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ABSTRACT 

The electrical heterogeneity of the heart has been recognized as an important feature of normal 

cardiac function.  In cardiac myocytes, considerable electrophysiological differences in sodium 

channel currents have been reported between the atria and the ventricle.  Although, these 

differences have been primarily attributed to heterogeneous populations of Na
+
 channel isoforms 

within cardiac tissue, the link between these electrophysiological differences and certain cardiac 

pathologies has been loosely studied.  We sought to further elucidate the electrophysiological 

differences between the atria and the ventricle by characterizing INa in both cell types.  For these 

studies we had initially predicted the atria to contain a greater density of TTX-sensitive Na
+
 

channel isoforms compared to that of the ventricle.  We used two well-known Na
+
 channel 

blockers: lidocaine (100 μM, 30 μM, 10 μM) and tetrodotoxin (TTX; 10 nM, 30 nM).  In 

addition, we also applied hydrogen peroxide (H2O2; 100 μM, 30 μM, 10 μM) to atrial myocytes, 

which served as our pathological model for reactive oxygen species (ROS).  When we applied 

lidocaine to cardiac myocytes, we observed an overall mixed response in both cell types.  

Specifically, we noted the most significant differences (p < 0.05) in peak INa, shifts in steady-state 

inactivation, and impaired recovery from fast inactivation in the presence of 100 μM lidocaine.  

Given the non-uniform responses to lidocaine, our results support the theory that tissue specific 

populations of Na
+
 channel isoforms exist within cardiac myocytes.  In order to further elucidate 

the electrophysiological differences between the ventricle and the atria, we applied TTX, which is 

selective for TTX-sensitive Na
+
 currents.  Our results indicated no overall significant differences 

between the ventricle and the atria, suggesting that the population of TTX-sensitive Na
+
 channel 

isoforms within the atria specifically, may not be pharmacologically detectable.  Finally, our 

results also demonstrated that the atria are sensitive to ROS, where H2O2 significantly prolonged 
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the action potential duration (APD) in atrial myocytes.  Our results also suggest that, in addition 

to INa, other ion channels may be mediating a component of the H2O2-induced prolongation of the 

APD in adult rat atrial myocytes.         
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CHAPTER 1: INTRODUCTION & LITERATURE REVIEW 

Atrial Fibrillation  

 Atrial fibrillation (AF) has become an area of intense focus in recent years, and, despite 

numerous extensive studies, AF still remains only partially understood and poorly treated.  Atrial 

fibrillation is the most commonly encountered cardiac arrhythmia in clinical practice, and 

contributes substantially to cardiac morbidity and mortality (Veenhuyzen et al, 2004).  Several 

major population studies indicate that the occurrence of AF increases with age, as approximately 

70% of the people with AF are between 65-85 years (Feinberg et al, 1995; Benjamin et al, 1994; 

Benjamin et al, 1998).  Moreover, the prevalence of AF is strongly linked to the presence of 

underlying cardiovascular diseases, including hypertension, valve disease, myocardial infarction 

and ischemic heart disease (Kannel et al, 1982; Krahn et al, 1995).  The rising incidence of AF, 

together with these associated risk factors, has significantly increased the burden on the health 

care system and has fuelled the need to improve the therapeutic treatment of AF.  This demand 

has stimulated AF research in order to further elucidate the pathophysiological and 

electrophysiological mechanisms underlying AF.  

 Atrial fibrillation is defined by the rapid and irregular activation of the atrium, where 

atrial myocytes have been shown to fire at rates of 400-600 pulses per minute in humans (Nattel, 

2002; Waktare, 2002).  Under normal physiological conditions, the heart rate is under the fine 

control of the cardiac pacemaker – the sinoatrial (SA) node, which generates a normal resting 

heart rate of 60-80 beats per minute.  However, in AF, normal sinus node function is overdriven 

by rapid and unorganized activity within different regions of the atria, causing the atria to quiver 

(or fibrillate) instead of contracting normally.  This significant impairment in atrial function 
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reduces the ability of the atria to pump adequate blood to the ventricles (atrial contribution to 

ventricular filling is directly related to atrial contractility), and consequently, the ventricles are 

also affected by the fibrillating atria, impacting overall cardiac function (Samet et al, 1965).  The 

atrioventricular (AV) node is crucial to conducting electrical impulses from the atria to the 

ventricles in order to coordinate heart rate (Meijler, 1986).  The AV node essentially functions to 

reduce the ventricular response, otherwise the extremely rapid ventricular rate would result in 

ineffective cardiac function and rapid death (Nattel, 2002).  However, the AV node is unable to 

prevent all the rapid and irregular atrial impulses from reaching the ventricles, and generally, 

approximately one or two out of every three atrial beats will travel to the ventricles (Waktare, 

2002).  Consequently, the ventricles often demonstrate poorly coordinated, rapid, and irregular 

contractions, which can also greatly reduce the efficiency of the heart and lead to 

cardiomyopathies – a condition characterized by poor ventricular function and symptoms of heart 

failure (Ho et al, 1993). 

 

Basic Mechanisms of Arrhythmia: Ectopic Beats and Re-entry   

 The mechanism of automaticity is the basis of cardiac pacemaker function, and although 

several areas of the heart display automaticity, cardiac rhythm is normally controlled by the sinus 

node – the cardiac pacemaker.  All cardiac myocytes are capable of producing a spontaneous 

beat, but they are normally dormant until activated by a propagating wave front, generally from 

the sinus node.  Abnormal impulse formation within the atria can lead to pulses or beats that arise 

from/in areas outside of the sinus node – a focal ectopic beat.  Essentially, ectopic activity results 

when the slope of diastolic depolarization is increased in an area other than the sinus node and 

consequently, the cell reaches its threshold earlier than the SA node and generates ectopic action 
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potentials (APs), which can propagate throughout the atria (Nattel, 2002; Wit & Boyden, 2007; 

Workman et al, 2008).   

Focal ectopic beats or triggered activity can also be generated by early 

afterdepolarizations (EADs).  EADs occur before AP repolarization is complete and are 

considered to be a major arrhythmogenic mechanism (Marban et al, 1986; Ming et al, 1994; 

Gilmour, 2004; Wit & Boyden, 2007).  Although the exact mechanism underlying EADs remains 

unclear, a major player seems to involve the sodium (Na
+
)/calcium (Ca

2+
) exchange (NCX) 

current (INCX).  It has become increasingly clear that NCX plays a critical and prominent role in 

normal heart function.  NCX is the primary mechanism by which Ca
2+

 extrusion occurs in the 

heart (Blaustein & Lederer, 1999; Shigekawa & Iwamoto, 2001; Armoundas et al, 2003) and is 

also required to remove the Ca
2+

 entering the myocyte (via Ca
2+

 channels) during each beat (Choi 

et al, 2000).  NCX is both electrogenic and reversible, exchanging three Na
+
 ions for each Ca

2+ 

ion, and operates in either the forward (Ca
2+

 efflux; inward INCX) or reverse (Ca
2+ 

influx; outward 

INCX) mode, where the electrochemical driving forces for both Na
+
 and Ca

2+
 ions largely 

determines the direction of  NCX operation (Armoundas et al, 2003).   

Conditions of atrial dysfunction, including AF, atrial myocytes experience a state of 

enhanced cellular Na
+
 loading (Levi et al, 1997; Vassalle & Lin, 2004), thereby triggering 

reverse-mode NCX, which in turn leads to increased Ca
2+

 influx (via ICa,L) and intracellular Ca
2+

 

overload (Fabiato & Fabiato, 1978; Liu et al, 1992; Bennett et al, 1995; Brundel et al, 1999; Sun 

et al, 2001).  This state of Ca
2+

 overload then causes NCX to operate in the forward-mode, and 

during subsequent Ca
2+ 

exchange, NCX produces an inward current, where an increase in the 

magnitude of inward INCX  has been suggested to facilitate EAD formation (Nattel, 2002; 

Armoundas et al, 2003; Song et al, 2008).  The resultant EADs generated by inward INCX can be 
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arrhythmogenic provided they are large enough to reach threshold.  If this condition is met, 

spontaneous APs will result, producing ectopic beats or triggered activity, if these APs arise in 

areas outside the sinus node (Nattel, 2002).  Thus, EADs are considered to be a prominent 

mechanism for atrial arrhythmic activity.  The ionic basis and mechanisms underlying EADs are 

discussed in greater detail in later sections.     

 In addition to ectopic beats, another main mechanism of arrhythmia is re-entry.  Re-entry 

arises from abnormal impulse propagation between or within different zones of tissue (Nattel, 

2002) - it is a disorder of impulse propagation, where an impulse travels around an abnormal 

circuit repetitively (Veenhuyzen et al, 2004).  It is now generally agreed among most 

investigators that re-entry is promoted by three conditions: 1) heterogeneity of the atrial 

refractory period, 2) slowed conduction, and 3) unidirectional block (Sasyniuk & Mendez, 1971; 

Xie et al, 2002).  However, of these three, the refractory period (the duration in which a cardiac 

myocyte is unable to initiate another AP) is a key determinant of re-entry since heart tissue is 

known to exhibit differences in refractory period duration, where propagation may fail in regions 

with longer refractory periods (Moe et al, 1964; Feng et al, 1998).  A simplistic description of the 

mechanism of re-entry is as follows (Figure 1): an abnormal beat that is generated in zone II 

during the refractory period of an AP in zone I, will initially fail to activate zone I.  However, this 

ectopic beat may propagate via an alternate route to return to zone I, allowing sufficient time for 

the tissue in zone I to recover, thereby causing reactivation of zone I (Sasyniuk & Mendez, 1971; 

Nattel, 2002).  This impulse will then proceed from zone I and travel toward zone II, resulting in 

the re-excitation of zone II (provided the time to return to zone II is long enough) (Nattel, 2002; 

Veenhuyzen et al, 2004; Nattel et al, 2005).  Consequently, different areas of the atria continue to 

be re-activated giving rise to the rapid and irregular electrical activity that defines AF.  
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Figure 1.  Basic Mechanisms of Atrial Fibrillation: Re-entry.  Panel A: A sinus impulse activates zone 

I.  Panel B: An abnormal beat generated in zone II during the refractory period of zone I will initially fail to 

activate zone I.  Panel C:  The ectopic beat generated in zone II will propagate via an alternate route to 

return to zone I, allowing sufficient time for the tissue in zone I to recover and be reactivated.   Panel D: 

The impulse will then proceed from zone I and re-excite zone II, provided the time to return to zone II is 

long enough to allow for zone II to recover from the preceding beat.  Modified from Christine Kenney in 

Veenhuyzen et al, 2004.   
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The multiple-circuit model of functional re-entry has generally been accepted as the 

principal mechanism of AF, although this theory has been challenged recently (Garrey, 1924; 

Moe et al, 1964; Moe, 1968; Pertsov et al, 1993).  In functional re-entry, electrophysiological 

properties of the tissue - as opposed to anatomical obstacles - may serve as the boundary of the 

functional re-entry circuit (Veenhuyzen et al, 2004).  Of critical importance to this model is the 

concept of re-entrant wavelength, which is defined as the product of conduction velocity (CV) 

and the effective refractory period (ERP) (Allessie et al, 1977).  The number of re-excitation 

waves that can be accommodated is a function of atrial size and wavelength, where decreasing the 

wavelength will increase the number of circuits that can be accommodated, thereby favouring 

multiple-circuit re-entry and perpetuating AF (Allessie et al, 1977; Rensma et al, 1988).  Not 

surprisingly then, the traditional approach to AF has been to increase the refractory period (and 

thereby increasing wavelength), which then limits the number of functional circuits that can be 

maintained until ultimately AF cannot be sustained.  It is worth noting however, that more than 

one of the above factors may contribute to the maintenance and perpetuation of AF and it is likely 

that both re-entry and focal ectopic activity sustain and promote AF.     

 

Atrial Dysfunction during Atrial Fibrillation 

AF is characterized by severe contractile dysfunction caused by irregular and rapid 

electrical activity within the atria (Nattel 2002; Waktare, 2002).  This rapid and irregular activity 

results in electrical and structural remodelling and functional deterioration of the atria – defining 

features of AF (Thijssen et al, 2001).  The degree of such phenomenon is directly related to the 

severity of AF, where shorter periods of AF allow for a complete reversal of both electrical 

remodelling and functional deterioration within weeks (Wijffels et al, 1995; Schotten et al, 2003).  
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Conversely, prolonged periods of AF or chronic AF extends the time course of recovery 

significantly (Shapiro et al, 1988; Manning et al, 1994; Daoud et al, 1999; Everett et al, 2000).  

Thus, AF has been shown to induce electrophysiological changes within the atria, which 

facilitates the maintenance of AF.     

Several studies have investigated the electrophysiological changes underlying the 

progressive nature of AF.  The term atrial electrical remodelling is defined primarily by the 

shortening of the atrial effective refractory period (AERP) (Attuel et al, 1982; Morillo et al, 1995; 

Wijffels et al, 1995; Gaspo et al, 1997a; Fareh et al, 1998; Everett et al, 2000), and reduced 

adaptation to rate, both of which are due in large part to the increased tendency of the atria to 

fibrillate (Wijffels et al, 1995; Brundel et al, 2001a).  Furthermore, slowed atrial conduction and 

altered Ca
2+

 homeostasis can also contribute to the electrical remodelling of the atria and, thereby, 

promote the occurrence and maintenance of AF (Morillo et al, 1995; Elvan et al, 1996; Gaspo et 

al, 1997a; Nattel, 2002).  Several investigators have reported that abnormal intracellular Ca
2+ 

handling (i.e., Ca
2+

 overload) is a major cause of atrial dysfunction in AF.  Specifically, 

dysregulation of Ca
2+

 homeostasis results in alterations in ion channel and membrane pump 

function, where sacroplasmic reticulum (SR) Ca
2+

 leak and the down-regulation of both SR Ca
2+

-

ATPase and the L-type Ca
2+

 current (Brundel et al, 1999; Lai et al, 1999a; Van Gelder et al, 

1999) underlie the contractile dysfunction and electrophysiological changes (i.e., decreased in 

AERP) observed in AF (Ohkusa et al, 1999; Van Wagoner et al, 1999; Brundel et al, 2001a; 

Yamda et al, 2001).   

 In addition to the extensive electrical remodelling that occurs during AF, the atrium has 

also been shown to undergo significant structural changes (Morillo et al, 1995; Ausma et al, 

1997).  Substantial tissue and cellular architecture deterioration are the most notable features that 
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define structural remodelling (Ausma et al, 1997; Thijssen et al, 2001).  Fast atrial rates during 

AF result in marked atrial dilatation and cellular hypertrophy with increased interstitial fibrosis 

and fatty deposition (Thiedemann & Ferrans, 1977; Mihm et al, 2001).  Structural remodelling of 

atrial tissue results in heterogeneity of atrial refractoriness (Fareh et al, 1998; Ramanna et al, 

2000) and slowed atrial conduction (Morillo et al, 1995; Gaspo et al, 1997a; Brundel et al, 

2001a), both of which are likely to promote AF.  Loss of the SR and contractile elements within 

the atria have also been reported (Ausma et al, 1997), which negatively influences contractile 

force and ultimately leads to poor atrial function (Ausma et al, 2001).   

 Both of these phenomena are of particular importance, as electrical and structural 

remodelling are considered to be arrhythmogenic and thereby, further perpetuate and maintain AF 

(Thijssen et al, 2001).  Prevention of both electrical and structural remodelling is an attractive 

therapeutic approach by which the perpetuation of AF can be interrupted.    

 

Ionic Basis of Atrial Fibrillation  

 Atrial fibrillation usually occurs in a setting of atrial dysfunction, and thus 

transmembrane ionic currents are also key determinants of arrhythmia mechanisms (Bosch et al, 

1999; Workman et al, 2001).  In the human atrial AP, the balance between inward and outward 

currents during the plateau phase determines action potential duration (APD), and therefore, the 

ionic current balance determines the refractory period and the probability of re-entry.  The atria 

are predominately composed of fast channel tissue, where atrial cell activation is largely 

dependent on the large phase 0 inward Na
+
 current (INa), which will depolarize atrial myocytes 

from their normal resting potential (usually between -70 mV and -80 mV) to an overshoot 

potential of about +30 mV (Nattel, 2003).  INa is inactivated following depolarization, and atrial 
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myocytes will remain in refractory until INa inactivation is removed, which usually occurs around 

-60 mV (Nattel, 2003).  The large size of INa underlies the rapid conduction in the atria.  

