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Abstract
Death due to ischemic heart disease (IHD) is the result of cardiac arrhythmias and loss of cardiac
pump function. One of the putative underlying mechanisms is impaired inactivation of voltage-gated
sodium channels (VGSC), resulting in small persistent sodium currents. Nine VGSC (NaV1.1-NaV1.9)
have been cloned and functionally expressed. Electrophysiological/pharmacological evidence suggests
that “neuronal” isoform(s) exist in cardiomyocytes along with the cardiac-dominant NaV1.5. Given that
persistent currents have been shown to be fundamental to the function of neuronal isoforms and that
pharmacological evidence suggests that neuronal VGSC underlie increases in persistent currents during
ischemic events, we hypothesized that neuronal VGSC are present in cardiomyocytes. Specifically, the
purpose of this study was to demonstrate that the neuronal VGSC NaV1.1 exists in rat right ventricular
myocytes.
The full-length NaV1.1 coding sequence was cloned in overlapping segments. Through
sequencing, we identified one amino acid difference from a published brain sequence (c.2935A>G) and
four deletion variants (c.[del266_473], c.[del2012_2044], c.[del4004_4258], and c.[del4003_4284]). The
deletion variants were not present in all sequenced amplicons. Deletions at the first and the third deletion
sites were of particular interest as these involved regions of conserved sequence, likely essential to
channel function. To explore this further, PCR primers were designed to amplify a partial transcript
spanning both of these regions. Three RT-PCR bands were produced: 1) an ~4500 bp band that is likely a
composite of two amplicons, one with a deletion at the first deletion site (c.[del266_473]) and one with a
deletion at the third deletion site (either c.[del4004_4258] or c.[del4003_4284]); 2) an ~4200 bp band
confirmed to contain an amplicon with a deletion at both the first and the third deletion sites (either
c.[del266_473] and c.[del4004_4258], or c.[del266_473] and c.[del4003_4284]); and 3) an ~4075 bp
band suggesting further unidentified deletion variants. We were unable to identify any amplicons that did
not contain at least one deletion involving conserved sequence.
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Overall, these results demonstrate that multiple sequence variances of NaV1.1 exist in adult rat
cardiomyocytes. Moreover it appears that under normal cellular conditions, at least one deletion that is
likely to be devastating to channel function is always present.
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Chapter 1
Introduction

Death due to ischemic heart disease (IHD) has been declining, partly as a result of improved
implementation of thromobolysis and angioplasty to return blood flow in the setting of acute myocardial
infarction (MI) (Fox et al, 2007). However, acute MI and the long-term effects of these events still
account for 1 in 6 deaths in the United States (Go et al, 2013). Researchers have worked to understand
the cellular events that account for these deaths, both during ischemia and during therapeutic reperfusion.
This thesis contributes to these ongoing efforts, focusing on voltage-gated sodium channels (VGSC) that
have been implicated in both the cardiac arrhythmias and loss of cardiac contractile function that
collectively are responsible for all deaths due to MI.

1.1 The Structure and Function of Voltage-Gated Sodium Channels
1.1.1 The Central Role of Voltage-Gated Sodium Channels in Excitable Cells
Excitable membranes use action potentials (AP) to carry signals and coordinate muscle
contraction (Hodgkin & Huxley, 1952; Ulbricht, 2005). These AP are shaped by currents flowing across
the membrane through a variety of ion channels (Hodgkin & Huxley, 1952; Ulbricht, 2005). VGSC are
the first to open, and are responsible for the rapid AP upstroke and large peak currents that are important
to AP conduction (Hodgkin & Huxley, 1952; Ulbricht, 2005). A unique feature of sodium channels is a
“fast off” gating mechanism, which shuts off this current through the majority of channels within 1 to 2
milliseconds (ms) of their initial opening (Hodgkin & Huxley, 1952; Ulbricht, 2005). Channels enter an
intermediate refractory state of “inactivation”, only returning to the ready state of “closed” channels after
AP repolarization (Hodgkin & Huxley, 1952; Ulbricht, 2005). This refractory period sets the maximal
rate of depolarization and ensures that the AP travels in a forward direction (Hodgkin & Huxley, 1952;
Ulbricht, 2005).
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1.1.2 The Structure and Identified Functional Components of Voltage-Gated Sodium Channel
Alpha Subunits
VGSC are made up of a large pore-forming alpha subunit (~260 kDa), associated with one or two
smaller (33-36 kDa) beta subunits (Hartshorne et al, 1982; Barchi et al, 1983; Lombet & Lazdunski,
1984; Cohen & Levitt, 1993; Malhotra et al, 2001; Zimmer et al, 2002b). While beta subunits are capable
of modifying channel gating and/or trafficking to the cell membrane (Isom et al, 1992; Isom et al, 1995a;
Nuss et al, 1995; Zimmer et al, 2002b), the alpha subunit expressed alone in heterologous expression cells
is capable of passing current across the cell membrane (Goldin et al, 1986; Noda et al, 1986b). Nine
sodium channel alpha subunit isoforms have been cloned and functionally expressed. The nomenclature
used to identify these isoforms (NaV1.1 through NaV1.9) was described by Goldin (2000). Na denotes the
primary ion permeability and V signifies the control of these channels by membrane voltage. Systematic
mutation of the parts of the sequence that are conserved across isoforms (e.g. Stuhmer et al, 1989;
Hartmann et al, 1994) has identified the parts of the channels central to the basic role of voltagedependent gating of sodium.
The primary structure of rat brain NaV1.2 and the putative relationship of sequence segments to
the cell membrane is illustrated in Figure 1. Sodium channel alpha subunits contain 24 transmembrane
segments, divided across four highly similar but not identical, channel domains. Both termini are located
within the cell. Conserved functional components across all isoforms include the following:
a) the S4 transmembrane segments with evenly dispersed positively charged amino acids, that
sense and translate membrane voltage changes into channel gating;
b) the fast inactivation “particle” (IFM) contained within the DIII/DIV linker that acts act as a
ball and chain, binding to and physically occluding the pore opening (Vassilev et al, 1988;
Vassilev et al, 1989; Stuhmer et al, 1989; West et al, 1992);
c) the S5 and S6 segments, that together with the large intervening “pore loops”, are believed to
form the ion conducting pore (Ragsdale et al, 1994; Chen et al, 2002); and
2

Figure 1: The Primary Structure of Rat Brain NaV1.2 and Its Putative Distribution Across the Cell
Membrane (modified from Goldin, 2002)
VGSC are composed of four domains (I through IV) with similar but not identical sequence. Each
contains six transmembrane segments (S1 (gold) through S6 (red)), with the four S5 to S6 connecting
loops making up the channel’s outer pore. The amino (NH2+) and carboxy (COO-) terminals are placed
intracellulularly. A 9 bp sequence in the intracellular loop connecting domains III and IV codes for
isoleucine (I), phenylalanine (F) and methionine (M), and plays a critical role in VGSC fast inactivation.
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d) a section of the pore loops that makes up the selectivity filter controlling conductance and
ion-selective permeation (reviewed in Fozzard & Hanck, 1996).

1.1.3 The NaV1 Subfamily
Of the nine functionally expressed VGSC, seven (NaV1.1, NaV1.2, NaV1.3, NaV1.6, NaV1.7,
NaV1.8 and NaV1.9) are primarily expressed in the nervous system, and are collectively referred to as
neuronal VGSC. NaV1.1 (Noda et al, 1986a; Smith & Goldin, 1998; Escayg et al, 2000), NaV1.2 (Noda et
al, 1986a), NaV1.3 (Kayano et al, 1988) and NaV1.6 (Smith et al, 1998; Plummer et al, 1998) are
expressed in the brain (Westenbroek et al, 1989; Whitaker et al, 2001); whereas NaV1.3, NaV1.6, NaV1.7,
NaV1.8 and NaV1.9 are expressed in the peripheral nervous system (Novakovic et al, 2001). NaV1.5
(Rogart et al, 1989b) is the predominant isoform in the heart (Zimmer et al, 2002a); whereas NaV1.4
(Trimmer et al, 1989; Schaller et al, 1992) is the predominant VGSC isoform in skeletal muscle (Trimmer
et al, 1989).
Remarkable similarity exists across the VGSC isoforms, with amino acid sequence identities that
place all nine functionally expressed isoforms spread over four chromosomes in the same subfamily.
VGSC alpha subunit isoforms share 75% or greater amino acid identity across the transmembrane
segments, pore loops, and the DIII/IV intracellular loop that makes up the fast inactivation gate (Catterall
et al, 2003). When only the cardiac-dominant and the prevailing brain isoforms including NaV1.1 are
considered, this value increases to 88% or greater amino acid identity (Catterall et al, 2003). Gene
similarity across chromosomes includes a high level of conservation of intron/exon structure (Plummer et
al, 1998; Plummer & Meisler, 1999; Escayg et al, 2000). Furthermore, conservation extends across
orthologous genes (Noda et al, 1984; Noda et al, 1986a; Salkoff et al, 1987; Plummer et al, 1998; Martin
et al, 2007). Plummer & Meisler (1999) make the point that these similarities across VGSC are consistent
with their essential functional role.
On the other hand, channel segments that are more variable may house important functional
differences across isoforms (Plummer & Meisler, 1999). The first two intracellular loops are the least
4

well-conserved channel segments, with less than 50% amino acid identity across the nine VGSC isoforms
(Catterall et al, 2003) and more variability across isoforms in the intron/exon structure (Plummer et al,
1998). In addition putative phosphorylation sites exist in the amino termini and the inactivation gate
(DIII/DIV linker), and are concentrated within the first two cytoplasmic loops (Scheuer, 2011). Both
phosphorylation sites and changes in channel function in response to phosphorylation events, have been
shown to be isoform-specific (Murphy et al, 1996; Smith & Goldin, 1996; Frohnweiser et al, 1997;
Scheuer, 2011). Despite this variability across isoforms, there is strong conservation of the first two
intracellular loops when the same isoform (NaV1.6) is compared across human, rat and mouse (Dietrich et
al, 1998; Plummer et al, 1998; Plummer & Meisler, 1999).

1.2 Voltage-gated Sodium Channel Function in the Heart
1.2.1 Normal Function
The path and the timing of the spread of electrical activity in the heart must be tightly controlled in
order to achieve coordinated muscle contraction. A critical component of this is provided by the fast on,
large sodium currents of the action potential (AP) upstroke that promote uniform spread of depolarization
through the cardiac conduction system and muscle (Katz, 2006). In addition, the duration of the AP and
therefore of the refractory period that it controls, is between 200 and 400 ms in the heart as opposed to 1
to 2 ms in nerve. These periods are required for cardiac relaxation and filling, but play an additional
important role: differences in AP duration (APD) across the myocardium are designed to corral the
spreading depolarization through cardiac muscle in a prescribed unidirectional path (Ashamalla et al,
2001).

1.2.2 Genetic Mutations Provide Insight into the Critical Role of Action Potential Duration
A growing list of genetic mutations involving ion channels, or cellular components that interact
with ion channels, provides insight into the dramatic impact of changes to ion channel function in the
heart. These mutations are all associated with changes in the duration of the cardiac action potential.
5

Central to proposed arrhythmia mechanisms, is the fact that the level of impact on the APD varies across
the heart wall (Antzelevitch, 2007). Evidence supporting an increase in the variability of APD, and,
therefore, of the refractory period, across the heart wall has been reported for two clinical syndromes
associated with high death rates, Long QT Syndrome (LQTS) (Yan & Antzelevitch, 1998) and Brugada
Syndrome (Yan & Antzelevitch, 1996; Rosso et al, 2008; Obeyesekere et al, 2013).
The QT in Long QT Syndrome refers to the phase of cardiac repolarization on a surface
electrocardiogram that approximates the APD. LQTS mutations are frequently associated with a
particularly lethal form of tachycardia (Lankipalli et al, 2005). Roughly 15 to 23% of patients diagnosed
with LQTS, will have a life-threatening cardiac event or experience sudden cardiac death (reviewed in
Goldenberg & Moss, 2008). Mutations in the NaV1.5 gene or in genes for cell components associated
with VGSC function, account for 10 to 15% of LQTS cases (Wilde & Brugada, 2011), and these are
collectively referred to as LQT3. It is the LQT3 mutations that carry the highest risk for sudden cardiac
death (Zareba et al, 1998). While a wide range of mutations have been associated with LQT3, the
majority of NaV1.5 LQT3 mutations result in a defect in channel inactivation (Bennett et al, 1995; Wang
et al, 1995).
Brugada Syndrome patients share a distinct electrocardiographic pattern, but are thought to be a
mixed clinical population. The predominant explanation for the electrocardiographic pattern is more
pronounced early repolarization (Meregalli et al, 2005; Yan & Antzelevitch, 1996; Obeyeskere et al,
2013). Early repolarization would be expected to result in marked decreases in APD in select areas of the
heart (Krishnan & Antzelevitch, 1993; Obeyesekere et al, 2013). The majority of mutations identified are
in the NaV1.5 gene or in genes for the cellular components that interact with VGSC (Hedley et al, 2009),
with 20 to 25% of patients having a mutation in NaV1.5 (Kapplinger et al, 2010). Functional studies of
these NaV1.5 mutations show faster channel inactivation or reduced peak sodium currents (Wang et al,
2000; reviewed in Hedley et al, 2009), and both of these are consistent with early repolarization
(Obeyeskere et al, 2013). Obeyesekere et al (2013) make the point that the electrocardiographic pattern is
6

relatively common. However, Tikannen et al (2009) identified a group with more marked changes in the
electrocardiogram and an adjusted relative risk of death due to arrhythmia of 3.94 (CI =1.96 to 7.9,
p<0.001).

1.3 Voltage-Gated Sodium Channels in Myocardial Ischemia and Reperfusion
1.3.1 Reactive Oxygen Species as Mediators of the Clinical Outcomes of Ischemia and Reperfusion
Myocardial ischemia is associated with lethal cardiac arrhythmias, increasing levels of reversible
contractile dysfunction (“stunning”), and ultimately cell (cardiomyocyte) death (Stephenson et al, 1960;
Imahashi et al, 1999; Becker, 2004). While improved prognosis with reperfusion has been clearly
demonstrated (The I.S.A.M. Study Group, 1986; Guerci et al, 1987; The ISIS-2 Collaborative Study
Group, 1988; Wilcox et al, 1988), return of blood flow may be more arrhythmogenic than ischemia
(reviewed in Wit & Janse, 2001), is associated with increases in the degree of stunning (Imahashi et al,
1999; Padilla et al, 2000), and markedly increases the rate of cell death (Becker, 2004). A number of
interacting cellular changes are implicated in the cellular response to ischemia and reperfusion,
including ionic imbalance culminating in calcium overload, increased production of reactive oxygen
species (ROS), depletion of high energy phosphate compounds, activation of proteases, and
mitochondrial damage (reviewed in Powers et al, 2007).
Three key ROS are produced as a byproduct of cellular metabolism. Superoxide anion (O2-) in
the presence of superoxide dismutase is converted to produce hydrogen peroxide (H2O2), which in turn
may be broken down to form H2O in the presence of catalase or glutathione peroxidases, or may be
converted to produce hydroxyl anion (•HO) (Becker, 2004). ROS production increases during ischemia
and shows a further marked increase described as a burst, during the initial minute post reperfusion (Grill
et al, 1992; Ferrari, 1994).
ROS generating systems, such as substrate plus xanthine oxidase, have been shown to produce
contractile dysfunction and myocardial cell injury in perfused hearts (Miki et al, 1988) and in a
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myocardial tissue preparation (Burton et al, 1984). Potentially dangerous reperfusion arrhythmias can be
increased or decreased using an ROS generating system or ROS degradation enzymes, respectively, in
perfused rat hearts (Bernier et al, 1986). Also, in vivo animal studies have shown that treatment with
ROS degradation enzymes just before reperfusion of ischemic myocardium, improves the rate of
functional recovery (Myers et al, 1985), reduces lethal cardiac arrhythmias (Riva et al, 1987), and reduces
infarct size (Jolly et al, 1984). While the least reactive of the three, the effectiveness of degradation
enzymes targeting different ROS species suggests an important role of H2O2 in the lethal arrhythmias,
myocardial stunning and cell damage produced by ischemia and reperfusion (Bernier et al, 1986; Miki et
al, 1988; Kraemer et al, 1990), and it is used experimentally to simulate ischemia/reperfusion as it is more
stable than the other two.

1.3.2 Reactive Oxygen Species Prolong Action Potential Duration by Impairing Channel
Inactivation
The ability to examine the opening and closing events of a small number of ion channels under a
pipette tip, referred to as “single channel recordings”, in the 1980’s added to our understanding of sodium
channel inactivation. Yue et al (1989) summarize this literature as demonstrating a repetitive closing and
reopening of individual channels before settling into a stable state of inactivation.
Under normal cellular conditions the net result of the repetitive reopening of many individual
channels during VGSC inactivation, is small inward sodium currents (Ju et al, 1996; Ward & Giles, 1997;
Maltsev et al, 1998; Sakmann et al, 2000). These have been recorded from isolated ventricular myocytes
at different time points after the upstroke of the AP, including time points that cover the full duration of
the AP (Ju et al, 1996; Ward & Giles, 1997; Maltsev et al, 1998; Sakmann et al, 2000). These “persistent
currents” (INa P) are not recorded in all experiments or in all cells within an experiment (Ju et al, 1996;
Ward & Giles, 1997; Maltsev et al, 1998; Sakmann et al, 2000). INa P are within the range of 35 to 50 pA
(Ju et al, 1996; Ward & Giles, 1997; Maltsev et al, 1998; Sakmann et al, 2000). For comparison, the
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sodium currents that make up the AP upstroke are estimated to be around 2 to 3 nA (Ju et al, 1996; Ward
& Giles, 1997; Maltsev et al, 1998; Sakmann et al, 2000).
INa P are more consistently recorded in isolated ventricular myocytes under experimental
conditions simulating myocardial ischemia and reperfusion. Ju et al (1996) show loss of sodium currents
over the initial 20 ms after a depolarization under normal conditions, as compared with remaining sodium
currents at the 200 ms mark post depolarization under hypoxic conditions. Consistent with this, Ward &
Giles (1997) show the loss of sodium currents around the 15 to 20 ms timepoint of a sustained
depolarization under normal cellular conditions. These currents are still present at the end of their 20 ms
recording after H2O2 application.
While INa P are small, ROS application to isolated cardiomyocytes is also associated with dramatic
increases in the APD (Barrington et al, 1988; Beresewicz & Horackova, 1991; Ward & Giles, 1997). The
VGSC-specific toxin tetrodotoxin (TTX) returns APD to control levels (Beresewicz & Horackova, 1991;
Ward & Giles, 1997), demonstrating that the small INa P produce or provide an essential contribution to,
the AP prolongation. Ward & Giles (1997) provide data that demonstrates that the small INa P are capable
of the former. Injection of a hyperpolarizing current as small as -20 pA, returned the AP of the H2O2treated cells to the resting membrane potential.
The increase in persistent sodium gating with ROS, appears to be largely the result of impaired
channel inactivation. Bhatnager et al (1990) were the first to demonstrate that tert butylhydroperoxide, an
oxidant that increases ROS levels (Kanupriya et al, 2007), slows VGSC inactivation. They also showed
changes to the voltage-dependence of VGSC gating, with the potential to contribute to the inward sodium
currents during the AP. Two groups present single channel tracings consistent with impaired channel
inactivation with ROS. Ju et al (1996) present data showing an abrupt increase in channel openings with
ROS application. Furthermore, data from Ward & Giles (1997) shows patterns of increased postdepolarization sodium channel openings and AP prolongation in response to H2O2, that are
indistinguishable from the response to the sea anemone toxin anthopleurin A. This is part of a group of
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toxins that act through changes in VGSC gating (reviewed in Moran et al, 2009), with anthopleurin A
both slowing inactivation and leaving channels unable to completely inactivate (reviewed in Ulbricht,
2005).
1.3.3 The Role of Persistent Sodium Currents in the Clinical Outcomes of Ischemia and
Reperfusion
Experiments using perfused hearts support an expected role of INa P in producing the arrhythmias
that appear during ischemia and reperfusion, and also provide evidence suggesting a central role of these
currents in the development of myocardial stunning and cell death. Perfused hearts show increases in
intracellular sodium concentration in response to ischemia (Imahashi et al, 1999), consistent with
impaired VGSC inactivation in hypoxic conditions (Ju et al, 1996) and in response to ROS (Ward &
Giles, 1997). Continuous recording of intracellular sodium after reperfusion shows a transient (~5 min)
further increase (Williams et al, 2007), before a rapid decrease (Pike et al, 1995; Imahashi et al, 1999;
Williams et al, 2007). Pike et al (1995) report that intracellular sodium levels are the strongest predictor
of lethal ventricular arrhythmia when compared with pH and depletion of high energy phosphates, in
ischemic hearts.
It is argued that the increases in intracellular sodium act through increases in intracellular
calcium, to initiate the ischemia/reperfusion arrhythmia and myocardial stunning (Haigney et al, 1994;
Imihashi et al, 1999; Song et al, 2006). Furthermore, the role of calcium overload in myocardial cell
death with MI is well-established (reviewed in Bers, 2008). Continuous recordings of intracellular
calcium in perfused hearts also show increases through ischemia (Haigney et al, 1994; Song et al, 2006),
followed by an additional increase with reperfusion (Haigney et al, 1994). While other players have been
suggested and may play some contributing role (reviewed in Haigney et al, 1994), evidence suggests that
the primary mechanism behind increased intracellular calcium both during ischemia and in the first few
minutes of reperfusion, is the exchange of intracellular sodium for calcium by the sarcolemmal sodium
calcium exchanger (Pike et al, 1990; Haigney et al, 1992; Haigney et al, 1994; Imahashi et al, 2005). This
10

exchanger normally acts to remove elevated intracellular calcium, however, it is thought to act in a
reverse mode under conditions of elevated intracellular sodium, exchanging intracellular sodium for
extracellular calcium (reviewed in Blaustein & Lederer, 1999). Imahashi et al (1999) used manipulation
of extracellular calcium levels and inhibition of the sodium calcium exchanger, to separate the roles of
intracellular sodium and intracellular calcium in myocardial stunning in perfused hearts. Conditions
expected to interfere with the ability of the heart to exchange intracellular sodium for extracellular
calcium, slowed the recovery of intracellular sodium levels while improving the rate of contractile
recovery. On the other hand, high extracellular calcium, expected to promote this reverse mode
sodium/calcium exchange, improved intracellular sodium recovery and slowed contractile recovery.
Pharmacological studies provide evidence for involvement of sodium influx through VGSC, and
in particular of the persistent currents through these channels, in the high intracellular sodium levels
believed to be the initiating event for all three clinical outcomes associated with ischemia/reperfusion.
Hypercontracture, with the return of blood flow and energy substrate to cardiomyoctyes with elevated
intracellular calcium, can be prevented in isolated ventricular myocytes with the use of TTX (Haigney et
al, 1994), and Abraham et al (1989) demonstrated antiarrhythmic effects of TTX during myocardial
ischemia in anesthetized rats. TTX doses used eliminated or significantly reduced the fast-on transient
sodium currents of the action potential upstroke that control AP conduction.
In contrast with TTX, blockers that have been used clinically all take advantage of VGSC gating
mechanisms to target currents from the ischemic areas of the heart. The binding site for these drugs is
within the inner channel pore, and VGSC blockade by these agents requires access provided by channels
in the open and/or inactivated state (Hanck et al, 2009). Channels with defective inactivation are open
longer; ischemic tissue is depolarized resulting in a high proportion of channels in the inactivated state;
and rapid firing rates, i.e. frequent openings, are the early component of the majority of cases of sudden
arrhythmic death.
Lidocaine is the prototypical antiarrhythmic used in the setting of ischemia/reperfusion, and
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application to isolated ventricular myocytes has been shown to attenuate both the increase in persistent
sodium current (Ju et al, 1996) and the increase in intracellular sodium (Haigney et al, 1994) in response
to hypoxic conditions. As well, reperfusion hypercontracture is eliminated with lidocaine (Haigney et al,
1994). However, while an earlier study demonstrated lidocaine’s selectivity for persistent versus the
transient sodium currents (Ju et al, 1992), it should be noted that doses used in these experiments also
produced a decrease in the peak sodium current.
Ranolazine is the result of efforts to further target the persistent sodium currents in clinical
settings (Song et al, 2004; Fredj et al, 2006; Undovinas et al, 2006; Wang et al, 2008b). Song et al (2006)
demonstrated the ability of ranolazine to decrease sodium influx after the AP upstroke, to reduce the rise
in intracellular calcium, and to attenuate AP prolongation, in ventricular myocytes treated with H2O2. Of
note, the drug concentration used by Song et al (2006) did not change the appearance of the AP upstroke.
It has also been proposed that the increase in intracellular sodium during ischemia/reperfusion
could be a result of activity of the sarcolemmal sodium proton exchanger (NHE). A number of papers
using NHE inhibitors and perfused hearts have presented data in support of this. NHE inhibition has been
associated with an attenuation or elimination of the intracellular increases in sodium (Pike et al, 1993;
Pike et al, 1995) and calcium (Murphy et al, 1991) during ischemia. In addition, these agents have been
shown to improve the rate of functional recovery, decrease cell injury, and decrease arrhythmias
associated with ischemia/reperfusion (Murphy et al, 1991; Mochizuki et al, 1993; Pike et al, 1993;
Yasutake et al, 1994; Pike et al, 1995).
However, alternate explanations have been proposed for the beneficial effects of NHE inhibition.
Ward & Moffat (1995a) suggest that the decreases in pH during ischemia/reperfusion, may be protective
by decreasing the calcium sensitivity of the contractile apparatus under conditions of high intracellular
calcium. They report that NHE inhibition during exposure of cardiomyocytes to lactate acidosis, further
reduces the pH and is associated with a reduced sensitivity of the contractile apparatus to calcium.
Hypercontractilily during reperfusion has been associated with increased cell damage (Siegmund et al,
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1993). Hartmann & Decking (1999) agree, demonstrating reduced contracture on reperfusion of ischemic
hearts, improved functional recovery in the 30 minutes following an ischemic period, and improved
availability of high energy phosphate compounds, with NHE inhibition.
As well, Williams et al (2007) point out that the NHE inhibitors used in earlier studies might also
interfere with VGSC, providing an alternate explanation for their effects on the intracellular sodium and
calcium responses to ischemia. They demonstrate that TTX prevents the increase in intracellular sodium
during ischemia but not the increase in response to reperfusion. In contrast, one NHE inhibitor used in
this study prevents all sodium increases through both ischemia and reperfusion while another prevents
only the increase in intracellular sodium in the minutes post reperfusion.
1.3.4 Clinical Evidence of Cardiac Persistent Sodium Currents
To date, there is not strong clinical evidence for the ability of lidocaine or ranolazine to decrease
mortality in the setting of MI. The long-standing use of lidocaine in the treatment of ischemia/reperfusion
arrhythmias can be traced to small scale studies showing impressive results in an era that preceded the,
now standard, use of techniques to restore blood flow. For example, Gianelly et al (1967) published a
report of the interruption of ventricular tachycardia in each of 20 patients during acute MI. However its
early acceptance has left it poorly investigated, and White et al (2001) conclude from their review of
literature that the efficacy of lidocaine in the treatment of pre-hospital ventricular tachycardia or
ventricular fibrillation has not been demonstrated. One large study was completed to examine the effects
of prophylactic use of lidocaine in the setting of acute MI in the post-reperfusion era, with results
suggesting no benefit for all cause death during acute MI or over the first 30 days post-MI (Alexander et
al, 1999). In addition, it is well-documented that lidocaine has a not uncommon proarrhythmic effect in
mixed populations of arrhythmia patients (e.g. Rae et al, 1988), that is believed to be related to its effect
on peak sodium currents and AP conduction.
In contrast, large scale studies have examined the effects of ranolazine treatment in heart disease.
The improved selectivity for INa P demonstrated for ranolazine, is associated with removal of the
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proarrhythmic effect reported for other VGSC blockers (Scirica et al, 2007). However, prophylactic use
of ranolazine in the setting of acute MI does not change the incidence of symptomatic arrhythmia, death
in the acute setting, or death over the first year post-MI (Morrow et al, 2007). The author would argue
that the literature suggests the potential for INa P blockade in the treatment of ischemic/reperfusion injury.
Next steps will require developing an understanding of intended and unintended effects in narrowly
defined patient populations.

