGCCCCC------------------------ 

LA      CAAGATCTACCTGCAGGTCCTTCTAGAAGTGCCCCCAGAGCGG----------------- 

Pred.   CAAGATCTACCTGCAGGTCCTTCTAGAAGTGCCCCCAGAGCGGGACTCCACGGTGGCAGT 

 

PV      -------------------- 

LA      -------------------- 

Pred.   CATCGTGGGTGCCTCAGTGG 

 

 

Figure 6.6 Multiple sequence alignment of SCNB2 DNA. The alignment of the extracted 

DNA from the rat PV and LA against the predicted SCNB2 (β2) 500 bp amplicon. The 

matching nucleotides in the DNA sequence are highlighted in black. The forward primer 

used in the detection is underlined.   
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PV      -------------------CTTTCTTTATCTGTGTGTGTGGAAGTGCCGTCGGAGACAGA 
LA      ---------------------------CCCTGTGTGTGTGGAAGTACCCTCGGAGACAGA 

Pred.   GCTCATCTACTGGGTCAGAGTCTGCTTCCCTGTGTGTGTGGAAGTACCCTCGGAGACAGA 

 
PV      AGCGGTGCAGGGCAATCCCATGAAGCTGAGGTGCATCTCCTGCATGAAGAGGGAGGAGGT 

LA      AGCGGTGCAGGGTAATCCCATGAAGCTGAGGTGCATCTCCTGCATGAAGAGGGAGGAGGT 

Pred.   AGCGGTGCAGGGTAATCCCATGAAGCTGAGGTGCATCTCCTGCATGAAGAGGGAGGAGGT 

 

PV      GGAGGCCACCACTGTGGTGGAGTGGTTCTACAGGCCTGAGGGCGGTAAAGATTTCCTTAT 

LA      GGAGGCCACCACTGTGGTGGAGTGGTTCTACAGGCCTGAGGGCGGTAAAGATTTCCTTAT 

Pred.   GGAGGCCACCACTGTGGTGGAGTGGTTCTACAGGCCTGAGGGCGGTAAAGATTTCCTTAT 

 

PV      ATATGAGTATCGGAATGGCCACCAGGAAGTGGAGAGCCCCTTCCAAGGCCGTCTGCAGTG 

LA      ATATGAGTATCGGAATGGCCACCAGGAAGTGGAGAGCCCCTTCCAAGGCCGTCTGCAGTG 

Pred.   ATATGAGTATCGGAATGGCCACCAGGAAGTGGAGAGCCCCTTCCAAGGCCGTCTGCAGTG 

 

PV GAATGGGAGCAAAGACCTGCAGGACGTATCCATCACTGTACTCAATGTCACTTTGAATGA 

LA      GAATGGGAGCAAAGACCTGCAGGACGTATCCATCACTGTACTCAATGTCACTTTGAATGA 

Pred.   GAATGGGAGCAAAGACCTGCAGGACGTATCCATCACTGTACTCAATGTCACTTTGAATGA 

 

PV      CTCTGGCCTCTACACATGCAATGTGTCCAGGGAGTTCGAATTCGAGGCACACAGGCCTTT 

LA      CTCTGGCCTCTACACATGCAATGTGTCCAGGGAGCTCGAATTCGAGGCACACAGGCCTTT 

Pred.   CTCTGGCCTCTACACATGCAATGTGTCCAGGGAGTTCGAATTCGAGGCACACAGGCCTTT 

 

PV      TGTGAAGACCACGAGACTGTTACCTTTGCGAGTCACGGAAGAGGCGGGAGAAGACTTCAC 

LA      TGTGAAGACCACGAGACTGACACCTTTGCGAGTCACTGAAGAGGCGGGAGAAGACTTCAC 

Pred.   TGTGAAGACCACGAGACTGATACCTTTGCGAGTCACTGAAGAGGCGGGAGAAGACTTCAC 

 

PV      CTCCGTGGTCTCGGAAATCATGATGTACATCCTCCTGGTCTTCCTCACCTTGTGGCTGTT 

LA      CTCCGTGGTCTCGGAAATCATGATGTACATCCTCCTGGTCTTCCTCACCTTGTGGCTGTT 

Pred.   CTCCGTGGTCTCGGAAATCATGATGTACATCCTCCTGGTCTTCCTCACCTTGTGGCTGTT 

 