Differences in AP morphology between various tissue regions within the atria are related to 

discrete differences in the relative size of these ionic currents.  These differences are considered 

pro-arrhythmic and can therefore contribute to AF, as different areas of the atria will be in various 

phases of impulse conduction (i.e., AP heterogeneity) (Feng et al, 1998).  It is also important to 

note that the atria are in electrical continuity with other tissues that have their own specialized 

cellular properties, and electrical interactions with these other tissues can also contribute to atrial 

arrhythmogenesis (Nattel, 2003). 

The ionic basis of AF has been extensively studied, as Ca
2+

, Na
+
 and K

+
 ions are key 

players in excitation-contraction coupling (ECC) and alterations in the expression of these 

channels and other proteins involved in ion homeostasis are thought to underlie the development 

of AF.  Several studies have noted altered mRNA and/or protein levels of ion channels during AF 

(Van Wagoner et al, 1997; Lai et al, 1999a; Lai et al, 1999b; Van Gelder et al, 1999; Brundel et 

al, 2001a; Brundel et al, 2001b).  The most important ionic changes involve, but
 
are not limited 

to, reduction in L-type Ca
2+

 current (ICa,L), which is the result of decreased levels of L-type Ca
2+

 

channel expression (Gaspo et al, 1997a; Brundel et al, 1999; Lai et al, 1999a; Van Gelder et al, 

1999).  ICa,L is crucial to cardiac function as the early peak of ICa,L during the AP regulates Ca
2+

 

release from the SR, a key event for ECC, and the late phase controls AP repolarization (Mahajan 

et al, 2008).  Thus, a reduction in ICa,L has significant consequences on overall cardiac function.  

The significant increase in atrial rate in AF leads to a substantial increase in cellular Ca
2+ 

loading, which can drastically affect cell viability (Sun et al, 2001).  It is important to note that 

Ca
2+

 overload is a direct consequence of increased Na
+
 load via reverse-mode NCX  (i.e., Na

+ 
- 
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dependent Ca
2+

 loading) (Levi et al, 1997; Vasselle & Lin, 2004).  Intracellular Ca
2+ 

may increase 

in several different structures, namely the SR, cytoplasm and mitochondria, to such excessive 

levels that electrical and morphological abnormalities arise in cardiac tissue (Vasselle & Lin, 

2004).  In order to minimize the impact of increased intracellular Ca
2+ 

due to the enhanced 

activation rate in AF, the cells respond by decreasing ICa,L, which will reduce Ca
2+

 entry and help 

to prevent Ca
2+

 overload (Courtemanche et al, 1998).  As previously mentioned, there have been 

reports of decreased mRNA concentrations encoding the pore-forming ICa,L α-subunit, which will 

also help to prevent Ca
2+

 overload (Yue et al, 1997; Yue et al, 1999; Bosch et al, 1999; Brundel et 

al, 1999; Lai et al, 1999a; Van Wagoner et al, 1999).    However, this leads to atrial cell 

dysfunction and may promote the induction and maintenance of AF by multiple-circuit re-entry 

as reduced ICa,L decreases APD and therefore reduces the refractory period (Gaspo et al, 1997a). 

There is also evidence for alterations in the background inwardly rectifying K
+
 current, 

IK1, and decreases in both transient outward K
+
 current (Ito) 

 
and INa, which may be explained by a 

decrease in the mRNA expression encoding the α subunits of the Ito and INa channel proteins 

(Gaspo et al, 1997b; Yagi et al, 2002; Kistler et al, 2004).  Furthermore, Ca
2+

 overload has also 

been shown to down-regulate Na
+
 channel expression, which may also explain the decrease in INa 

current (Duff et al, 1992), and contribute to slowed atrial conduction and may, therefore, help to 

promote AF (Gaspo et al, 1997a; Gaspo et al, 1997b).  Therefore, there is evidence for decreased 

membrane ion-channel production in AF (Kistler et al, 2004).   

 

The Voltage-Gated Na
+
 Channel 

Voltage-gated sodium channels are integral transmembrane proteins responsible for both 

the rapid upstroke of the cardiac AP (phase 0) and rapid impulse conduction through cardiac 
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tissue (Balser, 1999).  Given the pivotal role of Na
+ 

channels in the cardiac AP, it is not surprising 

then that Na
+
 channel dysfunction is central to the genesis of arrhythmias and their complex and 

multifaceted pharmacology (Catterall et al, 2005).   

The cardiac Na
+
 channel is a multimeric complex consisting of a principle, pore-forming 

α-subunit, and one or more auxiliary β-subunits (β1-β4) (Balser, 1999).  Na
+
 currents were first 

recorded by Hodgkin and Huxley, who used the voltage clamp technique to establish three 

fundamental properties of Na
+
 channels: 1) voltage-dependent activation, 2) rapid inactivation, 

and 3) selective ion conductance, where specific domains of the channel protein were 

hypothesized to control each of these functions (Hodgkin & Huxley, 1952).   

Several α-subunit Na
+
 channel isoforms have been identified in the nervous system, as 

well as in both skeletal and cardiac muscle (Goldin et al, 2000).  To date, ten different Na
+
 

channel subtypes have been characterized, however, their functional role in the heart remains to 

be fully elucidated.  Furthermore, there are few studies detailing the functional and biophysical 

characteristics of the Na
+
 channel isoforms in the atria.  Previous studies have indicated that Na

+ 

channel isoforms have distinct patterns of development and localization within these tissues, and 

also display differences in biophysical, functional and pharmacological properties as well (Goldin 

et al, 2000; Li et al, 2002; Maier et al, 2002).     

 The principle α-subunit forms the pore and all the essential gating elements, and α-

subunit expression alone is sufficient for functional channel expression (Catterall et al, 2005).  

The α-subunit is composed of four homologous domains (I-IV), each containing six 

transmemebrane sequences (S1-S6).  Most importantly, the S4 segments in each domain contain 

positively charged amino acid residues at every third position, which confer the voltage-gated 

property of Na
+
 channels (Stuhmer et al, 1989).  The outward movement of gating charges in 
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response to changes in the membrane potential underlies the voltage dependence of activation of 

Na
+
 channels (Hodgkin & Huxley, 1952; Yang & Horn, 1995; Yang et al, 1996).   Upon 

membrane depolarization, the S4 segment will move outward across the membrane and initiate a 

conformational change that results in channel activation (i.e., opening of the pore) and an influx 

of Na
+
 ions (Yang & Horn, 1995; Yang et al, 1996).  However, it is well established that this open 

state of the channel is short-lived, as channel opening is rapidly coupled to and followed by 

inactivation, which occurs within a few milliseconds of opening (Armstrong & Bezzanilla, 1977).  

The short intracellular loop, which connects homologous domains III and IV, serves as the 

inactivation gate, and will fold into the channel structure and block the pore (Armstrong & 

Bezzanilla, 1977; Vassilev et al, 1988; Vassilev et al, 1989).  Another defining property of Na
+
 

channels is the ion selectivity filter, which encodes the amino acid sequence DEKA (conferring 

Na
+
 selectivity), is formed by stretches of S5-S6 pore (P) loops contributed by each of the six 

transmembrane domains (Duclohier et al, 1998; Yu & Catterall, 2003).  It is worth nothing that 

Na
+
 channel gating is far more complex, however, a complete and detailed picture of Na

+
 channel 

gating modes remains to be fully clarified.  The auxiliary β-subunits (β1-β4), however, have been 

known to modify the kinetics and voltage dependence of channel gating, and have also been 

associated with channel localization and mediating interactions with cell adhesion molecules 

(Catterall et al, 2005).  

Nav1.5, which is encoded by the SCN5A gene, is the primary voltage-gated Na
+
 channel 

isoform present in the heart.  Nav1.5 mediates the upstroke of the AP (phase 0) and underlies 

rapid impulse conduction in the heart.   In cardiac muscle, the key event linking membrane 

depolarization to mechanical activity during ECC is the release of Ca
2+

 from the SR (Bers, 2001).  

The pivotal role of Nav1.5 in the cardiac AP strongly suggests that this primary cardiac isoform 
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plays an important role in ECC by underlying the propagation of the cardiac AP as it conducts 

from cell to cell (Bers, 2001; Maier et al, 2002).  Furthermore, due to the high level of expression 

of this isoform, Nav1.5 is thought to generate the majority of the total Na
+
 current (Brette & 

Orchard, 2006).  In addition, the Nav1.5 channel is tetrodotoxin (TTX)-resistant (Gellens et al, 

1992; Maier et al, 2002), a defining property of this isoform, and can be found in three states: 1) 

closed, 2) open, and 3) inactivated (Hodgkin & Huxley, 1952).  Given that Nav1.5 is the dominant 

Na
+
 channel in the heart, it is not surprising then that dysfunction of this channel has been linked 

to several cardiac disorders, including arrhythmias.     

In addition to our growing understanding of the role of Nav1.5 in AF, other Na
+
 channel 

isoforms are also of particular interest.  Although Nav1.5 is the main α-subunit expressed in 

cardiac tissue, other α-subunit isoforms, including Nav1.1, have also been detected in several 

cardiac tissue preparations (Rogart et al, 1989; Schaller et al, 1992; Haufe et al, 2005a; Haufe et 

al, 2005b).  Nav1.1 is encoded by the SCN1A gene, and while SCN1A is primarily a neuronal 

gene, it has been only recently that this neuronal brain-type Nav1.1 isoform has been identified in 

various regions of the heart, and is believed to influence the shape of the AP (Malhotra et al, 

2001; Haufe et al, 2005b; Brette & Orchard, 2006).  This neuronal Nav1.1 channel has been 

identified in, but certainly not limited to, the ventricles, Purkinje cells, T-tubules and the SA 

node, which has led some investigators to suggest that Nav1.1 may have a functional role in SA 

node pacemaking, and ECC, although this remains to be fully elucidated (Lei et al, 2004; Haufe 

et al, 2005b; Brette & Orchard 2006; Hindocha et al, 2008).   

Unlike Nav1.5, the Nav1.1 isoform is TTX-sensitive and current generated by TTX-

sensitive isoforms are known to be activated at more depolarized potentials (Fozzard & Hanck, 

1996; Maier et al, 2002; Lei et al, 2004; Haufe et al, 2005a).  Thus, differences in TTX sensitivity 
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have enabled us to distinguish between the currents generated by these two channel isoforms 

(Maier et al, 2002). A recent study has in fact shown that Nav1.1 is expressed in the atrial 

myocardium (Yoo et al, 2006).  However, studies characterizing Nav1.1 current, its functional and 

biophysical properties and its contribution to total Na
+
 current in atrial tissue are limited.  

Nevertheless, we do know that Na
+
 isoforms exhibit distinct differences in these properties, which 

has allowed for more in-depth investigation into the specific properties of these Na
+
 channel 

isoforms.  There has also been some discrepancy as to the contribution of this TTX-sensitive 

isoform to total Na
+
 current in myocytes.  It is generally accepted that TTX-resistant INa generates 

the majority of the total INa in rat ventricular myocytes, whereas TTX-sensitive INa accounts for 

only a small fraction (5-30%) of the total INa (Lei et al, 2004; Brette & Orchard, 2006).  

Differences in the electrophysiological properties, ionic currents and pharmacological 

sensitivities of Na
+
 channel isoforms have been reported between atrial and ventricular myocytes 

(Hume & Uehara, 1985; Antzelevitch et al, 1991; Clark et al, 1993; Drouin et al, 1995; 

Ogbaghebriel & Shrier, 1995; Sicouri et al, 1996; Li et al, 1998; Stankovicova et al, 2000).  The 

electrical heterogeneity of the heart has been recognized as an important determinant of normal 

cardiac function.  Previous studies have shown substantial electrical heterogeneity of INa between 

atrial and ventricular myocytes with regards to both density and their biophysical properties (Li et 

al, 2002).  These electrophysiological differences in INa are reflected in the APs for each tissue, 

where there are marked differences in AP morphology.  Such differences further indicate the 

presence of tissue specific cardiac Na
+
 channel isoforms, where the molecular structure of the Na

+
 

channel may be different between the two cell types.   
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Na
+
 Channel Dysfunction in Atrial Fibrillation 

Given the pivotal role of Na
+
 channels in cardiac excitability, it is not surprising that Na

+
 

channel dysfunction may cause pathological effects on cardiac rhythm and rate.  Mutations of the 

Na
+
 channel may result in: incomplete inactivation, a decrease in the level of channel expression, 

or an acceleration of inactivation (Grant, 2001).  Genomic studies have linked cardiac Na
+
 

channel mutations to disorders in electrical excitability, and functional studies have focused on 

Na
+
 channel dysfunction, which have revealed pathological gating defects (Balser, 2001).  

Various Na
+
 channel gene (i.e., SCN5A and SCN1A) mutations lead to different functional 

alterations to the channel, ultimately resulting in altered pathological cardiac phenotypes, which 

are associated with different levels of risk for cardiac arrhythmias (Ellinor et al, 2008). 

Nav1.5 has been linked to many pathological cardiac phenotypes, where slow and 

incomplete inactivation of the cardiac Na
+
 current results in the prolongation of the AP and 

impairs cardiac impulse conduction (Cannon, 1996; Catterall et al, 2005; Abriel, 2007; Darbar et 

al, 2008).  Different mutations of the SCN5A gene can produce either gain or loss of Nav1.5 

channel function in cardiac myocytes and promote arrhythmogenesis.  Specifically, different 

mutations of the SCN5A gene can contribute to the pathogenesis of cardiac arrhythmias by one of 

two mechanisms: 1) loss-of-function mutations, which can lead to the synthesis of non-functional 

channels or channels that inactivate rapidly causing a reduction in the available Na
+
 current 

during phase 0 of the AP; or 2) gain-of-function mutations that result in slowed inactivation and 

an increase in the late component of the Na
+
 current, which may underlie the development of 

certain cardiomyopathies (Grant, 2001; Hoover, 2006; Laitinen-Forsblom et al, 2006; Chen et al, 

2007).  Indeed, most Nav1.5 mutations associated with arrythmogenesis demonstrate impaired 

channel inactivation resulting in persistent Na
+
 currents (Bennett et al, 1995; Dumaine et al, 1996; 
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Wang et al, 1996).  This non-inactivating behaviour of mutant Nav1.5 channels delays the on-set 

of repolarization by shifting the balance of the ionic currents underlying the AP plateau and 

thereby prolonging the APD (Luo & Rudy, 1994a; Luo & Rudy, 1994b; Zeng et al, 1995; Zeng & 

Rudy, 1995).  Furthermore, several studies have confirmed the link between Na
+
 channel 

dysfunction and AF by identifying mutations or rare variants in SCN5A that may confer 

susceptibility or predispose patients to AF (Olson et al, 2005; Darbar et al, 2008; Ellinor et al, 

2008).  Thus, the evidence presented in these studies further underscores the ionic basis of AF, 

and strongly supports a role for Nav1.5 channel dysfunction in AF.     

Given that Nav1.1 is a neuronal brain-type Na
+
 channel, SCN1A dysfunction has been 

strongly linked to epilepsy, a disorder of brain hyperexcitability (Wallace et al, 1998; Escayg et 

al, 2000; Claes et al, 2001; Sugawara et al, 2001; Heron et al, 2002; Fujiwara et al, 2003).  To 

date, more than 200 epilepsy mutations have been associated with the SCN1A gene, where altered 

Na
+
 channel behaviour is the result of epilepsy mutations in brain neurons which express these 

mutant channels (Spampanato et al, 2001; Lossin et al, 2002; Spampanato et al, 2003; Rhodes et 

al, 2004; Mulley et al, 2005).  The consensus of the literature suggests that Nav1.1 mutations, 

whether missense or nonsense, whether gain-of-function or loss-of-function, ultimately cause 

epilepsy by attenuating Nav1.1 Na
+
 current and reducing the excitability of brain inhibitory 

neurons (i.e., GABAergic neurons) (Ragsdale, 2008).  Attenuated excitability of GABAergic 

neurons results in the widespread loss of brain inhibition, which ultimately leads to a state of 

brain hyperexcitability - an ideal foundation for epileptogenesis.  Another prominent feature of 

SCN1A epilepsy mutations is an increase in the persistent Na
+
 current (Lossin et al, 2002), which 

also likely contributes to epileptic activity in the brain.  It is worth noting however, that Nav1.1 
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mutations may cause epilepsy through other mechanisms, as the links between Nav1.1 mutations 

and elipeptogenesis remain incompletely understood.  