1.4 Persistent Currents in Neuronal Voltage-Gated Sodium Channels
With growing evidence for the existence of neuronal VGSC in the heart (reviewed below), the author
would argue that these are the most likely candidates for mediating the increased INa P and increased APD
with H2O2 application to cardiomyocytes. Research (Llinas & Sugimori, 1980; Aracri et al, 2006) has
demonstrated that, in contrast with the all-or-none depolarizations in cardiac muscle, persistent sodium
currents are important contributors to subthreshold currents in neural tissue. This work shows that
persistent currents are essential to summative processes such as signal integration or amplification, and
act to promote neuronal firing patterns described as rhythmic, repetitive or bursting.
The strongest evidence implicating specific VGSC isoforms in functionally important persistent
gating in neuronal tissue, comes from the Purkinje neurons of the cerebellar cortex. NaV1.1 and NaV1.6
are the only VGSC isoforms detected with single cell PCR (polymerase chain reaction) of these cells
(Vega-Saenz de Miera et al, 1997). Persistent sodium currents are an important contributor to the
electrophysiological patterns of these Purkinje cells (Llinas & Sugimori, 1980), and the literature suggests
that both isoforms make important contributions to these currents (Burgess et al, 1995; Kohrman et al,
1995; Kohrman et al, 1996; Meisler et al, 1997; Raman et al, 1997; Vega-Saenz de Miera et al, 1997;
Raman et al, 1997; Mulley et al, 2005; Kalume et al, 2007).
Consistent with an important role for persistent VGSC gating in neuronal tissue, neuronal VGSC
produce larger INa P when expressed in mammalian cell lines. Measures of persistent sodium currents
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under normal cell conditions, were larger from neuronal VGSC as compared with those from the cardiacdominant NaV1.5 or the skeletal muscle-dominant NaV1.4 (Mantegazza et al, 2005). Moreover,
electrophysiological studies in these cell lines suggest that one or more neuronal VGSC and not NaV1.5,
is/are responsible for the increased INa P in cardiomyocytes in response to H2O2 (Ward & Giles, 1997).
Protein kinase C (PKC) inhibition attenuated the APD prolongation with H2O2 (Ward & Giles, 1997), and
PKC activation slows VGSC inactivation (Qu et al, 1994) in isolated cardiomyocytes. PKC activation
also slows the inactivation of a neuronal VGSC expressed in mammalian cells (Numann et al, 1991);
whereas PKC activation did not slow inactivation of NaV1.5 expressed in the same cell line (Qu et al,
1994). In addition, the increase in INa P and in APD in cardiomyocytes in response to H2O2, could not be
replicated with repeat experiments in a mammalian cell line expressing NaV1.5 (Ward et al, unpublished).
Involvement of NaV1.5 cannot be completely ruled out, however, as PKC effects, and therefore the
required characteristics of expression systems to mediate these effects, have been shown to be isoformspecific (Qu et al, 1996; Murray et al, 1997).

1.5 Evidence for Neuronal Voltage-Gated Sodium Channels in the Heart
1.5.1 Voltage-Gated Sodium Channel Transcripts and Their Relative Abundance
With the exception of one study that used RT-PCR to report the presence of NaV1.3 in mouse
ventricular myocytes (Zimmer et al, 2002a), all reports using RT-PCR to detect the presence of neuronal
VGSC in the heart use RNA from whole heart. However, one of these papers, Haufe et al (2005b),
present data that argues for the importance of working from ventricular myocyte cell isolations rather than
from whole heart. They demonstrated, in mice, that neuronal isoforms make up only 4.9% of VGSC from
ventricular myocyte cell isolations, as compared with 23.6% of VGSC from whole heart. Despite this,
this same group (Haufe et al, 2005b) provides data that they suggest rules out or minimizes any impact of
RNA contamination from other cell types in whole heart. Using RT-PCR of neuron-specific markers,
they conclude that between <1% and 10% of the whole heart RNA came from contaminating nerve.
Similarly, Schaller et al (1992) report that they were unable to RT-PCR a low-abundant transcript specific
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for select forms of neurons, from their whole heart RNA. Neither group discusses the fact that fibroblasts
are the most abundant cell type in the myocardium and that these are known to contain neuronal VGSC
(Munson et al, 1979). Sills et al (1989) report similar RT-PCR results for one VGSC isoform amplified
from whole tissue and from cultured ventricular myocytes. However, culturing the ventricular myocytes
may change their VGSC makeup (Renauld et al, 1983; Maltsev et al, 2008), and changes in tissue
innervation have been demonstrated to change the membrane expression of VGSC (Frelin et al, 1981).
Schaller et al (1992) used RT-PCR to examine the neuronal VGSC makeup of adult rat brain,
whole heart and skeletal muscle. Primers for NaV1.1, NaV1.2 and NaV1.3 amplified sequence for NaV1.1,
for its functional alternative splice variant (NaV1.1a –Noda et al, 1986a), and for NaV1.3. Schaller et al
(1992) make the following two points regarding the VGSC make-up of the heart based on the screening
of what they refer to as “several” clones, and based on RNase protection assay data that is not shown in
the paper: they were unable to find any evidence for NaV1.2 in the heart, and the amount of NaV1.1 in rat
heart is the same or slightly more than the amount of NaV1.3.
Haufe et al used two PCR methods to compare the transcript level of different sodium channel
isoforms, in dog (2005a) and then in mouse (2005b) heart. In the dog, Haufe et al limited their
examination of neuronal isoforms to NaV1.1, NaV1.2 and NaV1.3. In contrast with the rat data from
Schaller et al, they provide restriction digest evidence for NaV1.2 in 7 of 8 cardiac tissues including the
ventricles. Competitive PCR controlling for amplification efficiency (i.e. the rate of accumulation of fulllength product) found that NaV1.3 was the most abundant and that NaV1.1 and NaV1.2 were of equal
abundance, in cardiac ventricles. In their second study using mice, Haufe et al included an examination
of the expression of the cardiac-dominant isoform NaV1.5 and of the skeletal muscle-dominant isoform
NaV1.4, as well as of an additional neuronal isoform, NaV1.6. Some general statements apply to all
findings from this second paper across whole heart from all developmental ages, limited data from
isolated ventricular myocytes in young adult mice, and both competitive and real-time PCR. First,
mRNA from NaV1.5 made up 84% of the VGSC transcript in mouse heart. Second, in mice the skeletal
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muscle-dominant isoform NaV1.4 was as abundant as the most abundant neuronal isoform, NaV1.3.
Additionally, NaV1.2 was found to be more prevalent, both in whole heart and in the ventricular myocyte
cell isolations, than was either NaV1.1 or NaV1.6.
Zimmer et al (2002a), in the only paper with all RNA coming from cardiomyocyte cell isolations,
sequenced the full-length mouse NaV1.4 and NaV1.5 sequence in overlapping segments. Competitive and
real-time PCR, found NaV1.5 to be only 5X more abundant than NaV1.4. Moreover, in contrast with the
conclusions of Haufe et al (2005b) from whole heart in the same species, competitive PCR using the same
primer pair found NaV1.3 to be far less abundant than NaV1.4.
As well, all studies reporting relative amounts of specific VGSC isoforms in the heart (Schaller et
al, 1992; Zimmer et al, 2002a; Haufe et al, 2002a & 2002b) amplify only a small segment (164 to ~1000
bp) of the full length (~6000 bp) coding sequences. However, over the last decade there has been an
increasing awareness of the ubiquitous nature of alternative splicing, with more recent estimates
suggesting that it is involved in the expression of greater than 90% of genes (Pan et al, 2008; Wang et al,
2008a). Stamm et al (2005) conclude from their literature review that most splicing events result in subtle
changes in protein function. At the opposite end of the spectrum, they point out that selection of one of
two mutually exclusive exons is the most common alternative splicing mechanism and that 25 to 35% of
alternate exons introduce a premature stop codon. Moreover, Wang et al (2008a) provide examples of
non-functioning sodium channel splice variants that are or appear to be the sole variant in a particular
tissue.
1.5.2 Conflicting Results Provided by Isoform-Specific Antibodies
Maier et al (2002 & 2004) used immunocytochemistry to examine the distribution of NaV1.5 and
of the three neuronal isoforms, NaV1.1, NaV1.3, and NaV1.6, within mouse cardiomyocytes. This data
showed the neuronal isoforms limited to the same sharply defined pattern produced by an antibody to a z
line protein, with z lines running alongside transverse t-tubules in muscle. In contrast, the authors
interpret their NaV1.5 data as showing that this isoform is possibly exclusively located at the intercalated
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discs. They sum up their findings as showing the “sharp complementary nature” of the distribution of
NaV1.5 versus that of the neuronal sodium channels. In agreement, Malhotra et al (2001) using the same
NaV1.1 antibody show immunohistochemistry with fluorescence limited to the distinct t-tubule pattern in
rat neonatal myocardial tissue strips.
However, variations in these results have been reported, both for NaV1.5 and for the neuronal
VGSC. In the case of the neuronal isoforms, these variations cannot be explained by differences in either
the antibody used or the species investigated. Haufe et al show both in mouse (Haufe et al, 2005b) and
dog (Haufe et al 2005a), that the same NaV1.1 and NaV1.2 antibodies also produce fluorescence at the
intercalated discs.
Immunochemistry from Cohen (1996) using a second NaV1.5 antibody again suggests that this
isoform is concentrated at the intercalated discs but also shows some presence in the t-tubule system in rat
cardiomyocytes. Maier et al (2002) state that the NaV1.5 antibody used by Cohen has the potential based
on the sequence that it was designed against, to cross react with NaV1.3. However, Cohen et al (1996)
report but do not show that two additional antibodies provided the same results. Also, some validation is
provided for all three antibodies in the form of immunoprecipitation from partially purified rat membrane
proteins and immunoblot data showing bands of the expected size for NaV1.5 both before and after
deglycosylation (Cohen & Levitt, 1993). Haufe et al (2005a) using a third NaV1.5 antibody against
mouse cardiomyocytes (same species used by Maier et al, 2002), conclude that their findings agree with
those of Cohen et al (1996). However while their data repeats the t-tubule distribution pattern shown by
Cohen et al (1996), the concentration of this isoform at the intercalated discs is less dramatic than in the
data presented by the other two groups.
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1.5.3 Electrophysiological and Pharmacological Evidence for Neuronal Voltage-Gated Sodium
Channels
Pharmacological differences between the cardiac-dominant VGSC and the neuronal isoforms
have been used to provide evidence for functioning neuronal VGSC in the heart. The primary agent used
to separate currents from different VGSC is TTX. This toxin allows a high degree of separation of
currents from the neuronal as compared with the cardiac-dominant VGSC, based on a roughly 100 fold
higher TTX-sensitivity of the former. This agent is not believed, however, to be able to completely
separate neuronal versus cardiac VGSC currents (Brette & Orchard, 2006a). Maier et al (2002) calculate
that the 6.3 µM KD for TTX blockade of the peak sodium current of the AP upstroke (Brown et al, 1981;
Antoni et al, 1988), would translate into the 100 to 200 nM TTX used in these studies blocking 1.5 to 3%
of the much larger current contribution from the cardiac-dominant NaV1.5.
Our lab now has extensive experience (unpublished) demonstrating the ability of the much
smaller TTX concentration of 10 nM, to block persistent sodium currents in ventricular myocytes treated
with H2O2. This level of TTX has been observed to eliminate all current in neuronal tissue with an
estimated EC50 of 0.3 nM (Roy & Narahashi, 1992), while the 100 nM ED50 for TTX blockade of NaV1.4
in data from SB Drug Discovery (Glasgow, UK) suggests that only a small percentage of any NaV1.4
channels in ventricular myocytes would be affected. This represents the strongest available evidence both
for functioning neuronal VGSC in ventricular myocytes, and for their role in producing the clinically
significant persistent currents.
Electrophysiological differences between neuronal and the cardiac-dominant VGSC have been
used as supportive evidence in pharmacological studies. Efforts to examine the function of individual
isoforms in heterologous expression systems must accept the influence of the new cell environment (i.e.
differences in protein isoforms, signaling pathways and channel auxiliary subunits). All studies presented
here use one of two expression conditions shown to provide the best approximation of the
electrophysiology of native cells. Channels are either expressed in mammalian cells (West et al, 1992;
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Isom et al, 1995b), or are expressed in Xenopus oocytes with the electrophysiology “corrected” with
coexpression of both ß1 and ß2 sodium channel auxiliary subunits (Isom et al, 1992; Isom et al, 1995a).
Two electrophysiological measures have been shown to differentiate between the cardiacdominant and neuronal VGSC: the voltage-dependence of channel inactivation from a closed state, and
the voltage-dependence of channel activation or opening. The cardiac-dominant VGSC performs both of
these tasks at more hyperpolarized potentials when compared with the neuronal VGSC (Fozzard &
Hanck, 1996; O’Leary, 1998; Lossin et al, 2002). NaV1.4, the skeletal muscle-dominant isoform, both
inactivates from a closed state and activates at intermediate levels of membrane potentials (O’Leary,
1998; Zimmer et al, 2002a). As well, O’Leary (1998) provides electrophysiological data recorded from
ventricular myocytes, neurons and skeletal muscle fibers by other groups, alongside his findings in
expression cells for each of the cardiac-dominant NaV1.5, the skeletal muscle-dominant NaV1.4, and a
common rat variant of the neuronal isoform NaV1.2. Overall, the reviewed studies support his findings in
the expression cells.
Brette & Orchard (2006a) use both electrophysiological and pharmacological differences between
NaV1.5 and the neuronal isoforms, to argue for functional neuronal VGSC in dissociated rat ventricular
myocytes. O’Leary et al (1998) demonstrated in expression systems and through a review of the
literature using isolated cardiomyocytes, that NaV1.5 activates with less depolarization stimulus than do
either the neuronal or the skeletal VGSC (midpoint of activation -48 mV vs -22 mV or -28 mV,
respectively). Brette & Orchard (2006a) demonstrate differences in the ability of TTX to block the peak
current response to two levels of depolarization that are consistent with increased neuronal VGSC
activation by the strongest depolarization stimulus. As well, they argue that the changes in gating
characteristics with 100 nM TTX, are consistent with selective blockade of neuronal channels. Moreover,
the widest separation between the two TTX-dose response curves (two sizes of depolarization stimulus) is
between the doses of approximately 10 to 100 nM TTX, suggesting that this dose range is best able to
preferentially block neuronal channels in their experiments. Based on calculations, they suggest that 100
20

nM TTX blocked 14% of NaV1.5 as compared with 92% of neuronal channels, and that 8 nM TTX will
block 50% of neuronal VGSC. From the dose response curves, they calculate that TTX-sensitive current
(i.e. current blocked by 100 nM TTX) makes up 11% of total sodium current in ventricular myocytes.
Support is provided by Haufe et al (2005a) who used dog ventricular myocytes and present TTX dose
response curves showing that the impact of the level of depolarization is significant over the dose range
from roughly 5 to 50 nM.
Haufe et al (2005a) used an additional approach to discover the relative contribution of neuronal
and cardiac VGSC to peak sodium currents in dog cardiac myocytes. They capitalized on the location of
a cysteine in the pore region of NaV1.5 that confers its TTX-resistance and that is not found at the
corresponding location within neuronal isoforms (Heinemann et al, 1992a). MTSEA
(methanethiosulfonate reagents) binds covalently to the sulfhydryl groups of cysteine and is capable of
physically blocking the channel pore. This group demonstrated selective block of NaV1.5 and not of
NaV1.1, expressed individually in a heterologous expression system. In agreement with the estimates
made by Brette & Orchard (2006a), MTSEA treatment of ventricular myocytes suggested that neuronal
channels accounted for 10 + 5% of peak sodium current in ventricular myocytes. This remaining current
after MTSEA block was eliminated with 100 nM TTX. Furthermore, a recent paper by the Haufe et al
group (Biet et al, 2012), uses MTSEA to demonstrate that non-cardiac VGSC in ventricular myocytes
contribute almost half (estimated at 44 + 5%) of the INa P produced by isolated ventricular myocytes under
normal cellular conditions.
These studies do not consider the potential role of currents from the skeletal muscle-dominant
isoform NaV1.4. One group reported cloning and sequencing the full-length transcript of this isoform in
overlapping segments from the heart (Zimmer et al, 2002a). NaV1.4 would be expected to respond to the
voltage protocols used in the studies (O’Leary, 1998; Zimmer et al, 2002a) as well as to both of the
pharmacological agents used (non-peer reviewed publication; Fozzard & Lipkind, 2010), in a manner
closer to that of the neuronal VGSC.
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1.6 Statement of the Problem and Overall Goal
Under experimental conditions simulating the myocardial ischemia and reperfusion of acute MI,
VGSC in isolated ventricular myocytes take longer to settle into the closed state of inactivation allowing
for small persistent inward sodium currents. Evidence links the degree of VGSC-mediated increase in
myocardial sodium concentration in perfused hearts under conditions of ischemia and reperfusion, with
each of the three important clinical outcomes, i.e. lethal cardiac arrhythmias, reversible contractile
dysfunction or myocardial stunning, and cell death.
What is not known, however, is which VGSC isoforms are involved. Electrophysiological and
pharmacological evidence makes a strong case for the presence of other VGSC alongside the cardiacdominant isoform in cardiac myocytes. Data from studies using isoform-specific VGSC antibodies is
widely-accepted. As well, RT-PCR of small segments of VGSC transcript from whole heart has been
used to describe the VGSC makeup of ventricular cardiomyocytes.
However, discrepancies across studies using immunohistochemical and/or immunocytochemical
techniques suggests problems with the design of antibodies capable of reliable identification of individual
VGSC isoforms. As well, there is an increasing awareness of widespread alternative splicing, and
evidence that a significant portion of these events results in transcript that is unlikely to produce
functional proteins. Neither immunocytochemistry nor the RT-PCR studies, provide the full-length
VGSC sequence required as evidence of transcript capable of producing functional channel. Finally, with
the exception of one study using isolated cardiomyocytes RT-PCR has been performed on whole heart
RNA. It has been long-recognized that even RNA from cardiomyocyte cell isolations may contain low
level contamination from other cardiac cells that express VGSC.
We suggest that one or more neuronal VGSC are likely involved. Unpublished work from our
lab demonstrates the ability of 10 nM TTX to turn off persistent sodium channel gating under conditions
simulating ischemia/reperfusion. This TTX concentration is expected to have limited impact on any
skeletal muscle-dominant VGSC, and would have negligible impact on the cardiac-dominant isoform. In
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addition, persistent sodium currents have been shown to be a fundamental part of the function of the
neuronal VGSC. The evidence is strongest for NaV1.1 and NaV1.6 producing large and functionally
important persistent currents, and of these two, we have the most evidence for NaV1.1 in ventricular
myocytes.
The overall goal of this thesis was, therefore, to begin the process of identifying any neuronal
isoform(s) that exist in ventricular myocytes in a full-length or functional form. These VGSC isoforms
are the strongest candidates for proteins involved in the translation of myocardial ischemia and
reperfusion into the high death rates associated with ischemic heart disease.

1.7 Hypothesis and Research Objectives
1.7.1 Hypothesis
The full-length transcript for the neuronal voltage-gated sodium channel isoform NaV1.1,
previously published from rat brain, exists in rat right ventricular myocytes.

1.7.2 Research Objectives
In order to test this hypothesis, we had the following research objectives:
1. to RT-PCR, clone and sequence overlapping segments of the full-length NaV1.1 transcript
and of any of its splice variants, from enzymatic cardiomyocyte cell isolations; and
2. in order to rule out RNA contamination from other cardiac cell types, to demonstrate that
RT-PCR band sizes produced from enzymatic cardiomyocyte cell isolations match those
produced from the RNA of single cardiomyocytes when the same NaV1.1 primers are
used.
As well, discrepancies have been reported between the two previously published full-length
NaV1.1 sequences from rat brain. A secondary research goal was to determine the correct nucleotide
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sequence for electrophysiological studies in a heterologous cell line. In order to achieve this, we had the
following additional research objective:
3. to sequence a second clone from an independent RT-PCR as a means of ruling out
cloning and sequencing error, whenever sequence differs from the original published
sequence.
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Chapter 2
Methods

2.1 Preparation of cDNA and Genomic DNA
2.1.1 Animals and Animal Care Ethics
All cells and tissue used in these experiments were harvested from adult male Sprague-Dawley
rats (Charles River Laboratories International, Inc.). Procedures followed protocols approved by the
University Animal Care Committee at Queen’s University, in accordance with the Animals for Research
Act (Ontario) and the standards of the Canadian Council on Animal Care.

2.1.2 Isolation of Right Ventricular Myocytes
Cardiomyocytes were isolated from the right ventricle of 200-225g rats (approximately 8 weeks
old) using a modified version of the method of Ward and Giles (1997). Animals were restrained using a
decapicone (Braintree Scientific Inc., Braintree MA) and decapitated. The heart was then rapidly
removed and cannulated via the aorta on a Langendorff-style perfusion apparatus. Hearts were perfused
at 10 ml min-1 with a standard Tyrode solution containing (in mM) 140 NaCl, 5.4 KCl, 1 Na2HPO4, 5
HEPES, 10 glucose, and 1 MgCl2, that was pH adjusted to 7.4 with 1 M NaOH and bubbled with 100%
O2. For the first 5 minutes of perfusion, 1 mM CaCl2 was added to the perfusion solution, followed by 5
minutes of perfusion with Ca2+-free Tyrode solution. Hearts were then digested by perfusion for 7
minutes with Tyrode solution containing 0.02 mg ml-1 collagenase (Yakult Co. Ltd., Japan) and 0.004 mg
ml-1 protease (typeXIV, Sigma-Aldrich Canada Co., Oakville, ON). The heart was then removed from
the cannula and the right ventricle was dissected and minced into 10 ml of low Ca2+ (10 µM CaCl2)
Tyrode solution with collagenase (0.5 mg ml-1), protease (0.1 mg ml-1), and bovine serum albumin (3 mg
ml-1, Sigma-Aldrich), and put into a 360C shaker bath. Liquid was collected from the bottom of the
container with a Pasteur pipet (VWR International, Edmonton, AB) at 5 or 6 time points between
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appearance of cells and the point where a number of cells had begun contracting. Care was taken to not
remove visible non-dissociated tissue. Five to 8 drops of this liquid were added to a tube containing a
modified KB solution containing (in mM): K-glutamate 100, K-aspartate 10, KCl 25, glucose 20, KH2PO4
10, HEPES 5, MgSO4 2, taurine 20, creatine 5, and EGTA (ethylene glycol tetraacetic acid) 0.5 with
bovine serum albumin (0.8 mg/ml), and pH adjusted to 7.2 with 1M KOH, and stored at 40C. Cells were
used the same day or frozen at -200C overnight.

2.1.3 Harvesting Rat Brain
Brain tissue was harvested from rats ranging in weight from 200 through 400 g (approximately 8
to 18 weeks old). The skull cap was opened, the brain removed, all tissue connecting brain hemispheres
cut, and brain tissue immediately submerged in Trizol (Invitrogen, Life Technologies) that had been prechilled on ice.

2.1.4 RNA Isolation
All procedures outlined above for the isolation of cardiomyocytes and removal of brain tissue, as
well as all procedures outlined in this section for RNA isolation, were aimed at preserving RNA. Metal
and glassware were baked overnight at 180 to 200 0C, all plastic containers were filled with 0.1N
NaOH/0.1% ethylenediaminetetraacetic acid (EDTA) overnight, gloves and a face mask were worn, all
surfaces were cleaned with RNase Away (Invitrogen, Life Technologies), and all water was DEPCtreated (diethylpyrocarbonate—Sigma-Aldrich). DEPC treatment involved addition of 0.1% DEPC to
water, overnight incubation at room temperature, and then autoclaving to inactivate the DEPC.
RNA was isolated from rat right ventricular cardiomyocytes and from rat brain using the Trizol
method and company-provided protocols. Cell lysis was achieved through manual homogenization of 1
brain hemisphere in 6 ml of Trizol, or repetitive pipetting of cardiomyocytes isolated from 4 right
ventricles in 1 ml of Trizol. No record of which brain hemisphere was used was kept. The
cardiomyocyte lysis was then centrifuged (12,000 X g, 10 min, 2 to 80C) and the supernatant with RNA
was moved to a fresh tube (recommended for RNA isolation from muscle). The cardiomyocyte sample or
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one-sixth of the homogenized brain sample was incubated for 5 minutes at 15 to 300C. Chloroform (0.2
ml) was then added to each sample, and the tubes vigorously shaken for 15 seconds, followed by a further
incubation of 2 to 3 minutes at 15 to 300 C. Samples were then centrifuged 12,000 X g for 15 minutes at 2
to 80C. The colourless upper aqueous phase containing the RNA was moved to a fresh tube, and 0.5 ml
of isopropyl alcohol was added. Samples were then incubated at 15 to 300C for 10 minutes and
subsequently centrifuged at 12,000 X g for 10 minutes, at 2 to 80C. The supernatant was aspirated and
discarded. The RNA pellet was washed by adding 1 ml of 75 percent ethanol, vortexing, and centrifuging
at 7,500 X g for 5 minutes, at 2 to 80C. Care was taken to remove as much of the supernatant as possible
with a pipettor. The RNA pellet was air dried for 5 to 10 minutes and then dissolved in 30 ml of DEPCtreated water by gentle pipette mixing. RNA was stored at -800C.
RNA integrity was checked on a denaturing (MOPS buffer with 2% (v/v) of 37% formaldehyde)
1% agarose gel with 0.5 µg/ml ethidium bromide (EtBr). One µl of RNA sample was added to 2 µl of 5X
RNA gel loading buffer and 7 µl of 1X MOPS buffer, vortexed briefly, incubated at 650C for 10 minutes,
set on ice for 5 minutes, and then collected through centrifugation at 8000 X g for 5 minutes at 40C. The
gel was run at 50 volts for 2 hours. The 260/280 ratio on a NanoDrop 2000 (Thermo Scientific,
Burlington, ON) spectrophotometer provided a check on the purity of each RNA isolation.

2.1.5 Reverse Transcription (RT)
DNase I treatment of RNA and reverse transcription (i.e. first strand synthesis) were performed
according to instructions provided by the Invitrogen Superscript III kit (Life Technologies), with minor
modifications as indicated. For DNase treatment of RNA, 10 µl of RNA (500-5000 ng in DEPC-treated
water) was incubated with 2.5 µl of 10X reaction buffer and 2.5 µl of DNaseI, for 30 minutes at 370C.
This was followed by the addition of 2.5 µl of EDTA and further incubation for 5 to 10 minutes, at 700C.
First strand synthesis begins with incubating 8 µl of the DNase-treated RNA, 1 µl of 50 µM oligo dT
primers and 1µl of 10 mM dNTPs for 5 minutes, at 650C, followed by immediate transfer to ice for at
least 1 minute. Eleven µl of a master mix including 2 µl of 10X reaction buffer, 4 µl of 25 mM MgCl2, 2
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µl of 0.1 M DTT, 1 µl of RNase OUT and 2 µl of Superscript III reverse transcriptase (instead of the
recommended 1 µl due to the large size of templates and a higher annealing temperature) was added
(creating a total reaction volume of 21µl as directed by Invitrogen tech support), and the reaction
annealed for 50 minutes, at 550C (instead of the recommended 500C due to secondary structures),
followed by 5 minutes at 850C. First strand product was then incubated with 1 µl of RNaseH for 20
minutes at 370C and then stored at -200C. All RNA was converted into cDNA within 24 hours of
isolation. The multiple RT product tubes that were produced simultaneously were tested through positive
control PCR with GAPDH primers (proprietary rat primers, catalogue # RDP-106, R & D Systems,
Minneapolis, MN). PCR amplicons were run side-by-side on a gel and compared for both the strength
and consistency of bands. These GAPDH primers will also produce an alternate sized band if genomic
DNA is present in the cDNA (cDNA 265 bp versus genomic ~650 bp).

2.1.6 Isolation of Genomic DNA
Rat genomic DNA was isolated from the same Trizol phase separation as described above for the
isolation of brain RNA. Care was then taken to remove all liquid in the upper aqueous phase before
addition of 0.3 ml of 100 percent ethanol to each tube. Tubes were inversion mixed, incubated at room
temperature (15-300C) for 2 to 3 minutes, and centrifuged at 2000 X g for 5 minutes at 2 to 80C. The
supernatant was removed and the DNA pellet was washed twice in 0.1 M sodium citrate in 10% ethanol.
Each wash involved incubation for 30 minutes in 1 ml of the wash solution at 15 to 300C with periodic
inversion mixing, and the wash solution was then removed after a spin at 2000 X g for 5 minutes at 2 to
80C. The final pellet was then suspended in 1.5 to 2 ml of 75 percent ethanol, and incubated at 15 to 300C
for 10 to 20 minutes with periodic inversion mixing, before a final spin at 2000 X g for 5 minutes at 2 to
80C. The DNA pellet was air dried for 5 to 15 minutes, and then dissolved in 400 µl of 8 mM NaOH.
The tube was centrifuged at 12,000 X g for 10 minutes, the supernatant with the DNA was moved to
another tube, and each tube was prepared for storage with the addition of 34.4 µl of 0.1 M HEPES,
followed by the addition of 0.162 g of EDTA. Genomic DNA was stored at -200C.
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2.2 TA and Digestion Cloning
All PCR amplifications were performed using the Eppendorf Mastercycler ep gradient S PCR
machine (Eppendorf International, Hamburg, Germany). Primers were designed with the use of the NCBI
Primer BLAST (Basic Local Alignment Search Tool) tool for selection of specific primers
(http://www.ncbi.nlm.nih.gov/tools/primer-blast). A positive and a negative control were run for all
PCR in this thesis. Each RT (reverse transcription, i.e. first strand synthesis) included one tube with
DNase-treated RNA and no additional reaction components. The product of this RT-PCR was then used
as template in the negative control RT-PCR. Positive control PCR amplified GAPDH (proprietary rat
primers, catalogue # RDP-106—cDNA 265 bp versus genomic ~650 bp, R & D Systems). Negative
control PCR were also run with no template whenever a new or used RT or PCR kit was used for the first
time.
All experiments involving “nested” PCR reactions used the Multiplex PCR system and protocol
with minor modifications. The primer pair used in an initial PCR reaction is referred to as the “outer”
primers (Table 1). A second PCR reaction used a primer pair nested, or set within, the targeted sequence
amplified by the first. First round PCR used 5 µl of primer (2 µM of each forward & reverse), 5 µl of
company-provided 10X “Q solution” (for templates with high GC content or with secondary structures), 6
µl of cDNA, 9 µl of H2O, and 25 µl of Multiplex PCR master mix (includes HotStar Taq polymerase,
Multiplex PCR buffer, & dNTPs). Second round PCR used 4 µl of first round PCR product as template,
7.5 µl of primer (2 µM of each forward & reverse), and 8.5 µl of H2O. Reaction tubes were held at 950C
for 15 minutes (for enzyme activation), followed by 30 to 45 cycles of denaturation (30 s at 940C),
annealing (3 min at 57 to 630C), and extension (90 s at 720C), and a final extension period of 10 minutes
at 720C. One additional modification was made in select experiments as indicated.
PCR amplicons were purified before TA cloning, as well as both before and after each digestion
step in preparation of the amplicons for digestion cloning (see below). Nine µl of PCR amplicons with
both ends digested was run on a 1% agarose gel prior to the final purification. If the PCR produced a
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single band in an otherwise clean lane, said amplicons were purified from the tube as in the previous
steps. If the PCR produced multiple bands or any diffuse brightness at the bottom of the lane, the product
was run on an EtBr-free gel, each band of interest was cut out without UV exposure, and the DNA was
purified from the gel (Wizard Gel and PCR Clean-Up System, Promega Corp., Madison WI). Plasmids
were purified without gel separation after each digestion step. Calf intestinal peptide (New England
Biolabs, Ipswich, MA) was added (1.25 µl) to the final plasmid digestion reaction tube at the end of the
digestion incubation, and the amplicons were incubated for an additional 1 hour at 370C prior to final
purification.
Negative ligation controls were performed with H2O replacing insert DNA. All ligation reactions
were performed overnight at 160C. Two negative controls and one positive control were used for all
transformation experiments. The negative controls transformed either 10 µl of the negative control
ligation reaction product (i.e. no insert) or 10 ng of the company-provided linearized plasmid, while 10 ng
of the company-provided circular plasmid was transformed as a positive control. The transformation
efficiency of each batch of company-provided or lab-produced competent cells was tested using the
company-provided circular plasmid. Xgal (800 µg/20 ml plate—Fisher Scientific, Ottawa, ON) was
spread on TA cloning plates for blue/white identification of positive clones. EcoR1 digestion (2 µl
EcoR1 buffer and 1µl of enzyme in a 20µl reaction) (New England Biolabs) of Miniprep-isolated
plasmids (Qiagen) was used to check for expected size inserts prior to sending colonies for sequencing
(ACGT Corp., Toronto, ON).