PV      TATTGAGATGATCTATTGCTACAGAAAGGTCTCTAAGGCCGAAGAGGCAGCACAGGAAAA 

LA      TATTGAGATGATCTATTGCTACAGAAAGGACTCTAAGGCCGAAGAGGCAGCACAGGAAAA 

Pred.   TATTGAGATGATCTATTGCTACAGAAAGGTCTCTAAGGCCGAAGAGGCAGCACAGGAAAA 

 

PV      ------------------------------------------------------------ 

LA      TGCGTCTGACTACCTTGCTATCCCT----------------------------------- 

Pred.   TGCGTCTGACTACCTTGCTATCCCTTCAGAGAACAAGGAGAACTCTGTGGTACCTGTGGA 

 

 

 

 

Figure 6.7 Multiple sequence alignment of SCNB3 DNA. The alignment of the extracted 

DNA from the rat PV and LA against the predicted SCNB3 (β3) 601 bp amplicon. The 

matching nucleotides in the DNA sequence are highlighted in black. The forward primer 

used in the detection is underlined.   
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PV      ------------------------TGGGCATTGGGCTTTTGGGTCTCTTCCTGCTCCCCA 

LA      -----------------------CTGGGCATTGGGCTTTTGGGTCTCTTCCTGCTCCCCA 

Pred.   GAGGCAATACTCAGGCGAGATGGCTGGGCATTGGGCTTTTGGGTCTCTTCCTGCTCCCCA 

 
PV      TGTACCTGTCGTTGGAGGTATCTGTGGGAAAGGCCACCACCATCTACGCTATCAACGGCT 

LA      TGTACCTGTCGTTGGAGGTATCTGTGGGAAAGGCCACCACCATCTACGCTATCAACGGCT 

Pred.   TGTACCTGTCGTTGGAGGTATCTGTGGGAAAGGCCACCACCATCTACGCTATCAACGGCT 

 

PV      CAGCGATCCTGCTACCCTGCACCTTCTCCAGCTGTTATGGCTTTGAGAACCTCTACTTCA 

LA      CAGCGATCCTGCTACCCTGCACCTTCTCCAGCTGTTATGGCTTTGAGAACCTCTACTTCA 

Pred.   CAGCGATCCTGCTACCCTGCACCTTCTCCAGCTGTTATGGCTTTGAGAACCTCTACTTCA 

 

PV      GGTGGTCCTACAATAACAGCGAAACATCCAGGATTCTCATCGACGGGATCGTGAAGAATG 

LA      GGTGGTCCTACAATAACAGCGAAACATCCAGGATTCTCATCGACGGGATCGTGAAGAATG 

Pred.   GGTGGTCCTACAATAACAGCGAAACATCCAGGATTCTCATCGACGGGATCGTGAAGAATG 

 

PV      ATAAGTCTGACCCTAAGGTGAGAGTGAAGGATGATGACCGCATCACCCTAGAGGGCTCCA 

LA      ATAAGTCTGACCCTAAGGTGAGAGTGAAGGATGATGACCGCATCACCCTAGAGGGCTCCA 

Pred.   ATAAGTCTGACCCTAAGGTGAGAGTGAAGGATGATGACCGCATCACCCTAGAGGGCTCCA 

 

PV      CTAAGGAAAAGATGAATAACATCTCCATCCTCTTGAGTGACCTGGAGTTCAGT-ACACGG 

LA      CTAAGGAGAAGATGAATAACATCTCCATCCTCTTGAGTGACCTGGAGTTCAGTGACACGG 

Pred.   CTAAGGAGAAGATGAATAACATCTCCATCCTCTTGAGTGACCTGGAGTTCAGTGACACGG 

 

PV      GCAAATACACTTGCTTCGTAAGGAACCCCAAGGAGAAGGACTTAAACAACTCTGCTAAGA 

LA      GCAGATACACTTGCTTCGTGAGGAACCCCAAGGAGAAGGACTTAAACAACTCTGCTACGA 

Pred.   GCAGATACACTTGCTTCGTGAGGAACCCCAAGGAGAAGGACTTAAACAACTCTGCTACGA 

 