The role of Nav1.1 in the development of cardiomyopathies, including AF, remains to be 

fully elucidated.  However, it is generally accepted that the mere presence or expression of Nav1.1 

in the heart is considered pathogenic, and it is possible that under certain pathological conditions 

(i.e., ischemic heart disease), the Nav1.1 channel may underlie the persistent Na
+
 current in the 

heart, resulting in prolonged APD and thereby promoting arrhythmogenesis.  Interestingly, 

Nav1.1 mutations that render the channel non-functional (i.e., loss-of-function mutations) are 

thought to be cardioprotective, as these mutant channels would no longer contribute to the  

persistent Na
+
 currents (Lossin et al, 2002) .   

   

Pharmacological Blockade of Na
+
 Channels 

Most of the pharmacological agents that act on Na
+
 channels have receptor sites on the 

pore region of the α subunits, and at least six distinct receptor sites for neurotoxins and one 

receptor site for local anesthetics and related drugs have been identified (Cestèle & Catterall, 

2000).  Several specific binding sites involving distinct domains within the Na
+
 channel have 

been found to bind various Na
+
 channel blockers.     

Anti-arrhythmic drugs are traditionally defined as membrane-active agents, which 

modulate the opening and closing of ion channels, alter the function of membrane pumps, and 

activate or block membrane receptors.  These agents block the Na
+
 channel at ~100-fold lower 

concentrations when the cell is depolarized, underscoring that anti-arrhythmic drug action is 

gating-dependent (Hondeghem & Katzung, 1977; Bean et al, 1983; Starmer et al, 1984).  

Therefore, it is not surprising that the amino acid residues critical to drug binding and channel 
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gating overlap to some degree (Catterall, 2000).  It has also been suggested that amino acid 

residues in the S6 segments from at least three of the four domains contribute to this complex 

drug receptor site, with the IV-S6 segment playing a dominant role (Catterall et al, 2005).  

Class I anti-arrhythmic agents are a structurally diverse group of compounds that decrease 

automaticity in fast channel tissue by virtue of their Na
+
 channel blocking property (i.e., decrease 

the slope of phase 4 depolarization) (Essebag, 1995; Balser, 1999).  Class I anti-arrhythmic drugs 

are further subdivided into three subclasses based on different effects on APD and maximum 

velocity (Vmax), which corresponds to varying potencies of Na
+
 and K

+
 channel block (Stanton, 

1995).  Class IA anti-arrhythmic agents, which include quinidine, disopyramide, and 

procainamide, reduce Na
+
 channel availability by binding to the Na

+
 channel in the open state and 

will block INa in a use-dependent manner (Kodama et al, 1990; Echt et al, 1991).  The class IB 

anti-arrhythmic agents, which include lidocaine, are "pure" Na
+
 channel blockers (i.e., do not 

block K
+
 channels) (Mitchell, 1994), and in contrast to class IA agents, will bind predominately 

to Na
+
 channels in the depolarized state (Kodama et al, 1990).  Class IC anti-arrhythmic agents, 

similar to class IA, also block K
+
 channels.  These agents, which include, flecainide, encainide, 

and propafenone, will block Na
+
 channels in the open state and more potently compared to that of 

class IA agents (Kohlhardt et al, 1989; Duan et al, 1993; Essebag, 1995).  Ideally, an anti-

arrhythmic drug will safely and effectively terminate and prevent the recurrence of AF without 

pro-arrhythmic side effects.  However, Na
+ 

channel blockade as a therapeutic strategy to 

terminate AF has proved to be a double-edged sword, as it has shown to have significant and 

dangerous pro-arrhythmic risks (Yalta et al, 2009).   
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Tetrodotoxin 

TTX and saxitoxin are both Na
+
 channel pore blockers that led directly to the 

identification of the outer pore and selectivity filter of the Na
+
 channel.  Voltage clamp studies 

have provided a model of TTX and saxitoxin as inhibitors of the selectivity filter in the outer pore 

of Na
+
 channels, thereby blocking ion flow through the Na

+
 channel (Hille, 1984).  TTX is a 

neurotoxin which binds to neurotoxin receptor site 1 of the α subunit at the outer portion (i.e., 

extracellular side) of the pore – this binding site is formed by the pore loops (“P-loops”) located 

between segments S5 and S6 of each of the four homologous transmembrane domains (Saint et 

al, 1992).  The basis of TTX (and saxitoxin) binding involves guanidinium moieties , which are 

attracted to the negatively charged amino acids located in the selectivity filter of the Na
+
 channel 

(Lipkind & Fozzard, 1994).  This interaction essentially acts to orient and stabilize the TTX 

molecule within the pore of the Na
+
 channel (Lipkind & Fozzard, 1994).      

It was been well established that TTX blocks the plateau phase of the AP in the heart 

muscle, and the toxin as also served as an extremely useful pharmacological tool in elucidating 

and distinguishing two types of voltage-gated Na
+
 channels present in humans: TTX-sensitive 

voltage-gated Na
+
 channels (i.e., Nav1.1) and TTX-resistant voltage-gated Na

+
 channels (i.e., 

Nav1.5).  Differences in TTX sensitivity between Na
+
 channel isoforms is conferred by a single 

amino acid residue in the selectivity filter (pore loop/region) of domain I, where an amino acid 

substitution from a cysteine residue in the cardiac Nav1.5 channel to a phenylalanine residue in 

the neuronal Nav1.1 channel, renders Nav1.1 more sensitive to TTX (Backx et al, 1992; 

Heinemann et al, 1992a; Satin et al, 1992; Maier et al, 2002).  Having said this, the primary 

cardiac isoform, Nav1.5, requires micromolar (μM) concentrations for inhibition, whereas the 

neuronal isoform, Nav1.1, is inhibited by nanomolar (nM) concentrations of TTX (Maier et al, 
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2002).  Thus, TTX is known to have approximately 100-fold higher affinity for neuronal Nav1.1 

compared to the cardiac Nav1.5 channel.    It is important to reiterate that not only do TTX-

sensitive and TTX-resistant Na
+
 channels exhibit different sensitivities to pharmacological agents, 

but they also display distinct electrophysiological properties, which correspond to differences in 

function and further underscores that TTX-resistant and TTX-sensitive currents are mediated by 

different Na
+
 channel isoforms. 

 

Lidocaine 

Another well-known Na
+
 channel blocker that is used to treat arrhythmias in clinical 

practice is lidocaine.  Lidocaine is a local anaesthetic and voltage clamp experiments have 

revealed that these compounds enter from the intracellular side and bind in the inner pore of Na
+
 

channels in domain IV between S5 and S6 (Hille, 1984).  The inhibition of voltage-gated Na
+
 

current by lidocaine involves complex voltage and use dependence that is thought to underlie 

many of its therapeutic effects (Cummins, 2007).  The basis of lidocaine block stems from the 

modulated-receptor hypothesis, which states that the binding site on voltage-gated ion channels 

for local anaesthetics and anti-arrhythmic agents has variable affinity depending on the kinetic 

state of the channel (Hanck et al, 2000; Sheets & Hanck, 2007).  Essentially, the greater block 

produced by anti-arrhythmic agents at higher heart rates (i.e., rate-dependence) arises due to the 

fact that the conformation of the channel favoured at more hyperpolarized potentials has a low 

affinity for the drug, whereas kinetic states favoured by depolarization (i.e., the open and/or 

inactivated states), have a higher affinity for the drug (Hanck et al, 2000; Cummins, 2007).  

Previous studies have also determined that the fast inactivation gate and stabilizing the S4 

segments in domains III and IV in the outward/depolarized configuration (thereby locking the 
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Na
+
 channel in the high-affinity binding state) are both crucial to the formation of this high 

affinity lidocaine binding site, and provides support for the modulated-receptor hypothesis of 

lidocaine block (Hanck et al, 2000; Sheets & Hanck, 2003; Sheets & Hanck, 2007).  

 Lidocaine is known to have the following effects: 1) peak Na
+
 current is reduced, 2) the 

AP is shortened, and 3) steady-state (window) Na
+
 current is blocked (Nilius et al, 1987).  Shifts 

in the steady-state inactivation and voltage-dependent availability of the Na
+
 channel are 

hallmarks of lidocaine action (Hanck et al, 2000).  Lidocaine is an open-channel blocker, and it 

acts by stabilizing the Na
+
 channel in the non-available state, thereby reducing the amount of time 

the Na
+
 channel spends in the open configuration (Nilius et al, 1987).  Despite the controversy 

surrounding the mechanisms of action of lidocaine block, most studies agree that lidocaine blocks 

the cardiac Na
+
 channel, resulting in a marked reduction of Na

+
 current, thereby reducing the Na

+
 

load on the cell and consequently the APD, both of which confer its anti-arrhythmic and 

therapeutic effects (Cummins, 2007).    

 

Oxidative Stress as a Possible Mechanism of Atrial Fibrillation 

Oxidative stress is characterized by an increase in the production of reactive oxygen 

species (ROS), and can cause severe injury to the myocardium, including cardiac contractile 

dysfunction, arrhythmias and irreversible myocyte damage and cell death.  More specifically, 

oxidative stress is often accompanied by the modification of phospholipids and proteins, 

ultimately leading to lipid peroxidation, oxidation of thiol groups and alterations in cellular redox 

states (Dixon et al, 1987; Dhalla et al, 1988; Ceconi et al, 1991; Suzuki et al, 1997).  These 

changes produced by increases in oxidative stress are thought to be due to an imbalance between 

the formation of oxidants and the availability of endogenous antioxidants in the heart, and these 
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alterations in the heart are known to induce functional modifications of various cellular proteins, 

as well as alter membrane permeability and configuration (Dhalla et al, 2000a; Dhalla et al, 

2000b).   

In AF, the extremely high atrial rates result in increased levels of oxidative stress in the 

atrial myocardium (i.e., increased atrial mitochondrial stress), leading to the production of ROS.  

Increased levels of oxidative stress, and consequently increased ROS production, result in 

numerous detrimental consequences on atrial electrophysiology and overall heart function.  At the 

cellular level, oxidative stress may result in several defects including a decrease in the functional 

activity of both the SR Ca
2+

-pump ATPase and the sacrolemmal Na
+
-K

+
 ATPase in 

cardiomyocytes, ultimately resulting in increased Ca
2+

 influx (Ferrari et al, 1985; Kato et al, 

1998; Temsah et al, 1999).  As discussed previously, fast atrial rates in AF also result in 

intracellular Ca
2+ 

overload and cell death, and thus Ca
2+

 accumulation has been linked to 

increases in oxidative stress (Dhalla et al, 2000b; Van Wagoner, 2001).  Therefore, it is possible 

that an increase in oxidative stress may represent a principle mechanism by which Ca
2+

 overload 

induces atrial remodelling as several key players in the cardiac ECC cycle are known to be 

sensitive to oxidative stress (Griendling & Alexander, 1997; Dhalla et al, 2000a; Dhalla et al, 

2000b; Carnes et al, 2001; Loh et al, 2003).    

Compelling evidence strongly indicates that oxidative stress (i.e., production of ROS) is 

associated or linked to the pathophysiological development of AF: 1) histological studies 

demonstrate oxidative damage in both AF patients and animal models (Carnes et al, 2001; Mihm 

et al, 2001); 2) upregulation of genes associated with the production of ROS (Kim et al, 2003; 

Kim et al, 2008); 3) oxidative stress markers are associated with the presence of AF and are 

increased in AF patients (Neuman et al, 2007; Ramlawi et al, 2007); and finally 4) drugs that 
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have antioxidant properties have shown beneficial effects on AF development (Carnes et al, 2001; 

Korantzopoulus et al, 2005; Prasongsukarn et al, 2005).  Thus, it seems reasonable to suggest that 

a link does in fact exist between oxidative stress, the subsequent production of ROS and the 

development of AF.  However, the exact pathogenesis of oxidative stress in the genesis of AF 

remains to be fully elucidated and requires further investigation. 

Substantial increases in atrial oxidative stress and ROS production in AF are both major 

contributors to atrial remodelling.  It is generally accepted that ROS production in AF is 

generated by myocardial NAD(P)H oxidase, mitochondrial oxidases and to a lesser extent, nitric 

oxide (NO) synthase (Kim et al, 2008).  The vast majority of the current literature suggests that 

nitric oxide (NO), superoxide (O2
-
), hydrogen peroxide (H2O2), and peroxynitrite (ONOO 

-
) are 

the most important ROS that contribute to the pathogenesis of AF (Kim et al, 2003).  ROS have 

been known to alter enzyme activity, promote pro-oxidative conditions and contribute to atrial 

fibrotic remodelling during AF through the modulation of certain signalling pathways in the 

heart, ultimately resulting in the disruption and slowing of electrical conduction (Hanna et al, 

2004; Matsuzawa & Ichijo, 2005; Saito et al, 2005; Lee et al, 2006).  These conditions can 

promote the initiation and induction of ectopic beats, thereby promoting re-entry and 

arrhythmogenesis   More specifically, several studies have indicated that ROS cause 

cardiomyocyte injury
 
by altering and inactivating various enzymes involved in ROS metabolism, 

leading to altered membrane permeability
 
and impairment of ion transport, which may be an 

important
 
cause of arrhythmias (Gill et al, 1995; Xu et al, 1997; Anzai et al, 1998; Lin et al, 

2007).  Moreover, under normal physiological conditions, a balance exists between free radical 

production and anti-oxidant repair mechanisms, which function to minimize tissue injury/damage 

– a balance that is shifted in AF to favour pro-oxidative conditions in the heart (Kim et al, 2003).  
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Furthermore, the severity of oxidative injury is a strong indicator of the effectiveness of anti-

oxidants for cardioprotection.   

Several studies have noted the induction or up-regulation in the expression of specific 

pro-oxidative genes (as a consequence of the significant increase in oxidative stress and damage 

during AF), thereby causing a shift to pro-oxidation status in ROS metabolism (Carnes et al, 

2001; Mihm et al, 2001; Kim et al, 2003).  On the other hand, it also been documented that 

certain anti-oxidative genes are downregulated in AF, which also contributes to increased levels 

of ROS in AF tissues.  An example of one such gene is glutathione peroxidase I.  Glutathione 

peroxidise I belongs to a family of anti-oxidant enzymes that reduce H2O2, and plays a significant 

role in the heart as a H2O2 scavenger, thereby protecting against the toxic effects of oxidants 

generated within cells (Kim et al, 2003).  Therefore, AF can be predisposed by altering the 

activity of enzymes related to ROS metabolism through a shift in the free radical balance to 

favour pro-oxidation, and also through the highly altered expression pattern of certain genes 

involved in oxidative stress and ROS production (Kim et al, 2003).  Thus, it is possible that by 

favouring or promoting high levels of ROS in the atria, these conditions may be important event 

in the development of AF.    

 

Hydrogen Peroxide Effects on Action Potential Duration 

Hydrogen peroxide (H2O2), a ROS, plays an important role in modulating cell signalling 

pathways and, when produced at high levels, has been implicated in several cardiac pathological 

states, including inflammation, ischemia-reperfusion injury, and atherosclerosis (Dreher & Junod 

1995; Beckman & Koppenol, 1996; Golino et al, 1996).  In mammalian cardiac myocytes, the 

mitochondria are the major source of ROS production (Hool & Arthur, 2002; Yan et al, 2008; 
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Addabbo et al, 2009) and, although many studies have shown that increased levels of oxidative 

stress can lead to the production of several ROS, it has been suggested that tissue damage is 

specifically related to the release of H2O2, given that it is more stable and is able to diffuse 

throughout a greater tissue mass (Ward & Giles, 1997).  Furthermore, both H2O2 and its 

metabolites, superoxide (·O2
-
) and hydroxyl (·OH) radicals, have been shown to play both a 

physiological and a pathophysiological role in a variety of cells (Loh et al, 2003).   