2.3 Cloning of Full-Length NaV1.1 in Overlapping Segments
The full-length rat NaV1.1 coding sequence, previously cloned from rat brain and published by
Noda et al (1986a), was cloned and sequenced in overlapping segments from isolated rat right ventricular
cells, first using TA cloning (primer pairs TA-1, TA-2, TA-3, TA-4, TA-5, & TA-6) and then digestion
cloning (primer pairs D-1, D-2, D-3, D-4, D-5, D-6, & D-7) (Section 2.8, Table 1). NCBI blast searches
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of both EST (expressed sequence tags) and RefSeq databases were performed for confirmation of select
sequence variants.
PCR reactions used HotStar HiFidelity Polymerase (Qiagen) and the company-provided protocol
with minor modifications. Reactions (50 µl) contained 6 µl of cDNA, 10 µl of 5X HotStar Buffer, 1 µl of
the polymerase, 5 µl of 10 µM F primer, 5 µl of 10 µM R primer, and 23 µl of H2O. The cDNA used as
template was produced using 2000 ng of RNA in the first strand synthesis reaction. After enzyme
activation for 5 minutes at 950C, reactants went through 32 amplification cycles involving denaturation at
940C for 15 s, annealing at 600C for 1 minute and extension at 720C for 1.5 minutes. The reaction was
completed with a final extension step at 720C for 10 minutes. All amplicons were run on a 1% agarose
gel with 0.5 µg/ml EtBr.
TA cloning used a TA Cloning Kit including the pCR2.1 plasmid, T4 DNA ligase, ligase buffer,
and One Shot INVαF (endonuclease-deficient (endA1), recombination-deficient (recA1), restriction minus
(hsdR17), and gyrase-deficient (gyrA96)) chemically competent cells (Invitrogen, Life Technologies).
The TA cloning kit ligation protocol called for 1 μl of 10X ligation buffer, 2 μl of 25 ng/μl pCR2.1
vector, ~10 ng of PCR amplicons, and 1 μl of T4 DNA ligase in a 10 μl reaction. This was followed for
these reactions with insert sizes from 800 to 1200 bp, setting up an approximate 2:1 insert to vector molar
ratio.
Digestion cloning used the pcDNA3.1V5HisB plasmid (Invitrogen, Life Technologies), New
England Biolabs (NEB) restriction enzymes (Ipswich, MA), and NEB digestion protocols. Chemically
competent DH5α cells (endonuclease-deficient (endA1), recombination-deficient (recA1), gyrasedeficient (gyrA96), and restriction minus (hsdR17)), were produced for digestion cloning using cold
CaCl2 solution. The tip of a pipette was touched to bacterial cells and grown overnight in Luria broth
(LB, Invitrogen, Life Technologies), at 370C, without shaking. Four ml of these cells were placed in 100
ml of LB broth and shaken at 370C to an optical density of 0.2 (ie. absorbance of 10-0.2) at a wavelength of
550 nm (approximately 2 hr) (NanoDrop 2000 Model C, Thermo Scientific). Cells were placed on ice
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and centrifuged at 7000 rpm for 15 minutes at 40C, and then stored at -800C in 15 % glycerol and 25 %
LB broth. Digestion cloning used 20 µl ligation reactions with 2µl of NEB ligation buffer, a total of 50
ng of vector DNA, a 2:1 insert to vector molar ratio, and 1 µl of NEB T4 DNA ligase.
All transformations used to clone the overlapping fragments (largest size <1.2 kb), used LB broth
and the same transformation protocol. Transformation reactions began with the addition of 100 µl of
competent cells to 10 µl of the ligation product in 1.5 ml Eppendorf tubes, followed by 30 minutes
incubation on ice. Cells were heat shocked in 42.50C H2O for 1 minute 40 s, placed on ice for ~3
minutes, and then pipette mixed gently with 800 µl of room temperature LB broth. Cells in broth were
shaken (horizontal, 225 to 250 rpm) in 370C for one hour and then centrifuged at 4000 rpm. Eight
hundred µl of supernatant was removed, cells were resuspended in remaining buffer, and 50 to 200 µl was
spread on agar plates. Bacterial plates were grown overnight at 370C. Colonies were selected and grown
overnight in tubes with 4 ml of LB broth at 370C in a shaker (225-250 rpm), at 450C.

2.4 Assembly of NaV1.1
All ligations required to assemble NaV1.1 were performed with 1 µl of T4 DNA ligase, 2 µl of ligase
buffer, and 50 ng of vector (NEB). Figure 2A illustrates the digestion cloning strategy. The seven
overlapping fragments covering the full-length transcript that had been individually cloned and
sequenced, are labelled 1A, 1B, 2, 3A, 3B, 4A and 4B. The first step in assembling the full-length
transcript in a single plasmid, involved digestion removal of fragments 1A, 3A and 4A from their
plasmids. Plasmids containing fragments 1B, 3B and 4B were opened at the 5΄ end of the insert with
digestion (NEB restriction enzymes and protocols) preparation of both ends, producing modified vectors.
These vectors were then ligated with their respective A fragment, using a 2:1 insert to vector molar ratio
(Figure 2B). Complete fragments 1, 3 and 4 were cloned. Fragments 1, 2 and 3 were then digestion
removed from their plasmids, and cut and purified from a gel. The plasmid with fragment 4 was opened
(digestion preparation of both ends for cloning) at the 5΄ end of the insert, and the size of this modified
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Figure 2: Approach Used to Assemble the Full-Length NaV1.1 Transcript
A Strategy for digestion cloning of full-length NaV1.1. Primers were designed to clone the transcript in 7
segments (fragments 1A, 1B, 2, 3A, 3B, 4A & 4B). The full-length sequence includes a 251 bp 5΄ UTR,
a 6027 bp coding sequence, and an 86 bp 3΄ UTR. Nucleotide positions are preceded by a +, signifying
that the position is relative to the translation start site. Seven NaV1.1 enzyme sites were used (diamonds),
and both the forward primer for fragment 1A and the reverse primer for fragment 4B, added enzyme sites
(triangle (Kpn I) & square (Age I)). All 7 segments were individually cloned in a pcDNA3.1V5HisB
plasmid.
B Illustration of the initial ligation steps in the process of assembling all 7 segments into one plasmid.
Fragments 1A, 3A & 4A were removed from their plasmids. Fragments 1B, 3B & 4B were opened at the
5΄ end of the insert, and ligated with their respective A fragments.
C Illustration of the assembly of all 7 segments into a single plasmid. Complete fragments 1, 2 and 3
were removed from their plasmids. The plasmid with the complete fragment 4 was opened at the 5΄ end
of the insert. Four piece ligation used the open plasmid with fragment 4 attached as vector, with
fragments 1, 2, and 3 as inserts.
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vector was checked on a gel. The final step involved a four-piece ligation with fragments 1
(~1807 bp), 2 (~560 bp) and 3 (2193 bp) as inserts, and the plasmid with fragment 4 attached
(~7222 bp) acting as the vector (Figure 2C). In order to increase the chance of success, fourpiece ligations were completed with a 3:1 insert to vector molar ratio for each insert and a total
reaction DNA amount of 264 ng, as well as with a 2:1 insert to vector molar ratio for each insert
and a total reaction DNA amount of 141 ng.

2.5 Cloning Full-Length and Near Full-Length NaV1.1 RT-PCR Amplicons
The full-length (~6.1 kb) NaV1.1 coding sequence was PCR amplified from rat right ventricle in one
piece with use of the long-product protocol for HotStar HiFidelity Polymerase (Qiagen). The cDNA used
as template was produced with 2000 ng of RNA in the 50 µl first strand synthesis reaction. Fifty µl PCR
reactions contained 6 µl of cDNA, 5 µl of 10X buffer, 1.5 µl of dNTPs (10 mM), 10 µl of 5X Q solution,
2.5 µl of 10 µM digestion F primer pair #1 (Section 2.8, Table 1), 2.5 µl of 10 µM digestion R primer pair
#7 (Section 2.8, Table 1), 1 µl (0.2 units) of HotStar HiFidelity polymerase, 1 µl (5 units) of Qiagen
HotStar Taq polymerase, and 20.5 µl of H2O. Enzymes were activated at 950C for 2 minutes, and then
the reaction proceeded through 33 cycles of denaturation (940C, 10 s), annealing (610C, 1 min) and
extension (680C, 6.5 min). Approximate 6.1 kb cDNA was cut out of an EtBr-free 1% agarose gel
without UV exposure, and purified (Wizard Gel and PCR Clean-Up System).
To amplify a near full-length (~4.3 kb) section of the transcript, the forward primer of the #1
digestion cloning primer pair and the reverse primer of the #5 digestion cloning primer pair (Section 2.8,
Table 1) were used. The cDNA template was produced with 5000 ng of RNA in the first strand synthesis.
LA Takara HS (hot start) polymerase (Clontech Laboratories Inc., Mountain View, CA) is marketed as an
enzyme designed both for fidelity and for long product amplification, and was used according to the
company-provided protocol. Fifty µl reactions contained 5 µl of 10X LA PC Buffer II (Mg2+ plus), 8 µl
of dNTPs (2.5 mM), 3.6 µl of cDNA, 3µl of 10 µM F primer, 3 µl of 10µM R primer, 26.4 µl of H2O, and
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1µl of 2.5 units/µl Takara LATaq HS. After 1 minute at 940C, the reaction was cycled through 33 cycles
of denaturation at 980C for 10 s and annealing at 680C for 15 minutes, followed by extension at 720C for
10 minutes. Approximate 4.3 kb cDNA was cut from a 1% agarose gel with 0.5 µg/ml EtBr, and purified
(Wizard Gel and PCR Clean-Up System).
All ~6.1 and ~4.3 kb PCR amplicons were incubated with Qiagen HotStar Taq Polymerase and
dNTPs for 1 hr at 720C to add A overhangs prior to TA cloning. Ten to 15 µl reactions were set up with a
total ng of PCR amplicons from 9 through 98 ng, no added H2O, and the remaining components adjusted
accordingly from a 50 µl reaction protocol with 1 µl 10 mM dNTPs, 5µl 10X HotStar buffer, and 1U of
the polymerase.
Both the ~6.1 and the ~4.3 kb NaV1.1 PCR amplicons were cloned using components of the TA
Cloning Kit including the pCR2.1 plasmid, T4 DNA ligase, and the ligase buffer. Ligations used 50 ng of
vector, 2 µl of 10X ligation buffer, and 1 µl of ligase in a 20 µl reaction. Unless indicated, ligations used
a 1:1 insert to vector molar ratio. Sure2 restriction minus (mcrA, mcrCB, mcrF, mrr, hsdR),
endonuclease-deficient (endA), and recombination-deficient (recB, recJ) bacteria (Agilent Technologies,
Mississauga, ON), were used to clone the ~6.1 kb NaV1.1 transcript which includes the full-length coding
sequence; whereas Stbl2 restriction minus (McrA), restriction-mutated (mcrBC, hsdRMS & mrr),
recombination-deficient (recA1), gyrase-deficient (gyrA96), and endonuclease-deficient (endA1) bacteria
(Invitrogen, Life Technologies), were used to clone the ~4.3 kb NaV1.1 transcript. Transformation began
with the addition of 100 µl of competent cells to 10 µl of the ligation product, followed by a 30 minute
incubation on ice. Cells were heat shocked in 42.50C H2O for 45 seconds, placed on ice for ~3 minutes,
and then pipette mixed gently with 450 µl of Super Optimal Broth with Catabolite repression (S.O.C)
broth (Sigma-Aldrich), prior to 1 hour of horizontal shaking (225 to 250 rpm) in 370C. Cells were then
spun at 4000 rpm, 450 µl of supernatant was removed, cells were resuspended in remaining buffer and 50
to 200 µl was spread on agar plates. Bacterial plates were grown at 300C or 160C (cloning the ~6.1 kb
transcript) or at room temperature (cloning the ~4.3 kb transcript), and were harvested as young colonies.
36

Overnight bacterial growth of individual colonies (4 ml of LB broth, tubes at 450 angle, shaken at 225 to
250 rpm) took place in 300C (cloning the ~6.1 kb transcript) or at room temperature (cloning the ~4.3 kb
transcript).

2.6 Single Cell PCR
The cytosol of single cardiomyocytes was harvested for single cell PCR using the whole cell patch
clamping setup (Hamill et al, 1981). All solutions used in these experiments used DEPC-treated water
(Invitrogen, Life Technologies) (see 2.2.4 RNA Isolation). Glass ware, utensils and glass pipetters were
oven baked at 180 to 200 0C overnight.
Cells were superfused with Tyrode solution containing 1 mM CaCl2 at room temperature.
Borosilicate glass electrodes were pulled on a microprocessor-controlled, multiple stage puller (model P97, Sutter Instruments, USA), and polished on a MF-200 micro-forge (World Precision Instruments,
Sarasota, Florida, USA). Pipette resistance ranged from 1.5 to 2 MΩ when filled with pipette solution.
Internal pipette solution contained (in mM) KCl 20, K-aspartate 110, EGTA 10, HEPES 10, MgCl2 1,
K2ATP 5, CaCl2 1, and NaCl 10, pH adjusted to 7.2 with 1M KOH. Gentle suction was applied to
achieve a high resistance seal (10-100 GΩ) between the pipette tip and cell membrane. The membrane
under the pipette tip was then ruptured to gain access to the cell. The maintenance of the seal between
cell membrane and the wall of the pipette tip was monitored electronically (Axopatch ID amplifier, Axon
Instruments and pClamp 10.0 data acquisition software) throughout the 9 minutes allowed for
equilibration of the cell contents and the 10 µl internal pipette solution. The pipette was then gently
withdrawn from the cell, sealing the pipette tip with a membrane patch in the “outside-out” configuration
(Hamill et al, 1981) of cell membrane. The pipette tip was broken off and the pipette solution was airforced into a 0.5 ml PCR tube for use as template for RT-PCR.
DNase-I treatment and RT were performed immediately after cytoplasm capture, according to the
protocol described (see 2.2.5 Reverse Transcription (RT)) with one exception. The 10 µl of pipette
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solution after washout of cell cytosol, replaced the 500 to 5000 ng of RNA in 10 µl.

2.7 Colony PCR
A toothpick was touched to a bacterial colony on an agarose plate, and then stirred in 30 µl of
H2O for 12 s. The 30 µl was placed in a 1000C heat block for 5 minutes, put on ice for 10 minutes, and
then centrifuged for 1 s at 6000 X g. Released plasmids in the supernatant were used as template for PCR
amplification and the PCR amplicons were sent for sequencing (ACGT Corp.).
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2.8 Primers

Name

Forward

Reverse

Expected Product Size

TA-1

5΄-AGATGGAGCAAACAGTGCTTGTACC-3΄

5΄-GCTCTGATGCAGGCCAATGTCC-3΄

1039 bp

TA-2

5΄-GCTCTGATGCAGGCCAATGTCC-3΄

5΄-CTCGGTTCCGACATCGCCAGTTG-3΄

978 bp

TA-3

5΄-CTCGGTTCCGACATCGCCAGTTG-3΄

5΄-GTGCAGACAACCTTGCAGCC-3΄

1046 bp

TA-4

5΄-GTGCAGACAACCTTGCAGCC-3΄

5΄-CTGGTTTGCCTTATATTCTGGC-3΄

1089 bp

TA-5

5΄-CTGGTTTGCCTTATATTCTGGC-3΄

5΄-CCTGGTCATGTTCATCTACGCC-3΄

1002 bp

TA-6

5΄-CCTGGTCATGTTCATCTACGCC-3΄

5΄-ATGAGAAAGCCAAAGGGAAATGAAC-3΄

999 bp

TA-7

5΄-TACTGCAGAGGTCTCTGGTGCATGTG-3΄

5΄-CAAGCTTTGACACCTTCAGCTGGGC-3΄

1363 bp

TA-8

5΄-CGGCTCGGGAGATGTTGTTCCTTAC-3΄

5΄-CCTCACCGTGTTCTGTCTCAGTGTG-3΄

883 bp

TA-9

5΄-CGGCTCGGGAGATGTTGTTCCTTAC-3΄

5΄-CAAGCTTTGACACCTTCAGCTGGGC-3΄

1215 bp

D-1

5΄-TTATGGGGTACCTACTGCAGAGGTCTCTGG
TGCATGTG-3΄

5΄-GACGGAGTTTGTGGACCTGGGCAATG-3΄

897 bp

D-2

5΄-GGAACTGGCTGGACTTCACTGTC-3΄

5΄-ACAAATCCGAGTCCGAAGATAGCATC-3΄

1019 bp

D-3

5΄-GAATTCCACAAATCCGAGTCCGAAGAT-3΄

5΄- ATGGACTTTCTTGAGGATCCTTCCCA-3΄

572 bp

D-4

5΄-GGATCCTTCCCAGAGGCAAAGG -3΄

5΄-TAGCAGTGAATCAGATCTAGAAGA-3΄

1305 bp

D-5

5΄-GCCCATTGCTGTGGGAGAGTC-3΄

5΄-GTATGCAGCAGTTGATTCCAGAAATGTG -3΄

1006 bp

D-6

5΄-TTGCGACGTTTAAGGGTTGGATGG-3΄

5΄-GCACTCTGCTCTTTGCTCTGATGA-3΄

711 bp

D-7

5΄-AATCCTACGCCTGATCAAAGGCGC-3΄

5΄-AAAGCCAAAGGGAAAACCGGTTAGAAG-3΄

1105 bp

NP-1, Outer

5΄-CGGCTCGGGAGATGTTGTTCCTTAC-3΄

5΄-CAAGCTTTGACACCTTCAGCTGGGC-3΄

NP-1, Inner

5΄AGATGGAGCAAACAGTGCTTGTACC-3΄

5΄-GCTCTGATGCAGGCCAATGTCC-3΄

NP-2, Outer

5΄-TACTGCAGAGGTCTCTGGTGCATGTG-3΄

5΄-GCTCTGATGCAGGCCAATGTCC-3΄

NP-2, Inner

5΄-CGGCTCGGGAGATGTTGTTCCTTAC-3΄

5΄-CCTCACCGTGTTCTGTCTCAGTGTG-3΄

NP-3, Outer

5΄-TGCGGAGGAACAGCCTGTCATGGA-3΄

5΄-TGTTCACCGGCGAGTGCGTGC-3΄

NP-3, Inner

5΄-GAACCTTCGGAGAACGTGCTTCCG-3΄

5΄-ATGCAGCAGTTGATTCCAGAAATGTG-3΄

NP-4, Outer

5΄-TGCGGAGGAACAGCCTGTCATGGA-3΄

5΄-ATGCAGCAGTTGATTCCAGAAATGTG-3΄

NP-4, Inner

5΄-GAACCTTCGGAGAACGTGCTTCCG-3΄

5΄-ATGCAGCAGTTGATTCCAGAAATGTG-3΄

NP-5, Outer

5΄-TTGGCAAAGTCCTGGCCCACACT-3΄

5΄-GAACCTTCGGAGAACGTGCTTCCG-3΄

NP-5, Inner

5΄-GCAACTCGGTGGGCGCACTGG-3΄

5΄-ACGAGTGGCATAGGGACCGGCA -3΄

NP-6, Outer

5΄-GGCTGCATGCCTGCCAGGGAGGT-3΄

5΄-CCAGCCTCACCGTGACTGTGCCCA-3΄

NP-6, Inner

5΄-GCAACTCGGTGGGCGCACTGG-3΄

5΄ ACGAGTGGCATAGGGACCGGCA-3΄

1039 bp

883 bp

727 bp

727 bp

618 bp

999 bp

Table 1: Primers
All primers used in this thesis. Nested primer (NP) sets include both an outer (1st round) and inner (2nd
round) primer pair. However, the primer set NP-4 uses the same reverse primer for both the outer and
inner primer pair (i.e. hemi-nested, bolded).
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Chapter 3
Results

3.1 The Full-Length Rat Heart NaV1.1 Sequence from Overlapping Segments
3.1.1 Optimization of PCR Template Concentrations
The brain and heart RNA samples used in this thesis were checked for integrity and purity.
Figure 3A shows distinct 28S and 18S ribosomal RNA bands, along with a roughly 2 fold greater
intensity of the 28S band. The ratio of UV absorbance at 260 versus 280 nm for heart RNA was 1.75 (Ht1) or 1.84 (Ht-2) nm, and for brain RNA was 2.06 (Br) nm. Ht-2 RNA was used in all gels in this thesis
comparing NaV1.1 bands from brain and heart. GAPDH bands provided an indication of the success of
individual RT-PCR. Figure 3B shows representative bands produced from the cDNA used in brain and
heart comparisons.
Initial experiments attempted to amplify cDNA from rat right ventricular cardiomyocyte
isolations using overlapping TA cloning primers covering the full-length NaV1.1 (TA-1 through TA-6, for
primer details see Methods, Table 1). These experiments were first run using the lowest recommended
quantity (ng) of RNA for RT-PCR and the lowest estimated cDNA volume recommended for PCR
(HotStar HiFidelity polymerase). Rat brain was used as a positive control and produced bands of the
expected sizes (883 to 1363 bp) (Figure 4A). In contrast, no bands were produced with repeated RT-PCR
(N=6) from the cardiomyocyte isolations (e.g. Figure 4B). Stepped increases in template concentration
did not produce bands from the cardiomyocyte isolations until the quantity of RNA used in the first strand
synthesis was doubled (1000 ng) and the volume of cDNA used in the PCR was increased 3 fold to 6 µl
(Figure 4C). Figure 4C shows that the bands produced from cardiomyocyte isolations with this elevated
template concentration were not as strong as the bands produced from rat brain using the lowest
recommended template concentration. The cardiomyocyte template concentration was then further
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Ht-2
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28S
18S

1.0
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Ht-2A Ht-2B
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Figure 3: Comparison of the Quality of RNA Samples from Rat Heart and Brain
A Denaturing agarose gel electrophoresis of RNA from two different right ventricular cardiomyocyte
isolations (Ht-1 & Ht-2) and from whole brain (Br). Bands consistent with those for 18S and 28S
ribosomal RNA are labelled.
B RNA samples shown in panel A were reverse transcribed (RT) and PCR amplified using rat GAPDH
primers. Panel B shows the resulting PCR bands from all cDNA used in this thesis comparing heart and
brain. PCR bands from heart (Ht-2A & Ht-2B) were both produced from the same RNA sample (Ht-2).
Size indicators, in kb, are marked on the ladder. The expected size for GAPDH bands from mRNA is 265
bp.
The gels shown in this figure and all gels in subsequent figures in this thesis, have been modified to
remove lanes with data that is not important to the point being made.
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Figure 4: Template Concentrations Required to Produce NaV1.1 RT-PCR Bands
A RT-PCR of 6 overlapping segments that span the full-length coding sequence from rat brain (primers
TA-1 through TA-6).
B Representative data from attempts to RT-PCR NaV1.1 from rat heart, with the same template
concentrations used for rat brain shown in panel A.
C RT-PCR of the first, second and third segments of NaV1.1 transcript (primers TA-1, TA-2 & TA-3)
from rat heart (Ht) and rat brain (Br). Heart PCR used cDNA produced with 2 fold ng of RNA and used 3
fold µl of cDNA in each reaction.
D RT-PCR of the first segment of NaV1.1 transcript (primer TA-1) from rat heart after an additional
doubling of the ng of RNA used in the production of cDNA, along with the 3-fold µl of cDNA in the PCR
reaction.
Panels A, C & D include positive (GAPDH) and negative (no RT enzyme) controls. Panel B includes a
negative (no template) control. All heart RNA is from right ventricular cardiomyocyte cell isolations.
Size indicators, in kb, are marked on the ladder.
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increased for all PCR reported in this thesis (e.g. Figure 4D). As compared with the lowest recommended
levels, this selected template concentration involves a 4 fold increase in the quantity of RNA used in first
stand synthesis (2000 ng) and a 3 fold increase in the volume of cDNA used in the PCR (6 µl).
3.1.2 Point Nucleotide Differences from the Rat Brain Published Sequence
Following optimization of PCR conditions, rat heart NaV1.1 segments were sequenced and
compared to the previously published rat brain sequence (Noda et al, 1986a; Accession #NM_030875.1).
We identified four point nucleotide differences: 1) c.2935A>G (Figure 5A); 2) c.3483G>A (Figure 5B);
3) c.5172G>C (Figure 5C); and 4) c.5373T>C (Figure 5D). All of these point nucleotide differences are
silent with the exception of c.2935A>G, which would translate into an amino acid shift from arginine
(AGG) to glycine (GGG) at amino acid position 979 (Arg979Gly).
To further explore the amino acid switch at position 979, a segment of the nucleotide sequence
surrounding the nucleotide switch at position +2935 was PCR amplified from rat brain mRNA and from
genomic DNA. Nested PCR (brain primer pairs NP-5 & genomic primer pairs NP-6, for primer details
see Methods, Table 1) used the Multiplex PCR system reaction components common to all nested and
hemi-nested PCR in this thesis with one exception. Two µl of dilute (1:10) Qiagen HotStar HiFidelity taq
was added to improve the fidelity of nucleotide incorporation. Fifty µl first round amplifications used 6
µl of rat brain cDNA or rat genomic DNA as template, 20 amplification cycles and a high annealing
temperature of 680 C, while second round amplifications used 2 µl of first round PCR amplicons as
template, 33 amplification cycles and an annealing temperature of 600 C.
cDNA from 3 PCR (41 µl each) was superloaded in a double well. Two superloaded lanes for
each of genomic and brain DNA were then cut from an EtBr-free gel without UV exposure, purified
(Wizard Gel and PCR Clean-up System), and sent without cloning for sequencing (ACGT Corp.). Both
showed consensus sequences for the same glycine codon (GGG) at amino acid position 979 that was
found in rat heart mRNA.
To provide additional evidence for the amino acid switch, we conducted a BLAST search of the
43

A)

B)

C)

D)

2810
2870

tcttccactc
gggactgcat

cttcctgatc
ggaggtcgcg

gtgttccgag
ggtcaagcca

tgctgtgtgg
tgtgccttac

ggagtggata
tgtcttcatg

gagaccatgt
atggtcatgg

2930

tgattgggaa
cagacaacct
acaggatgca

ccttgtggtc

ctgaacctct

ttctggcctt

gcttctgagc

tcatttagtg

2990
3050

tgcagccact
caaaggagta

gacgatgaca
gcttatgtaa

acgaaatgaa
aaagaaaaat

caaccttcaa
atatgagttt

attgctgtgg
attcaacagt

3350
3410

ttgctgtggg
atctagaaga

agagtctgac
aagcaaagag

tttgaaaact
aaactcaacg

taaacacaga
aaagcagtag

ggactttagc
ttcctcagaa

agtgaatcag
ggaagcacag

3470

tagacatcgg

gaggaacagc

ctgtcatgga

accagaagaa

acccttgagc

3530
3590

ccgaagcttg
aagaaggaag

ggcacctgcg
cttcactgaa
aggaaaacag

ggctgtgtgc
tggtggaacc

agagattcaa
ttcggagaac

gtgctgtcaa
gtgcttccga

atcagtgtgg
atagttgagc

5030
5090

ttttcctggt
gggaagttgg

catgttcatc
aattgatgac

tacgccatct
atgttcaact

ttgggatgtc
ttgagacttt

caactttgcc
tggcaacagc

tatgttaaga
atgatctgcc

5150

tgttccaaat

caccacctct

ggcccccatc

ctcaacagca

aaccccctga
ggaacccatc

ctgtgaccct
cgtggggatt

gccggctggg
aataaagtta
ttcttttttg

acggactgct

5210
5270

accccggaag
tcagctacat

ctcggtgaag
catcatatcc

ggggactgtg
ttcctggtgg

5210
5270

aaccccctga
ggaacccatc

ctgtgaccct
cgtggggatt

aataaagtta
ttcttttttg

accccggaag
tcagctacat

ctcggtgaag
catcatatcc

ggggactgtg
ttcctggtgg

5330

tggtgaacat

gtacatcgct

gtcatcctgg

agaacttcag

gaagaaagtg

5390
5450

cagagcccct
ctgacgccac

gagtgaggac
tcagttcatg

gactttgaga
gaatttgaaa

tgttctacga
aattatctca

cgtcgccacc
ggtctgggag
gtttgcagct

aagttcgacc
gctctcgaac

Figure 5: Identification of Point Nucleotide Differences
Sequencing results showing four nucleotide differences from the published rat brain sequence: A)
c.2935A>G (N=2); B) c.3483G>A (N=4); C) c.5172G>C (N=2); and D) c.5373T>C (N=2). Sequence
numbering is relative to the translational start site. N-values refer to the number of observations from
independent RT-PCR experiments.
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NCBI rat EST database (http://blast.ncbi.nlm.nih.gov) against the published NaV1.1 sequence. The search
produced two matches that cover the transcript section of interest. GenBank accession numbers
FM065514.1 and CB708982.1 are both rat EST’s with 86% identity to the published NaV1.1 sequence,
suggesting that these sequences belong to VGSC. In both EST, the codon at the position corresponding to
that for amino acid 979 in NaV1.1 is GGC. While the corresponding codon found in the present study is
GGG, both code for glycine.