PV      TCTTCCTCCAAGTGGTTGATAAATTGGAAGAAGTGGACAACATAGTGACGCTCATCATCC 

LA      TCTTCCTCCAAGTGGTTGATAAATTGGAAGAAGTGGACAACACAGTGACGCTCATCATCC 

Pred.   TCTTCCTCCAAGTGGTTGATAAATTGGAAGAAGTGGACAACACAGTGACGCTCATCATCC 

 

PV      TGGCTGTGGTAGGCGGGGTCATCGGACTTCTCGTCTGCATCCTGTTGCTGAAGAAGCTCA 

LA      TGGCTGTGGTAGGCGGGGTCATCAGACTTCTCGTCTGCATCCTGTTGCTGAAGAAGCTCA 

Pred.   TGGCTGTGGTAGGCGGGGTCATCGGACTTCTCGTCTGCATCCTGTTGCTGAAGAAGCTCA 

 

PV      TCACTTTCATCCTGAAGAAGACCAGAGAGAAGAAGAAGGAGTGTC--------------- 

LA      TCACTTTCATCCTGAAGAAGACCAGAGAGAAGAAGAAGGAGTGTCTCGTGAGTTCCTCTG 

Pred.   TCACTTTCATCCTGAAGAAGACCAGAGAGAAGAAGAAGGAGTGTCTCGTGAGTTCCTCTG 

 

PV      ------------------------- 

LA      A------------------------ 

Pred.   GGAACGACAACACAGAGAACGGGCT 

 

 

Figure 6.8 Multiple sequence alignment of SCNB4 DNA. The alignment of the extracted 

DNA from the rat PV and LA against the predicted SCNB4 (β4) 625 bp amplicon. The 

matching nucleotides in the DNA sequence are highlighted in black. The forward primer 

used in the detection is underlined.   
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Figure 6.9 Immunostaining of Na+ channel α-subunits in rat ventricular 

cardiomyocytes. Rat ventricular cardiomyocytes were isolated using the 

Langendorff method and labelled with a (A) Nav1.1; (B) Nav1.3; (C) Nav1.4; (D) 

Nav1.5; (E) Nav1.6 primary antibodies and an Alexa 488 secondary antibody (green). 

(F) Negative control in which the primary antibody was omitted are also shown. 

DAPI staining of the nucleus is shown in blue. For these images, the plane of focus 

was within the cell. Scale bars are 10 µm. This was repeated using cells from three 

separate rats 
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Figure 6.10 Immunostaining of Na+ channel α-subunits in human ventricular 

tissue. Human ventricular tissue sections were labelled with (A) Nav1.1; (B) Nav1.3; 

(C) Nav1.4; (D) Nav1.5 and (E) Nav1.6 antibodies and Alexa 488 secondary antibody 

(green). (F) Negative controls in which the primary antibody was omitted.  DAPI staining 

of the nucleus is shown in blue. Scale bars are 10 µm. Staining was carried out in 

tissue from two patients. 
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Figure 6.11 Effect of 0.1% DMSO on ATX-II induced contractions in the PV 

and LA. Graphs show PV (n=3) and LA (n=3) contractions induced by ATX-II at 

(B) 0.1 Hz electrical stimulation and (C) no electrical stimulation (no stim.) in the 

presence of ATX-II alone (15 nM) and after addition of 0.1% DMSO. All data are 

presented as mean ± s.e.m.  

 

A B Electrical Stim. (0.1 Hz) No Stim.  
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Figure 6.12 The effect of ATX-II (40 nM) on the APD90 of the PV and LA at 

electrical stimulation frequencies of 0.1 Hz and 1 Hz. The APD90 in PV (A) and 

LA (B) preparations was recorded under control conditions, when the tissue was 

electrically stimulated at 0.1 Hz (PV n=9/4, LA n=9/4) and at 1 Hz (PV n=10/4, LA 

n=9/4). This was repeated in the presence of 40 nM ATX-II at 0.1 Hz (PV n=10/4, 

LA n=12/4) and 1 Hz (PV n=18/4, LA n=18/4) electrical stimulation. All data are 

presented as mean ± s.e.m. * indicates P<0.05 for control vs. ATX-II treatment. ‡ 

indicates P<0.05 for 0.1 Hz vs. 1 Hz. 
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