Numerous studies have investigated the effects of H2O2 in the heart, and have found that 

H2O2 can contribute to the pathogenesis of AF through various mechanisms.  Specifically, H2O2 

has shown to alter/affect ionic currents, cause lipid peroxidation (Rubin & Farber, 1984), alter 

energy metabolism (Spragg et al, 1985), protein oxidation (Fliss et al, 1988), enzyme activation 

(Natarajan et al, 1993), Ca
2+

 homeostasis and signalling (Hyslop et al, 1986), and as indicated 

previously, H2O2 has also been known to have pro-arrhythmic activity (Beresewicz & Horackova, 

1991; Duan & Moffat, 1992).  Most importantly, H2O2 has been shown to prolong APD by 

slowing the inactivation kinetics of Na
+
 channels (Bhatnager et al, 1990; Beresewicz & 

Horackova, 1991; Ward & Giles, 1997).  Such effects have been shown to be time-dependent, 

with an initial AP prolongation followed by the development of EADs and finally by marked 

depolarization and inexcitability (Ward & Giles, 1997).  More specifically, H2O2 acts on the 

cardiac Na
+
 channel and prolongs APD by slowing the inactivation kinetics of TTX-sensitive INa, 

thereby producing an increase in the steady inward Na
+
 current – cardiac persistent Na

+
 current 

(Ward & Giles, 1997).  There is evidence indicating that H2O2 can directly oxidize channel 

proteins, and/or that second messengers can be activated by H2O2 (Vega-Saenz de Miera & Rudy, 

1992).  It is likely that H2O2 may phosphorylate the Na
+
 channel inactivation gate via the 

activation of PKC (i.e., PKC phosphorylation site on the Na
+
 channel), indicating that PKC is one 
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of these second messengers (Palumbo et al, 1992; Ward & Giles, 1997).  In fact, the 

electrophysiological effects of H2O2 are markedly diminished in the presence of PKC inhibition, 

further suggesting that PKC is important in mediating APD prolongation following H2O2 

exposure and a key intracellular second messenger in the pathway (Ward & Moffat, 1991; Ward 

& Giles, 1997).  Ultimately, H2O2 activates and enhances the cardiac Na
+
 persistent current, 

which has pathological implications in the pathogenesis of arrhythmias. 

By slowing the inactivation kinetics of the Na
+
 channel, H2O2 can activate and enhance 

the Na
+
 persistent current, which has pathological consequences on the myocyte, including 

slowed AP repolarization, prolonged APD (Liu et al, 1992; Bennett et al, 1995), formation of 

EADs (Antzelevitch & Belardinelli, 2006; Makielski & Farley, 2006; Song et al, 2008), and 

significant increases in Na
+
 influx and cellular Na

+
 loading (Makielshi & Farley, 2006).  More 

specifically, enhancement of the persistent Na
+
 current is pathological because it disrupts Na

+
 and 

Ca
2+

 homeostasis, where marked Na
+
 influx leads to an increase in intracellular Na

+
 

concentration, which results in a prolonged AP – all considered to be arrhythmogenic (Meng & 

Nie, 2004; Song et al, 2008; Xie et al, 2009).  As previously discussed, although several studies 

have implicated INCX  as the major player in EAD generation, it also seems highly likely that 

EADs may be due to the reactivation of the L-type Ca
2+

 channel or Ca
2+

 “window” currents, 

where the enhanced persistent Na
+
 current-induced prolongation of the APD can increase Ca

2+
 

entry by facilitating the reactivation of Ca
2+

 channels (Ming et al, 1994; Song et al, 2008; Xie et 

al, 2009). Ca
2+

 channel window current may reactivate over the range of voltages which 

correspond to the AP plateau, resulting in a progressively greater inward current which may 

underlie the initial inward current that generates the upstroke of the EADs during the plateau of 

the AP (Ming et al, 1994; Song et al, 2008).  Thus, the reactivation of the L-type Ca
2+

 channel or 
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Ca
2+

 window current may play an essential role in the development of EADs.  However, the exact 

mechanism(s) by which EADs are generated still remains to be fully elucidated, and it is worth 

noting that other mechanisms may, in addition to those mentioned above, exist as well.  It is clear 

that EADs are one of the major cardiac arrhythmogenic mechanisms (Ferrier, 1977; Nattel, 2003; 

Wit & Rosen, 1992; Wit & Boyden, 2007).     

ROS are considered to be arrythmogenic is by inducing the persistent Na
+ 

current in 

cardiac myocytes.   This non-inactivating component or property of the Na
+
 current likely arises 

from the fact that the Na
+
 channel isoforms have different inactivation kinetics, where the 

inactivation kinetics of the persistent Na
+
 current are greatly slowed (Saint et al, 1992).  Indeed, 

defining characteristics of the cardiac persistent Na
+
 current are that it inactivates much more 

slowly and much less completely compared to that of wild-type or typical whole cell INa 

(Ragsdale, 2008).  Several studies have indicated that the persistent current is in fact mediated by 

a different Na
+
 channel isoform than that of INa (Stafstorm et al, 1985; Nilius et al, 1987; Ju et al, 

1992).  The cardiac persistent Na
+
 current has also been shown to be more sensitive to block by 

TTX and exhibits different voltage dependent properties (i.e., activated at more negative 

potentials) (Saint et al, 1992).  Furthermore, it has been known for some time that TTX reduces 

the duration of the plateau phase of the AP in heart muscle, which would also be consistent with 

the presence of a TTX-sensitive persistent Na
+ 

current in cardiac myocytes (Saint et al, 1992).  

Therefore, it appears that a distinct population or subtype of Na
+
 channels underlies the persistent 

Na
+
 current, which would explain the differences in TTX sensitivity and channel kinetic 

properties.  Having described the properties of both Nav1.1 and the persistent Na
+
 current, it 

seems likely that this Na
+
 channel isoform may contribute to the persistent Na

+
 current in cardiac 

myocytes, given that the current carried by Nav1.1 is TTX-sensitive and also displays different 
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biophysical properties (i.e., burst openings) compared to the Nav1.5 current.  The cardiac 

persistent Na
+
 current is considered to be a key arrythmogenic mechanism, and thus it seems 

reasonable to suggest that Nav1.1 may therefore play a role in the pathogenesis of AF.  

 

Hypothesis and Objectives 

The preceding discussion demonstrates the pivotal role(s) Na
+
 channels play in 

maintaining normal cardiac function.  The literature also strongly indicates that a specific Na
+ 

channel isoform, Nav1.1, is a likely candidate for mediating a component of the cardiac persistent 

Na
+
 current, further suggesting that Nav1.1 is present in the atria and may contribute to the 

genesis of AF.  In an effort to further explore this possibility, we will examine several aspects of 

atrial electrophysiology in order to further elucidate the role of this neuronal brain-type Nav1.1 in 

the atria, its contribution to the Na
+
 persistent current and its potential role in the development of 

AF.  Specifically, we wish to functionally examine the specific Na
+
 channel isoforms present in 

the atria, to further characterize the biophysical properties of these distinct isoforms and also to 

identify any electrophysiological differences that may exist between the atria and the ventricle.  

Thus, for these studies, we hypothesize that the Na
+
 channel isoform, Nav1.1, is present in the 

atria and contributes to the cardiac persistent Na
+
 current.   

To test this hypothesis, we used freshly isolated dissociated right ventricular and atrial 

myocytes from adult male Sprague Dawley rats.  Using this model, we characterized the 

electrophysiological properties of the atria, and were able to further elucidate the 

electrophysiological characteristics of atrial Na
+
 currents.  Specifically, we used whole-cell patch 

configuration to further characterize atrial Na
+
 currents, and assess the biophysical properties of 

Na
+
 channel isoforms in both atrial and ventricular mycoytes.  We were also able to document the 
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electrophysiological differences that exist between the atria and the ventricle through TTX and 

lidocaine application, which further indicated a mixed population of Na
+ 

channel isoforms in 

cardiac tissue.  Perforated-patch clamp configuration was also used to assess the effect(s) of 

reactive oxygen species on atrial electrophysiology (including Na
+
 currents and action potential 

duration).  Our specific study objectives included the following: 

1. Characterize the biophysical properties of Na
+
 currents in both atrial and 

ventricular myocytes.  

2. Study the effects of lidocaine and TTX on atrial and ventricular myocyte 

electrophysiology. 

3. Study the effect(s) of H2O2  and TTX on atrial myocyte electrophysiology 

4. Assess any electrophysiological differences that exist between ventricular and 

atrial myocytes. 
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CHAPTER 2: METHODS 

Isolation of Ventricular and Atrial Myocytes 

The experimental protocol was approved by the Queen’s University Animal Care 

Committee, based on the Canadian Council Animal Care Guidelines, male Sprague Dawley rats 

(200-225 g) were sacrificed through decapitation.  The heart was rapidly excised and cannulated 

via the aorta on a standard Langendorff-type perfusion apparatus.  The heart was then perfused 

retogradely at a rate of ~10mL/min using the following protocol.  All solutions were kept at 

37±1
o
C and continually gassed with 100% O2

:
 

1. Five (5) min of standard Tyrode’s solution containing (in mM) NaCl 140; KCl 

5.4; MgCl 1; Na2HPO4 1; HEPES 5; glucose 10; CaCl2 1; pH adjusted to 7.4 with 

NaOH 

2. Five (5) min of Ca
2+

-free Tyrode’s 

3. Seven (7) mins of modified Tyrode’s (50 µM of CaCl2) containing collagenase 

(0.02mg/mL, Type II, Yakult Co. Ltd, Tokyo), and protease (0.004g/250mL, 

Type XIV, Sigma)  

Following this, the right ventricular wall was dissected and minced in 5 mL of nominally 

Ca
2+

-free Tyrode’s containing collagenase (0.5 mg/mL, Type II, Yakult Co, Ltd. Tokoyo), 

protease (0.1 mg/mL, Sigma), bovine serum albumin (2.5 mg/mL, Sigma), and CaCl2 (50 μM).  

The left and right atria were dissected and minced in 5 mL of the low Ca
2+ 

Tyrode’s solution to 

which elastase (1.5 mg/mL, Worthington), had been added.  Both the atrial and ventricular 

solutions were placed in a shaking water bath at 37 
o
C, and were monitored for dissociated cells.  

Once observed, aliquots of cells were placed in 3mL of Kraft-Brühe (KB) storage solution 

containing (in mM): potassium glutamate 100; potassium aspartate 10; KCl 25; glucose 20; 



 

31 

 

KH2PO4 10; HEPES 5; MgSO4 2; taurine 20; creatine 5; and EGTA 0.5; 1 mg/mL BSA;  pH 

adjusted to 7.2 with KOH.  Aliquots of both atrial and ventricular myocytes were taken every 3 

min over a total digestion time of ~40 min.  Myocytes were stored in KB solution at 4
o
C until 

needed. 

 

Electrophysiological Methods 

Whole cell patch-clamp methods were used to record sodium channel currents in both 

atrial and ventricular myocytes.  Perforated-patch clamp configuration was used to assess the 

effect(s) of H2O2 on atrial myocyte action potential waveforms.  All experiments were done at 

room temperature (21-22°C), and all data was acquired and analyzed using pClamp 9.0 (or 

higher)/Digidata 1320 data acquisition system.  

 Cells were plated in the perfusion chamber mounted on an inverted microscope (Nikon 

TE2000) and allowed to adhere to the glass bottom for 10 min.  Subsequently, perfusion of the 

myocytes (maintained at 2 mL/min) using a gravity fed flow system with a “low Na
+
” solution 

containing (in mM): NaCl 10; Meglumine 120; CsCl 5; CoCl2 5; CaCl2 0.5; MgCl2 1; HEPES 5; 

glucose 5; pH adjusted to 7.4 with HCl.  This “low Na
+
” solution was used for all whole-cell 

experiments.  Fire-polished borosilicate glass pipettes (WPI, Sarasota, FL, USA) were prepared 

using a microprocessor-controlled, multiple stage puller (model P97, Sutter Instruments).  For all 

whole-cell experiments resistances fell between 1-3MΩ when filled with the following internal 

solution (in mM): CsCl 120; HEPES 10; ATP Mg salt 5; EGTA 5; tetraethylammonium chloride 

20; CaCl2 0.5; NaCl 10; pH adjusted to 7.2 with CsOH.  This solution created a liquid junction 

potential of ~10 mV, which was corrected for offline.  For all perforated-patch clamp 

experiments, Tyrode’s solution was used as the external solution and resistances fell under 20 
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MΩ when filled with the following internal solution (in mM): KCl 20; L-Aspartic acid 110; 

EGTA 10; HEPES 10; MgCl 1; K2ATP 5; CaCl2; NaCl 10; pH adjusted to 7.2 with KOH.    

 An amphotericin B stock solution (Sigma) was prepared at a concentration of 1 mg 

amphotericin B/ 10 μL DMSO.  Prior to all perforated-patch clamp experiments, 3.33 μL of stock 

amphotericin B solution was added to 1 mL of internal solution and sonicated briefly to prepare 

the final internal solution.  This solution was kept in a syringe protected from light, and remained 

stable for up to 2 hrs.  The tip of the glass electrodes were dipped in amphotericin B-free internal 

solution and then back-filled with amphotericin B solution to enhance seal formation. 

For both whole-cell and perforated patch-clamp experiments, cardiac myocytes were 

selected primarily based on visual assessment.  Overall cell health was determined visually by 

smooth edges, clear and organized striations, a retained rectangular shape for ventricular 

myocytes and a “worm-like” shape for atrial myocytes.  

 

Sodium Current Recordings and Analysis 

 Whole-cell current and voltage clamp data was collected using a patch-clamp amplifier 

(Axopatch-1D, Axon Instruments).  Currents were sampled at 10 KHz and filtered at 1 KHz.  All 

current magnitudes were normalized to cell capacitance.  Capacitative currents were elicited 

using 30 msec, +20 mV depolarizing pulses from a holding potential of -80 mV.  Capacitance and 

series resistance were calculated both immediately prior to and after each recording.  For 

experiments in which there was a discrepancy in capacitance values greater than 30% throughout 

the experiment, or where the access resistance was greater than 10 MΩ, the data was discarded.   

Na
+
 channel current-voltage (IV) relationships were elicited at a frequency of 2 Hz, from a 

holding potential of -100 mV, with a -135 mV conditioning step for 200 msec followed by 50 
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msec command potentials ranging from -90 mV to +45 mV, in 5 mV increments (Figure 1).  Data 

was normalized to cell capacitance and expressed as current density (pA/pF).  Steady-state 

voltage dependence of Na
+
 channel inactivation was examined by applying a 2 sec conditioning 

step at command potentials varying from -140 mV to -30 mV, in 5 mV increments, followed by a 

50 msec test pulse to -30 mV to activate INa (Figure 2).  Na
+
 channel steady-state inactivation data 

was expressed as INa/INamax.  The time-dependence of INa recovery from fast inactivation was 

examined using a standard paired-pulse protocol.  The conditioning pulse (P1) consisted of a 50 

msec depolarization to -30 mV from a holding potential of -135 mV.  The test pulse (P2) was 

identical and was applied at various interpulse intervals (3 msec increments from 3 to 27 msec 

followed by 30 msec increments from 30 msec to 270 msec), following the conditioning pulse 

(Figure 3).  Data was expressed as P2/P1.   

 

Action Potential Recordings and Analysis 

Action potentials were recorded using the perforated patch-clamp technique described 

above under current clamp conditions, after access resistance to the cell reached less than 20 MΩ.  

Action potentials were elicited at a rate of 1 Hz, using 5 msec, 600pA current injections.  

Following action potential waveform stabilization, control action potentials were recorded prior 

to drug application via bath perfusion.  After drug treatment, action potentials were continuously 

monitored for 15 minutes.  Action potential waveforms were analyzed offline to assess APD90, 

the time required for 90% repolarization. 
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Figure 2.  Na
+
 Channel Current-Voltage (IV) Relationship.  Panel A: Na

+
 channel IV protocol with 

voltage steps in 5 mV increments from -90 to +45 mV.  Panel B: Na
+
 channel IV sample tracing.   
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Figure 3.  Na
+
 Channel Steady-State Inacitvation.  Panel A: Na

+
 channel steady-state inactivation 

protocol with voltage steps from -140 mV to – 30 mV in 5 mV increments.  Panel B: Na
+
 channel steady-

state inactivation sample tracing. 
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Figure 4.  Na
+
 Channel Recovery from Fast Inactivation.  Na

+
 channel recovery from fast inactivation 

voltage protocol with voltage steps from -135 mV to -30 mV;                  represents 3msec increments from 

3 to 27msec, followed by 30msec increments from 30msec to 270msec.  Panel B: Na
+
 channel recovery 

from fast inactivation sample tracing.   
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Drug Preparation and Application   

 For both whole-cell and perforated-patch clamp experiments drugs were applied via 

addition to the bath perfusion system.  No more than 5 μL/50 mL of stock solution was used in 

order to avoid side-effects from vehicles.   

 Drugs were prepared as follows: 

- Lidocaine (3 μM, 10 μM, 30 μM, 100 μM; Sigma), ddH2O solvent 

- TTX (10 nM, 30 nM; Alomone Labs, Israel), acetic acid solvent 

- H2O2 (10 μM, 30 μM, 100 μM; Fisher Scientific), ddH2O solvent 

For whole-cell patch clamp experiments, control Na
+
 current protocols were recorded at t=0 min 

in both ventricular and atrial myocytes prior to switching the bath perfusion to perfusion solutions 

containing either - lidocaine or TTX.  After 10 minutes (t=10 min) of lidocaine or TTX 

application, Na
+
 currents were recorded again.  In accordance with the literature, we selected 10 

nM TTX for our experiments, as this concentration is selective for TTX-sensitive Na
+
 channel 

isoforms, where low concentrations of TTX are not known to inhibit Nav1.5 (Heinemann et al, 

1992a).  Under perforated patch-clamp conditions, H2O2 (Fisher Scientific) was used as a 

representative of reactive oxygen species.  Action potentials were recorded every minute during a 

15 min (t=15) exposure to H2O2.  For some experiments, TTX was then applied to atrial myocytes 

for an additional 10 min (or t=25), and action potentials again were recorded every minute.  