3.1.3 Deletion Variants
Cloning and sequencing the full-length NaV1.1 coding sequence in overlapping segments from rat
right ventricular cardiomyocytes, first with TA cloning and then with digestion cloning, identified four
potential deletions over three deletion sites. A 208 bp deletion involving conserved channel sequence
(c.[del266_473]; Figure 6A) was found at the first deletion site. A 33 bp deletion that does not involve
conserved channel sequence (c.[del2012_2044]; Figure 6B) was found at the second deletion site. Two
possible deletions of 255 bp (c.[del4004_4258]; Figure 6C) or 282 bp (c.[del4003_4284]; Figure 6C)
were found at the third deletion site, and both involved conserved channel sequence. It is important to
note that each of the involved segments was also found in its expected form with no deletion.
The NCBI Reference Sequence for NaV1.1 (NM_030875.1) from rat brain was BLAST searched
against the rat genomic sequence (GenBank RGSC v3.4) to examine exon/intron structure and to identify
splice sites around the first and third deletion sites. Alignment results were used as a starting point to
locate 5΄intronic splice donor site consensus sequence (GT or GC) and 3΄intronic splice acceptor site
consensus sequence (AG), and the result was cross checked with the cDNA sequence.
All deletion variants at the first and the third deletion sites were coincident with splice sites with
one exception. The rat genomic sequence suggests that the 3ʹend of c.[del4004_4258] is internal to exon
21. The consensus acceptor splice site AG, is not present at this location within the exon. NCBI BLAST
searches were used to look for supporting evidence of an alternate splice acceptor site at this location
within exon 21. A sequence composed of the 128 bp before and the 151 bp after the 255 bp
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gtttaagggt
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Figure 6: Deletion Variants
Sections of nucleotide sequence surrounding three deletion sites. A shows the deletion c.[del266_473]
(N=2); B shows the deletion c.[del2012_2044] (N=1); and C shows two possible deletions:
c.[del4004_4258] (N=2) (black underlined) & c.[del4003_4284] (N=1) (both black & red underlined).
Sequence numbering is relative to the translational start site. N values refer to results from independent
RT-PCR experiments.
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c.[del4004_4258] deletion, was searched against the NCBI EST and RefSeq databases for each of human,
rat and mouse. No matches were found. A repeat of these searches after removal of the entire exon 21
(c.[del4003_4284]) from the query sequence, also did not produce a match. Finally, the full-length
NaV1.1 Reference Sequence was searched against these same databases. This process produced a high
number of sequence matches covering the third deletion site, however, none of these sequences showed a
deletion at this site. Of note, none of the sequence matches were from heart.
After the initial finding of the first deletion site (c.[del266_473]), additional TA cloning primer
pairs were designed for RT-PCR around this site (TA-7, TA-8 & TA-9) (for primer details see Methods,
Table 1). One primer pair from the digestion cloning experiments (D-1) also amplified around this site.
Figure 7 provides representative examples of the multiple band patterns produced by each of 11 PCR.
This pattern was observed using primer pairs TA-1 (Figure 7A), D-1 (Figure 7B), TA-7 (Figure 7C), TA8 (Figure 7C), and TA-9 (Figure 7C). The band at the expected size for transcript (i.e. no deletion) was
predominant in the results of 6 of 11 PCR, including the 3 PCR results shown in Figure 7C. All bands
shown were sequenced and confirmed to be either the expected product (i.e. no deletion) or transcript
with c.[del266_473], with the exception of the smaller band produced by TA-9. This band was not
sequenced, however, its size is consistent with the presence of the deletion.
The third deletion site was sequenced both with c.[del4004_4258] and c.[del4003_4284].
However, the initial experiments using overlapping TA cloning primer pairs covering the full-length
NaV1.1 did not produce double bands with amplifications of this segment of NaV1.1 (Figure 8). The
sequence used for both the design of the TA-4 reverse and the TA-5 forward primers is internal to the
deleted region. Figure 8A shows the PCR amplicons of the TA-1 through TA-6 primer pairs covering the
full-length NaV1.1 transcript. Double bands are produced with amplification around the first deletion site
(TA-1 primer pair), as compared with single bands produced with both the TA-4 and the TA-5 primer
pairs. Figure 8B shows the results of a second PCR using TA-4 through TA-6 primer pairs, and again
showing single bands produced by both the TA-4 and TA-5 primer pairs.
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Figure 7: RT-PCR Around the First Deletion Site.
Representative samples of RT-PCR around the c.[del266_473] deletion site using different TA cloning
and digestion cloning primer pairs.
A Primer pair TA-1 with an expected product size of 1039 bp.
B Primer pair D-1 with an expected product size of 897 bp.
C Primer pair TA-7 with an expected product size of 1363 bp, TA-8 with an expected product size of 883
bp, and TA-9 with an expected product size of 1215 bp.
RNA was from right ventricular cardiomyocyte cell isolations. Size indicators, in kb, are marked on the
ladder.
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Figure 8: RT-PCR Using Overlapping TA Cloning Primers
A RT-PCR of the full-length NaV1.1 transcript (primer pairs TA-1 through TA-6).
B RT-PCR of the second half of the NaV1.1 transcript (primer pairs TA-4 through TA-6).
RNA was from right ventricular cardiomyocyte cell isolations. Size indicators, in kb, are marked on the
ladder.
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Seven PCR amplifications were completed around the c.[del4004_4258]/c.[del4003_4284]
deletion site using the digestion cloning primer pair D-5. All 7 of these gels displayed at least two bands,
with one matching the expected size and another at a size consistent with transcript with one of the two
deletions (Figures 9A-C). Transcript with and without a deletion was sequenced from PCR amplicons
shown in Figures 9A and 9C, as well as from PCR amplicons shown in lane 1 of Figure 9B. The deletion
sequenced from PCR amplicons shown in Figure 9A and lane 1 of Figure 9B was c.[del4004_4258];
whereas the deletion sequenced from PCR amplicons shown in Figure 9C was c.[del4003_4284]. In
contrast with PCR results at the c.[del266_473] site, the more predominant bands in these gels are
consistent with the size of transcript with a deletion.
Nested primer pairs were designed around each of the c.[del266_473] and
c.[del4004_4258]/c.[del4003_4284] deletion sites for use with the lower template concentrations in single
cell PCR. Prior to use in single cell PCR experiments, these primer pairs were optimized against cDNA
from cardiomyocyte isolations using systematic changes in template concentration, the number of second
round amplification cycles, and annealing temperatures. Along with the use of different primers, these
optimization experiments used the Multiplex System with Taq polymerase, as compared with the HotStar
HiFidelity polymerase and reaction components. The resulting data (Figure 10) provides an additional
look at the relative ability of RT-PCR to amplify expected size transcript versus transcript with a deletion
from isolated cardiomyocytes. With stepped reductions in template concentration, one of two
optimization experiments (Figure 10B with higher annealing temperatures versus Figure 10A) showed
that bands consistent with the size of transcript with c.[del266_473] were lost prior to the loss of bands at
the expected size for transcript with no deletion. In contrast, bands at the expected size for transcript with
no deletion at the c.[del4004_4258]/c.[del4003_4284] deletion site, were lost prior to the loss of bands at
a size consistent with this segment of transcript with one of the two possible deletions (Figures 10A &
10B). Figure 10C provides data from an additional optimization experiment around
c.[del4004_4258]/c.[del4003_4284]. A third optimization condition, the number of second round
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Figure 9: RT-PCR Around the Third Deletion Site.
Representative gels of PCR amplifications performed around the c.[del4004_4258]/c.[del4003_4284]
deletion site using primer pair D-5.
A & B Illustrate the double band pattern with an expected product size of 1006 bp.
C The band pattern from PCR amplicons that has been digested for cloning with an expected size for
digested amplicons of 897 bp.
RNA was from right ventricular cardiomyocyte cell isolations. Size indicators, in kb, are marked on the
ladder.
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Figure 10: RT-PCR Around the c.[del266_473] and c.[del4004_4258]/c.[del4003_4284] Deletion
Sites
Optimization of nested primer pairs around the c.[del266_473] deletion site (A & B--NP-2, expected band
size 883 bp vs size of transcript with the deletion 675 bp) and around the
c.[del4004_4258]/c.[del4003_4284] deletion site (A, B & C--NP-3, expected band size 727 bp vs size of
transcript with a deletion 445 or 472 bp). Experiments used the Multiplex System containing Taq
polymerase, as opposed to the HotStar HiFidelity enzyme used in the experiments reported above
(Figures 7 & 9).
A, B & C The effect of graded dilutions of cDNA (A & B—1:10 through 1:3000; C—1:5 through 1:100).
A vs B The effect of changes in annealing temperature (A, 1st round--680C 5 cycles, 630C 15 cycles, 2nd
round—600C; B, 1st round—700C 5 cycles, 650C 15 cycles, 2nd round—650C).
C The effect of increases in the 2nd round cycle number (30 through 45 rounds) across different
annealing temperatures (lanes 1 through 14--680 C for both 1st & 2nd round amplifications; lanes 15
through 18--700 C for the first 5 cycles of the 1st round PCR, with 650 C for all remaining amplification
cycles).
RNA was from right ventricular cardiomyocyte cell isolations. Size indicators, in kb, are marked on the
ladders.
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amplification cycles, is included. Across all PCR conditions, there is a band at a size consistent with
transcript with one of the two deletions at this deletion site, and in each RT-PCR result this band is either
the only band or it is the predominant band.

3.2 Single Cell Experiments
For heart experiments reported so far, we used isolated cardiac myocytes. Although the isolation
procedure preferentially selects for cardiac myocytes, contamination of our RNA samples with RNA from
other cardiac cells cannot be ruled out. To address this concern, we used the technique of single cell
PCR. Nested primer pairs and the Multiplex PCR system including the HotStar taq polymerase, were
used to amplify around the c.[del266_473] (NP-1 & NP-2) and the c.[del4004_4258]/c.[del4003_4284]
(NP-3) deletion sites (for primer details see Methods, Table 1). Multiplex PCR protocol parameters used
for nested PCR are described in Methods, and modifications used for this set of experiments are described
here. First round 100 µl single cell PCR (i.e. outer primers) used 10 µl of first strand product as template,
an annealing temperature of 600C, and 20 amplification cycles. Second round 50 µl amplifications (i.e.
inner primers) used 4 µl of first round PCR product as template, an annealing temperature of 550C, and 35
amplification cycles. Two variations in the second round amplifications were used in some experiments.
Amplifications around c.[del266_473] shown in Figure 11B used the HotStar HiFidelity polymerase,
primers and protocol as described in Methods. As well amplifications around each of the c.[del266_473]
and c.[del4004_4258]/c.[del4003_4284] deletion sites, were repeated with 40 amplification cycles
(Figures 11B & 12B). All gels used to display single cell amplicons contained 1.0 vs 0.5 µg/ml EtBr.
Ten of 11 cells used for single cell PCR amplification around the c.[del266_473] deletion site
(Figure 11) and all 8 cells used for single cell PCR amplification around the
c.[del4004_4258]/c.[del4003_4284] deletion site (Figure 12), produced at least one band at a size
consistent with one of the sequenced versions of the NaV1.1 segment. However, these bands were made
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Figure 11: RT-PCR of NaV1.1 Transcript from Single Cardiomyocytes: the c.[del266_473] Deletion
Site
RNA was isolated individually from each of 10 cardiomyocytes, reverse transcribed immediately upon
harvesting, and PCR amplified. PCR used nested primer pair NP-1 (panels A & B--expected band size
for transcript with no deletion is 1039 bp), or nested primer pair NP-2 (panel C--expected band size for
transcript with no deletion is 883 bp).
PCR were performed with (I) or without (II) Qiagen’s “Q solution”. Size standards (panel C) are PCR
bands produced using the same nested primer pairs against cDNA produced from cardiomyocyte
isolations. RT-PCR bands from cardiomyocyte isolations were chosen for use as size standards based on
the level of clarity of both bands (i.e. the expected size band and the band consistent with transcript with
the deletion). Panel B used HotStar HiFidelity polymerase vs HotStar taq polymerase, and 40 vs 35 2nd
round amplification cycles. 37.5 (panel A), 12.5 (panel B) or 50 µl (panel C) of the single cell PCR
amplicons were loaded per lane on a gel with 1.0 µg/ml EtBr. The rat brain positive control in panel B
used a 1:1000 dilution of cDNA as template.
Size indicators, in kb, are marked on the ladders.
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Figure 12: RT-PCR of NaV1.1 Transcript from Single Cardiomyocytes: the
c.[del4004_4258]/c.[del4003_4284] Deletion Site
RNA was isolated from individual cardiomyocytes, reverse transcribed immediately upon harvesting, and
PCR amplified. The cDNA produced from cells 4 through 11 in Figure 11C, was PCR amplified using
nested primer pair NP-3 with an expected band size for transcript with no deletion of 727 bp.
Size standards are PCR bands produced with the same nested primer pairs against cDNA from
cardiomyocyte cell isolations. Experiments in panel B used 40 vs 35 2nd round PCR cyles. 9 µl/lane
were loaded of the standards, in comparison with 50 (panel A) or 60 (panel B) µl/lane of the single cell
PCR amplicons.
Size indicators, in kb, are marked on the ladder.
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visible by superloading the gel with the PCR amplicons and the cDNA concentrations obtained (i.e. 0.13
ng/µl) were too low for ligation and sequencing.
The strongest bands in Figure 11 (panels A, B & C) are produced from cells 1, 2, 6, 7, 8 and 9,
and in all 6 of these cells the band at a size consistent with the presence of c.[del266_473] is either the
only band or is the predominant band. Weaker bands produced from three additional cells (cells 5, 10 &
11) support the predominance of transcript with this deletion. Only one cell (cell 3) produced a more
predominant band at the expected size for no deletion.
Despite two attempts, only 5 of 8 cells produced at least one strong band with amplification
around the c.[del4004_4258]/c.[del4003_4284] deletion site (Figures 12A & 12B). These 5 cells were
roughly split in terms of which size of band was the only or the most predominant band. Both the
predominant band from one cell (cell 10, Figure 12A) and the only band from another cell (cell 9, Figure
12B), match the expected size for NaV1.1 with no deletion. On the other hand, 3 cells (cells 5, 6 & 7,
Figure 12B) produced a single band consistent with transcript with c.[del4004_4258] or
c.[del4003_4284].

3.3 Rat Brain Experiments
To determine whether the deletions found in rat heart were also present in rat brain, additional
experiments were conducted. Initially, the full-length rat brain NaV1.1 transcript was PCR amplified
using the TA overlapping set of primers pairs (TA-1 through TA-6, for primer details see Table 1 in
Methods). As discussed above, these primers are unable to detect NaV1.1 transcript with
c.[del4004_4258] or c.[del4003_4284]. However, Figure 13A shows only a single band of the expected
size for transcript without c.[del266_473] produced from rat brain with the TA-1 primer pair. Figure 13B
using the same primer pair (TA-1) and Figure 13C using three additional primer pairs that amplify around
the c.[del266_473] deletion site (TA-7, TA-8 & TA-9), show side-by-side results for RT-PCR from brain
and heart. With the exception of a possible second band at a size consistent with the presence of the
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Figure 13: Comparison of Brain and Heart RT-PCR Around the c.[del266_473] Deletion Site
A & B Panel A shows RT-PCR bands from brain produced with overlapping TA cloning primer pairs
covering the full-length of NaV1.1 transcript (TA-1 through TA-6). Panel B shows side-by-side RT-PCR
bands from heart and brain, produced with overlapping TA cloning primer pairs covering roughly the first
half of NaV1.1 transcript (TA-1, TA-2 & TA-3). The TA-1 primer pair (boxes) amplifies the segment of
transcript containing the c.[del266_473] deletion site, and has an expected size for transcript with no
deletion of 1039 bp.
C Side-by-side RT-PCR bands from brain and heart produced with 3 additional primer pairs designed to
amplify the segment of transcript containing the c.[del266_473] deletion site. Expected sizes for
transcript with no deletion are 1363 bp for primer pair TA-7, 883 bp for primer pair TA-8, & 1215 bp for
primer pair TA-9.
Brain PCR used 2 µl of cDNA produced with 500 ng of RNA: heart PCR used 6 µl of cDNA produced
with 1000 ng of RNA (panel B) or 6 µl of cDNA produced with 2000 ng of RNA (panel C).
Size indicators, in kb, are marked on the ladder.
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deletion in Figure 13B, single bands matching the expected size for transcript with no deletion are
produced from brain. All four primer pairs produced double bands from the heart (Figures 13B & 13C).
These gels also show more predominant bands matching the expected size for transcript with no deletion
from brain as compared with from heart. All brain RT-PCR in Figure 13 used 500 ng of RNA in the RT
and 2 µl of cDNA in the PCR; whereas heart RT-PCR used 1000 or 2000 ng of RNA in the RT and 6 µl
of cDNA in the PCR. The bands from brain in Figure 13 were not sequenced, however, all three gels
were produced with the same primer pairs that were used to produce the rat heart RT-PCR amplicons
shown above in Figures 7A and 7D (TA-1 in Figures 7A, 13A & 13B; TA-7 in Figures 7D & 13C; TA-8
in Figures 7D & 13C; & TA-9 in Figures 7D & 13C). All rat heart bands in Figures 7A and 7D that were
sequenced (7 of 8 bands), were NaV1.1 with or without c.[del266_473].
Figure 14 shows the results of brain RT-PCR around the c.[del266_473] deletion site and also
around the c.[del4004_4258]/c.[del4003_4284] deletion site, using digestion cloning primer pairs D-1 and
D-5 (for primer details see Methods, Table 1). There is a possible second band at a size consistent with
the presence of c.[del266_473], when the template concentration is the same as that used in the brain RTPCR of the previous experiment (500 ng & RNA 2 µl cDNA, solid arrow). This band shadow becomes a
distinct band with the first step increase to the lowest template concentration previously shown capable of
producing NaV1.1 bands from the heart (Figure 4, 1000 ng RNA & 6 µl cDNA). RT-PCR around the
c.[del4004_4258]/c.[del4003_4284] deletion site produced 2 faint bands at sizes consistent with the
presence of c.[del4004_4258] and c.[del4003_4284] in addition to a band at the expected size for
transcript with no deletion, when the lowest template concentration (500 ng RNA & 2 µl cDNA, solid
arrow) was used. Beginning at the second template concentration (1000 ng of RNA & 6 µl of cDNA), an
additional faint band appears. This band represents transcript that is smaller than expected for no
deletion, and larger than the size of transcript with either c.[del4004_4258] or c.[del4003_4284].
The band matching the expected size for transcript with no deletion is more predominant in RTPCR from the brain as compared with in the RT-PCR from the heart presented above (Figure 7) at the
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Figure 14: RT-PCR Around the c.[del266_473] and the c.[del4004_4258]/c.[del4003_4284] Deletion
Sites With Graded Increases in Brain Template
Template concentrations used were 500 ng of RNA and 2 µl of cDNA (solid arrows), 1000 ng of RNA
and 6 µl or cDNA, 1500 ng of RNA and 6 µl of cDNA, 2000 ng of RNA and 6 µl of cDNA (arrow
outlines), and 2000 ng of RNA and 10 µl of cDNA. Primer pair D-1 was used to amplify around the
c.[del266_473] deletion site (expected size with no deletion 897 bp: expected size with deletion 689 bp).
Primer pair D-5 was used to amplify around the c.[del4004_4258]/c.[del4003_4284] deletion site
(expected size with no deletion 1006 bp: expected size with a deletion 751 or 724 bp).
Size indicators, in kb, are marked on the ladder.
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c.[del266_473] deletion site. This predominance is also observed at the
c.[del4004_4258]/c.[del4003_4284] deletion site where the RT-PCR from the heart presented above
(Figure 9) show these bands to be of equal or lesser strength as compared with bands matching the size of
transcript with a deletion. The bands in Figure 14 were not sequenced. However, previous experiments
suggest that the digestion cloning primers are specific for NaV1.1. All clones sequenced from amplicons
of both D-1 (c.[del266_473] deletion site) and D-5 (c.[del4004_4258]/c.[del4003_4284] deletion site)
primer pairs were NaV1.1, and these clones were products of two (D-1, e.g. Figure 7B) or three (D-5,
Figures 9A, 9B & lane 1 of 9C) different RT-PCR.

3.4 Cloning Full-Length and Near Full-Length NaV1.1
As the deletions found at the c.[del266_473] and c.[del4004_4258]/c.[del4003_4284] deletion
sites remove conserved segments of the transcript, experiments were designed to discover whether NaV1.1
transcript exists in the heart with no deletion at both of these sites. Initial efforts to answer this question
involved the cloning of two long RT-PCR amplicons: the full-length and a near full-length NaV1.1
transcript.
Three unrelated experimental results described here were considered in the experimental design
of the long product cloning experiments. Firstly, efforts to build a NaV1.1 clone for expression and patch
clamp studies, produced an unusual result. pcDNA3.1V5HisB plasmids sequenced to show successful
ligation of 1 of 4 NaV1.1 segments, were digestion opened and used in a four-piece ligation with the other
3 NaV1.1 segments. A total of 4 clones appeared on the sample plates of 3 ligation/transformation
experiments. Figures 15A and 15B show the plasmids from these 4 clones run out on a gel. The
plasmids from each of the 4 clones from sample plates were smaller than the “control” plasmids
containing 1 of 4 NaV1.1 segments.
Secondly, digestion cloning and sequencing of the full-length NaV1.1 transcript in overlapping
segments produced one result that is reported above with the complete exon 21 missing (Figure 16). This
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Figure 15: Ligation of Full-length NaV1.1
A four-piece ligation was used to assemble the full-length NaV1.1 transcript. Panels A and B show uncut
plasmids from all 4 clones on sample plates from 3 ligation/transformation experiments. Control
plasmids in these experiments are pcDNA3.1V5HisB with 1 of 4 segments of the full-length NaV1.1
transcript inserted.
Size indicators, in kb, are marked on the ladder.
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GCGGAGGAACAGCCTGTCATGGAACCAGAAGAAACCCTTGAGCCCGAAGCTTGCTTCACTGAAGGCTGT
GTGCAGAGATTCAAGTGCTGTCAAATCAGTGTGGAAGAAGGAAGAGGAAAACAGTGGTGGAACCTTCG
GAGAACGTGCTTCCGAATAGTTGAGCACAACTGGTTTGAGACCTTCATTGTGTTCATGATTCTCCTCAGTA
GTGGTGCCCTGGCCTTTGATGATATATACATTGATCAGCGAAAGACGATCAAGACCATGCTGGAGTATGC
CAGACAAGGTTTTCACTTACATTTTTATCCTGGAGATGCTCCTCAAATGGGTAGCCTACGGCTATCAAACG
TATTTCACCAATGCCTGGTGTTGGCTGGACTTCTTAATTGTTGATGTTTCATTGGTCAGTTTAACAGCAAAT
GCCTTGGGTTACTCTGAACTTGGGGCCATCAAGTCCCTAAGGACACTAAGAGCTCTGAGACCCCTAAGAG
CCTTATCACGATTTGAAGGGATGAGG (COMPLETE EXON 21 MISSING)
GCGACGTTTAAGGGTT
GGATGGATGCCCATTGCTGTCCCAGAGTCTGACTTTGAAAACTTAAACACAGAGGACTTTACGAGTGAAT
CAGATCTAGCACATTTCTGGAATCAACTGCTGCATACATGATATCCAGCACAGTGGCGGCCGCTCGAGTCT
AGAGGGCCCGCGGTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGCGTACCGGTC
ATCATCACC

Figure 16: Recombination Events in a Clone with the Complete Exon 21 Removed
One unconfirmed cloning and sequencing result with complete removal of exon 21 (blue) and evidence of
three recombination events. This sequencing result begins at +3487 relative to the translational start site.
The c.[del4003_4284] deletion is followed by:
first, the 22 nucleotides in the published (Noda et al, 1986a) sequence that follow exon 21;
second, an upstream section of the cloned NaV1.1 segment (purple);
third, the reverse complement of the section of the cloned NaV1.1 expected to follow the 22 nucleotides
from the published sequence (green) including the sequence for the reverse primer used to produce the
insert (underlined); and

fourth, 109 bp with 100% identity to a section of the expression vector pIB-NC-EGFP (GenBank
A cc. # KF111246.1) (red).
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sequencing result also contained evidence of three recombination events. Two of these events involved
parts of the NaV1.1 transcript. The third involved a sequence that is not part of the pcDNA3.1V5HisB
plasmid or of the NaV1.1 insert.
Finally amplification of a segment of NaV1.1 sequence that includes the point nucleotide
difference at position +2935, both from genomic DNA (PCR) and from brain mRNA (RT-PCR),
produced an amplicon that appears to form secondary structures (Figure 17). The genomic sequence
includes a 381 bp intron. Amplicons produced 4 band patterns that were slightly different, depending on
the DNA template (Fig. 17A—genomic DNA; Fig. 17B—brain mRNA). In both gels, the band that
travels the furthest within each lane matches the expected size. The PCR reactions contained Qiagen’s Q
solution (according to the provided protocol 10 µl in 50 µl reactions) marketed for templates with high
GC content or secondary structures (Figures 17A & 17B). Removal of Q solution did not change the
band pattern produced (Figure 17B). However, replacing the Q solution and 7 µl of H2O with the
maximal recommended amount of betaine (17 µl of a 5M solution in a 50 µl reaction), another agent
marketed for use with templates with high GC content or secondary structures (Sigma Aldrich; see Rees
et al, 1993), reduced the multiple band pattern to a single band at the expected size (Figure 17B).
RT-PCR of the full-length ~6.1 kb transcript (5871 to 6367 bp depending on the deletions present) in one
piece (D-1 forward and D-7 reverse primer pairs, for primer details see Methods, Table 1) provided two
results consistent with successful NaV1.1 amplification. Neither result was repeatable. The strongest ~6.1
kb RT-PCR result is shown in Figure 18, and suggests two bands within a size range of 6 to 6.2 kb. This
RT-PCR amplicon was then reamplified using the same primer pairs and cut from a gel. Three
ligation/transformation experiments produced a total of 2 colonies, both with plasmids matching the size
of the negative control plasmid.
Given the problems working with the full-length transcript, the digestion cloning primers D-1
forward and D-5 reverse were then used to PCR amplify a smaller segment (~4.3 kb) that included both
the c.[del266_473] and c.[del4004_4258]/c.[del4003_4284] deletion sites (for primer details see Methods,
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Figure 17: Amplification of NaV1.1 Genomic DNA and Brain mRNA Around the Coding Sequence
Nucleotide Position +2935
Amplification of a segment of genomic DNA (panel A, PCR) and of brain mRNA (panel B, RT-PCR)
around the point nucleotide difference from the NCBI rat brain reference sequence at position +2935
relative to the translation start site (+2751 through and including +3431). Expected band size for
genomic DNA is 999 bp: expected band size for brain cDNA is 681 bp. PCR for panels A and B are
performed with Q solution (10 µl per 50 µl reaction), no additive, or with the maximal amount of betaine
(17 µl of 5M in a 50 µl reaction).
Size indicators, in kb, are marked on the ladder.
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Figure 18: RT-PCR of the Full-Length NaV1.1 Transcript
Considering that transcript may have the 33 bp deletion (c.[del2012_2044], second deletion site), the
expected size of transcript with no deletion at the c.[del266_473] and the
c.[del4004_4258]/c.[del4003_4284] deletion sites is 6334 or 6367 bp. Transcript with c.[del266_473])
and no deletion at the third deletion site would be 6126 or 6159 bp. In the reverse, transcript with
c.[del4004_4258] or c[del4003_4284] and no deletion at the first deletion site, would be 6052 or 6079
with the 33 bp deletion, as compared with 6085 or 6112 bp without the 33 bp deletion. Transcript with a
deletion at both the first and the third deletion sites would be 5871 or 5904 bp.
RNA was from right ventricular cardiomyocyte cell isolations. Size indicators, in kb, are marked on the
ladder.
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Table 1). These RT-PCR produced either 1 (2 reactions) or 2 (3 reactions) bands. Twenty-nine µl of the
~4.3 kb amplicons from each of 2 RT-PCR that produced double bands were combined and run on a 0.7%
extra-long agarose gel (25 cm long Subcell Model 192 Cell, BioRad Laboratories (Canada) Ltd.,
Mississauga, ON) with EtBr. Three bands showed on the gel (Figure 19), with sizes of ~4075 bp, ~4200
bp and ~4500 bp. These were run at 30 V in a cold room for 60 hours for separation. The gel was
repetitively exposed to UV light in order to monitor band migration, and to cut the bands individually
from the gel.
With a low concentration of DNA recovered from the ~4500 bp band and no adjustment in the
amount of vector used, ligation of this band used a 1:3 insert to vector molar ratio as compared with the
1:1 insert to vector molar ratio used for all other ~6.1 and ~4.3 kb band ligations. Ligation and
transformation of each of the three ~4.3 kb bands produced white colonies (X-gal blue/white screening),
however, digestion (NEB restriction enzymes—EcoRI and XhoI) results were inconclusive and fourteen
clones (3 from the~4075 bp band, 2 from the ~4200 bp band & 9 from the ~4500 bp band) were sent for
sequencing.
No insert sequence was found in the multiple cloning site of any of the 14 colonies. Figure 20
shows representative sequencing results from two colonies. Both results show loss of plasmid sequence,
including loss of one EcoR1 digestion site in the first sequencing result and loss of both in the second.
The second result includes evidence of a recombination event with addition of 23 unidentified
nucleotides. Sequence specific primers (nested primer pair NP-2 and hemi-nested primer pair NP-4)
against the plasmids were used to check for insert sequence outside of the multiple cloning site (for
primer details see Methods, Table 1). No bands were produced from any of the 14 colonies.