 

Statistical Analyses 

 Results were expressed as mean±standard error (SEM).  Statistical analysis was done 

using GraphPad Prism software 4.0 or greater.  Since we express our data as current density 

(pA/pF) to correct for cell size, we consequently used the following analysis: paired t-tests were 
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used to determine statistical significance (p<0.05) of peak inward INa at each voltage for 

individual cell types for each treatment group.  We also utilized paired t-tests when evaluating 

differences between the atria and the ventricle within the same treatment group.  One-way 

ANOVA and Newman-Keuls (post-hoc tests were done if p-values were <0.05) were used to 

determine statistical significance between treatment groups for both cell types.  For ANOVA 

analysis of peak inward currents, we opted to use -30 mV as our peak voltage given this is where 

the majority of the peak currents occurred.  Statistical significance was given if p-values <0.05.  

Na
+
 channel steady-state inactivation was fitted to the Boltzmann equation 

(Y=Minimum+(Maximum-Minimum)/1+exp((V50-X/Slope))) to determine half-maximal 

inactivation (V50) values expressed in mV.  A one-phase exponential association (Y=Ymax1*(1-

exp(-K1*X)) was applied to Na
+
 channel reactivation curves in order to determine the time 

constants for recovery from fast inactivation, Tau (τ) expressed in msec.   
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CHAPTER 3: RESULTS 

 Control data was collected prior to all experiments, where control Na
+
 channel currents 

were recorded in both the atria and the ventricle at both t=0 and t=10 min.  We observed no 

significant differences in cardiac myocytes with respect to peak inward INa or channel kinetics 

(Data not shown). 

 

Effects of Lidocaine on Cardiac Myocyte Sodium Currents 

 Our rationale for selecting lidocaine stems from the fact that its block of cardiac Na
+
 

channels has been well documented.  As previously discussed, lidocaine is a local anesthetic, 

which binds to the intracellular portion of the pore and acts by stabilizing the channel in the open 

or inactivated state – the basis for lidocaine’s rate-dependent property.  For these studies we 

predicted to observe significant differences with respect to peak inward INa and channel kinetics 

in the atria specifically, given previous reports that the atria may contain a greater population of 

Nav1.1 isoforms.   

 

Effects of Lidocaine on the Na
+ 

Channel Current-Voltage Relationship 

 To investigate the effects of lidocaine on cardiac myocyte electrophysiology, whole-cell 

patch clamp technique was used to record Na
+
 currents.  Both ventricular and atrial myocytes 

were continuously superfused with “low Na
+
” solution and baseline (control) Na

+
 currents were 

recorded at t=0 min prior to drug application (at t=10 min) as outlined in the Methods section.  

This protocol was used in the all of the whole-cell experiments.  It should be noted that there 

were no significant differences in current density (pA/pF) at t=0 in either ventricular or atrial 

myocytes for all treatment groups studied.  Furthermore, there were no significant differences in 
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peak inward INa values, at t=0, when we compared ventricular and atrial myocytes. This is true 

across all treatment groups.    

The initial concentration we selected was 100 µM lidocaine.  When 100 µM lidocaine 

was applied to atrial myocytes (n=5), there was a significant reduction in current density 

compared to that of control.  In control atrial myocytes, measured INa values, at -45 mV, were  

-28.4 ± 5.7 pA/pF, which was significantly reduced to -6.2 ± 1.5 pA/pF at t=10 min (Figure 5A).  

Similar results were found in ventricular myocytes (n=5), where measured INa values, at -30 mV, 

were -16.3 ± 2.2 pA/pF at t=0 and -5.9 ± 1.1 pA/pF at t=10 min (Figure 5B).  Furthermore, when 

we examined peak inward INa values in the atria at t=10 min, these values were found to be 

significantly different compared to the rest of the treatment groups we studied.  This was also true 

in ventricular myocytes.  

Following this, we assessed the effect of 30 µM lidocaine on both atrial (n=6) and 

ventricular (n=5) myocytes and noted no significant differences in INa current density compared to 

control.  In atrial myocytes, peak inward INa values, at -30 mV, were -18.6 ± 4.1 pA/pF at t=0, 

compared to -18.4 ± 2.4 pA/pF at t=10 min lidocaine exposure (Figure 6A).  In control 

ventricular myocytes, peak inward currents, at -30 mV, were -14.4 ± 1.1 pA/pF compared to  

-14.0 ± 2.0 pA/pF at t=10 min (Figure 6B).   

Finally, INa was not significantly different from control when myocytes were treated with 

10 µM lidocaine.  Peak inward INa values in control atrial myocytes (n=6), at -30 mV, were  

-19.9 ± 3.9 pA/pF, which remained unchanged at t=10 min, with inward currents of -16.8 ± 3.1 

pA/pF (Figure 6C).  In control ventricular myocytes (n=5), inward currents, at -25 mV, were  

-18.8 ± 3.1 pA/pF compared to -21.8 ± 1.8 pA/pF by t=10 min of lidocaine exposure (Figure 6D).   
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Figure 5.   Effects of 100 μM lidocaine on Na
+
 Channel Current-Voltage Relationship.  Atrial and 

ventricular myocytes were continuously superfused with “low Na
+
” solution and were stimulated under 

voltage-clamp using whole-cell patch configuration.  Na
+
 currents were recorded at t=0 (■), and t=10 min 

following lidocaine application (▲).  Current-voltage relationships for INa in the atria (n=5) and the 

ventricle (n=5) are shown in Panels A and B, respectively.  Data has been normalized for cell capacitance, 

and is expressed in pA/pF.  Values represent the mean ± standard error.  (*) indicates data that is 

significantly different (p<0.05) from t=0 min. 
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Figure 6.  Effects of 10 μM and 30 μΜ lidocaine on Na
+
 Channel Current-Voltage Relationship.  

Atrial and ventricular myocytes were continuously superfused with “low Na
+
” solution and were stimulated 

under voltage-clamp using whole-cell patch configuration.  Na
+
 currents were recorded at t=0 (■), and t=10 

min following lidocaine application (▲).  Effects of 30μM lidocaine on INa current-voltage relationship in 

the atria (n=6) and the ventricle (n=5) are shown in Panels A and B, respectively.  Effects of 10 μM 

lidocaine on INa current-voltage relationship in the atria (n=6) and ventricle (n=5) are shown in Panels C 

and D, respectively.  Data has been normalized for cell capacitance, and is expressed as pA/pF.  Values 

represent the mean ± standard error.  (*) indicates data that is significantly different (p<0.05) from t=0 min. 
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Given that we saw no further significant differences at 10 μM lidocaine, we opted to use 30 μM 

lidocaine for all further experiments.    

 

Effects of Lidocaine on Na
+
 Channel Steady-State Inactivation 

 When 100 µM lidocaine was applied to atrial myocytes (n=5), there was a significant 

left-ward shift toward more negative potentials compared to that of control.  The voltage at 50% 

inactivation (V50) value at t=0 min was -86 ± 3 mV, which was shifted to -98 ± 3 mV by t=10 min 

(Figure 7A).  Similar results were observed in ventricular myocytes (n=4).  At t=0, V50 values 

were -72 ± 1 mV, compared to -86 ± 4 mV at t=10 minutes (Figure 7B).  When we examined V50 

values in atrial and ventricular myocytes individually at t=10 min, we noted significant 

differences in these values compared to all other treatment groups studied.  Furthermore, there 

were also significant differences in V50 values at both t=0 and t=10 min between the two cell 

types.  

V50 values also exhibited a significant left-ward shift when myocytes were superfused 

with 30 µM lidocaine.  In control atrial myocytes (n=6), the V50 values were -78 ± 2 mV, 

compared to -87 ± 4 mV at t=10 min (Figure 8A).  Similarly, in ventricular myocytes (n=5), at 

t=0, V50 values were -73 ± 1 mV, which was found to be significantly different at t=10 min, when 

V50 was -77 ± 1 mV (Figure 8B).  In addition, we also noted significant differences in V50 values 

in atrial myocytes at t=10 min when we compared 30 μM lidocaine data to all other treatment 

groups we examined.     

Finally, at 10 µM lidocaine, there were no significant differences in steady-state 

inactivation in either atrial (n=6) and ventricular (n=5) myocytes compared to control.  In control 

atrial myocytes, the V50 was -70 ± 3 mV, compared to -73 ± 5 mV at t=10 min (Figure 8C).  The  
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Figure 7.  Effects of 100 μM lidocaine on Na
+
 Channel Steady-State Inactivation.  Atrial and 

ventricular myocytes were superfused with “low Na
+
” solution and were stimulated under voltage-clamp 

using whole-cell patch configuration.  Na
+
 currents were recorded at t=0 (■), and t=10 min following 

lidocaine application (▲).  Na
+
 channel steady-state inactivation are shown in atrial (n=5) and ventricular 

(n=4) myocytes in Panels A and B, respectively.  Data points represent mean ± SEM at any given voltage.  

Values represent the V50 at t=0 (Black) and t=10 min (Red).  (*) indicates data that are significantly 

different (p<0.05) from t=0 min.  
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Figure 8.  Effects of 10 μM and 30 μM lidocaine on Na
+
 Channel Steady-State Inactivation.  Atrial and 

ventricular myocytes were superfused with “low Na
+
” solution and were stimulated under voltage-clamp 

using whole-cell patch configuration.  Na
+
 currents were recorded at t=0 (■), and t=10 min following 

lidocaine application (▲).   Effects of 30 μM lidocaine on Na
+
 channel steady-state inactivation are shown 

in atrial (n=6) and ventricular (n=5) myocytes in Panels A and B, respectively.  Panels C and D represent 

the effects of 10 μM lidocaine on atrial (n=6) and ventricular (n=5) myocytes, respectively.  Data points 

represent mean ± SEM at any given voltage.  Values represent V50 at t=0 (Black) and t=10 min (Red).  (*) 

indicates data that is significantly different (p<0.05) from t=0 min. 
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V50 value in ventricular myocytes at t=0 was -71 ± 2 mV, which remained unchanged at t=10 min, 

where the V50 value was -72 ± 1 mV (Figure 8D).     

 

Effects of Lidocaine on Na
+
 Channel Recovery from Fast Inactivation  

 We first evaluated the effects of 100 µM lidocaine on Na
+
 channel recovery from fast 

inactivation in atrial myocytes (n=5).  In control cells, τ values were 11.7 ± 1.5 msec, which 

increased to 32.6 ± 5.0 msec at t=10 min (Figure 9A).  Similarly, ventricular myocytes (n=5) also 

exhibited a significant impairment in channel recovery at this concentration.  At t=0, the τ value 

was 3.5 ± 0.9 msec, which was significantly increased to 184.0 ± 103.4 msec at t=10 min (Figure 

9B). When we compared the ventricle and the atria, we noted significant differences in τ values at 

both t=0 and t=10 min.  Furthermore, there were also significant differences in τ values in atrial 

myocytes at t=10 min compared to the rest of the treatment groups.   

When 30 µM lidocaine as applied to atrial myocytes (n=6), there was a significant 

difference in channel recovery from fast inactivation compared to that of control.  In control atrial 

myocytes, τ values were 5.8 ± 1.3 msec, which was significantly increased to 9.4 ± 2.1 msec at 

t=10 min (Figure 10A).  However, in ventricular myocytes (n=5) there was no significant 

impairment in Na
+
 channel recovery compared to control, where τ values were 4.1  ± 1 mec and 

6.6 ± 1.5 msec, respectively (Figure 10B).   

 Finally, when the effects of 10 µM lidocaine on Na
+
 channel recovery from fast 

inactivation were investigated, we again noted significant differences in recovery from fast 

inactivation in atrial myocytes (n=6) compared to control.  At t=0, the τ values were 2.2 ± 0.1 

msec, compared to 3.1 ± 0.2 msec at t=10 min (Figure 10C).  Interestingly, there were significant 

differences in Na
+
 channel recovery in ventricular myocytes (n=5).  In control ventricular  
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Figure 9.  Effects of 100 μM lidocaine on Na
+
 Channel Recovery from Fast Inactivation.  Atrial and 

ventricular myocytes were superfused with “low Na
+
” Tyrode’s solution and were stimulated under 

voltage-clamp using whole-cell patch configuration.  Na
+
 currents were recorded at t=0 (■), and t=10 min 

following lidocaine application (▲).  Na
+
 channel recovery from fast inactivation are shown in atrial (n=5) 

and ventricular (n=5) myocytes in Panels A and B, respectively.  Data points represent mean ± SEM at any 

given time point.  Values represent τ at t=0 (Black) and t=10 min (Red).  (*) indicates data that is 

significantly different (p<0.05) from t=0 min.  
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Figure 10.  Effects of 10 μM and 30μM lidocaine on Na
+
 Channel Recovery from Fast Inactivation.  

Atrial and ventricular myocytes were superfused with “low Na
+
”  solution and were stimulated under 

voltage-clamp using whole-cell patch configuration.  Na
+
 currents were recorded at t=0 (■), and t=10 min 

following lidocaine application (▲).  Effects of 30 μM lidocaine on Na
+
 channel recovery from fast 

inactivation are shown in atrial (n=6) and ventricular (n=5) myocytes in Panels A and B, respectively.  

Panel C and D represent the effects of 10 μM lidocaine on Na
+
 channel recovery from fast inactivation on 

atrial (n=6) and ventricular (n=5) myocytes, respectively.  Data points represent mean ± SEM at any given 

time point.  Values represent τ at t=0 (Black) and t=10 min (Red).  (*) indicates data that is significantly 

different (p<0.05) from t=0 min.  
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myocytes, the τ values were 3.5 ± 0.7 msec compared to 4.1 ± 0.7 msec in the presence of 10 μM 

lidocaine (Figure 10D).   

 

Effects of Tetrodotoxin on Cardiac Myocyte Sodium Currents  

 In order to further characterize Na
+
 currents in cardiac myocytes, and examine the 

electrophysiological differences between the atria and the ventricle, we used an additional Na
+
 

channel blocker: tetrodotoxin (TTX).  The effects of TTX on Na
+
 channel currents have been well 

studied.  Our rationale for using TTX stems from the fact that Na
+
 channel isoforms exhibit 

pharmacological differences in TTX sensitivity, where TTX-sensitive Na
+
 channel isoforms are  

inhibited by nM concentrations and conversely TTX-resistant Na
+
 channels are inhibited by μM 

concentrations of TTX (Maier et al, 2002). 

 

Effects of TTX on the Na
+
 Channel Current-Voltage Relationship 

 In order to investigate the effects of TTX on cardiac myocyte electrophysiology, whole 

cell patch clamp was used to record Na
+
 currents.  Both atrial and ventricular myocytes were 

superfused with “low Na
+
” Tyrode’s solution, and control Na

+
 currents were recorded at t=0 prior 

to TTX application (at t=10 minutes) as outlined in the Methods section.  This protocol was used 

in all the experiments described below.   

 The initial concentration we selected was 10 nM given that this concentration is selective 

for TTX-sensitive Na
+
 channel isoforms (Maier et al, 2002).  When 10 nM TTX was applied to 

atrial myocytes (n=6), there were no significant differences in peak inward INa.  At t=0, peak 

inward INa values, at -30 mV, were -14.3 ± 2.5 pA/pF, which remained unchanged at t=10 

minutes, where inward currents were -13.4 ± 2.6 pA/pF (Figure 11A).  Similar results were found  
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Figure 11.  Effects of 10 nM and 30 nM TTX on Na
+
 Channel Current-Voltage Relationship.  Atrial 

and ventricular myocytes were continuously superfused with “low Na
+
” solution and were stimulated under 

voltage-clamp using whole-cell patch configuration.  Na
+
 currents were recorded at t=0 (■), and t=10 min 

following TTX application (▲).  Effects of 10 nM TTX on current-voltage relationships for INa in the atria 

(n=6) and the ventricle (n=5) are shown in Panels A and B, respectively.  Panels C and D represent the 

effects of 30 nM TTX on INa current-voltage relationships in the atria (n=5) and the ventricle (n=5), 

respectively.  Data has been normalized for cell capacitance, and is expressed as pA/pF.  Values represent 

the mean ± standard error.  (*) indicates data that is significantly different (p<0.05) from t=0 min. 
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in ventricular myocytes (n=5).  In control ventricular myocytes, peak inward currents, at -25 mV, 

were -18.6 ± 3.7 pA/pF, which remained unchanged in the presence of 10 nM TTX, where peak 

INa was -15.6 ± 2.8 pA/pF (Figure 11B). 

Given that we saw no significant differences in peak inward currents in either atrial or 

ventricular myocytes using 10 nM TTX, we decided to increase the concentration of TTX to 30 

nM.  When 30 nM TTX was applied to atrial myocytes (n=5), there were again no significant 

differences in peak inward currents compared to control.  Peak inward INa current, at  -25 mV, 

was -15.4 ± 0.9 pA/pF at t=0, which remained unchanged at t=10 minutes, when inward currents 

were -15.9 ± 0.6 pA/pF (Figure 11C).  Consistent with the above results observed with 10 nM  

TTX, we again noted no significant differences in ventricular myocytes (n=5).  At t=0, peak 

inward currents, at -25mV, were -20.2 ± 2.3 pA/pF, compared to -18.2  ± 2.4 pA/pF at t=10 

minutes (Figure 11D).       

 

Effects of TTX on Na
+
 Channel Steady-State Inactivation 

When atrial myocytes (n=6) were superfused with 10 nM TTX, we observed a significant 

left-ward shift toward more negative potentials compared control, where V50 values were -76 ± 1 

mV and -73 ± 1 mV, respectively (Figure 12A).  In ventricular myocytes (n=5), however, there 

were no significant differences in steady-state inactivation compared to control.  At t=0, the V50 

was -71 ± 3 mV compared to -72 ± 4 mV at t=10 minutes (Figure 12B).   

 When we investigated the effects of 30 nM TTX on steady-state inactivation, we noted 

no significant differences in either atrial (n=5) or ventricular myocytes (n=5).  In control atrial 

myocytes, the V50 value was -69 ± 2 mV, which remained unchanged at t=10 minutes, where the  
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Figure 12.  Effects of 10 nM and 30 nM TTX on Na
+
 Channel Steady-State Inactivation.  Atrial and 

ventricular myocytes were superfused with “low Na
+
” solution and were stimulated under voltage-clamp 

using whole-cell patch configuration.  Na
+
 currents were recorded at t=0 (■), and t=10 min following TTX 

application (▲).  Effects of 10 nM TTX on Na
+
 channel steady-state inactivation are shown in atrial (n=6) 

and ventricular (n=5) myocytes in Panels A and B, respectively.  Panels C and D represent the effects of 30 

nM TTX on Na
+
 channel steady-state inactivation in the atria (n=5) and ventricle (n=5), respectively.  Data 

points represent mean ± SEM at any given voltage.  Values represent V50 at t=0 (Black) and t=10 min 

(Red).  (*) indicates data that is significantly different (p<0.05) from t=0 min. 
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V50 was -68 ± 3 mV (Figure 12C).  Similarly, in ventricular myocytes, at t=0, the V50 value was  

-72 ± 3 mV, compared to -71 ± 3 mV at t=10 min (Figure 12D). 

 

Effects of TTX on Na
+
 Channel Recovery from Fast Inactivation  

When 10 nM TTX was applied to atrial myocytes (n=6), we observed a significant 

difference in Na
+
 channel recovery from fast inactivation compared to control.  At t=0, the τ 

values were 2.9 ± 0.3 msec, which was increased to 4.0 ± 0.3 msec at t=10 minutes (Figure 13A).  

Conversely, in ventricular myocytes (n=5), there were no significant differences in Na
+
 channel 

reactivation compared to control. In control ventricular myocytes, τ was 4.6 ± 0.9 msec.  This 

value remained unchanged at t=10 minutes, where the τ value was 5.6 ± 1.2 msec (Figure 13B). 

There was no significant difference in Na
+
 channel recovery from fast inactivation when 

myocytes were exposed to 30 nM TTX.  In control atrial myocytes (n=5), the τ values were 2.3 ± 

0.1 msec at t=0, compared to 2.7 ± 0.3 msec at t=10 minutes (Figure 13C).  We found similar 

results in ventricular myocytes (n=5).  A t=0, the τ value was 5.3 ± 0.9 msec.  This value 

remained unchanged at t=10, where the τ value was 4.5 ± 0.5 msec (Figure 13D).    

 

Combined Effects of Lidocaine and TTX on Cardiac Myocyte Sodium Currents  

 After assessing the individual effects of lidocaine and TTX, we opted to investigate the 

combined effects of both lidocaine and TTX on cardiac myocyte electrophysiology and further 

assess any electrophysiological differences between the atria and the ventricle.  The rationale for 

this is that, as we predicted that the atria have a greater number of TTX-sensitive currents, which 

will affect how the atria respond (i.e., biophysical properties) to both lidocaine and TTX.  
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Figure 13.  Effects of 10 nM and 30 nM TTX on Na
+
 Channel Recovery from Fast Inactivation.  

Atrial and ventricular myocytes were superfused with “low Na
+
” solution and were stimulated under 

voltage-clamp using whole-cell patch configuration.  Na
+
 currents were recorded at t=0 (■), and t=10 min 

following TTX application (▲).   Effects of 10 nM TTX on Na
+
 channel recovery from fast inactivation are 

shown in atrial (n=6) and ventricular (n=5) myocytes in Panels A and B, respectively.  Panels C and D 

represent the effects of 30 nM TTX on atrial (n=5) and ventricular (n=5) myocytes, respectively.  Data 

points represent mean ± SEM at any given time point.  Values represent τ at t=0 (Black) and t=10 min 

(Red).  (*) indicates data that is significantly different (p<0.05) from t=0 min. 
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Combined Effects of Lidocaine and TTX on Na
+ 

Channel Current-Voltage Relationship 

 We chose to use 30 μM lidocaine for these studies given that we noted no further 

significant differences at 10 μM lidocaine.  Our basis for using 10 nM TTX is due to the fact that 

this concentration is selective for TTX-sensitive Na
+
 channel isoforms (Heinemann et al, 1992a).   

We used whole-cell patch clamp technique to record Na
+ 

currents, where cardiac myocytes were 

continuously superfused with “low Na
+
” solution.  Control Na

+
 currents were recorded at t=0 

minutes prior to drug application (at t=10 minutes) as outlined in the Methods section.  This 

protocol was used in all the experiments described below.   

 When 30 μM lidocaine and 10 nM TTX were applied to atrial myocytes (n=6), there were 

no significant differences in current density compared to control.  In control atrial myocytes, peak 

inward INa currents, at -30 mV, were -16.9 ± 1.6 pA/pF.  This value remained unchanged at t=10 

minutes, where the peak inward current was -16.1 ± 1.6 pA/pF (Figure 14A).  Interestingly, in 

ventricular myocytes (n=5), we noted significant difference in INa current density (pA/pF) 

compared to control.  At t=0, peak inward currents, at -30 mV, were -14.3 ± 1.1 pA/pF, which 

was reduced to -12.3 ± 1.3 pA/pF at t=10 min (Figure 14B).  Furthermore, when we compared 

ventricular and atrial myocytes at t=10, we noted significant differences in peak inward current 

between the two cell types.   

 

Combined Effects of Lidocaine and TTX on Na
+
 Channel Steady-State Inactivation  

When cardiac myocytes were superfused with 30 μM lidocaine and 10 nM TTX, there 

were significant differences in Na
+
 channel steady-state inactivation compared to control.  In 

control atrial myocytes (n=6), at t=0, the V50 value was -73 ± 2 mV, which was shifted to -78 ± 1 

mV at t=10 minutes (Figure 15A).  Similarly, in control ventricular myocytes (n=5), the V50  
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Figure 14.  Combined Effects of 30 μM lidocaine and 10 nM TTX on Na
+
 Channel Current-Voltage 

Relationship.  Atrial and ventricular myocytes were continuously superfused with “low Na
+
” solution and 

were stimulated under voltage-clamp using whole-cell patch configuration.  Na
+
 currents were recorded at 

t=0 (■), and t=10 min following drug application (▲).  Current-voltage relationships for INa in the atria 

(n=6) and the ventricle (n=5) are shown in Panels A and B, respectively.  Data has been normalized for cell 

capacitance, and expressed in pA/pF.  Values represent the mean ± standard error.  (*) indicates data that is 

significantly different (p<0.05) from t=0 min.  
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Figure 15.  Combined Effects of 30 μM lidocaine and 10 nM TTX on Na
+
 Channel Inactivation.   

Atrial and ventricular myocytes were superfused with “low Na
+
” solution and were stimulated under 

voltage-clamp using whole-cell patch configuration.  Na
+
 currents were recorded at t=0 (■), and t=10 min 

following drug application (▲).  Na
+
 channel steady-state inactivation are shown in atrial (n=6) and 

ventricular (n=5) myocytes in Panels A and B, respectively.  Data points represent mean ± SEM at any 

given voltage.  Values represent V50 at t=0 (Black) and t=10 min (Red).  (*) indicates data that is 

significantly different (p<0.05) from t=0 min.  
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values were -69 ± 2 mV compared to -73 ± 1 mV at t=10 min (Figure 15B). 

 

Combined Effects of Lidocaine and TTX on Na
+
 Channel Recovery from Fast Inactivation  

 When 30 μM lidocaine and 10 nM TTX were applied to atrial myocytes (n=6), we noted 

a significant impairment in Na
+
 channel reactivation compared to control.  At t=0, τ values were 

2.6 ± 0.2 msec, compared to 5.7 ± 0.3 msec at t=10 min (Figure 16A).  A similar result was seen 

in ventricular myocytes (n=5).  In control ventricular myocytes, the τ value was 2.4 ± 0.3 msec.  

This value was significantly increased to 5.3 ± 0.4 msec at t=10 minutes (Figure 16B).  

 

Lidocaine and/or TTX Delta Currents 

 After we evaluated the effects of lidocaine and TTX individually, as well as both 

lidocaine and TTX together, we suspected that perhaps any differences between t=0 and t=10 min 

may become more obvious if we examined delta (Δ) peak inward currents for each treatment 

group in both atrial and ventricular cells.  In order to determine Δ INa for each individual cell (Δ 

pA/pF), we subtracted peak inward currents at t=10 min from peak inward currents at t=0 min.  A 

larger Δ pA/pF value would indicate a greater density of TTX-sensitive isoforms.  We opted to 

use -30 mV for our peak inward currents because this is where peak occurred most often.  As 

shown in Figure 17A, in atrial myocytes, Δ INa in the 100 μM lidocaine treatment group was found 

to be significantly different from all of the other treatment groups studied.  A similar  

result was found in ventricular myocytes at this concentration (Figure 17B).  Interestingly, when 

we combined lidocaine and TTX, we noted significant differences in Δ INa between the atria (n=6)  
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Figure 16.  Combined Effects of 30 μM lidocaine and 10 nM TTX on Na
+
 Channel Recovery from 

Fast Inactivation.  Atrial and ventricular myocytes were superfused with “low Na
+
” Tyrode’s solution and 

were stimulated under voltage-clamp using whole-cell patch configuration.  Na
+
 currents were recorded at 

t=0 (■), and t=10 min following drug application (▲).  Na
+
 channel recovery from fast inactivation are 

shown in atrial (n=6) and ventricular (n=5) myocytes in Panels A and B, respectively.  Data points 

represent mean ± SEM at any given time point.  Values represent τ at t=0 (Black) and t=10 min (Red).  (*) 

indicates data that is significantly different (p<0.05) from t=0 min. 
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Figure 17.  Δ INa in Atrial and Ventricular Myocytes.  Atrial and ventricular myocytes were continuously 

superfused “low Na
+
” solution and were stimulated under voltage-clamp using whole-cell patch 

configuration.  Δ INa values were calculated for each individual cell by subtracting peak inward currents at 

t=10 min from peak inward currents at t=0 min for all treatments groups studied.  Values represent mean ± 

SEM.  Panels A and B represent Δ INa in atrial and ventricular myocytes, respectively for 100 μM lidocaine 

(red), 30 μM lidocaine (blue), 10 μM lidocaine (green), 10 nM TTX (yellow), 30 nM TTX (black) and 

combined 30 μM lidocaine and 10 nM TTX (grey).  Panel C: Δ INa values for 30 μM lidocaine and 10 nM 

TTX.  (*) indicates data that is significantly different from other treatment groups.     
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and the ventricle (n=5) (Figure 17C).  This is the only treatment group where this result was 

observed.     

 

Effects of Hydrogen Peroxide on Action Potential Duration 

In order to investigate the effects of hydrogen peroxide (H2O2) on atrial myocytes, we 

recorded action potential waveforms under perforated patch-clamp conditions, in order to prevent 

dialysis of the second messenger molecules that are required for H2O2 effects.  Atrial myocytes 

were continuously superfused with Tyrode’s solution.  This protocol was used for all of the 

following experiments.  We opted to use H2O2 for two reasons: 1) its effects on action potential 

duration have been well characterized in ventricular myocytes, and 2) it serves as a useful clinical 

model of reactive species, which are produced in ischemic heart disease (Ward & Giles, 1997).  

We selected 10 nM TTX for our washout as this concentration is selective for TTX-sensitive Na
+
  

channel isoforms such as Nav1.1.  We predicted that TTX application will inhibit the effects of 

H2O2 on action potential duration in atrial myocytes. 

     Action potentials were elicited using a depolarizing 600pA current injection under 

current clamp conditions.  The APD90, defined as the time it takes for the cell to repolarize to 

90%, from peak to resting membrane potential, was calculated for each cell.  Action potentials 

were recorded at t=0, t==15 following H2O2 exposure, and again finally at t=25 min after an 

additional 10 minutes of combined H2O2 and TTX application (TTX washout).  The APD90 

values for each cell were then averaged for each treatment group: APD90 at t=0, t=15, and t=25 

minutes.  It is worth noting that APD90 values at t=0 were not significantly different across all 

three treatment groups.    
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Effects of 100 μM H2O2 on Action Potentials 

We selected 100 μM H2O2 as our initial concentration given that previous work in our lab 

has demonstrated that this concentration effectively prolongs action potential duration in 

ventricular myocytes. 

 When atrial myocytes (all n=6) were continuously superfused with 100 μM H2O2, APD90 

values significantly different compared to that of control. At t=0, APD90 was 102 ± 22 msec 

(Figure 18A), which was prolonged to 289 ± 60 msec at t=15 min (Figure 18B).  We also noted 

significant differences when we compared APD90 values at t=15 and t=25 min.  When atrial 

myocytes were exposed to 10 nM TTX, the APD90 value, at t=25, was reduced to 100 ± 28 msec 

(Figure 18C).  Furthermore, we noted significant differences in APD90 values at t=15, when we 

compared 100 μM H2O2 to the other treatment groups.  There were no significant differences 

when we examined APD90 values at t=0 and t=25 minutes. 

 

Effects of 30 μM H2O2 on Action Potentials 

Given that the action potential duration was significantly prolonged when we applied 100 

μM H2O2, we decreased the concentration to 30 μM H2O2.  When atrial myocytes (n=7) were 

exposed to 30 μM H2O2, we again noted significant differences between t=0 (Figure 19A) and 

t=15 (Figure 19B), where APD90 values were 74 ± 16 msec and 142 ± 20 msec, respectively.  