3.5 Further Exploration of Full-Length NaV1.1 Transcript in the Heart
To further investigate the three ~4.3 kb bands that were individually cut from a gel (see above),
two additional approaches were used. Copy DNA from each band was explored around the
c.[del266_473] and the c.[del4004_4258]/c.[del4003_4284] deletion sites in two sets of experiments. The
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Figure 19: RT-PCR of a Segment of NaV1.1 Spanning All Three Deletion Sites
PCR used digestion cloning primers D-1 forward and D-5 reverse. The estimated size of the resultant
bands are 4500 bp, 4200 bp and 4075 bp. Considering that transcript may have the 33 bp deletion
(c.[del2012_2044]), these sizes approximate the expected size of transcript with no deletion at either the
c.[del266_473] or the c.[del4004_4258]/c.[del4003_4284] deletion site (4571 or 4604 bp), with one
deletion across these two sites (4396 or 4363 bp with only c.[del266_473]; 4349 or 4316 bp with only
c.[del4004_4258]; 4322 or 4289 bp with only c[del4003_4284]), and with a deletion at both the first and
the third deletion sites (4141 or 4108 bp—c.[del4004_4258]; 4114 or 4081 bp—c.[del4003_4284]).
RNA was from right ventricular cardiomyocyte cell isolations. Amplicons were run on a 0.6% agarose
gel. Size indicators, in kb, are marked on the ladder.
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Figure 20: Representative Sequencing Results: Cloning the ~4.3 kb PCR Bands
The multiple cloning site of the pCR2.1 plasmid used in TA cloning of ~4.3 kb NaV1.1 RT-PCR bands
(middle), along with 2 of 14 sequencing results (top & bottom). Both sequence results begin (vertical
arrow on plasmid sequence) with two nucleotides of the T7 promoter and read in the direction of the
horizontal arrow. One sequencing result (top) begins with the plasmid sequence shown in the yellow box
on the plasmid map (highlighted in the sequencing result) which includes an EcoR1 digestion site
(underlined in sequencing result), and then picks up immediately after the second EcoR1 digestion site
with no insert sequence. The other sequencing result shows loss of most of the plasmid sequence in the
yellow box including the first EcoR1 digestion site (shorter highlighted sequence in sequencing result),
and after a 23 nt unidentified sequence, also continues immediately after the second EcoR1 digestion site.
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bands were first used as template for PCR reamplifications around these two deletion sites, and where
these PCR were successful, the amplicons were cloned and sequenced. Secondly, the cloning of each of
the three individual ~4.3 kb bands was repeated, that is previously produced ligation product (see above)
was retransformed. However, blue/white identified positive colonies were heat lysed according to
directions used for colony PCR rather than being grown overnight in bacterial cultures. The
reamplification PCR were then repeated against the resulting plasmids.
The Multiplex PCR system reaction components and nested or hemi-nested PCR (primer pairs
NP-2 for amplification around the c.[del266_473] and NP-4 for amplification around the
c.[del4004_4258]/c.[del4003_4284] deletion sites, for primer details see Methods, Table 1) were used for
both series of PCR reamplification experiments with some exceptions. Two µl of dilute (1:10) Qiagen
HotStar HiFidelity taq was added to improve the fidelity of nucleotide incorporation. Also PCR
reamplifications of plasmids from blue/white-identified positive colonies for the ~4.3 kb inserts, were
first performed with the Qiagen-provided Q solution (10 µl in the 50 µl reactions) as described above for
all Multiplex PCR in this thesis, and then repeated with replacement of the Q solution with betaine (17 µl
of 5M solution in 50 µl reactions). PCR reamplifications of the individual ~4.3 kb RT-PCR bands cut
from a gel, used 20 amplification cycles for the first round PCR and 35 amplification cycles for second
round PCR. A higher number of amplification cycles, i.e. 25 first round cycles and 40 second round
cycles, was used for PCR reamplification of plasmids released from blue/white-identified positive
colonies for the ~4.3 kb NaV1.1 inserts. All PCR reamplification experiments used an annealing
temperature of 600 C for both rounds of PCR.
The PCR reamplification products from the ~4.3 kb bands were cloned and sequenced. Eighteen
µl of each tube of PCR reamplification product from the individually cut ~4.3 kb RT-PCR bands, were
run on a gel. The remaining 32 µl of all PCR reamplification products producing even a faint band or
bands, were combined and superloaded on an EtBr-free gel (128 µl in one lane). A piece of gel which
would capture all possible PCR reamplification product given the sequencing results from experiments
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reported above, whether producing a visible band or not, was cut out without UV exposure and purified
(Wizard Gel and PCR Clean Up System). Recovered cDNA was ligated using the NEB T4 DNA ligase
and NEB protocol, and TA cloned using the pCR2.1 plasmid and One Shot INVαF (see Methods for
genotype). The NEB ligation protocol calls for 2 μl of 10X NEB ligation buffer, 2 μl of 25 ng/μl pCR2.1
vector, and 1 μl of NEB T4 DNA ligase in a 20 μl reaction. Ligation reactions for these experiments used
40 ng of the PCR reamplification product, setting up roughly a 3:1 insert to vector molar ratio.
Transformations were performed as described in Methods for TA cloning and digestion cloning of the
full-length transcript in overlapping segments.

3.5.1 Reamplification of ~4.3 kb RT-PCR Bands
Figures 21A and 21B show a sample of the PCR bands produced with reamplification of the
~4075 bp band around the c.[del266_473] deletion site. All 14 PCR reactions that produced bands
showed a band consistent with NaV1.1 transcript with c.[del266_473], i.e. 675 bp. Four of these reactions
also produced a second faint band that approximated but did not appear to match, the expected size for
NaV1.1 transcript with no deletion, i.e. 883 bp. Two of these showed a band that appears to be just over
800 bp, and a third gel (not shown) shows two PCR results with a second faint band that appears to be
just under 800 bp. The remaining PCR amplicons from reactions producing bands, was combined,
superloaded on a gel, and then cut from the gel in a manner that would capture all previously sequenced
NaV1.1 deletion variants for cloning. Plasmid digestion released 21 bands at a size consistent with
NaV1.1 transcript with c.[del266_473], and 1 band at the expected size for NaV1.1 transcript with no
deletion. Both versions of the transcript (1 colony each) were sequenced. Attempts to reamplify the
transcript around the c.[del4004_4258]/c.[4003_4284] deletion site did not produce bands.
Figure 22 shows a sample of PCR bands from reamplification of the ~4200 bp band around the
c.[del266_473] (Figure 22A) and around the c.[del4004_4258]/c.[del4003_4284] (22B & 22C) deletion
sites. Figure 22A shows 5 of a total of 12 bands produced with amplification around c.[del266_473],
with all 12 at a size (~675 bp) consistent with NaV1.1 transcript with this deletion. Each of the 12 bands
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Figure 21: Reamplification of the ~4075 bp Band Around the c.[del266_473] Deletion Site
Seven results across panels A (lanes 2, 3 & 5) and B (lanes 1, 3, 4 & 6) from a total of 14
reamplifications. Nested primer pair NP-2 was used with an expected size for NaV1.1 with no deletion of
883 bp, and an expected size for NaV1.1 with c.[del266_473] of 675 bp.
Size indicators, in kb, are marked on the ladder. For primer details see Methods, Table 1.
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Figure 22: Reamplification of the ~4200 bp Band Around the c.[del266_473] and the
c.[del4004_4258]/c.[del4003_4284] Deletion Sites
A Shows 5 of 12 bands produced with reamplification of the ~4200 bp band around c.[del266_473]
(lanes 1 (faint), 2, 4, 5 & 6). Nested primer pair NP-2 was used with an expected size for NaV1.1 with no
deletion of 883 bp, and an expected size for NaV1.1 with c.[del266_473] of 675 bp.
B and C Show the 3 strongest of 5 bands produced with reamplification of the ~4200 bp around the
c.[del4004_4258]/c.[del4003_4284] deletion site (panel B, lane 1; panel C, lanes 1 & 4). Nested primer
pair NP-4 was used with an expected size for NaV1.1 with no deletion of 727 bp, an expected size for
NaV1.1 with c.[del4004_4258] of 472 bp, and an expected size for NaV1.1 with c.[del4003_4284] of 445
bp.
Size indicators, in kb, are marked on the ladder. For primer details see Methods, Table 1.
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appeared in otherwise clean lanes; no bands were produced at the expected size (883 bp) for NaV1.1
transcript with no deletion in any of the results. The remaining PCR amplicons from reactions producing
bands, was combined, superloaded on a gel, and then cut from the gel in a manner that would capture all
previously sequenced NaV1.1 deletion variants for cloning. Plasmid digestion released 7 bands, all
matching the size of NaV1.1 transcript with c[del266_473], and this was confirmed through sequencing (1
colony).
Figures 22B and 22C show the three strongest of a total of five bands at a size consistent with
NaV1.1 transcript with either c.[del4004_4258] (472 bp) or c.[del4003_4284] (445 bp). Each of the 5
bands appeared in otherwise clean lanes; no bands were produced across at the expected size (727 bp) for
NaV1.1 transcript with no deletion in any of the results. The remaining PCR amplicons from reactions
producing bands, was combined, superloaded on a gel, and then cut from the gel in a manner that would
capture all previously sequenced NaV1.1 deletion variants cloning. Plasmid digestion released 10 bands,
all matching the size of NaV1.1 transcript with c[del4004_4258] or c.[del4003_4284], and
c.[del4004_4258] was confirmed through sequencing (1 colony).
Figure 23 shows a sample of the PCR bands resulting from reamplification of the ~4500 bp band
around the c.[del266_473] deletion site. Five PCR produced bands at a size (~675 bp) consistent with
NaV1.1 with c.[del266_473]. In comparison, two PCR produced a PCR band at the expected size (~883
bp) for NaV1.1 with no deletion. Remarkably, no lane in either gel showed bands at both potential
product sizes. Lane 7 with the band at the expected size for NaV1.1 with no deletion, also showed the
appearance of what may have been a band at around 575 bp (arrow). The remaining PCR amplicons from
reactions producing bands, was combined, superloaded on a gel, and then cut from the gel in a manner
that would capture all previously sequenced NaV1.1 deletion variants for cloning. Plasmid digestion
released 39 bands at the expected size for NaV1.1 with no deletion, and 1 band at a size consistent with
NaV1.1with c.[del266_473]. Both versions of the transcript (1 colony each) were sequenced. No bands
were produced with attempts to reamplify the transcript around the c.[del4004_4258]/c.[del4003_4284]
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Figure 23: Reamplification of the ~4500 bp Band Around the c.[del266_473] Deletion Site
One of 2 almost identical gels produced with amplification of the ~4500 bp band around the
c.[del266_473] deletion site. Nested primer pair NP-2 was used with an expected size for NaV1.1 with no
deletion of 883 bp, and an expected size for NaV1.1 with c.[del266_473] of 675 bp. The arrow indicates a
faint ~575 bp band.
Size indicators, in kb, are marked on the ladder. For primer details see Methods, Table 1.
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deletion site.

3.5.2 Reamplification of ~4.3 kb Plasmid Inserts
Ligation products used in the previous attempt to clone the three ~4.3 kb bands cut individually
from a gel (see above), were repeat transformed. Again white colonies (blue/white screened) appeared on
plates; 25 from the ~4075 bp band, 9 from the ~4200 bp band, and 4 from the ~4500 bp band. Colonies
taken off the plates were heat lysed using the colony PCR technique, and serial dilutions of the plasmid
DNA were PCR reamplified around the c.[del266_473] and the c.[del4004_4258]/c.[del4003_4284]
deletion sites. Despite extensive optimization of the reactions and again the use of the nested/hemi-nested
primers, only two distinct bands at a size consistent with NaV1.1 were produced (Figure 24A, lane 3 &
Figure 24B, lane 5). Both of these bands were produced from the ~4075 bp band, both were produced
with reamplification around the c.[del266_473] deletion site, and both were at the expected size (~675 bp)
for NaV1.1 transcript with c.[del266_473]. Reamplification around the c.[del266_473] deletion site also
produced a possible band at the same size (Figure 24B, lane 6), and a possible ~750 kb band (Figure 24A,
lane 2 black box). The expected size for NaV1.1 with no deletion is 883 bp.

3.6 Alignment of Sequence Results for a Section of Transcript Around c.[del266_473]
The reamplification experiments reported above provided seven sequencing results covering the
section of transcript from 367 bp before to 164 bp after c.[del266_473]. Alignment of these sequencing
results showed that the nucleotide at position 254 relative to the translations start site is thymine (T) in
transcript without this deletion (N=2) and, with one exception, is guanine (G) in transcript with this
deletion (N=5, 4 of 5 are G vs T) (Figure 25). GKL-9 is the only sequencing result with the presence of
c.[del266_473] that has thymine at position +254, and this clone had two basepairs different from all
other clones at positions +136/137 (AG vs GA—not shown). Consistent with this, the full-length
transcript reported by Noda et al (1986a) has T at this position. As only one of the three ~4.3 kb bands
produced reamplification bands around the c.[del4004_4258]/c.del[4003_4284] deletion site, and these
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Figure 24: Reamplification of the ~4075 bp Plasmid Insert Around the c.[del266_473] Deletion Site
Ligation product used in the previous attempt to clone the ~4075 bp band was repeat transformed.
Blue/white screened colonies were taken off the plates and heat lysed using the colony PCR technique.
Serial dilutions of the plasmid DNA were PCR reamplified around the c.[del266_473] deletion site.
Nested primer pair NP-2 was used with an expected size for NaV1.1 with no deletion of 883 bp, and an
expected size for NaV1.1 with c.[del266_473] of 675 bp.
Size indicators, in kb, are marked on the ladder. Black box indicates location of band not visible in
document. For primer details see Methods, Table 1.

76

GKL-10
GKL-12
GKL-11
GKL-15
GKL-9
GKL-13
GKL-14
published

CTACTATAGCAATAAGAAAGTACACCTTCACAGGAATATATACCTTTGAATCACTAATAA
CTACTATAGCAATAAGAAAGTACACCTTCACAGGAATATATACCTTTGAATCACTAATAG
CTACTATAGCAATAAGAAAGTACACCTTCACAGGAATATATACCTTTGAATCACTAATAA
CTACTATAGCAATAAGAAAGTACACCTTCACAGGAATATATACCTTTGAATCACTAATAA
CTACTATATCAATAAGAAAGTACACCTTCACAGGAATATATACCTTTGAATCACTAATAA
CTACTATATCAATAAGAAA----ACTTTTATAGTATTGAATAAAGGGAAGGCCATCTTCC
CTACTATATCAATAAGAAA----ACTTTTATAGTATTGAATAAAGGGAAGGCCACCTTCC
CTACTATATCAATAAGAAA----ACTTTTATAGTATTGAATAAAGGGAAGGCCATCTTCC

Figure 25: Alignment of Sequencing Results With and Without c.[del266_473]
Alignment of sequencing results for a segment of transcript that contains the c.[del266_473] deletion site.
GKL- 9 through GKL-15 are sequences obtained from the reamplification of ~4.3 kb bands cut
individually from a gel (see above). “Published” refers to the rat brain sequence published by Noda et al
(1986a). Blue highlights basepair position 254 relative to the translation start site. Purple is sequence
that is removed by this deletion.
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reamplification bands all show the presence of c.[del4004_4258] or c.[del4003_4284], sequence
alignments to search for nucleotide predictors of deletion at this site could not be performed.

3.7 NaV1.1 5΄ Untranslated Region from Rat Heart
Seven clones produced with the digestion cloning primer pair D-1 (for primer details see
Methods,Table 1) were compared with the published 251 bp 5΄ untranslated region (UTR) (Noda et al,
1986a). The present experiments used the same forward primer used by Noda et al (1986a). Four ‘of 7
clones exactly matched the published sequence (Figure 26, top); while 2 sequencing results were missing
the 5΄ section of the published 5΄ UTR sequence including both the forward primer sequence and the 27
bp imperfect repeat. The only portion of the final cloning result (Figure 26, bottom) that matched the
published sequence was the sequence of the forward primer. This cloning result contains a 95 bp
imperfect repeat. NCBI blast searches were used to look for a match to the 95 bp imperfect repeat section
of this result. The EST and the RefSeq database for each of human, rat and mouse, were searched against
the first, second and third 30 basepair section of this repeat. One match was found with the 5’UTR of an
unrelated rat gene. The 27 bp imperfect repeat sequence originally published by Noda et al (1986a) is at
position -227 (A of ATG=+1). As no portion of the coding sequence was found in the cloning result with
the 95 bp imperfect repeat, we do not know where this is in relation to the translation start codon.
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Published 5΄ Upstream Sequence
TACTGCAGAGGTCTCTGGTGCATGTGTATGTGTGTGCGTGTGTTTGT
GTACGTATGTTCTGCCCCTGTCAGGCTGCAGCCCTTGTGAAACACTT
GGTCACCTTTTGCAAGAAGGAATCTCTGAATCGTTGCAACTGAAGGT
GCGGACTCGGCTCGGGAGATGTTGTTCCTTACTGCAGATAGATAATT
TTCCTTTTTATCAGGAATCTCACATGAAGAGTAAAGAGTAATTAAAA
TGTGCAGGATGACAAGATG
Novel 5΄ UpstreamSequencing Result for One of Seven Clones
TACTGCAGAGGTCTCTGGTGCAGCTTCAGGGCTGCCTGCTGCAGCT
TCAGCTCCGTGGAGGAGGAGGAGGAGAAGGAGGAGGAGGAGGAG
GAGGAGGAGGTGGAAGAGGAGGAGGAGGAGGAAGAGGAAGAGGA
AGAGGAGGAGGAAGAGGTGGTGAGTCTCTGCAGGGTGTCACACAA
GTCATTCACTAGTGGACAAGGTGGCGTTTGTTGGAAAAATTTTTTGC
ATCGACATCTGA

Figure 26: NaV1.1 5΄ Untranslated Region Sequences in Rat Heart
Top The published (Noda et al, 1986a) 251 bp 5΄ UTR from rat brain. The green section of this sequence
is the forward primer sequence used by Noda et al (1986a) and in the present study; the red section is the
remainder of the published 5΄ UTR; and the underlined section is a 27 bp imperfect repeat sequence
beginning at position -227 (A of ATG=+1). The sequence of 6 of 7 rat heart clones suggested that they
had the same 5’ UTR.
Bottom The sequence of 1 of 7 rat heart clones from the present study. This sequence showed no
remnant of the published sequence other than the complete sequence of the forward primer (green).
Instead, this clone contained an unidentified sequence (purple) that includes a 95 bp imperfect repeat
(underlined section).
RNA for these RT-PCR and cloning experiments was from right ventricular cardiomyocyte cell
isolations.
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Chapter 4
Discussion

4.1 Summary of Findings: Cloning and Sequencing of Full-Length NaV1.1 mRNA in Rat
Right Ventricle in Overlapping Segments
This thesis continues work aimed at identifying the neuronal VGSC isoform(s) that is/are present
in ventricular cardiomyocytes. Electrophysiological/pharmacological evidence suggests that at least one
neuronal VGSC exists in a functional form in these cells, and the author has argued (see Sections 1.3, 1.4
& 1.5 of the Introduction) that neuronal VGSC are the strongest candidates for proteins that play a role in
the development of all three clinical outcomes associated with MI (Pike et al, 1990; Haigney et al, 1992 &
1994; Pike et al, 1995; Ju et al, 1996; Ward et al, 1997; Imahashi et al, 1999 & 2005; reviewed in Bers,
2008). Of the neuronal isoforms with evidence suggesting their presence in cardiomyocytes, functionally
important persistent gating has been best demonstrated for NaV1.1 and NaV1.6 (Llinas & Sugimori, 1980;
Raman & Bean, 1997; Raman et al, 1997; Vega-Saenz de Miera et al, 1997; Smith et al, 1998; Maier et
al, 2002; Maier et al, 2004; Mantegazza et al, 2005). Therefore, the goal of the present work was to
document the full-length NaV1.1 sequence and any of its alternative splice variants present in rat right
ventricular myocytes through cloning and sequencing of overlapping fragments.
Figure 27 shows the NaV1.1 coding sequence and its deletion variants sequenced from
cardiomyocyte isolations. Three nucleotide differences from the rat brain NCBI Reference Sequence
(Noda et al, 1986a) are silent, with the fourth involving a change from large, charged arginine to small,
uncharged glycine (c.2935A>G, Arg979Gly) (Table 2). Glycine at this position was previously reported
from rat brain by Smith & Goldin (1998) (Table 2). The novel c.[del266_473] deletion removes exons 2
and 3, a total of 208 bp, and would therefore introduce a frameshift (Table 3). The 33 bp
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c.[del2012_2044] deletion has previously been reported from human (Lossin et al, 2002) and rat (Noda et
al, 1986a) brain, as well as from rat whole heart (Schaller et al, 1992) (Table 3). Two variants were
cloned and sequenced at the third deletion site (Table 3). One, c.[del4004_4258], removes all of exon 21
except for the first and the 26 most 3΄ nucleotides (255 bp); whereas the second, c.[del4003_4284],
removes the complete exon 21 (282 bp). c.[del4004_4258] is a novel variant. c.[del4003_4284] is the
only nucleotide difference or deletion variant that was not confirmed through the sequencing of a second
clone from a separate RT-PCR experiment, however this variant was previously reported by
Blechschmidt et al (2008). This group examined VGSC isoforms in human, pig, rat and mouse whole
heart, stating that variants were sequenced once and then confirmed through restriction digest. The
radical amino acid switch along with all three deletion variants involving more than 200 nucleotides
(c.[del266_473; c[del4004_4258]; c.[del4003_4284]), involve conserved sequence segments of the
NaV1.1 transcript (Table 2 & Table 3).

4.2 NaV1.1 Displays Characteristics of Unstable Inserts
RT-PCR and cloning experiments produced results consistent with NaV1.1 transcript forming
secondary structures and, perhaps related to this, being “unstable” as plasmid inserts when exposed to
bacteria through the cloning process. We were unable to clone either the full-length NaV1.1 transcript (~6
kb) or the minimal fragment that spans all three deletion sites (~4.3 kb). In both cases results provided
evidence suggesting that the bacteria was cutting out the inserts. One group (Clare, 2006) with extensive
experience cloning VGSC expands on the characteristics of unstable inserts. They report that unstable
transcripts such as VGSC also undergo point mutations, large deletions, and recombination events with
exposure to bacteria during cloning. Our single cloning result with sequence missing the complete exon
21, c.[del4003_4284], includes evidence suggesting multiple recombination events.
Some unstable inserts are believed to be targeted by the bacteria’s recombination and repair systems
because they contain secondary structures. The use of mutations aimed at disabling these bacterial
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-11 aggatgacaa g

gagcaa acagtgcttg taccaccagg acctgacagc ttcaacttct tcaccagaga atctcttgca

+70 gctattgaaa ggcgcattgc agaagaaaaa gctaagaatc ccaagccaga caaaaaagat gatgatgaaa atggcccaaa
+150 gccgaacagt gacttggaag ctgggaagaa ccttccattt atctatggag acattcctcc agagatggtg tcggagcctc
+230 tggaggacct ggacccctac tatatcaata agaaa<acttttatagtattg aataaaggga aggccatctt ccggttcagt
+310 gccacttctg ccctgtacat tttaactccc ttcaatcctc ttaggaaaat agctattaagattttggtacact><cattatt
+390 cagcatgtta attatgtgca ctattttgac gaactgtgta tttatgacaa tgagtaaccc tcctgactgg acaaagaatg
+470 taga>gtacaccttcacagga atatatacct ttgaatcact aataaaaatt attgcaaggg gcttctgttt agaagatttt
+550 actttccttc gtgacccatg gaactggctg gacttcactg tcattacatt cgcatatgtg acggagtttg tggacctggg
+630 caatgtctca gcgttgagaa cattcagagt tcttcgagca ttgaaaacaa tatcagtcat tccaggcctg aagaccatcg
+710 tgggggccct gatccagtct gtgaagaagc tctctgacgt catgatcctc accgtgttct gtctcagtgt gtttgctcta
+790 atcgggttgc agcttttcat gggcaacctg aggaataagt gtgtacagtg gccccccacc aacgcttccc ttgaggaaca
+870 tagcatagag aagaatgtaa ctacggatta caacggcaca cttgtaaatg aaaccgtgtt tgaatttgac tggaaatcat
+950 acattcaaga ctcaagatat cattatttcc tggagggtgt tttagatgca ctactgtgtg gaaatagctc tgatgcaggc
+1030 caatgtccag aaggttacat gtgtgtaaaa gctggcagaa accctaacta tggttacaca agctttgaca ccttcagctg
+1110 ggcatttctg tccctgtttc gactgatgac tcaggacttc tgggaaaatc tttaccaact gacattgcgt gctgccggga
+1190 aaacatacat gatatttttt gtgctggtca ttttcttggg ctcattctac ctgataaact tgatcctggc tgtggtggcc
+1270 atggcctatg aggaacagaa ccaggccaca ttggaggagg ctgaacagaa ggaggcagag tttcagcaga tgctggagca
+1350 actgaagaag cagcaggaag ccgcacagca ggcggcggca gcaacagcat cagaacattc cagggagccc agtgcagcgg
+1430 gcaggctctc agatagctct tcagaagcct ccaagttgag ttcaaagagc gctaaagaaa ggcggaatcg gaggaaaaaa
+1510 agaaaacaga aagagcagtc tggaggggaa gagaaagatg atgatgaatt ccacaaatcc gagtccgaag atagcatcag
+1590 gaggaagggc ttccgcttct ccatagaagg gaacagactg acctatgaaa agaggtactc ttccccacat cagtctctgt
+1670 tgagcattcg cggctcactg ttttccccga gacgcaatag cagaacaagt cttttcagct tcagagggcg agcgaaggac
+1750 gtggggtctg agaatgattt tgcggacgat gagcacagca ccttcgagga caatgagagc aggagagact ctctgtttgt
+1830 tccccgaaga catggagagc gacgcaacag taacctcagc caaaccagca gatcctcccg aatgctggcg gggcttccag
+1910 caaacgggaa gatgcacagc acagtggatt gcaatggtgt ggtttccttg gtgggcggac cctcggttcc gacatcgcca
+1990 gttggacagc ttctgccaga ggtgataata gataagccag ctactgatgacaatg>gaaca actactgaaa ctgagatgag
+2070 aaagaggagg tcaagttctt tccatgtttc catggacttt cttgaggatc cttcccagag gcaaagggca atgagcattg
+2150 ccagcatctt aacaaataca gtagaagaac tagaagaatc cagacagaaa tgtccaccct gttggtataa attttccaac
+2230 atatttttaa tttgggactg ttctccatat tggctaaaag ttaaacatat tgtcaacctg gttgtgatgg acccatttgt
+2310 tgacctggca attactatct gtattgtgtt aaataccctt ttcatggcca tggagcacta ccccatgact gaacatttca
+2390 atcatgtact tacagtagga aacttggttt tcactgggat cttcacagca gaaatgttcc tgaaaatcat tgccatggac
+2470 ccttactatt atttccaaga gggctggaat atctttgatg gtttcattgt gacactcagc ctggtagaac ttggccttgc
+2550 caatgtggaa gggttatcag ttctccgttc attccgactg ctccgagtct tcaagttggc aaagtcctgg cccacactga
+2630 acatgctcat taagatcatc ggcaactcgg tgggcgcact gggcaacctg accctggtgc tggccatcat cgtcttcatt
+2710 tttgccgtgg tcggcatgca gctgttcggc aaaagttaca aagattgtgt ctgcaaaatt gccactgact gcaaactccc
+2790 gcgctggcac atgaacgact tcttccactc cttcctgatc gtgttccgag tgctgtgtgg ggagtggata gagaccatgt
+2870 gggactgcat ggaggtcgcg ggtcaagcca tgtgccttac tgtcttcatg atggtcatgg tgatt