However, there were no significant differences when we compared APD90 values at t=15 and 

t=25 (n=4), and similarly, we observed no significant differences between APD90 values at t=0 

and t=25 min (Figure 19C).   
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Figure 18.  The Effects of 100 μM Hydrogen Peroxide on Action Potential Duration.  Atrial myocytes 

were continuously superfused with Tyrode’s solution and stimulated at 1 Hz under current-clamp 

conditions. Representative data of action potentials in atrial myocytes are shown at t=0 (Panel A), at t=15 

(Panel B) and t=25 min (Panel C).  Values represent the mean ± SEM for all n=6 experiments.  (↑) 

indicates the effects of H2O2 on APD90 
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Figure 19.  The Effect of 30 μM Hydrogen Peroxide on Action Potential Duration.  Atrial myocytes 

were continuously superfused with Tyrode’s solution and stimulated at 1 Hz under current-clamp 

conditions. Representative data of action potentials in atrial myocytes are shown at t=0 (n=7; Panel A), at 

t=15 (n=7; Panel B) and t=25 min (n=4; Panel C).  Scale applies to all three panels.  Values represent the 

mean ± SEM.  (↑) indicates the effects of H2O2 on APD90. 
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Effects of 10 μM H2O2 on Action Potentials 

Finally, we exposed atrial myocytes to 10 μM H2O2 as this concentration has been found 

to have no significant effects on action potential duration in ventricular myocytes.  When atrial 

myocytes (n=5) were superfused with 10 μM H2O2, there were no significant differences between 

t=0 and t=15, as shown in Figures 20A and 20B, respectively.  We also noted no significant 

differences in APD90 values between t=15 and TTX washout (n=4) at t=25 minutes or between 

control and t=25 min (Figure 20C).    
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Figure 20.  The Effect of 10 μM Hydrogen Peroxide on Action Potential Duration.  Atrial myocytes 

were continuously superfused with Tyrode’s solution and stimulated at 1 Hz under current-clamp 

conditions. Representative data of action potentials in atrial myocytes are shown at t=0 (n=5; Panel A), at 

t=15 (n=5; Panel B) and t=25 min (n=4; Panel C).  Scale applies to all three panels.  Values represent the 

mean ± SEM. 
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CHAPTER 4: DISCUSSION AND FINAL REMARKS 

The electrical heterogeneity of the heart has been recognized as an important determinant 

of normal cardiac function and several studies have shown substantial electrical heterogeneity in 

INa between atrial and ventricular myocytes (Li et al, 2002).  These differences have been 

primarily attributed to the presence of tissue specific cardiac Na
+
 channel isoforms, where the 

molecular structure of the Na
+
 channel may be different between the two cell types (Balser, 

2001).  Furthermore, it has been well established that Na
+
 channels play a pivotal role in 

maintaining normal cardiac function, where cardiac Na
+
 channel isoforms exhibit not only 

electrophysiological differences but also distinct pharmacological sensitivities (Hume & Uehara, 

1985; Antzelevitch et al, 1991; Clark et al, 1993; Drouin et al, 1995; Ogbaghebriel & Shrier, 

1995; Sicouri et al, 1996; Li et al, 1998; Stankovicova et al, 2000).  However, what has been 

lacking in the literature is whether these differences in electrophysiological properties have any 

bearing on the development of AF.  We sought to investigate this possibility by examining 

several aspects of atrial electrophysiology.  We utilized two well-studied Na
+
 channel blockers, 

lidocaine and tetrodotoxin (TTX), in addition to hydrogen peroxide in order to characterize INa in 

atria and assessed electrophysiological differences that exist between the atria and the ventricle.  

Our results suggest that the TTX-sensitive population of Na
+
 channel isoforms within the atria are 

not pharmacologically detectable.   

 Specifically, our results indicate that atrial and ventricular myocytes had mixed responses 

to lidocaine, which is suggestive of different populations of Na
+
 channel isoforms within the two 

tissues.  However, the findings from the TTX data indicate that the population(s) of TTX-

sensitive Na
+
 channel isoforms in the atria, are not pharmacologically detectable.  Furthermore, 

the atria are sensitive to reactive oxygen species (ROS) and we propose that another hydrogen 
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peroxide sensitive ion channel within the atria may be responsible for the prolongation of the 

APD in adult rat atrial myocytes.    

 

Effects of Lidocaine on Cardiac Myocyte Sodium Currents  

 Lidocaine is a local anesthetic, and its use as an effective Na
+ 

channel blocker has been 

well documented.  Voltage-clamp experiments have revealed that lidocaine enters from the 

intercellular side and binds to the inner pore of Na
+
 channels in domain IV between segments S5 

and S6 (Hille, 1984).  A defining feature of lidocaine action is its use or rate-dependence, which 

is thought to underlie many of its therapeutic effects, where kinetic states favored by 

depolarization (i.e., the open and/or inactivated states), have a high affinity for the drug (Hanck et 

al, 2000; Cummins, 2007).  Essentially, by stabilizing the S4 segments in domains III and IV in 

the outward/depolarized configuration, lidocaine locks the Na
+
 channel in an open, non-

conductive state and thereby prevents the flow of Na
+
 ions through the channel pore, ultimately 

resulting in a marked reduction in Na
+
 current.  We investigated the effects of lidocaine on both 

atrial and ventricular electrophysiology in order to further characterize INa in the two tissues and 

highlight any significant electrophysiological differences between the atria and the ventricle.   

When we exposed cardiac myocytes to lidocaine, we noted an overall heterogeneous 

response to this anesthetic in both atrial and ventricular cells.  With regards to peak INa, the 

significant reduction in peak INa at 100 μM is consistent with previous reports of lidocaine block 

(Nilius et al, 1987), where lidocaine is known to physically block the pore of the Na
+
 channel, 

prevent ion flow, and ultimately result in a marked decrease in Na
+
 current (Hanck et al, 2000; 

Cummins, 2007).  Ultimately, our goal was to find a concentration of lidocaine where there was a 

significant reduction in peak INa in the atria but not the ventricle, as we had initially predicted the 
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atria to have a greater population of Nav1.1 channels than the ventricle.  Moreover, Nav1.1 

channels tend to exhibit repetitive openings or bursting behavior (Kunze et al, 1985; Patlack & 

Ortiz 1986; Kohlhardt et al, 1987), thus spending more time in the open-state.  Therefore, it 

would seem likely that these repetitive or burst openings would have an increased sensitivity to 

lidocaine block.  If this rationale were correct, we would have, therefore, expected to observe a 

significant decrease in peak inward INa in the atria but perhaps not in the ventricle, which would 

unveil electrophysiological differences between the atria and the ventricle.  However, we noted 

only varied responses to lower concentrations of lidocaine, and no significant differences in peak 

inward currents between cardiac myocyte populations.  

Shifts in the steady-state inactivation and voltage-dependent availability of the Na
+
 

channel are also well-known hallmarks of lidocaine block (Frazier et al, 1970; Strichartz, 1973; 

Bean et al, 1983; Hanck et al, 2000).  This is consistent with our results, as both 100 μM and 30 

μM lidocaine resulted in a significant left-ward shift in steady-state inactivation toward more 

negative potentials in both cell types.  A left-ward shift toward more negative potentials is 

indicative of reduced channel availability at any given voltage.  Therefore, at these 

concentrations, lidocaine decreased Na
+
 channel availability in both atrial and ventricular 

myocytes.  Thus, lidocaine’s actions on Na
+
 channels is two-fold: 1) lidocaine blocks the Na

+
 

channel pore, and 2) lidocaine shifts the steady-state inactivation kinetics of Na
+
 channels, where 

reducing the number of available Na
+
 channels results in a marked decreased in Na

+
 current 

(Bean, 1983). 

Similar to the results for peak INa, and Na
+
 channel availability, we also noted variable 

responses to lidocaine with regards to Na
+
 channel recovery from fast inactivation.  It seems 

highly likely that lidocaine’s Na
+
 channel pore blocking ability underlies the impaired Na

+
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channel recovery at higher concentrations, where lidocaine is physically blocking the channel 

pore and thereby prevents the channel from fully recovering.  Moreover, the Na
+
 channel 

reactivation voltage protocol is designed to reach 270 msec, which does not allow the channel to 

completely recover, and lidocaine remains in the channel pore.  We suspect that if we extended 

this protocol to 1000 msec (1s), as is the case for generating Na
+
 channel current-voltage 

relationships, we would see almost complete recovery of Na
+
 channels.     

 

Heterogeneity of Sodium Channel Isoforms in Cardiac Myocytes 

 We had initially predicted consistent significant differences in atrial electrophysiology in 

the presence of lidocaine given that the atria may have an increased population of TTX-sensitive 

Na
+
 channel isoforms, which would unmask any electrophysiological differences between the 

atria and the ventricle.  However, overall, we noted a mixed response to lidocaine in atrial and 

ventricular myocytes with respect to peak INa, voltage-dependence of Na
+
 channel availability and 

Na
+
 channel recovery from fast inactivation.  We propose several possible explanations for these 

discrepancies in the lidocaine data.  The first being that lidocaine is a non-specific Na
+
 channel 

blocker, in that it does not distinguish between Nav1.5 and Nav1.1.  The second possible 

explanation for the varied response to lidocaine in atrial and ventricular myocytes is that these 

tissues contain a heterogeneous population of Na
+
 channel isoforms.  Therefore, lidocaine may be 

acting on a mixed population of Na
+
 channel isoforms within the atria, which may underlie the 

heterogeneous responses to lidocaine.   

 Furthermore, there is considerable evidence indicating the presence of mixed populations 

of Na
+
 channel isoforms between atrial and ventricular myocytes, which is thought to underlie 

differences in INa within various regions of the heart.  Previous studies have revealed the diversity 
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of Na
+
 channels and have demonstrated differences in the biophysical characteristics between Na

+
 

channel genes expressed in the heart, nervous tissue and skeletal muscle (Ramaswami & 

Tanouye, 1989; Chahine et al, 1996; Reviewed in Fozzard & Hanck, 1996; Bennett, 1999, 

Groome et al, 1999).  Numerous studies characterizing Na
+
 currents and persistent Na

+
 currents 

have all supported this theory, where differences in electrophysiological properties, ionic currents 

and pharmacological sensitivity between atrial and ventricular myocytes have all been attributed 

to different populations of Na
+
 channel isoforms.  A study performed by Li and colleagues 

examined INa in the adult guinea pig heart and reported substantial heterogeneity in INa in cardiac 

atrial and ventricular myocytes of the guinea pig heart.  Specifically, the main findings of their 

study were 1) the current density is greater in atrial than ventricular myocytes, 2) INa activation 

and reactivation kinetics are more rapid in the atria, 3) recovery of INa from inactivation is slower 

in atrial myocytes, 4) voltage-dependence of activation and inactivation were both shifted to more 

negative potentials in the atria and finally, 5) the recovery of INa from inactivation was slower in 

the atria (Li et al, 2002).  They attributed these differences in kinetics to the presence of various 

Na
+
 channel isoforms, where subtle differences in the amino acid sequence or the molecular 

structure of these isoforms may underlie electrophysiological differences between cardiac 

myocytes (Fozzard & Hanck, 1996; Reviewed in Goldin, 2001).   Although these findings are not 

entirely consistent with our results (which may be due to species differences in INa), the study 

supports the theory that there are different populations of Na
+
 channel isoforms within cardiac 

myocytes and therefore, we cannot rule out the possibility that adult rat cardiac myocytes contain 

a mixed population of Na
+
 channel isoforms as well. 
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Potential Role of Na
+
 Channel β Subunits  

 In addition, not only is it possible for the atria and the ventricle to contain a 

heterogeneous population of Na
+
 channel isoforms, but there may also be differences in Na

+
 

channel molecular structure between the two cell types that influenced the response to lidocaine.  

More specifically, Na
+
 channel isoforms are known to assemble with various β subunits as well as 

tertiary structures, where Nav1.5 and Nav1.1 may preferentially localize with different β subunits 

or tertiary structures.  The role and function of the β subunits, up until fairly recently, has been 

somewhat underestimated.  The β subunits are multifunctional, as they have been known to 

modulate channel gating, regulate the level of expression
 
at the plasma membrane, and function 

as cell adhesion molecules
 
through interaction with the cytoskeleton, extracellular matrix,

 
and 

other cell adhesion molecules that regulate cell migration
 
and aggregation (Catterall, 2000; Isom, 

2000; Malhotra et al, 2001).  Several studies have focused on further elucidating the differences 

in molecular structure between cardiac and neuronal Na
+
 channels.  However, there is 

considerable controversy regarding which β subunits associate with Nav1.5 and Nav1.1 

specifically, and to that effect there may also be differences between the atria and the ventricle 

with respect to β subunit composition.  Moreover, some studies have reported alterations in Na
+
 

channel sensitivity to lidocaine block, channel kinetics and gating properties (Makielski et al, 

1996), as well as significant shifts in the voltage-dependence of steady-state inactivation in 

response to β1 expression (An et al, 1998).  Thus, although some consensus is lacking as to which 

β subunits assemble with Nav1.5 and Nav1.1, there is evidence to suggest that α subunit co-

expression with certain or specific β subunits can modulate not only Na
+
 channel function but 

response to lidocaine as well.    
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It is also possible that other TTX-sensitive Na
+
 channels may have played a role in the 

mixed responses to lidocaine in both the atria and the ventricle, given the theory that different 

populations of Na
+
 channel isoforms exist within various regions of the heart.  In addition to 

Nav1.1, other TTX-sensitive Na
+
 channels have also been identified in the heart, namely NaV1.3 

and NaV1.6 (Lei et al, 2004).  However, the exact function and electrophysiological properties of 

these Na
+
 channel isoforms in the heart remains to be fully elucidated.  Furthermore, similar to 

the discussion above, it is also possible that Nav1.3 and Nav1.6 associate with different β subunits 

than Nav1.5 (or Nav1.1), which may underlie how these isoforms respond to lidocaine.  In fact, 

several studies have reported that cardiac Na
+
 channels are more sensitive to block by local 

anesthetics than brain or skeletal muscle, where β subunits have been shown to modulate Na
+
 

channel gating, which may underlie isoform-specific local anesthetic action (Nuss et al, 2000).  

As mentioned above, the isoform-specific response to lidocaine has been mainly attributed to β1 

expression (An et al, 1998).  More specifically, several studies have noted the effects of lidocaine 

are differentially modulated by β1 and β3 subunits, where these effects are attenuated by the co-

expression of β1 (Lenkowski et al, 2003).  Thus, these studies not only suggest that Na
+
 channel 

isoforms can be associated with different β subunits, but that co-expression with specific β 

subunits may underlie the isoform-specific response to lidocaine.   

 

Effects of Tetrodotoxin on Cardiac Myocyte Sodium Currents 

 Following the non-uniform responses to lidocaine in cardiac myocytes, we investigated 

the TTX-sensitive component that may be present in the atria.  Based on the literature, we had 

initially predicted that the atria would have a greater population of Nav1.1 channels and would 

therefore have a greater density of TTX-sensitive currents.  In order to elucidate this possibility, 
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we used TTX, as this toxin has served has a useful pharmacological tool in characterizing and 

distinguishing two types of voltage-gated Na
+
 channels present in humans: TTX-sensitive 

voltage-gated Na
+
 channels (i.e., Nav1.1) and TTX-resistant voltage-gated Na

+
 channels (i.e., 

Nav1.5).  This is in contrast to lidocaine, which as previously discussed, does not distinguish 

between Na
+
 channel isoforms.  Previous reports have indicated that TTX is known to have 

approximately 100-fold affinity for Nav1.1 compared to Nav1.5, where differences in TTX 

sensitivity is conferred by a single amino acid residue in the selectivity filter (pore loop/region) of 

domain I (Backx et al, 1992; Heinemann et al, 1992a; Satin et al, 1992; Maier et al, 2002).  The 

primary cardiac isoform, Nav1.5, requires micromolar (μM) concentrations for inhibition 

whereas, the neuronal isoform, Nav1.1, is inhibited by nanomolar (nM) concentrations of TTX 

(Maier et al, 2002).  Furthermore, it has been well established that TTX blocks the plateau phase 

of the AP in the heart muscle, which further suggests that TTX-sensitive currents are present 

during this phase of the AP (Saint et al, 1992).  Thus, any differences in Na
+
 channel isoform 

population between the atria and the ventricle would be unveiled by applying TTX to cardiac 

myocytes.  

TTX is a neurotoxin, which binds to neurotoxin receptor site 1 on the α subunit at the 

outer portion (i.e., extracellular side) of the pore (Hille, 1984).   This TTX-binding site is formed 

by the pore loops (“P-loops”) located between segments S5 and S6 of each of the four 

homologous transmembrane domains (Saint et al, 1992).  Essentially, TTX has been identified as 

an inhibitor of the selectivity filter, where interactions with the Na
+
 channel pore orients and 

stabilizes the TTX molecule within the pore of the channel, thereby blocking ion flow through the 

Na
+
 channel (Lipkind & Fozzard, 1994).  Overall, we noted no significant differences in either 

atrial or ventricular myocytes with respect to peak INa, Na
+
 channel availability, or Na

+
 channel 



 

75 

 

recovery from fast inactivation for both TTX concentrations used.  However, unlike lidocaine, 

TTX is not known to shift the steady-state inactivation and voltage-dependent availability of Na
+
 

channels, which may explain why we observed no overall significant differences in steady-state 

Na
+
 channel inactivation in cardiac myocytes.  In addition, we speculate that the reason we 

observed no significant reduction in peak INa in atrial myocytes following exposure to TTX, is due 

to the fact that the atria may not have a greater population of Nav1.1 channels, and therefore may 

not have an increased density of TTX-sensitive currents as initially predicted.  Therefore, 

although the results from the lidocaine data indicated that rat cardiac myocytes may have a mixed 

population of Na
+
 channel isoforms, the results from the TTX data indicated that this mixed 

population present in the atria likely does not contain a pharmacologically detectable TTX-

sensitive population.  Furthermore, any contribution from other TTX-sensitive Na
+
 channels 

present in the atria are likely negligible given that the above results suggest a TTX-sensitive 

component is not present in the atria.  Therefore, athough TTX does not alter peak INa in atrial 

myocytes specifically, this does not eliminate alternate roles for neuronal Na
+
 channels in the 

heart. 

 

Combined Effects of Lidocaine and TTX on Cardiac Myocyte Sodium Currents 

 Our last set of whole-cell experiments involved exposing cardiac myocytes to both 

lidocaine and TTX.  Although the TTX data produced unexpected results, the purpose of 

combining these two pharmaceutical agents was to further assess any electrophysiological 

differences between the atria and the ventricle, which would be revealed in the presence of both 

lidocaine and TTX.   
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 When we applied both lidocaine and TTX to cardiac myocytes, we noted significant 

differences in all three parameters we examined: 1) reduction in peak INa in ventricular myocytes, 

2) left-ward shift in steady-state inactivation in both atrial and ventricular myocytes, and 3) 

impaired Na
+
 channel recovery from fast inactivation in both atrial and ventricular mycoytes.  

The significant reduction in peak inward INa in ventricular myocytes suggests that ventricular 

myocytes may contain a TTX-sensitive population of Na
+
 channel isoforms.  The significant left-

ward shift in Na
+
 channel steady-state inactivation, which is indicative of reduced Na

+
 channel 

availability at any given voltage, can be largely attributed to lidocaine.  The most interesting 

effect was seen in Na
+
 recovery from fast inactivation.  When we exposed atrial myocytes to both 

lidocaine and TTX, we noted that the atria responded similarly to the ventricle at 30 μM lidocaine 

alone.  The exact reasons for this remain unclear.  We speculate that this may be caused by a 

synergistic effect of both compounds in addition to a mixed population of Na
+
 channel isoforms 

within the atria.    

 

Effects of Hydrogen Peroxide on Action Potential Duration 

 Hydrogen peroxide (H2O2) served as our clinical pathological model, where H2O2 has 

been shown to induce persistent Na
+
 currents, which are sensitive to low concentrations of TTX 

(Saint et al, 1992; Ward & Giles, 1997).  Oxidative stress is characterized by an increased 

production in ROS, which can cause severe injury to the myocardium, including cardiac 

contractile dysfunction, arrhythmias and irreversible myocyte damage and cell death.  Thus, 

oxidative stress and an increased production of ROS often accompany several cardiamyopathies, 

including AF.  Moreover, it has been well documented that substantial increases in atrial 

oxidative stress and ROS production are closely associated with altered ROS metabolism (Carnes 
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et al, 2001; Mihm et al, 2001; Kim et al, 2003) and the development of severe atrial electrical 

(Wijffels et al, 1995; Brundel et al, 2001a) and structural remodeling (Ausma et al, 1997; 

Thijssen et al, 2000).   

 We selected H2O2 for our studies for several reasons.  Previous work has demonstrated 

that tissue damage is specifically related to the release of H2O2, given that it is more stable and is 

able to diffuse throughout a greater tissue mass (Ward & Giles, 1997).  More importantly, H2O2 

has been shown to prolong APD by slowing the inactivation kinetics of Na
+
 channels (Bhatnager 

et al, 1990; Beresewicz & Horackova, 1991; Ward & Giles, 1997).  Specifically, H2O2 may 

phosphorylate the Na
+
 channel inactivation gate (via the activation of PKC) and prolong APD by 

slowing the inactivation kinetics of the Na
+
 channel, thereby producing an increase in the steady 

inward Na
+
 current – a TTX-sensitive cardiac persistent Na

+
 current (Ward & Giles, 1997).  

These reports are consistent with our findings.  When we applied 100 μM H2O2 to atrial 

myocytes, we noted a significant prolongation in APD.  Similar results were found when we 

lowered the concentration of H2O2 to 30 μM.  Moreover, when atrial myocytes were exposed to 

100 μM H2O2, we also noted the appearance of EADs.  This effect has particularly prevalent at 

this concentration.  Overall, these results indicate the atrial myocytes are in fact sensitive to ROS, 

which is consistent with our previous work in the ventricle.     

The presence or generation of EADs in response to H2O2 has been well studied, where 

H2O2 can slow the inactivation kinetics of the Na
+
 channel, prolong APD and increase 

susceptibility to EAD formation (Antzelevitch & Belardinelli, 2006; Makielski & Farley, 2006; 

Song et al, 2008).  The mechanism(s) underlying the generation of EADs remains to be fully 

elucidated.  However, there are generally two theories regarding EAD formation: 1) INCX, where 

an increase in the magnitude of inward INCX has been suggested to facilitate EAD formation 
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(Nattel 2002, Armoundas et al, 2003; Song et al, 2008), and 2) the reactivation of L-type Ca
2+

 

channels or Ca
2+

 “window” currents, where Ca
2+

 channel window current may reactivate over the 

range of voltages which correspond to the AP plateau, resulting in a progressively greater inward 

current which may underlie the initial inward current that generates the upstroke of the EADs 

during the plateau of the AP (Ming et al, 1994; Song et al, 2008). 

Moreover, this H2O2-induced persistent or non-inactivating Na
+
 current has been shown 

to be TTX-sensitive (Saint et al, 1992; Ward & Giles, 1997).  It has been suggested that the same 

Na
+
 channel that underlies INa, enters an alternate gating mode, and is thus responsible for the 

persistent Na
+
 current (Brown et al, 1981; Patlak & Ortiz, 1986; Alzheimer et al, 1993).  

However, this seems highly unlikely, given that the cardiac persistent Na
+
 current is more 

sensitive to block by TTX and exhibits different kinetic properties (i.e., activated at more 

negative potentials) (Saint et al, 1992).  Several studies have indicated that the persistent Na
+
 

current is in fact mediated by a different Na
+
 channel isoform than that of INa (Stafstorm et al, 

1985; Nilius et al, 1987; Ju et al, 1992), where a distinct population or subtype of Na
+
 channels is 

thought to underlie the persistent Na
+
 current.  Thus, these studies also lend support to the theory 

that there are heterogeneous populations of Na
+
 channel isoforms within the heart.     

 Given that this H2O2-induced prolongation in APD is TTX-sensitive, we had initially 

predicted that applying 10 nM TTX, which is selective for TTX-sensitive Na
+
 channel isoforms, 

would inhibit the effect(s) of H2O2 on APD in atrial myocytes in all experiments.  However, when 

we applied 10 nM TTX for 10 min (t=25) to atrial myocytes following 15 min exposure to H2O2, 

we noted a mixed response.  In the 100 μM H2O2 treatment group, we observed significant 

differences in APD90 values at t=15 and t= 25 min, but no significant differences between these 

values at t=0 and t=25 min.  These findings suggest that TTX was effective in inhibiting the 
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effects of H2O2 on APD.  However, in the 30 μM treatment group, we noted no significant 

differences in APD90 values at t=15 and t=25 min or at t=0 and t=25 min.  These results indicate 

that overall TTX did not reverse the effects of H2O2 in atrial myocytes on APD.  Thus, our 100 

μM H2O2 treatment group, where the APD did return to baseline conditions (t=0 min) in response 

to the TTX washout, suggests there is some inhibition by TTX.  Therefore, although our previous 

studies with TTX are not consistent with the atria containing a pharmacologically detectable 

TTX-sensitive population of Na
+
 channels, the AP recordings, however, would suggest that a 

very small population of TTX-sensitive Na
+
 channel isoforms does exist within the atria.  That 

being said, it is also possible that another ion channel may underlie a component of the H2O2-

induced prolongation of the AP in rat atrial myocytes, which may explain why in some instances 

the APD did not return to baseline conditions.  Theoretically, potentiating inward or reducing 

outward currents could facilitate EAD formation.  Based on the mechanism underlying EAD 

formation described above, several studies have implicated L-type Ca
2+

 channels as likely 

candidate (Guo et al, 2000), where H2O2 has been known to modify ICa,L (Sato et al, 1989; 

Thomas et al, 1998).  However, the rapid-delayed rectifier K
+
 current or IKr, which is largely 

responsible for cardiac repolarization, could also contribute to EAD formation in rat atrial 

myocytes.   

 

Experimental Limitations and Future Directions of Research  

 Several limitations could have influenced the results of this study.  The first is cell 

viability.  Although we used freshly dissociated cardiac myocytes and selected cells based 

primarily on visual assessment (i.e., presence of striations, prominent cell membrane, non-

contracting), cell viability/health may have been altered during the course of the experiments, 
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which may not have been obvious upon visual assessment.  Furthermore, given the potential 

variability in cell health, increasing the n values for all experiments may help to reduce this 

inconsistency.   

In addition, our studies primarily focused on cardiac Na
+
 channels, and although the 

pharmacological agents we used are Na
+
 channel blockers, H2O2 affects several other ion 

channels, transporters, signaling pathways etc.  In addition to slowing the inactivation kinetics of 

Na
+
 channels, H2O2 has also been shown to alter/affect ionic currents, cause lipid peroxidation 

(Rubin & Farber, 1984), alter energy metabolism (Spragg et al, 1985), protein oxidation (Fliss et 

al, 1988), enzyme activation (Natarajan et al, 1993), and Ca
2+

 homeostasis and signaling (Hyslop 

et al, 1986).  It is possible that alterations in any of these cellular components could have played a 

role in APD effects we were studying. Moreover, several studies have sought to 

pharmacologically attenuate the effects of H2O2 in cardiac myocytes in order to further elucidate 

the H2O2-induced prolongation of APD and EAD generation.  For instance, Xie and colleagues 

focused on the Ca
2+

/calmodulin kinase or CaMKII signaling pathway, which is activated by 

H2O2, and has been shown to impair INa activation and promote EADs (Xie et al, 2009).  

Furthermore, CAMKII inhibition suppressed the formation of EADs, which suggests that 

CAMKII may be an important factor in EAD formation in response to oxidative stress (Xie et al, 

2009).  In addition, the L-type Ca
2+

 channel is also a key player in EAD formation, where H2O2 

has been shown to modify ICa,L (Sato et al, 1989; Thomas et al, 1998).  Previous work in our lab 

has demonstrated that inhibiting L-type Ca
2+

 channels suppresses EAD formation in rat 

ventricular myocytes (Wu JG. Unpublished Data, 2009). Thus, it is important to note that H2O2 

has numerous targets, and that the H2O2-inudction of EADs may involve several key players 

within cardiac myocytes.   
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Furthermore, atrial myocytes also exhibited spontaneous triggered activity in response to 

H2O2, an effect not previously seen in our work with ventricular myocytes, which also lends 

support to this theory that H2O2 has numerous targets within cardiac myocytes.  ROS are known 

to promote triggered activity, where H2O2-induced Na
+
 and Ca

2+
 overload may underlie 

spontaneous AP generation.  There is evidence to suggest that H2O2 results in increased Na
+
 

influx through three main mechanisms: 1) non-inactivating Na
+
 channels (Ward & Giles, 1997); 

2) enhanced Na
+
-H

+
 exchange activity (Sabri et al, 1998); and 3) impaired Na

+
-K

+
-ATPase 

function (Kim & Akera, 1987).  Na
+
 overload in cardiac myocytes is subsequently followed by 

Ca
2+

 influx via reverse-mode NCX (Wagner et al, 2003), where enhanced Ca
2+ 

overload in 

cardiac myocytes is strongly associated with electrical instability (Beresewicz & Horackova, 

1991; Duan & Moffat, 1992; Song et al, 2006).  In the future, more experiments should be done 

in atrial myocytes to further investigate spontaneous APs in the atria.  It will be interesting to 

determine the underlying ionic mechanism and whether these effects are sensitive to 

pharmacological agents (i.e., Na
+
 and/or Ca

2+
 channel blockers, second messenger inhibitors etc).   

 In addition, we simplified our experiments somewhat to focus primarily on the 

electrophysiology properties of the atria. However, in doing so, important electrophysiological 

differences in the ventricle may have been overlooked.  Along the same lines, previous work in 

our lab has demonstrated that the right ventricle consists of a homogeneous population of cells, 

this, however, does not eliminate the possibility that a mixed population of Na
+
 channel isoforms 

exists within these cells.  On the other hand, the atria seem to consist of a heterogeneous 

population of myocytes, which may have masked any electrophysiological differences in our 

results.  In addition, one major limitation of this study was that we were unable to identify the 

precise cell type(s) within atrial tissue.  It would be interesting to characterize Na
+
 current(s) in 
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specific subpopulations of cells within the atria, such as the SA node, in order to evaluate whether 

this region contains TTX-sensitive populations of Na
+
 channel isoforms.  Furthermore, we were 

also unable to pharmacologically determine the exact ratio of TTX-sensitive to TTX-resistant Na
+
 

channel isoforms within cardiac myocytes.   

An alternate avenue that would be worth exploring in order to further investigate Na
+
 

isoform population(s) present in cardiac myocytes is through molecular experiments.  This would 

involve culturing cardiac myocytes and preventing the Nav1.5 channel protein from being 

produced in the cells by introducing siRNA.  Theoretically, the myocytes would contain only 

TTX-sensitive Na
+
 channel isofoms.  Thus, it would be possible to conduct electrophysiological 

experiments on these cells in order to characterize Na
+
 currents.  However, there are several 

caveats to this approach.  Previous work in our lab has shown that culturing rat cardiac myocytes 

is extremely difficult, given that these cells begin to dedifferentiate to a neonatal phenotype 

around approximately 5 days.  Furthermore, although ideally the cardiac myocytes would only 

contain TTX-sensitive Na
+
 channels, siRNA does not eliminate the current generated by Nav1.5 

completely, which may confound the electrophysiological Na
+
 current recordings from these 

cells.  It may also be worth characterizing Na
+
 currents in human heart tissue.  Work in our lab is 

in the early stages of isolating human cardiac myocytes.  It will be interesting to evaluate any 

species-related differences in the electrophysiological properties, and whether these differences 

(if any) influence the development of disease states in the heart.       

 It is evident from this project that further experiments need to be performed in the atria in 

order to elucidate the populations of Na
+
 channels present in this tissue, and to gain a better 

understanding of how the atria responds in disease states characterized by increased production of 

ROS.  In addition, it will be interesting to investigate whether a TTX-sensitive population of Na
+
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channels is present in the ventricle and if this is linked to an increased susceptibility to cardiac 

disease.  

 

Final Remarks 

 Overall, our study assessed the effects of lidocaine, TTX and H2O2 on atrial and 

ventricular myocytes, in order to further characterize INa and to unmask any significant 

electrophysiological differences between the two cell types.  Our results indicate that the atria, in 

particular, do not have a greater population of Nav1.1 channels than the ventricle (i.e., atrial 

myocytes do not contain more Nav1.1 than Nav1.5), and subsequently do not have an increased 

density of TTX-sensitive currents.  Thus, although this does not eliminate the possibility that 

there still may be a heterogeneous population of Na
+
 channel isoforms within the atria, our results 

suggest that this population likely does not consist of a pharmacologically detectable TTX-

sensitive component.  Furthermore, our findings also suggest that the atria are sensitive to ROS, 

where H2O2 is known to induce prolongation of the APD in cardiac myocytes.  However, upon 

further investigation into the electrophysiological properties of the atria, the AP recordings 

indicated that a very small population of TTX-sensitive Na
+
 channel isoforms are 

present in the atria.  Thus, we propose that a component of the H2O2-induced prolongation of the 

APD is still TTX-sensitive, but that another ion channel may be contributing to these effects, 

where enhancing inward and/or decreasing outward currents could likely underlie a component of 

H2O2-induced prolongation of the APD in rat atrial myocytes.  Given that previous work in our 

lab has demonstrated a significant prolongation of APD in ventricular myocytes in response to 

H2O2 exposure (an effect which is also TTX-sensitive), future research should focus on further 

elucidating the presence of TTX-sensitive Na
+
 channel isoforms in ventricular myocytes.  
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Furthermore, it would also be worthwhile in isolating specific areas or subpopulations of cells 

within the atria to further examine tissue-specific populations of Na
+
 channel isoforms strictly 

within the atria.  It will be interesting to evaluate whether mixed populations of Na
+
 channel 

isoforms within in the ventricle and/or the presence of region-specific Na
+
 channel isoforms in 

atrial tissue have any bearing on the development of cardiomyopathies.      
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