aa ccttgtggtc

+2950 ctgaacctct ttctggcctt gcttctgagc tcatttagtg cagacaacct tgcagccact gacgatgaca acgaaatgaa
+3030 caaccttcaa attgctgtgg acaggatgca caaaggagta gcttatgtaa aaagaaaaat atatgagttt attcaacagt
+3110 cctttgttag gaaacagaag atcctagatg aaattaagcc acttgatgat ctaaacaaca gaaaagacaa ttgtacatct
+3190 aaccacacga cagagattgg gaaagatctg gactgtctga aagatgtgaa tggaaccacg agtggcatag ggaccggcag
+3270 cagtgtggaa aagtacatca ttgatgagag tgactacatg tcattcataa acaaccccag cctcaccgtg actgtgccca
+3350 ttgctgtggg agagtctgac tttgaaaact taaacacaga ggactttagc agtgaatcag atctagaaga aagcaaagag
+3430 aaactcaacg aaagcagtag ttcctcagaa ggaagcacag tagacatcgg

gcgcctgcg gaggaacagc ctgtcatgga

+3510 accagaagaa acccttgagc ccgaagcttg cttcactgaa ggctgtgtgc agagattcaa gtgctgtcaa atcagtgtgg
+3590 aagaaggaag aggaaaacag tggtggaacc ttcggagaac gtgcttccga atagttgagc acaactggtt tgagaccttc
+3670 attgtgttca tgattctcct cagtagtggt gccctggcct ttgaggatat atacattgat cagcgaaaga caatcaagac
+3750 catgctggag tatgcagaca aggttttcac ttacattttt atcctggaga tgctcctcaa atgggtagcc tacggctatc
+3830 aaacgtattt caccaatgcc tggtgttggc tggacttctt aattgttgat gtttcattgg tcagtttaac agcaaatgcc
+3910 ttgggttact ctgaacttgg ggccatcaag tccctaagga cactaagagc tctgagaccc ctaagagcct tatcacgatt
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+3990 tgaagggatgagg<gtggttg tgaatgccct gttaggagca attccatcca tcatgaatgt gcttctggtt tgccttatat
+4070 tctggctaat tttcagcatc atgggcgtaa atttgtttgc tggcaaattc taccactgtg ttaacaccac aactggtgac
+4150 acatttgaga tcaccgaagt caataatcat tctgattgcc taaaactaat agaaagaaat gagactgccc ggtggaaaaa
+4230 tgtgaaagta aactttgata atgtaggatt tgggtatctt tctttgcttc aagtt>gcgacgtttaagggt tggatggata
+4310 tcatgtatgc agcagttgat tccagaaatg tggaactgca gcctaagtat gaggaaagcc tgtacatgta cctgtacttc
+4390 gtcatcttca tcatcttcgg ctcgttcttc actctaaatc tattcatcgg tgtcatcata gacaacttca accagcagaa
+4470 gaagaagttt ggaggtcaag acatctttat gacagaagaa cagaagaaat actataatgc aatgaagaaa ttaggatcaa
+4550 aaaagccaca aaagcctatc cctcgacctg gaaacaaatt tcaaggaatg gtctttgact ttgtaaccag acaagtgttt
+4630 gacatcagca tcatgatcct catctgtctg aacatggtga ccatgatggt ggaaacggat gaccagagcg attatgtgac
+4710 aagcattttg tcacgtatca acctggtgtt cattgtgctg ttcaccggcg agtgcgtgct gaagctcatc tccctccgcc
+4790 attattattt caccattggc tggaatattt tcgattttgt ggtggtcatc ctctccattg taggaatgtt tcttgcggag
+4870 ctgatagaga agtatttcgt gtcccctacc ctgttccgag tcatccgcct ggccaggatt ggacgaatcc tacgcctgat
+4950 caaaggcgcc aaggggatcc gcactctgct ctttgctctg atgatgtccc ttcctgcgct gttcaacatc ggcctcctgc
+5030 ttttcctggt catgttcatc tacgccatct ttgggatgtc caactttgcc tatgttaaga gggaagttgg aattgatgac
+5110 atgttcaact ttgagacttt tggcaacagc atgatctgcc tgttccaaat caccacctct

cgggctggg acggactgct

+5190 ggcccccatc ctcaacagca aaccccctga ctgtgaccct aataaagtta accccggaag ctcggtgaag ggggactgtg
+5270 ggaacccatc cgtggggatt ttcttttttg tcagctacat catcatatcc ttcctggtgg tggtgaacat gtacatcgct
+5350 gtcatcctgg agaacttcag cgt gccacc gaagaaagtg cagagcccct gagtgaggac gactttgaga tgttctacga
+5430 ggtctgggag aagttcgacc ctgacgccac tcagttcatg gaatttgaaa aattatctca gtttgcagct gctctcgaac
+5510 cccctctcaa cttaccacaa ccgaacaaac ttcagctcat tgccatggac ctgcccatgg tgagtggaga ccgcatccac
+5590 tgcctggaca tcttgtttgc ttttacaaag cgggtcttgg gcgagagtgg agagatggac gctcttcgaa tccagatgga
+5670 agaaaggttc atggcttcca acccctccaa ggtctcctat cagccaatca ctacaacgtt aaaacgaaag caagaggagg
+5750 tgtcagccgt tatcattcag cgcgcttaca ggcgccacct tttgaagcga acagtaaaac aagcttcatt cacatacaat
+5830 aagaacaaac tcaagggcgg ggctaatctt cttgtaaaag aagacatgat cattgacagg ataaatgaaa actctattac
+5910 agagaaaact gacctgacga tgtccactgc agcttgtccg ccctcctacg accgggtgac aaagccaatc gtggagaaac
+5990 acgagcagga aggaaaagat gagaaagcca aagggaaa

Figure 27: The NaV1.1 Coding Sequence and Its Deletion Variants in Rat Right Ventricle
Nucleotides are numbered relative to the translational start site, and those that are different from the rat
brain NCBI Reference Sequence NM_030875.1 are shown in lower case, bold.
A switch from adenine to guanine at position +2935 changes the codon from AGG to GGG (2935A>G,
Arg979Gly), with the remaining three point nucleotide differences silent (3483G>A, 5172G>C,
5373T>C). Underlined segments were present in some RT-PCR amplicons and absent in others.
Arrowheads (< >) bracket exons involved in deletions. c.[del266_473] removes exons 2 and 3:
c.[del2012_2044] removes the 5΄ end of exon 11. Two variants were cloned at the third deletion site.
c.[4004_4258] removes almost the entire exon 21 with the exception of the first and the 26 most
3ʹnucleotides (black underlined): c.[del4003_4284] removes the complete exon 21 (both black & red
underlined).

83

Point Nucleotide
Differences from
the NCBI Reference
Sequence
1. c.2935A>G, Arg979Gly

NCBI
Reference
Sequence

Previously
Published?

Acc #
NM_030875.1,
rat brain

Predicting
Impact on
Channel
Function

Smith & Goldin, 1998 Radical Amino
--rat brain
Acid Switch
Conserved
Sequence
Segment

2. c.3483G>A

Acc #
NM_030875.1,
rat brain

Novel

Silent

3. c.5172G>C

Acc #
NM_030875.1,
rat brain

Novel

Silent

4. c.5373T>C

Acc #
NM_030875.1,
rat brain

Novel

Silent

Table 2: The NaV1.1 Nucleotide Sequences in Rat Right Ventricle
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Deletion Variant

1. c.[del266_473]

NCBI
Reference
Sequence

Previously
Published?

Acc #
Novel
NM_030875.1,
rat brain

Predicting
Impact on
Channel
Function
Conserved Sequence
Segment
Introduces a
Frameshift

2. c.[del2012_2044]

Acc #
Noda et al, 1986a
NM_030875.1, --rat brain;
rat brain
Schaller et al, 1992
--rat whole heart;
Lossin et al, 2002
--human brain

Not a Conserved
Sequence Segment

3. c.[del4004_4258]

Acc #
Novel
NM_030875.1,
rat brain

Conserved Sequence
Segment

4. c.[del4003_4284]

Acc #
Blechschmidt et al,
Conserved Sequence
NM_030875.1, 2008
Segment
rat brain
—whole heart rat,
mouse, human or pig

Table 3: NaV1.1 Deletion Variants in Rat Right Ventricle
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systems has achieved some success with encouraging bacteria to retain plasmid inserts with tandem and
inverted repeats capable of forming secondary structures (Ishiura et al, 1989; Hanahan et al, 1991). As
well, at least one group working with VGSC focused their efforts on identifying and modifying these
types of repeat sequences in their cloning inserts (personal communication with F. Steiner, Genionics,
Switzerland). Figure 17 provides an example of our results that would be consistent with the ability of
NaV1.1 transcript to produce secondary structures. PCR of a small segment of rat genomic DNA and RTPCR of the corresponding segment of rat brain mRNA, produced a band at the expected size along with
two or three additional bands with reduced migration on the gel. Addition of betaine sold for the purpose
of reducing secondary structures in DNA (Rees et al, 1993), reduced these multiple bands to a single band
at the expected size. The genomic and brain mRNA amplified sequences share a 618 bp sequence, and
therefore this transcript segment may contain sequence capable of forming secondary structures.

4.3 The NaV1.1 Sequence in Rat Heart
Two groups have previously published the full-length NaV1.1 sequence, with both reports from
rat brain (Noda et al, 1986a, Acc #NM_030875.1; Smith & Goldin, 1998). Overlapping clones from
cDNA libraries that were sequenced by Noda et al (1986a), would translate into more than 50 % of the
NaV1.1 coding sequence being sequenced two or three times (see Noda et al, 1986b). On the other hand,
Smith & Goldin (1998) PCR amplified and directly sequenced the full-length coding region in two
overlapping cDNA fragments. Smith & Goldin (1998) report finding 11 nucleotide point variants in
comparison with the sequence of Noda et al (1986a), however they only provide details of the impact of
these differences on the amino acid sequence. No mention is made of any efforts to distinguish true
nucleotide variants from PCR (e.g. Lundberg et al, 1991) or cloning copy error.
The NaV1.1 amino acid sequence obtained in the present work from rat heart agreed with the
amino acid at position 979 contained within one (Smith & Goldin, 1998) but not the other (Noda et al,
1986a) previously reported sequences from rat brain (Table 4). Glycine as opposed to arginine was
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Species
(Strain)

Sequence

Amino Acid
(Codon)

Rat (Wistar)

Brain mRNA (Noda et al, 1986a)

Arginine (AGG)

Rat (not reported)

Brain mRNA (Smith & Goldin, 1998)

Glycine (not reported)

Rat (Sprague Dawley)

Heart mRNA

Glycine (GGG)

Rat (Sprague Dawley)

Brain mRNA

Glycine (GGG)

Rat (Sprague Dawley)

Genomic DNA

Glycine (GGG)

Human

Genomic DNA

Glycine (GGG)

(Fujiwara et al, 2003)

Epilepsy Patient

Genomic DNA

Arginine (AGA)

(Fujiwara et al, 2003)

Table 4: The Codon at Amino Acid Position 979 of the NaV1.1 Sequence
Present findings from rat cardiomyocyte isolations, brain, and genomic DNA (black box), as compared
with the previously published sequences from rat brain (top), human genomic DNA (bottom), and
genomic DNA of a patient with a severe form of epilepsy (bottom).
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confirmed through sequencing of an additional clone from a separate RT-PCR. Additional support for
glycine at this position was obtained with a BLAST search that showed two GenBank EST aligning with
this section of the NaV1.1 sequence. Both had 86% identity to the NaV1.1 sequence, suggesting that they
are from one or two other VGSC isoforms. Furthermore, the present work extends the initial report of
glycine as opposed to arginine at position 979 (Smith & Goldin, 1998), by showing this to be the
consensus sequence (i.e. direct sequencing) in both brain and genomic DNA (Table 4).
The ability of single amino acid switches to change the electrophysiology of VGSC is welldocumented, with much of what is known about the important functional components of these channels
coming from studies using experimental point mutations (e.g. Stuhmer et al, 1989). The likelihood that
this point difference translates into an important functional difference is increased by its radical nature
involving a change from large, charged arginine to small, uncharged glycine, along with its location
within an S6 transmembrane segment (DIIIS6) believed to line the inner pore of the channel (reviewed in
Catterall, 1995 & Fozzard & Hanck, 1996). An example from the literature provides support for this.
The majority of patients with severe forms of epilepsy (e.g. 30 of 35 patients in Fujiwara et al, 2003) have
a mutation in the NaV1.1 gene, and the only NaV1.1 mutation in 39% of patients (total of 102 patients
studied) with the most severe form of epilepsy is a missense or point mutation (reviewed in Mulley et al,
2005). In fact, the human genomic NaV1.1 sequence has glycine at amino acid position 979 (Escayg,
2000, GenBank P35498, Table 4). Arginine as opposed to glycine at this position (G979R) was reported
as the only NaV1.1 mutation in a patient with one of the more severe forms of epilepsy (Fujiwara et al,
2003, Table 4).
As well, the point has been made in the literature that “silent” nucleotide changes may play important
roles in directing alternative splicing (Woolfe et al, 2010). We report three silent point nucleotide
differences from the Noda et al (1986a) sequence within the NaV1.1 coding sequence (Figure 27). Our
sequence results at these three locations were confirmed in at least one additional RT-PCR experiment,
and were present in any additional sequencing results.
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In addition, Noda et al (1986a) provide a list of three positions in the NaV1.1 sequence (+1441,
+1780, & +2467) where the nucleotide appears to “flip flop” between two nucleotides across transcripts.
They also suggest that a link may exist between these variations and the presence or absence of the 33 bp
deletion in the first intracellular loop (c.[del2012_2044]). Alignment of multiple sequencing results for a
segment of transcript that includes a deletion site, can be used to search for this phenomenon. Our limited
look at roughly 600 bp surrounding c.[del266_473], found a novel nucleotide position that appears to
“flip flop” between two bases and that may be predictive for the presence or absence of this novel
deletion (Figure 25). Later sections of this chapter consider the possibility that this phenomenon
represents RNA editing, suggest that c.[del266_473] would devastate channel function, and present a case
for this and other features of NaV1.1 to be part of evolved systems for tight control of VGSC gene
expression.

4.4 Emerging Evidence of Extensive Alternative Splicing of Voltage-Gated Sodium
Channels
4.4.1 Alternative Splicing of Voltage-Gated Sodium Channels
The number and the prevalence of VGSC alternative splice variants (eg. Raymond et al, 2004),
underscore the fact that alternative splicing is a fundamental part of the expression of these channels.
Moreover, a recent review of all documented mammalian NaV1.5 splice variants (Schroeter et al, 2010)
reports that 3 of 8 alternative splicing sites produce variants that do not produce functional channels in
heterologous expression systems.
Four of 5 functional NaV1.5 splice variants involve small (3 bp) or larger (53 or 120 bp) deletions
within the less conserved DII/III linker (Gersdorff et al, 2001; Zimmer et al, 2002a: Ou et al, 2005;
Camacho et al, 2006; Blechschmidt et al, 2008), and all produce altered gating in at least one
heterologous expression system (Zimmer et al, 2002a; Makeilski et al, 2003; Comacho et al, 2006; Kerr et
al, 2007). As well NaV1.5, along with the neuronal isoforms NaV1.1, NaV1.2, NaV1.3, NaV1.6 and NaV1.7
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(Sarao et al, 1991; Gustafson et al, 1993; Copley, 2004; Diss et al, 2004), have a developmentallyregulated splice site that incorporates one of two mutually exclusive exons. The alternate exons cover the
extracellular tip of DIS3, the S3/S4 extracellular linker and the majority of the highly conserved DIS4, but
differ by only 1 to 7 amino acids depending on the VGSC isoform. Functional differences have been
demonstrated in a heterologous expression system between the two versions of NaV1.2 (Xu et al, 2007)
and between the two versions of NaV1.5 (Onkal et al, 2008).
In comparison, NaV1.5 splice variants that do not produce functional channels in heterologous
expression systems involve deletions within highly conserved channel components. One variant involves
the loss of almost half of a transmembrane segment thought to line the inner channel pore (DIIS6), along
with three quarters of the less conserved DII/III loop (Zimmer et al, 2002a). Another nonfunctional
variant involves the loss of 54 bp of the pore loop (Schroeter et al, 2010). The final example consists of a
splice site that produces three truncated (i.e. loss of >1000 bp) splice forms, with the truncation beginning
in DIVS3 or S4 (Shang et al, 2007).
Furthermore, three groups have documented neuronal VGSC splice variants that introduce a
premature stop codon in the first intracellular loop, roughly in the middle of the transcript, or just past the
middle of the transcript. These variants involve an extension of an exon (Schaller et al, 1992—NaV1.3),
an addition of one or more exons (Kerr et al, 2008—NaV1.2 & NaV1.3 & NaV1.7), or a set of two
mutually exclusive alternative exons (Plummer et al, 1997—NaV1.6). Involved sequences are believed to
play an important functional role as they are conserved across mammalian, bird and fish genomes
(Plummer et al, 1997; Kerr et al, 2008), and expression of these sequences is regulated showing both
developmental and tissue-specific expression patterns (Plummer et al, 1997).
Prior to the beginning of the present study, only two alternative splice sites had been reported for
NaV1.1. The first is the location of the 33 bp deletion c.[del2012_2044] that was found in the present
study and has been labelled NaV1.1a (Noda et al, 1986a—rat brain; Schaller et al, 1992—rat brain &
heart; Lossin et al, 2002—human brain). A version of this deletion with 84 bp missing has also been
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reported (Lossin et al, 2002—human brain). Schaller et al (1992) used RNase protection assays to
demonstrate a 9.5 fold higher concentration of NaV1.1a over NaV1.1 in rat brain. While they do not show
the whole heart and skeletal muscle data, they report that NaV1.1a is roughly 3 fold more abundant than
the full-length version of this section of the channel in these tissues. Both Schaller et al (1992) and
Lossin et al (2002) conclude from examination of the intron exon structure and of splice site consensus
sequences in this region, that these splicing events involve selection of alternate 5΄splice donor sites
within the intron. Limited evidence suggests that NaV1.1a produces a functional channel (Noda et al,
1987).
As well, both versions of the mutually exclusive exons involving DIS3, DIS4 and their
extracellular loop as described above and with a total of 3 amino acid differences in NaV1.1, have been
reported from adult human brain (reviewed in Gazina et al, 2010). However the mouse gene only
contains the exon that is more highly expressed in adulthood (Gazina et al, 2010), we report this exon in
both clones from separate RT-PCR experiments in adult rat heart.

4.4.2 NaV1.1 Alternative Splicing in Rat Heart
The level of coincidence between splice sites and the deleted sections in the present study,
suggests that the deletions are the result of alternative splicing events in rat heart. The deletions at the
first and the third deletion sites describe two forms of alternative splicing, exon skipping and the use of an
alternate 3΄ splice acceptor site within the neighbouring exon (Figure 28). Exon skipping is the most
common form of alternative splicing (Miriami et al, 2003; Sugnet et al, 2004; Schroeter et al, 2010).
c.[del266_473] removes both exon 2 and exon 3; whereas c.[del4003_4284] removes exon 21. The novel
deletion variant c.[del4004_4258] describes the use of an alternate 3΄ splice acceptor site within exon 21.
The intronic splice site consensus sequences (Burset et al, 2000), GT or GC at the 5΄splice donor
site and AG at the 3΄ splice acceptor site, are present in all introns surrounding the exons shown in Figure
28 with one exception. The consensus sequence AG is not found in the 3΄ end of the intron between
exons 2 and 3. Of note the 5΄ end of this intron has the GC consensus splice donor site sequence as
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First Deletion Site
Exon Skipping

Exon 1

Exon 2

Exon 3

Exon 4

Third Deletion Site
Variant 1—Alternate 3΄ Acceptor Splice Site

Exon 20

Exon 21

Exon 22

Variant 2—Exon Skipping

Exon 20

Exon 21

Exon 22

Figure 28: Schematic Diagram of the Exonic/Intronic Structure of Rat NaV1.1 at Alternative Splice
Sites
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opposed to the canonical GT found in the remaining intronic splice donor sites in these sections of the
NaV1.1 gene. The splicing mechanisms involved in removal of multiple exons such as the removal of
both exon 2 and 3 with c.[del266_473], are unknown (Desmet & Beroud, 2012). However, removal of
both exons allows use of the canonical GT splice donor site at the 5΄ end of the intron between exons 1
and 2, along with the canonical AG splice acceptor site at the 3΄ end of the intron between exons 3 and 4.
We cannot rule out the possibility that our deletion variants are artifacts of the RT-PCR process.
A wide range of experimental approaches have been used to support the existence of this phenomenon
(Pallansch et al, 1990; Cariello et al, 1991; Cocquet et al, 2006), with perhaps the strongest evidence from
Cariello et al (1991). This could occur if the reverse transcriptase or the polymerase skipped a section of
the template in the copying process through intramolecular template switching (see Cocquet et al, 2006).
Factors thought to promote this are direct repeat sequences (i.e. homology-dependent process—reviewed
in Cocquet et al, 2006), secondary structures (Pallansch et al, 1990; Cariello et al, 1991; Henke et al,
1997; Cocquet et al, 2006), and either a reverse transcriptase (Superscript II, Cocquet et al, 2006) or a
polymerase (Taq, Cariello et al, 1991) with low processivity.
However, limited data from Cocquet et al (2006) suggests that published canonical splice sites
(i.e. intronic splice sites GT and AG) are not deletion artifacts, and that only rarely (~1%) can published
noncanonical splice sites be explained as deletion artifacts. Splice sites were selected from a splice site
database based on the presence of > 8 nucleotide direct repeats surrounding the deleted sections, and
tested through repeat RT with a highly processive enzyme (Thermoscript). Examination of the deleted
sequence for one gene positive for a deletion artifact suggested a possible stem loop structure capable of
bringing the direct repeat sequences closer together, and cDNA with the deletion had only one copy of the
repeat sequence. Similarly, Miriami et al (2003) examined examples of exon skipping from another
alternative splicing database and report complementary sequence motifs in the surrounding introns that
would be predicted to form a stem loop. The exon to be removed is at the head of the structure and the
two surrounding exons are drawn together. The presence of canonical splice sites sequences was
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confirmed for all examples. Again the suggestion is that reports of exons skipping represent true
alternative splicing events: literature is reviewed showing alternate function within the cell of the
abbreviated variant for three of the examined genes.
Work by Henke et al (1997) provides evidence that deletion artifacts are also produced in PCR by
secondary structures in cDNA template. They examine the effect of the addition of betaine to the PCR on
the relative strength of bands representing full-length amplicons and their shorter splice variant (alternate
splice donor site within an exon). Betaine works to improve the amplification of GC-rich template and
template with secondary structures by reducing the DNA melting temperatures (Rees et al, 1993). The
idea that sites of true alternative splicing events may also be prone to deletion artifacts through
intramolecular template switching around a secondary structure, is demonstrated when this work is
considered along with a report of RNase protection assay data suggesting that the same abbreviated
sequence is also a product of true alternative splicing (Su et al, 1995).
Alternatively and as discussed above, large deletions found in unstable inserts such as NaV1.1
transcript may be an artifact of the cloning process caused by the bacterial recombination and repairs
systems. In the present work, one clone with c.[del4003_4284] that removes the entire exon 21 also
showed evidence of multiple recombination events.
The case for alternative splicing is more difficult to argue for c.[del4004_4258] which describes
the use of an alternate splice acceptor site within exon 21. Use of alternate 5´ or 3´ splice sites within
exons normally removes only a small portion of the exon (Sugnet et al, 2004), whereas this deletion
variant removes all of exon 21 with the exception of the first and the 26 most 3´nucleotides. As well, the
consensus intronic splice acceptor site sequence AG is not found within the exon to support an alternate
splice acceptor site at position +4257 to +4258. Perhaps the strongest argument that c.[del4004_4258]
describes a splicing event is the fact that both the present work and another group (Blechschmidt et al,
2008) sequenced NaV1.1 from the heart with loss of the entire exon 21 (c.[del4003_4284]). This variant
involves the common alternative splicing form of exon skipping with little existing evidence for loss of
94

complete exons as the result of RT or PCR artifact. Of note, Blechscmidt et al (2008) show RT-PCR
bands from human, pig, rat and mouse whole heart that suggest a single deletion variant at this deletion
site. On close inspection the band sizes shown more closely match the size for our novel variant
c[del4004_4258] (114 bp) than for c.[del4003_4284] (87 bp).

4.5 NaV1.1 Transcript does not Appear to Exist in Rat Right Ventricle in a Form that
Would Code for Functional Channel
4.5.1 Sequence Results from Overlapping Segments Posed a New Question: Does NaV1.1 Transcript
that Codes for Functional Channel Exist in Rat Right Ventricle?
When transcripts are cloned and sequenced in overlapping segments as in the present
study, we are in effect working with tunnel vision. Using this approach we found three deletion sites in
the NaV1.1 transcript (Noda et al, 1986a; Smith & Goldin, 1998) in rat right ventricle. Deletions at each
of these three sites exist is some but not all NaV1.1 transcript in this tissue. These results, therefore, do
not confirm any full-length version of NaV1.1 transcript.
Describing full-length NaV1.1 transcript in the heart becomes more critical given that the
existence of any one of the three deletions found across the first and the third deletion sites
(c.[del266_473]; c.[del4004_4258]; c.[del4003_4284]), would be expected to be devastating to channel
function (Figure 29). The novel c.[del266_473] in Domain I of the channel involves a frameshift that
would be predicted to scramble the coding sequence of almost the entire channel. The presence of either
c.[del4004_4258] or c.[del4003_4284] at the third deletion site in Domain III of the channel, involves loss
of the entire S5 transmembrane segment thought to line the inner channel pore, along with the initial 57 or
63 % of the highly conserved pore loop thought to make up the channel’s outer pore region (Heinemann
et al, 1992; Catterall et al, 2005). Loss of a small section (~15% of pore loop) roughly central within the
3΄ half of the NaV1.5 DIII pore loop (see Schroeter et al, 2010), results in NaV1.5 channels that do not
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Figure 29: Segments of the NaV1.1 Channel Lost with Deletions at the First and Third Deletion
Sites
A The orientation of the predicted 4 domain, 24 transmembrane segment, voltage-gated sodium channels
within the cell membrane (modified from Goldin, 2002).
B c.[del266_473] removes approximately one third of the amino terminal, the entire S1, the entire S1/S2
extracellular loop, and roughly 5% of S2 in Domain I. c.[del4004_4258] and c.[del4003_4284] remove
approximately three quarters of the S4/S5 intracellular loop, the entire S5, and 57% or 63%, of the pore
loop in Domain III. The orientation of the remaining transmembrane segments and the location of the
termini with respect to the cell membrane, is unknown for channels with any of these three deletions.
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produce current in an expression system (Wang et al, 2009). Additionally, the loss of a complete
transmembrane segment with any of c.[del266_473], c.[del4004_4258], or c.[del4003_4284] would be
expected to reverse the orientation of downstream transmembrane segments within the cell membrane
(Plummer et al, 1997), making the channel nonfunctional. The loss of exon 21 (c.[del4003_4284]) is
reported as the sole NaV1.1 mutation in a patient with the severe myoclonic infantile epilepsy syndrome
(Mulley et al, 2006). Roughly half of this patient group has NaV1.1 mutations that are missing large
sections of the channel, suggesting that this condition reflects loss or major disruption of NaV1.1 function
(Mulley et al, 2005).
The novel c.[del266_473] introduces a frameshift, beginning early in the coding sequence (nt
+266). Figure 30 suggests that the correct reading frame and amino acid sequence for the majority of the
channel (Noda et al, 1984 & 1986a), cannot be preserved by the use of an alternate start codon. The only
ATG that could achieve this in either the published 251 bp 5΄ UTR or in the 265 bp section between the
published ATG and c.[del266_473], would be met almost immediately by the first of a series of stop
codons. Work by others (Martin et al, 2007—human and mouse brain NaV1.1) and our preliminary
results (rat right ventricle), show differences in the 5΄ UTR across NaV1.1 transcripts within a tissue.
However, any alternate ATG provided by a different 5΄ UTR that would allow translation of the correct
amino acid sequence after c.[del266_473] would be expected to meet one of the seven stop codons that
are spread throughout the 265 bp section of the coding sequence that precedes this deletion. The
published coding sequence is supported by amino acid sequencing of the eel Electrophorus channel
(Noda et al, 1984).
In fact, Figure 31 shows that use of an alternate reading frame will not produce NaV1.1 transcript
with c.[del266_473] that does not contains a premature stop codon. Use of the reading frame dictated by
the published start codon, will result in a stop codon just before the middle of the coding sequence in all
transcript with this deletion. The third reading frame contains a number of start codons both in the
published 5΄ UTR and in the portion of the amino terminal before c.[del266_473]. Considering that an
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TACTGCAGAGGTCTCTGGTGCATGTGTATGTGTGTGCGTGTGTTTGTGTACGTATGTTCTGCCCCTGTCAGG
CTGCAGCCCTTGTGAAACACTTGGTCACCTTTTGCAAGAAGGAATCTCTGAATCGTTGCAACTGAAGGTGCG
GACTCGGCTCGGGAGATGTTGTTCCTTACTGCAGATTAGATAATTTTCCTTTTTATCAGGAATCTCACATGAA
GAGTAAAGAGTAATTAAAATGTGCAGGATGACAAGATGGAGCAAACAGTGCTTGTACCACCAGGACCTGAC
AGCTTCAACTTCTTCACCAGAGAATCTCTTGCAGCTATTGAAAGGCGCATTGCAGAAGAAAAAGCTAAGAAT
CCCAAGCCAGACAAAAAAGATGATGATGAAAATGGCCCAAAGCCGAACAGTGACTTGGAAGCTGGGAAGAA
CCTTCCATTTATCTATGGAGACATTCCTCCAGAGATGGTGTCGGGCCTCTGGAGGACCTGGACCCCTACTAT
ATCAATAAGAAAACTTTTATAGTATTGAATAAAGGGAAGGCCATCTTCCGGTTCAGTGCCACTTCTGCCCTGT
ACATTTTAACTCCCTTCAATCCTCTTAGGAAAATAGCTATTAAGATTTTGGTACACTCATTATTCAGCATGTTA
ATTATGTGCACTATTTTGACGAACTGTGTATTTATGACAATGAGTAACCCTCCTGACTGGACAAAGAATGTAG
AGTACACCTTCACAGGAATATATACCTTTGAATCACTAATAAAAATTATTGCAAGGGGCTTCTGTTTAGAAGA
TTTTACTTTCCTTCGTGACCCATGGAACTGGCTGGACTTCACTGTCATTA

Published ATG
Section Removed by c.[del266_473]
Only ATG that Would Result in Use of Correct Reading
Frame After c.[del266_473]
Stop Codons with Use of Alternate ATG
Figure 30: The Start and Stop Codon Makeup of the NaV1.1 5΄ UTR and Coding Sequence
Upstream of c.[del266_473]
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Published Reading Frame
Published ATG

Novel c.[del266_473] 208 bp
Deletion with Frameshift

TGA at +2627 of
a 6027 bp
Published
Coding
Sequence
(not shown)

Third Reading Frame
Start Codons in Third Reading Frame
Stop Codons in Third Reading Frame

TACTGCAGAGGTCTCTGGTGCATGTGTATGTGTGTGCGTGTGTTTGTGTACGTATGTTCTGCCCCTGTCAGG
CTGCAGCCCTTGTGAAACACTTGGTCACCTTTTGCAAGAAGGAATCTCTGAATCGTTGCAACTGAAGGTGCG
GACTCGGCTCGGGAGATGTTGTTCCTTACTGCAGATAGATAATTTTCCTTTTTATCAGGAATCTCACATGAAG
AGTAAAGAGTAATTAAAATGTGCAGGATGACAAGATGGAGCAAACAGTGCTTGTACCACCAGGACCTGACAG
CTTCAACTTCTTCACCAGAGAATCTCTTGCAGCTATTGAAAGGCGCATTGCAGAAGAAAAAGCTAAGAATCCC
AAGCCAGACAAAAAAGATGATGATGAAAATGGCCCAAAGCCGAACAGTGACTTGGAAGCTGGGAAGAACCTT
CCATTTATCTATGGAGACATTCCTCCAGAGATGGTGTCGGAGCCTCTGGAGGACCTGGACCCCTACTATATC
AATAAGAAAACTTTTATAGTATTGAATAAAGGGAAGGCCATCTTCCGGTTCAGTGCCACTTCTGCCCTGTACA
TTTTAACTCCCTTCAATCCTCTTAGGAAAATAGCTATTAAGATTTTGGTACACTCATTATTCAGCATGTTAATTA
TGTGCACTATTTTGACGAACTGTGTATTTATGACAATGAGTAACCCTCCTGACTGGACAAAGAATGTAGAGTA
CACCTTCACAGGAATATATACCTTTGA

Figure 31: Premature Stop Codons in The Two Remaining Reading Frames of Transcript with
c.[del266_473]
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alternate 5΄ UTR could be used and depending on the choice of start codon, this reading frame will
contain a premature stop codon upstream of the published amino terminal or just after c.[del266_473].
The author would argue, then that it is unlikely that transcript with a deletion at either or both of
the first and third deletion sites has the potential to be translated into functional channel. A “functional
channel” would be capable of passing electrical current across a membrane. The present study does not
rule this out. The impact of changes to ion channel transcript is examined through expression in a
heterologous expression system, and electrophysiological testing. This has not been done for any of the
three deletion variants across the first and the third deletion sites. MacArthur et al (2012) refer to gene
variants predicted to have a serious impact on protein function, as “loss-of-function” variants. Some, but
not all of these variants, are predicted to lead to a complete loss of the protein function. In this thesis the
term nonfunctional transcript is used to refer to transcript with any one or more of c.[del266_473],
c.[del4004_4258] or c.[del4003_4284].

4.5.2 An Alternative Approach to Describing Full-Length NaV1.1 Transcript in Rat Heart
We were unable to clone either the full-length NaV1.1 transcript (~6 kb) or the minimal fragment that
includes both the first and the third deletion sites (~4.3 kb). Three bands were produced when we RTPCR amplified the minimal fragment spanning both of these deletion sites (~4.1 to ~4.6 kb, Figure 18),
and we capitalized on this in order to learn about the make-up of individual full-length NaV1.1 transcripts.
We achieved strong separation of the three ~4.3 kb bands and cut them individually from the gel.
Attempts were made to PCR reamplify the sections of these bands around the first and then around the
third deletion site. When successful, the resulting PCR amplicons were cloned and sequenced. The
results from these experiments confirmed the presence of NaV1.1 transcript with a deletion at both the
first and the third deletion site in rat heart, and when considered with the relative strength of bands
representing transcript with and without a deletion at these two sites produced both from the cytoplasm of
single ventricular myocytes and from cell (ventricular myocyte) isolations, they provide strong data to
suggest that only nonfunctional variants of NaV1.1 exist in rat heart.
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Because deletions at the first and the third deletion site were roughly the same size, the possibility
exists for two NaV1.1 transcript versions, each with a deletion at the first or the third deletion site, to be
represented by a single ~ 4.3 kb band. Our approach to these experiments, therefore, was to be persistent
in attempts to clone and sequence any possible PCR band produced by the reamplifications. We were
successful in cloning sequences that matched the size of all PCR reamplification bands with one
exception. Figure 32 shows representative PCR bands resulting from reamplification of the largest of the
three ~ 4.3 kb bands around the c.[del266_473] site. We cannot explain our finding that lanes had either
the large or the small expected size band, but not both. Overexposure of this gel produced a possible
band at ~ 590 bp (expected sizes 675 & 883 bp) below the weeping band at the expected size for sequence
without c.[del266_473]. We screened 40 colonies from the combined product of this set of PCR, and all
inserts were correct for NaV1.1 sequence with or without c.[del266_473]. The faint band was either a
very low abundant variant of unexpected size, or was artifact associated with streaking of the large
amount of expected size DNA.
A summary of the sequenced reamplification bands from each of the ~4.3 kb bands is provided in
Figure 32. The strength of the evidence for all NaV1.1 having at least one devastating deletion, comes
from the fact that we were able to PCR reamplify the mid-sized band around both the first and the third
deletion sites. Eight PCR produced strong or sharply defined bands matching the expected size for
transcript containing c.[del266_473] in otherwise clean lanes. Four PCR produced strong or sharply
defined bands matching the expected size for transcript containing either c.[del4004_4258] or
c.[del4003_4284] in otherwise clean lanes. Four additional PCR produced very faint bands matching the
expected size for transcript with c.[del266_473], and one additional PCR produced a faint band matching
the expected size for transcript with either c.[del4004_4258] or c.[del4003_4284]. Overexposure of gels
on the UV reader did not show any additional bands, and cloning and sequencing provided the expected
results.
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Figure 32: Summary of Results: Reamplification of the ~4.3 kb NaV1.1 Bands Around the First
and the Third Deletion Sites
RT-PCR of the minimal NaV1.1 section spanning the first and the third deletion sites (~4.3 kb) produced
three bands that were maximally separated and cut individually from the gel. Nested (first deletion site) or
hemi-nested (third deletion site) PCR were then used in attempts to reamplify each of these three bands
around these deletion sites.
Both PCR amplicons with and without c.[del266_473] were sequenced from the largest ~4.3 kb band.
We cannot rule out contamination from the nearby mid-sized ~4.3 kb band as an explanation for the
reamplification band cloned and sequenced to show the presence of c.[del266_473] (?). The mid-sized
~4.3 kb band is NaV1.1 transcript with a deletion at both the first and the third deletion sites. The faint
bar representing transcript without c.[del266_473] reamplified from the smallest ~4.3 kb band, represents
a relatively weak showing across 14 successful PCR.
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If the mid-sized ~4.3 kb band represents two versions of the transcript, each with a deletion at one of
these two deletion sites, then the PCR were unable to amplify the sections with no deletion at not one but
at both deletion sites. Moreover, we would have to accept that our PCR selectively amplified one section
but not the other of the same transcripts. The author concludes that the mid-sized band in Figure 32
represents the version of NaV1.1 transcript with a deletion at both the first and the third deletion sites.
We were unable to reamplify the smallest and largest ~4.3 kb bands around the third deletion site.
The ~4.3 bp PCR amplicons did not allow for design of two reverse primers around the third deletion site,
and this may have played a role. That bands both with and without c.[del266_473] are amplified, cloned
and sequenced from the largest ~4.3 kb band, suggests that this band is composed of two versions of the
transcript, each with one deletion across the two deletion sites. Contamination from the neighbouring
mid-sized band cannot be ruled out as an explanation for the version of the transcript with c.[del266_473].
However, careful analysis of the log ladder in Figure 32 suggests that the largest ~4.3 kb band is 250 to
350 bp larger than the mid-sized band with deletions at both sites. When we consider the other 33 bp
deletion (c.[del2012_2044] that can be in or out of any transcript, this size separation better fits our
expectation of 175 to 284 bp if template in the largest ~4.3 kb band has one deletion across the first and
third deletion sites, than it does with our expectation of 430 to 496 if the largest band represents
functional template with no deletion at either of these sites.
Results for the smallest ~4.3 kb band that is roughly 100 bp smaller than the mid-sized band that we
showed has a deletion at both sites, are not easily explained. Moreover, there is some evidence for a lowabundant version of the transcript within this smallest band that is without c.[del266_473]. We
considered that our forward primers located within the 5΄ UTR could have amplified different versions of
this NaV1.1 untranslated region, however, alignments of reamplification band sequences showed that the
5΄ UTR sections of these PCR amplicons are identical. We suggest that there is only one possible
explanations for an ~4.3 kb band that is smaller than the mid-sized band that we know has a deletion at
both the first and the third deletion sites. There may be an additional deletion or alternatively spliced site
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encoded by the smallest ~ 4.3 kb band beyond the section that we sequenced. This would locate the
potential sites for addition transcript variation within nucleotide positions +854 to +4308 of the coding
sequence. The estimated size of any additional novel deletion would be 100 bp if the small band exists in
two versions, each with a deletion at either the first or the third deletion sites, as suggested by our data.
As well on one occasion we obtained a RT-PCR band for full-length (i.e. 5871 to 6367 bp depending
on the number of deletions) template that was strong enough to run out on a gel (Figure 18). The author
suggests that the result does not support RT-PCR amplicons of the minimal 6334 bp band size (6367 if no
33 bp deletion) for functional NaV1.1 transcript, but appears to show two bands, one at or just below the 6
kb mark and the other not larger than 6.2 kb.
4.5.3 Evidence Supporting the Conclusion that Transcript Represented by The Largest ~4.3 kb
Band Does Not Code For Functional NaV1.1
Conclusions made regarding the makeup of the three ~4.3 kb bands are supported by two other data
sets. The original set of cloning and sequencing experiments of the entire NaV1.1 coding sequence in
overlapping segments from ventricular myocyte cell isolations, first with TA and then with digestion
cloning, provided a number of gels showing the relative predominance of bands matching the expected
size for transcript with and without deletions at the first and the third deletion sites. Sequencing
confirmed that the bands from these experiments represent versions of NaV1.1 with and without these
deletions. As well nested or hemi-nested PCR were completed around these two deletion sites, both
against cDNA from cardiomyocyte cell isolations and against cDNA produced from the cytoplasm of
single rat right ventricular myocytes. All of these PCR produced bands at one or at both of the expected
sizes. Bands were not cloned and sequenced. However, the nested/hemi-nested primer pairs used for
these experiments in effect select transcript twice and are, therefore, both more sensitive and more
specific.
All PCR in the TA and digestion cloning experiments used 32 amplification cycles, and visual
inspection was the only method used to compare the end-point band strengths across the deletion variants
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in all experiments in this thesis. While the primers used to amplify the different deletion variants are the
same, no measures were made of the relative efficiency of amplification (i.e. the rate of accumulation of
full-length product) of the different deletion variants. As well, multiple factors are believed to play a role
in the slowing and then plateau phase of PCR product accumulation and evidence suggests that nonspecific binding of the polymerase to the increasing level of product plays a role (Morrison & Gannon,
1994; Kainz, 2000). The possibility that any of these factors may have a larger effect on the production
of select splice variants cannot be ruled out.

McCulloch et al (1995) demonstrated that reducing the size of a PCR template such as with our
deletions, has the potential to increase the efficiency of the reaction. Furthermore, the level of this effect
increased with increasing absolute size of the PCR amplicons. Data presented by this group would
translate into between a 10 and 30 percent increase in PCR efficiency for our variants with one of the
large (>200 bp) deletions. Data supporting this conclusion is reported by one group (Arezi et al, 2003);
whereas another group reports no effect of these types of differences in product length (Blechschmidt et
al, 2008). The impact of changes in product size on PCR efficiency would be expected to change across
studies that all use different PCR conditions. In particular this can be influenced by the efficiency or
processivity of the polymerase that was used (Arezi et al, 2003).

On the other hand, smaller PCR amplicons produce less fluorescence on an ethidium bromide gel.
Molar equivalents were calculated for all PCR amplicons and considered in examination of the gels with
multiple bands. However, given the non-quantitative nature of these experiments, data is discussed only
in terms of gross differences in the strength of bands representing NaV1.1 deletion variants.

Deletion variants reported in the present work, may also differ in their ability to produce
secondary structures and the sequence removed from the smaller variants may have additional specific
characteristics that change the overall efficiency of transcript copying. Mytelka & Chamberlin (1996)
demonstrate the effect of template sequence on the strength of PCR bands. As well, literature reviewed
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above suggesting the ability of secondary structures to produce deletion artifacts also show that the yield
of PCR amplicons both with and without the deletion increases with experimental manipulations that
reduce the artifacts (Cariello et al, 1991; Henke et al, 1997; Cocquet et al, 2006).
As a whole, the single cell data supports the ubiquitous nature of the splicing events at these two
deletion sites in rat right ventricle. With the exception of one cell, RT-PCR bands representing transcript
with c.[del266_473] are predominant, or are the only bands produced (total number of cells =11). While
the RT-PCR around the third deletion site were generally less successful and the limited data suggests
more variability across cells, overall this data again suggests that most NaV1.1 transcript has one of the
two deletions at this site (c.[del4004_4258] or c.[del4003_4284]). Furthermore, considering only those
cells where RT-PCR produced clear bands with amplification around both the first and the third deletion
sites (3 of 8), cells 6 and 7 show no evidence of the full-length version at either of the deletion sites while
the majority of transcript in cell 9 appears to have the a deletion at the first but not at the third deletion
site (for reference see Figures 11C & 12B).
The case for the majority of NaV1.1 transcript in rat heart also having c.[del4004_4258] or
c.[del4003_4284], is made more strongly by the RT-PCR bands that were produced from the ventricular
myocyte cell isolations. Bands from all 8 RT-PCR support the predominance of transcript with a deletion
at this site, with these bands appearing at least 4 fold stronger in 7 of 8 gels. Blechschmidt et al (2008)
concludes from quantitative RT-PCR, that just over 90% of NaV1.1 from rat whole heart has a deletion at
this site.
In contrast with the single cell results, however, the predominance of bands from ventricular myocyte
cell isolations suggest that transcript with c.[del266_473] is either as abundant or is less abundant than
transcript without this deletion. On the one hand, the data from the 11 single cells presents an almost
uniform message in terms of the predominance of transcript with c.[del266_473]: on the other hand,
measures of low-abundant transcript from single cells might be expected to be more variable and
therefore to provide a less accurate overall picture of NaV1.1 transcript in the rat right ventricle.
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The strength of the single cell data set comes from the fact that we can get an indication of the
predominant form of transcript at both the first and the third deletion site within the same cell. This form
of data, therefore, has the potential to provide insight into the makeup of different full-length versions of
NaV1.1 transcript in the heart. For example, cell number 9 shows a clear band at the expected size for the
version of the transcript that does not have c.[del4004_4258] or c.[del4003_4284], with no clear band
representing transcript with a deletion at this site (Figure 12B). This same template source (cell number
9) amplified around c.[del266_473] shows a more predominantr band representing transcript with the
deletion (Figure 11C), suggesting that the predominant form of transcript in cell number 9 has
c.[del266_473] but not c.[del4004_4258] or c.[del4003_4284]. We cannot draw conclusions from a
sampling of 3 cells with data from both the first and the third deletion sites. However, the relative
predominance of bands matching expected size for transcript with versus without a deletion at these sites
from ventricular myocyte cell isolations, supports the idea of NaV1.1 transcript with a deletion at one of
the two deletion sites. More specifically, the large number of gels examining these relationships suggest
that a significant portion of NaV1.1 transcript in the rat right ventricle must have either c.[del4004_4258]
or c.[del4003_4284] but not c.[del266_473].
This last point is particularly significant when considered along with the results of our reamplification
experiments described above. Our interpretation of these rested on our cloning and sequencing both
versions of the first deletion site from the large ~4.3 kb band, along with our clear demonstration that the
mid-sized ~4.3 kb band represents one version of transcript containing both c.[del266_473] and
c.[del4004_4258] or c.[del4003_4284]. This data suggests that the largest ~4.3 kb band represents two
different versions of the transcript, each with a deletion at one of the deletion sites. Furthermore, as our
reamplification results from the mid-sized ~4.3 kb band are conclusive, any suggestion that the largest
~4.3 kb band might represent functional (i.e. no deletion at either the first or the third deletion site)
channel would have to accept that there is no significant transcript within the cell with a deletion at one
but not the other of these deletion sites.
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One additional point needs to be made with regard to the relative strength of bands of the expected
size for transcript with and without c.[del266_473]. The author has argued that, irrespective of reading
frame, all transcript with c.[del266_473] will have a premature stop codon and this premature stop will be
located somewhere in the first half of the NaV1.1 coding sequence. Several lines of evidence reviewed in
a later section of this Discussion, suggest that transcript with premature stop codons is targeted for a
process called nonsense-mediated decay (NMD) after initial rounds of translation (Stoilov et al, 2004;
Chang et al, 2007; Barash et al, 2010). This would suggest that the strength of our RT-PCR bands at the
expected size for transcript with c.[del266_473] underestimates the frequency of this splicing event, and
that the relative band strengths at this deletion site are biased towards the makeup of transcript without
c.[del266_473].

4.6 Why Would a Cell Transcribe Message Not Destined to Be a Functional Protein?
Ong & Corces (2011) use the words complex, intricate and precise to describe the required
interactions between proteins and DNA sequences that control the transcription of eukaryotic genes. In
vitro experiments are used to identify the minimal set of elements or short gene sequences required for the
initiation of transcription. This core promoter includes the start codon and DNA elements normally
found within the 500 bp directly upstream of the start site. Transcription factors bind both sequence
elements in the DNA and the eukaryotic RNA polymerase. Furthermore, transcription may be
encouraged or silenced through interaction with DNA sequence elements distant from the core promoter.
The current state of knowledge is in the early stages of identifying these distant enhancer and silencer
elements and of developing an understanding of the mechanisms used by these elements to control what is
and is not expressed.
Control of transcription is not the only means available to the cell of regulating the amount of
functional protein. Transcribed message will need to move through a number of steps before translation
into protein. These include addition of a 5΄ cap and a 3΄ polyadenylated tail, splicing, and transport from
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the nucleus. As well, the amount of transcribed message present at any point in time in the cell can be
regulated through decay processes (Wu & Brewer, 2012). Each of these steps and processes provides
additional opportunities for isoform-specific and cell-specific regulation of the amount of functional
protein in a cell. Moreover, Morris et al (2010) argue that sites of regulation do not act individually. They
propose that control mechanisms acting at multiple levels of transcript processing act in a coordinated
fashion to set the spatial (cell-specific) and temporal (developmental) gene expression patterns.
Our results invite questions regarding the rationale for production of NaV1.1 mRNA that is unlikely to
translate into functional channels. There is a belief that cells do not retain processes over time if those
processes do not play a beneficial role (Dr. Paul Young, Queen’s University, personal communication).
However, a recent paper (MacArthur et al, 2012) makes the point that the rapid loss of gene variants from
a population, is dependent upon the variant threatening the animal’s survival or reproduction, i.e. negative
selection. This leaves two possibilities: expression of nonfunctional NaV1.1 transcripts in the heart is
leftover from another time and does not bring significant benefit or harm to the animal, or as MacArthur
et al (2012) argue, “loss-of-function” genes variants, including splice variants resulting in large deletions
and frameshifts, may serve an alternate and beneficial role in terms of survival or reproduction, and
therefore be positively selected for in the population. We argue from our data and its fit with emerging
areas of research, that the NaV1.1 alternative splicing events at the first and the third deletion sites are
likely a part of complex VGSC, and perhaps in particular NaV1.1, systems evolved for finely controlled,
cell and condition-specific control of expression.
4.6.1 Demonstrated Partnership Between Alternative Splicing and Nonsense-Mediated Decay
For a number of years alternative splicing events leading to modulated or alternate functions focused
attention on the ability of this process to increase protein diversity (Modrek & Lee, 2002). However, Lewis
et al (2003) make the point that early attempts to describe alternative splicing in different tissues ignored
splicing that would lead to the introduction of premature stop codons. These events were dismissed as
errors or the result of random mutation. Nonsense-mediated decay (NMD) eliminates transcripts with
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premature stop codons introduced > 50 nucleotides upstream of the final exon/exon border (Maquat, 2002).
The transcripts go through an initiating round of translation and are then targeted for degradation (Stoilov
et al, 2004; Chang et al, 2007). The general view was that this system prevented a toxic level of buildup of
otherwise nonfunctional protein (e.g. Gudikote & Wilkinson, 2002).
Lewis et al (2003) considered that the introduction of premature stop codons through alternative
splicing may serve a functional role, and point to reports in the literature of two genes whose expression
levels decrease with increases in the production of alternatively spliced transcripts containing premature
stop codons (reviewed in Lewis et al, 2003). Lewis et al (2003) went on to examine 3,127 RefSeq mRNA
sequences (i.e. 3,127 genes) that undergo alternative splicing, to test their hypothesis that the introduction
of premature stop codons through alternative splicing may be a common, and therefore likely a functionally
important, phenomenon. Canonical splice sites were determined by aligning human genomic sequences
with the published RefSeq sequence with the greatest number of exons. Expressed alternative splicing
variants were examined through alignment of EST database sequences with these RefSeq sequences. They
report that roughly one third of EST-suggested transcripts appear to contain a premature stop codon, and
that roughly three quarters of these transcripts fit the demonstrated criteria for transcripts targeted by NMD.
Furthermore, the point has been made that the short lifespan of targeted transcripts would be expected to
result in their underrepresentation in EST databases (Wollerton et al, 2004; Stamm et al, 2005).
This suggested partnership between alternative splicing and NMD is also found in NaV1.2, NaV1.3
and NaV1.6 (Plummer et al, 1997; Kerr et al, 2008). In these VGSC examples, the premature stop is
introduced through the extension of an exon, the addition of one or two exons, or the selection of a mutually
exclusive exon containing a premature stop. While the bulk of this work was performed in rodents, a search
for mutually exclusive exons in human VGSC genomic sequence suggests the use of these as a means for
the introduction of premature stop codons (Plummer et al, 1997). There are also multiple examples in the
literature of alternative splicing acting through a frameshift to introduce a premature stop codon (Gudikote
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& Wilkinson, 2002; Lewis et al, 2003; Wollerton et al, 2004). However, our novel c.[del266_473] in
NaV1.1 is the first documented VGSC example.
A relatively recent examination of this phenomenon in each of a family of proteins, strongly
suggests the functional importance of the partnership between alternative splicing and NMD (Lareau et al,
2007). All members of the SR family of splicing regulators produce splice variants with premature stop
codons, and the section of the transcript involved in these splicing events is considered to be either “highly
conserved” or “ultra-conserved”. Moreover, these conserved sequences suggest that individual members
of the protein family have independently evolved the ability to use alternative splicing for the introduction
of the premature stop codons.
The pairing of VGSC splicing and NMD also displays characteristics of a trait that has evolved to
perform an important function. VGSC splicing events introducing premature stop codons are
differentially regulated across tissues and developmental stages (Plummer et al,1997; Kerr et al, 2008);
these events are conserved across species (Plummer et al, 1997; Kerr et al, 2008); and the similarity
between involved side by side mutually exclusive exons in human sodium channels and Drosophila
melanogaster calcium channels, suggests that they evolved independently in different species (Copley,
2004).
It is interesting that both of the VGSC examples of partnership between alternative splicing and NMD
in the literature (Plummer et al, 1997; Kerr et al, 2008) along with the novel c.[del266_473] reported in
the present work, all involve the introduction of premature stop codons around the middle or just past the
middle of the coding sequence. Argument has been made for the development of the four domain
calcium and sodium ion channels through gene duplications, beginning with the single domain potassium
channel proteins and also involving intermediary two domain calcium and sodium channel proteins (Hille,
1989). Single domain potassium channel proteins (i.e. monomers) must combine in sets of four (i.e.
tetramers) in order to form a functioning channel. The question then is whether a premature stop around
the middle of VGSC transcript could produce half channels that are capable of combining in sets of two
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(i.e. dimers) to form a complete and functioning VGSC. However, Stuhmer et al (1989) present data that
suggests that each of the similar but unique sodium channel domains is required to form functional
sodium channels, and any 4 domain VGSC produced according to this hypothesis would have be made up
of two DI and two DII.
4.6.2 Proposed Dominant-Negative Impact of “Nonfunctional” Alternative Splice Variants on
Functional Protein Expression
The conserved, regulated and prevalent pairing of alternative splicing with NMD, might suggest
that alternative splicing acts to exert control on gene expression simply by diverting pre-mRNA from the
formation of functional channel. However, early papers (Plummer et al, 1997; Tucker et al, 1998)
suggested that the production of nonfunctional mRNA transcript and/or the protein product of this
transcript, may interfere with the functional expression of the wild-type or full-length protein through
dominant-negative effects. There are now a number of papers documenting this phenomenon. Most of this
work it seems investigates the impact of transcript variants with premature stop codons (e.g. Stasiv et al,
2001; Bakker et al, 2005; Leung et al, 2007). However, we were able to find one example involving a
splice variant with a 231 bp in-frame deletion (Oda et al, 1998). Fewer papers document the mechanism
behind the dominant-negative effect (Stasiv et al, 2001; Leung et al, 2007). Shehata (2009) makes the point
that nonfunctional splice variants may exert these effects through interference with any of the steps involved
in wild-type channel expression or through direct effects on the wild-type channel protein. Examples
provided by Shehata (2009) include competition for cellular components involved in channel processing
and trafficking, as well as direct interference with channel assembly, gating, or its interactions with other
cellular components important to function such as second messenger systems, auxiliary subunits or
cellular/extracellular structural proteins.
Our data suggests that all NaV1.1 transcript versions in rat heart have at least one deletion across
the first and third deletion sites, and we have argued that the presence of a deletion at either of these deletion
sites precludes translation into a functional channel. All versions of transcript including c.[del266_473]
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would include a premature stop codon, thought to lead to NMD after initial rounds of translation (reviewed
in Chang et al, 2007). However, substantial levels of nonfunctional transcript are maintained within the
cell (Kang et al, 2009). We are not aware of any mechanism that would target the degradation of transcript
with only c.[del4004_4258] or c.[del4003_4284].
Changes in the primary sequence with alternative splicing events may also result in misfolding of
the protein product. Misfolding may expose signals for retention within the endoplasmic reticulum (Zarei
et al, 2001; Arniges et al, 2006) and/or for intracellular degradation (reviewed in Kopito, 1997). These
mechanisms may apply to NaV1.1 transcript with a deletion at either or both of the first and third deletion
sites. Data examining the impact of premature stop codons on transcript translation and protein processing
is limited. However while two papers suggest mechanisms for reduced truncated protein products (Kang
et al, 2009; Zhang et al, 2010), a recent paper reports a stable protein product of a transcript with a premature
stop codon (Tian & MacDonald, 2012).
Shang et al (2007) provide an example of the association between disease and the cell’s expression of
nonfunctional VGSC capable of exerting a dominant-negative effect. The explanted hearts of heart failure
patients showed elevated levels of expression of two nonfunctional NaV1.5 transcripts and decreases in
expression of the wild-type, functional NaV1.5.

Furthermore, they show that these are likely not

independent phenomenon. Coexpression of the nonfunctional transcript in a heterologous expression
system, reduces the expression of the wild-type channel.

4.7 Tissue-Specific Expression of “Nonfunctional” Alternative Splice Variants of VoltageGated Sodium Channels
RT-PCR bands of the expected size for our deletion variants were also observed with
amplification of rat brain RNA (Figure 14). Bands produced at template concentrations similar to those
used to produce NaV1.1 bands in the heart, suggest that transcript with c.[del266_473] may be less
abundant in the brain whereas transcript with c.[del4004_4258] or c.[del4003_4284] may be at
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comparable concentrations in both tissues. What sets these two tissues apart however, is the relative
strength of bands consistent with functional (i.e. no deletion across the first and third deletion sites)
versus variant (i.e. at least one deletion across the first and third deletion sites) transcript. As expected,
RT-PCR of this neuronal VGSC in the brain at each of the first and the third deletion sites produced
bands at the expected size for no deletion (i.e. functional) that were 10 to 20X stronger than those at the
expected size for transcript with a deletion. Both full-length NaV1.1 sequences published to date came
from rat brain (Noda et al, 1986a; Smith & Goldin, 1998), and there are many reports in the literature
providing evidence (immunohistochemistry, microarray & RT-PCR of partial NaV1.1 transcript) that
NaV1.1 is one of the predominant VGSC in the brain (Westenbroek et al, 1989; Gong et al, 1999;
Whitaker et al, 2001; Raymond et al, 2004). This is in stark contrast with the relative bands strengths
produced with RT-PCR of heart RNA around the first and the third deletion sites. Bands at the expected
size for transcript with and without a deletion are either of roughly equal strength (c.[del266_473]
deletion site), or the bands matching the expected size for transcript without a deletion are almost always
at least three 3 fold weaker (c.[del4004_4258]/c.[del4003_4284] deletion site).
As well, at the first template concentration level that brought out NaV1.1 bands in the heart, there
is the faint appearance of two intermediate-sized bands in the brain results for RT-PCR around the
c.[del4004_4258]/c.[del4003_4284] deletion site (Figure 14). We cannot rule out non-specific priming.
However, this primer set also produced a third band in 2 of 8 RT-PCR of heart RNA (Figures 9A & 9B),
and all four clones produced from the heart with this primer set were correct for NaV1.1. Support for
different splice variants being produced at this site is provided by one of the four clones sequenced from
the heart. The complete exon 21 was missing in this clone as opposed to our result, confirmed in a second
clone, where the splicing event does not remove the first and the 26 most 3’ nucleotides of exon 21 (i.e.
alternate use of 3’ splice acceptor site).
A similar study demonstrated that the cardiac-dominant NaV1.5 appears to distribute its functional
and nonfunctional splice variants across the brain and heart in what could be considered a direct reversal
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of our findings with the neuronal isoform NaV1.1. Wang et al (2008c) identified a novel NaV1.5 splice
variant missing the 54 amino acid exon 24 in the DIII pore loop, and later (Wang et al, 2009)
demonstrated that expression of this variant in a heterologous expression system does not produce
current. Wang et al (2008c) use software to estimate DNA content of the RT-PCR bands and report that
the functional variant is preferentially expressed 4:1 in the heart, as compared with roughly equal
expression of the functional and nonfunctional splice variants in the brain. Similarities between this
finding and the present data include the involvement of a large deletion in the DIII pore loop; splice
variants demonstrated to, or in our study expected to, devastate channel function; and the involvement of
exon skipping in forming the splice variants.
The number of similarities between this data and our findings, tempts the author to speculate. The
primary difference between our data and data presented by Wang et al (2008c) is the finding of two
NaV1.1 sites versus one NaV1.5 site where alternative splicing devastates or likely devastates channel
function. This point is made more important given our data suggesting that all of the channel expressed
in one of its non-dominant tissues (i.e. neuronal NaV1.1 in heart) is nonfunctional. Wang et al (2008c)
identified their novel splice variant through cloning and sequencing 10 overlapping segments of the fulllength rat brain NaV1.5 transcript. However, the first walk over the full-length NaV1.1 transcript in the
present study with only 6 primer pairs missed the deletions at the third deletion site. If the author had not
found deletions at this site, it might have been assumed that RT-PCR bands showing the absence of
c.[del266_473] were part of a functional channel.

4.8 Mechanisms for Tight Regulation of Tissue, Cell and Condition-Specific Expression of
Functional NaV1.1
The point has been made and supported by mathematical modeling (Luo & Rudy, 1991) that the cell
must tightly regulate membrane currents and the electrochemical gradients across membranes that they
control. VGSC are highly spliced (Lin et al, 2009; Schroeter et al, 2010) and a substantial proportion of
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VGSC splice variants do not produce (Plummer et al, 1997; Kerr et al, 2008; Schroeter et al, 2010) or are
unlikely to produce (Plummer et al, 1997), currents in expression systems. It has been suggested that
controlling the level of functional protein within a cell through alternative splicing allows a faster response
than would be possible with control of channel transcription (Lewis et al, 2003; Copley, 2004). In this
scenario, NaV1.1 transcript would remain nonfunctional but “at the ready”. This section of the thesis
reviews literature, supported by secondary findings in our data, that paints a picture of complex VGSC
control of expression, and furthermore provides the potential means for cell and condition-specific
regulation of NaV1.1 alternative splicing.
Lu et al (1998) draw a contrast between the high level of VGSC coding sequence similarity across
both isoforms and species, with the complexity of and low levels of similarity across isoforms of, their 5΄
UTR’s. Martin et al (2007) make the point that NaV1.1 demonstrates distinct tissue, tissue region and
cell-type expression patterns. This isoform has a particularly complex upstream untranslated region
(Martin et al, 2007; Long et al, 2008). One feature of the complexity of VGSC 5΄ UTR’s is the
appearance of different untranslated exons (UTE’s), and these are found to change both for NaV1.1 as
well as for other VGSC across tissues, tissue regions and cell culture conditions (Martin et al, 2007; Long
et al, 2008). Additionally, evidence has been presented for multiple VGSC promoters within the same 5΄
UTR in a cancer cells (NaV1.2; Maue et al, 1990), humans (NaV1.2; Shade & Brown, 2000) (NaV1.1;
Long et al, 2009), and rodent (NaV1.5; Shang & Dudley, 2005).
Martin et al (2007) labeled the different NaV1.1 upstream UTE’s in human and mouse. Their
examination of a large number of clones (human N=150; mouse N=31) found versions of the upstream
segment present in > 50 percent of clones, and documented the appearance of rare (i.e. in 1 of 150 clones;
not represented in 31 clones although suggested by genomic sequence) UTE’s. Our cloning and
sequencing results for the initial segment of the NaV1.1 transcript document a novel 5΄ UTR in rat heart
(Figure 26). The published rat NaV1.1 5΄ UTR (Noda et al, 1986a) contains a 21 nucleotide long segment
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of imperfect repeats: our novel 5΄ UTR found in 1 of 7 clones, contains a novel 95 nucleotide long
segment of imperfect repeats.
Repeat sequences and resulting secondary structures near the core promoter region are believed to
have the potential to influence binding to the ribosome (Dr. Donald Forsdyke—Queen’s University,
personal communication). Evidence for this has been published for glutamate receptor 2 transcript
(Myers et al, 2004). This transcript has different translation start sites and therefore different lengths of
the 5΄ UTR. Expression of recombinant versions of the in vivo 5΄ UTR in expression systems, showed
that glutamate receptor 2 transcripts including a 5΄ UTR imperfect 34 to 42 nucleotide repeat expected to
form a secondary structure in vivo, had lower translation efficiency. Furthermore, this characteristic of
the 5΄ UTR stood out with little or no effect of many other UTR characteristics believed to play an
important role such as the number of alternate start sites. Transcripts both with and without the repeat are
found both in human and rat, and transcripts lacking this repeat were more likely to be associated with the
ribosome (rat cortex).
Moreover, the use of multiple versions of 5΄ UTR sequences with differences in translation efficiency
may provide a mechanism for cell- and condition-specific VGSC alternative splicing. Myers et al (1998)
report that the relative amount of the glutamate receptor-2 transcripts with the long 5΄ UTR’s containing
the repeat sequence varies across brain regions. Mancl et al (2005) take this one step further. They
demonstrate two different interferon regulatory factor-5 5΄UTR’s with different promoter regions and
transcription start sites. Furthermore, these upstream features were uniquely associated with different
coding sequence functional splice variants, each with different cell-type distributions and responsive to
different cell conditions. Pursuit of these lines of research may show that specific NaV1.1 5΄ UTR’s and
promoters are associated with the expression of nonfunctional splice variants, and that in concert with
tissue and cell condition-specific splicing factors (Hanamura et al, 1998; Diss et al, 2004), these provide
tight control over the levels of functional channel expression.
Finally, our data and a previous paper (Noda et al, 1986a), introduce the idea of VGSC using RNA
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editing to control functional sodium channel expression. Noda et al (1986a) report three nucleotide
positions within the NaV1.1 coding sequence from rat brain where the nucleotide “flip flops” across
transcripts between adenine and guanine (+1441, +1780, & +2467), and suggest a possible association
between these variants and the presence or absence of the 33 nucleotide deletion in the first intracellular
loop. Our limited look at approximately 600 nucleotides surrounding the novel c.[del266_473] deletion
site, suggests both that the nucleotide at position +254 of the NaV1.1 coding sequence may be edited by
the cell (guanine versus thymine), and that this process may influence the cell’s decision to keep or
remove this section of the transcript.
While RNA editing was until recently believed to be extremely rare in mammals, recent work
suggests that this is a widespread and non-random phenomenon in humans (Li et al, 2011). Six papers
document RNA editing in insect VGSC (e.g.’s Song et al, 2004; Olson et al, 2008). Furthermore, one of
these papers linked RNA editing with alternative splicing and important VGSC electrophysiological
changes (Song et al, 2004). In this context, it is interesting that RNA editing has also been linked with the
level of activity of the NMD pathway in humans, a process that is likely involved in translating the cell’s
response to our novel NaV1.1 splice variant (Agranal et al, 2008).

4.9 The Search for the Voltage-Gated Sodium Channel Isoform(s) that Play an Important
Role in Ischemia/Reperfusion Injury
Indiscriminate sodium channel blockade in the 1980’s (CAST antiarrhythmic drug trial—
Tsuneaki & Ogawa, 1994) highlighted the importance of respecting the critical role of VGSC function in
the heart, and overriding statements can be found in the literature suggesting that more specific cellular
targets will be required (Ju et al, 1996; Nattel, 1998) to manage the clinical outcomes associated with
ischemic heart disease. Two groups (Haufe et al, 2005a; Brette & Orchard, 2006a) using different
experimental methods, have concluded that “non-cardiac” VGSC contribute approximately 10% of peak
sodium currents in cardiac myocytes under normal cellular conditions. As well, one of these groups used
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the same technique to examine the contribution of these channels to INa P (Biet et al, 2012). They
conclude that non-cardiac VGSC contribute almost half of these currents under the same cellular
conditions. This thesis presents data suggesting that all NaV1.1 in the ventricular myocytes of normal,
healthy adult rats, is rendered nonfunctional through alternative splicing. Therefore, one or more other
non-cardiac VGSC contribute these currents and, more importantly, are candidates for the channel(s) that
produce the increases in INa P in response to H2O2 application (Ward & Giles, 1997) or during hypoxia (Ju
et al, 1996) that are thought to play a key role in the clinical outcomes associated with MI (Haigney et al,
1994; Pike et al, 1995; Imahashi et al, 1999 & 2005; Song et al, 2006; Bers, 2008). Unpublished
pharmacological evidence from our lab suggests that neuronal VGSC are important players in the
increased persistent sodium currents that are central to the clinical outcomes of ischemia/reperfusion.
This is consistent with the important role of persistent sodium currents in neuronal tissues (Llinas &
Sugimori, 1980; Aracri et al, 2006).
Next steps in identifying the VGSC isoforms mediating ischemia/reperfusion injury and lethal
arrhythmia in heart disease, will need to consider emerging evidence showing that VGSC are highly
spliced with a significant portion of alternative splicing events rendering the channel nonfunctional
(Schaller et al, 1992; Plummer et al, 1997; Zimmer et al, 2002a; Stamm et al, 2005; Kerr et al, 2008;
Wang et al, 2008c; Schroeter et al, 2010). The latter point is underscored by the present work suggesting
that a VGSC expressed in ventricular myocytes does not exist in these cells in a functional form. Neither
antibody binding to a roughly 20 amino acid section of a neuronal VGSC (Cohen et al, 1996; Malhotra et
al, 2001; Maier et al, 2002; Maier et al, 2004; Haufe et al, 2005a; Haufe et al, 2005b), nor published
sequence for segments (<1528 bp of NaV1.1, NaV1.2, NaV1.3; Schaller et al, 1992 & Blechschmidt et al,
2008) of transcript, provides evidence for functional neuronal VGSC in the heart. Zimmer et al
considered this, using a single primer pair to demonstrate three full-length versions of the cardiacdominant NaV1.5 coding sequence in mouse heart. One of three failed to produce functional channel
when the transcripts were expressed individually in an expression system. They searched for but did not
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find, deletion variants of skeletal muscle-dominant NaV1.4 RT-PCR amplicons produced by 4
overlapping PCR primer pairs covering the full-length transcript.
As well, examination of the contribution of different VGSC to persistent gating under normal
conditions (Maltsev et al, 2008; Biet et al, 2012; Yang et al, 2012) is one step removed from
understanding the role of these channels in producing the increased INa P that leads to cardiac arrhythmia,
either in response to H2O2 application or in a patient experiencing cardiac ischemia. Cellular conditions
act through cell signaling mechanisms to modify VGSC inactivation (West et al, 1991; Abriel et al,
2007). More specifically protein kinase C (PKC) inhibition, shown to act through both shared and
isoform-specific mechanisms (Qu et al, 1996, Murray et al, 1997), delayed and attenuated the action
potential prolongation with H2O2 application to ventricular myocytes (Ward & Giles, 1997). In the same
way, models of increased persistent gating that are created through unknown mechanisms or mechanisms
unrelated to the conditions seen by ischemic heart (e.g. sea anemone toxin—Yang et al, 2012), are
difficult to interpret in terms of the involved channels or mechanisms in heart disease.
In addition, while NaV1.1 transcripts expressed under normal conditions in rat heart are unable to
pass sodium current across the cell membrane, the author suggests that the cellular work to produce these
transcripts serves some purpose. NaV1.1 has all the hallmarks of a gene that has evolved the ability to
respond to changes in cell conditions with changes in expression level. There are striking similarities
between our findings and those of Wang et al (2008c), who performed in effect the reverse of our study
looking for splice variants of the cardiac-dominant VGSC in the brain. As well the introduction of a
premature stop codon through alternative splicing that is demonstrated in the present study, has been
shown to be a conserved and regulated process (Plummer et al, 1997; Lewis et al, 2003; Kerr et al, 2008).
As neuronal channels are the most likely candidates for channels that produce currents
responsible for lethal cardiac arrhythmia and ischemia/reperfusion injury, it is of great interest to consider
how the splicing patterns of NaV1.1 in the heart might change within a background of ischemic heart
disease. It has been estimated that 29 to 50 percent of patients experience anginal symptoms prior to their
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first MI (Feil, 1937 and Sampson & Eliaser, 1937 reviewed in Mounsey, 1951; Mounsey, 1951), and
these statistics do not include the estimated 30% of adults with cardiovascular risk factors but no
documented disease that experience silent ischemia (Anand et al, 2004). As well, while the majority of
deaths due to arrhythmia occur in the setting of myocardial infarction (MI), there is an elevated risk for
these arrhythmias over the month post-MI (Henkel et al, 2006). It could be argued then that experimental
conditions designed to mimic ventricular myocyte conditions in these clinical settings would provide
more insight into the VGSC isoforms involved in the clinical outcomes of ischemia/reperfusion.
In a paper (Shang et al, 2007) reviewed in an earlier section (4.6.2 Proposed Dominant-Negative
Impact of “Nonfunctional” Alternative Splice Variants on Functional Protein Expression), it was shown
that heart failure is associated with a higher expression of nonfunctional NaV1.5 splice variants and
reduced expression of the wild-type channel. Huang et al (2001) provide evidence that they suggest
argues for a larger contribution of neuronal sodium channel currents in rat ventricular myocytes one
month post experimental MI. Macropatch currents (roughly 50 channels) supported an increase in
persistent gating post-MI. Moreover, post-MI rats have significantly longer APD’s and 100 nM TTX
expected to completely block TTX-sensitive channels with limited impact on NaV1.5, preferentially
shortens the APD of the post-MI as compared with the sham-operated rats. This group shows blot
hybridization data suggestive of increases in NaV1.1, however this probe would equally bind the
functional and nonfunctional NaV1.1 transcript variants reported in the present work.
Finally, secondary findings in the present work may be consistent with emerging knowledge
regarding mechanisms controlling gene expression and these areas may have potential for elucidating
novel approaches to pharmacological treatments. Noda et al (1986a) state that three positions in the rat
brain NaV1.1 sequence flip-flop between two different nucleotides, and suggest that these variants may be
linked with the 33 bp deletion produced in some transcript through alternative splicing. Data from the
present study may be consistent with another nucleotide position that exists in two versions in rat heart
having the ability to predict the novel c.[del266_473] deletion, i.e. nonfunctional transcript. Furthermore,
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it appears from the literature (Meyers et al, 1998; Mancl et al, 2005; Martin et al, 2007; Long et al, 1998),
that variable VGSC 5΄ UTR regions may dictate expression levels and transcript splicing in a cell and
condition-specific manner. Our sequencing of 7 clones, documents a novel NaV1.1 5΄ UTR with a 95 bp
repeat in rat heart. In one paper (Myers et al, 2004), the 5ʹ UTR characteristic that was most strongly
linked with expression levels was the presence of imperfect repeat sequences. Systematic examination of
these phenomena may hold promise in terms of pharmacological approaches that can target the expression
of individual VGSC isoforms in disease states.

4.10 Conclusions and Next Steps
The seminal finding from this work is that a VGSC isoform, widely accepted to have been shown to
be in rat heart, does not exist in rat ventricular myocytes in a functional form under our experimental
conditions. VGSC are known to be highly spliced, with a significant proportion of alternative splicing
events producing transcript that does not code for functional protein. Despite this, the predominant
approach in the literature has been the use of isoform-specific antibodies against dissociated ventricular
myocytes. Antibodies bind to a roughly 20 amino acid section of channels and, therefore, do not
distinguish between the protein products of functional versus nonfunctional splice variants. We have
shown evidence suggesting that under normal cellular conditions, all versions of NaV1.1 transcript in rat
ventricular myocytes have one or two deletions that individually are likely capable of rendering the
channel unable to pass current. We are not the first to report the inability to detect a functional version of
a VGSC isoform using RT-PCR, in a tissue expressing a nonfunctional version of the channel (Wang et
al, 2008c). However, we are the first to show that this splicing pattern is a part of VGSC expression in
the heart.
Next steps will pursue two avenues. For the reasons outlined above a role for NaV1.1 in the clinical
outcomes of ischemia/reperfusion in different patient groups cannot be ruled out. Examination of the
relative strength of NaV1.1 bands matching the expected size for transcript with and without a deletion at
the first and third deletion sites, will provide a screen for identifying any time points over the month or
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two post-MI that are associated with changes in NaV1.1 splicing. Data suggesting a switch to expression
of functional NaV1.1 transcript can be followed up using the techniques in this thesis for identification of
the full-length NaV1.1 versions being expressed. Animal models mimicking long-term myocardial
ischemia without myocardial infarction would need to be developed for use in these experiments in order
to understand the involved channels in the acute and early post MI periods for a large proportion of the
patient population.
In addition, S1 nuclease digestion used by Noda et al (1986a) to confirm c.[del2012_2044], would be
used to obtain evidence for c.[del4004_4258] and to examine the relative abundance of the two deletion
variants at this site. As well research would examine the full-length versions and any splice variants of
NaV1.6 in rat right ventricle under normal cellular conditions. The literature suggests that this is the next
likely candidate for channels involved in the increased persistent gating demonstrated in isolated
myocytes in response to the introduction of conditions simulating myocardial ischemia/reperfusion.

123

References

Abraham S, Beatch GN, MacLeod BA & Walker MJA (1989). Antiarrhythmic properties of tetrodotoxin
against occlusion-induced arrhythmias in the rat: A novel approach to the study of the antiarrhythmic
effects of ventricular sodium channel blockade. J Pharmacol Exp Ther 251, 1166-1173.
Abriel H & Kass RS (2005). Regulation of the voltage-gated sodium channel NaV1.5 by interacting
proteins. Trends Cardiovasc Med 15, 35-40.
Abriel H (2007). Roles and regulation of the cardiac sodium channel NaV1.5: Recent insights from
experimental studies. Cardiovasc Res 76, 381-389.
Akopian AN, Sivilotti L & Wood JN (1996). A tetrodotoxin-resistant voltage-gated sodium channel
expressed by sensory neurons. Nature 379, 257-262.
Akopian AN, Souslova V, England S, Okuse K, Ogata N, Ure J, Smith A, Kerr BJ, McMahon SB, Boyce
S, Hill R, Stanfa LC, Dickenson AH & Wood JN (1999). The tetrodotoxin-resistant sodium channel SNS
has a specialized function in pain pathways. Nat Neurosci 2, 541–548.
Alexander JH, Granger CB, Sadowski Z, Aylward PE, White HD, Thompson TD, Califf RM & Topol EJ,
for the GUSTO-I and GUSTO-IIb Investigators (1999). Prophylactic lidocaine use in acute myocardial
infarction: Incidence and outcomes from two international trials. Am Ht J 137, 799-805.
Alonso A & Llinas RR (1989). Subthreshold Na+-dependent theta-like rhythmicity in stellate cells of
entorhinal cortex layer II. Nature 342, 175-177
Alzheimer C, Schwindt PC & Crill WE (1993). Modal gating of Na+ channels as a mechanism of
persistent Na+ current in pyramidal neurons form rat and cat sensorimotor cortex. J Neurosci 13, 660-673.
Amrani N, Sachs MS & Jacobson A (2006). Early nonsense: mRNA decay solves a translational problem.
Nat Rev Mol Cell Biol 7, 415-425.
Anand DV, Lim E, Raval U, Lipkin D & Lahiri A (2004). Prevalence of silent myocardial ischemia in
asymptomatic individuals with subclinical atherosclerosis detected by electron beam tomography. J Nucl
Cardiol 11, 450-457.
Antoni H, Bocker D & Eickhorn R (1988). Sodium current kinetics in intact rat papillary muscle:
measurements with the loose-patch-clamp technique. J Physiol 406, 199-213.
Antzelevitch C (2000). Electrical heterogeneity, cardiac arrhythmias and the sodium channel (editorial).
Circ Res 87, 964-965.
Antzelevitch C, Brugada P, Borggrefe M, Brugada, J; Brugada R, Corrado D, Gussak I, LeMarec H,
Nademanee K, Andres Ricardo Perez Riera ARP, Shimizu W, Schulze-Bahr E, Tan H & Wilde A (2005).
Brugada syndrome: report of the second consensus conference. Heart Rhythm 2, 429–440.

124

Antzelevitch C (2007). Role of spatial dispersion of repolarization in inherited and acquired sudden
cardiac death syndromes. Am J Physiol/ Heart Circ Physiol 293, H2024-2038.
Aracri P, Colombo E, Mantegazza M, Scalmani P Curia G, Avanzini G & Franceschetti S (2006). Layerspecific properties of the persistent sodium current in sensorimotor cortex. J Neurophysiol 95, 3460-3468.
Arezi B, Xing W, Sorge JA & Hogrefe HH (2003). Amplification efficiency of thermostable DNA
polymerases. Anal Biochem 321, 226-235.
Arniges M, Fernandez-Fernandez JM, Albrecht N, Schaefer M & Valverde MA (2006). Human TRPV4
channel splice variants revealed a key role of ankyrin domains in multimerization and trafficking. J Biol
Chem 281, 1580-1586.
Ashamalla SM, Navarro D & Ward CA (2001). Gradient of sodium current across the left ventricular wall
of adult rat hearts. J Physiol 536, 439-443.
Athanasiadis A, Rich A & Maas S (2004). Widespread A-to-I editing of Alu-containing mRNA’s in the
human transcriptome. PLoS Biol 2, e391.
Attwell D, Cohen I, Eisner D, Ohba M & Ojeda C (1979). The steady state TTX-sensitive (“window”)
sodium current in cardiac Purkinje fibers. Plugers Arch 379, 137-142.
Auld VJ, Goldin AL, Krafte DS, Catterall WA, Lester HA, Davidson N & Dunn RJ (1990). A neutral
amino acid change in segment IIS4 dramatically alters the gating properties of the voltage-dependent
sodium channel. Proc Natl Acad Sci USA 87, 323-327.
Auld VJ, Goldin AL, Krafte DS, Marshall J, Dunn JM, Catterall WA, Lester HA, Davidson N & Dunn RJ
(1988). A rat brain Na+ channel alpha subunit with novel gating properties. Neuron 1, 449-461.
Avitall B, Naimi S Levine HJ & Mieszala (1979). Time course of changes in ventricular excitability and
conduction during myocardial ischemia and reperfusion in the dog: effect of lidocaine. J Electrocardiol
12, 271-277.
Bakker RA, Lozada AF, van Marle A, Shenton FC, Drutel G, Karlstedt K, Hoffmann M, Lintunen
M,Yamamoto Y, van Rijn RM, Chazot PL, Panula P & Leurs R (2006). Discovery of naturally occurring
splice variants of the rat histamine H3 receptor that act as dominant-negative isoforms. Mol Pharmacol
69, 1194-1206.
Balati A, Varro B & Papp JG (1998). Comparison of the cellular electrophysiological characteristics of
canine left ventricular epicardium, M cells, endocardium and Purkinje fibres. Acta Physiol Scand 164,
181-190.
Ballas N, Battaglioli E, Atouf F, Andres ME, Chenoweth J, Anderson ME, Burger C, Moniwa M, Davie
JR, Bowers WJ, Federoff HJ, Rose DW, Rosenfeld MG, Brehm P & Mandel G (2001). Regulation of
neuronal traits by a novel transcriptional complex. Neuron 31, 353-365.
Barash Y, Calarco JA, Gao W, Pan Q, Wang X, Shai O, Blencowe BJ & Frey BJ (2010). Deciphering the
splicing code. Nature 465, 53-59.
Barchi, R.L (1983). Protein components of the purified sodium channel from rat skeletal sarcolemma. J.
Neurochem. 36, 1377–1385.
125

Barela AJ, Waddy SP, Lickfett JG, Hunter J, Anido A, Helmers SL, Goldin AL & Escayg A (2006). An
epilepsy mutation in the sodium channel SCN1A that decreases channel excitability. J Neurosci 26, 27142723.
Barrington PL, Meier CF Jr & Weglicki WB (1988). Abnormal electrical activity induced by free radical
generating systems in isolated cardiomyocytes. J Mol Cell Cardiol 20, 1163-1178.
Beckh S (1990). Differential expression of sodium channel mRNA’s in rat peripheral nervous system and
innervated tissues. FEBS Lett 262, 317-322.
Becker LB (2004). New concepts in reactive oxygen species and cardiovascular reperfusion physiology.
Cardiovasc Res 61, 461-470.
Belcher SM, Zerillo CA, Levinson R, Ritchie JM & Howe JR (1995). Cloning of a sodium channel alpha
subunit from rabbit Schwann cells. Proc Natl Acad Sci USA 92, 11034-11038.
Bennett PB, Yazawa K, Makita N & George AL (1995). Molecular mechanism for an inherited cardiac
arrhythmia. Nature, 376, 683-685.
Beresewicz A & Horackova M (1991). Alterations in electrical and contractile behavior of isolated
cardiomyocytes by hydrogen peroxide: possible ionic mechanisms. J Mol Cell Cardiol 23, 899-918.
Berk AJ & Sharp PA (1977). Sizing and mapping of early adenovirus mRNA’s by gel electrophoresis of
S1endonuclease-digested hybrids. Cell 12, 721-732.
Bernier M, Hearse DJ & Manning AS (1986). Reperfusion-induced arrhythmias and oxygen-derived free
radicals. Studies with "anti-free radical" interventions and a free radical-generating system in the isolated
perfused rat heart. Circ Res 58, 331-340.
Bers DM (1986). Calcium cycling and signalling in cardiac myocytes. Annu Rev Physiol 70, 23-49.
Bhatnager A, Srivastava SK & Szabo G (1990). Oxidative stress alters specific membrane currents in
isolated cardiac myocytes. Circ Res 67, 535-549.
Biet M, Barajas-Martinez H, Ton AT, Delabre JF, Morin N & Dumaine R (2012). About half of the late
sodium current in cardiac myocytes from dog ventricle is due to non-cardiac-type Na(+) channels. J Mol
Cell Cardiol 53, 593-598.
Black DL (2003). Mechanisms of alternative pre-messenger RNA splicing. Annu Rev Biochem 72, 291336.
Black JA, Yokoyama S, Higashida H, Ransom BR & Waxman SG (1994). Sodium channel mRNA’s I, II
and III in the CNS: cell-specific expression. Mol Brain Res 22, 275-289.
Blaustein MP & Lederer WJ (1999). Sodium/calcium exchange: Its physiological implications. Physiol
Rev 79, 763-854.
Blechschmidt S, Haufe V, Benndorf K & Zimmer T (2008). Voltage-gated Na+ channel transcript patterns
in the mammalian heart are species-dependent. Prog Biophys Mol Biol 98, 309-318.
126

Bolli R & Marban E (1999). Molecular and cellular mechanisms of myocardial stunning. Physiol Rev 79,
609–634.
Brette F, Komukai K & Orchard CH (2002). Validation of formamide as a detubulation agent in isolated
rat cardiac cells. Am J Physiol/ Heart Circ Physiol 283, H1720-H1728.
Brette F & Orchard CH (2003). T-tubule function in mammalian cardiac myocytes. Circ Res 92, 11821192.
Brette F & Orchard CH (2006a). No apparent requirement for neuronal sodium channels in excitationcontraction coupling in rat ventricular myocytes. Circ Res 98, 667-674.
Brette F & Orchard CH (2006b). Density and sub-cellular distribution of cardiac and neuronal sodium
channel isoforms in rat ventricular myocytes. BBRC 348, 1163-1166.
Brown AM, Lee KS & Powell T (1981a). Voltage clamp and internal perfusion of single rat heart muscle
cells. J Physiol 318, 455-477.
Brown AM, Lee KS & Powell T (1981b). Sodium current in single rat heart muscle cells. J Physiol
(Lond) 318, 479-500.
Buchner DA, Trudeau M & Meisler MH (2003). SCNM1, a putative RNA splicing factor that modifies
disease severity in mice. Science 301, 967-969.
Buratti E, Muro AF, Giombi M, Gherbassi D, Iaconcig A & Baralle FE (2004). RNA folding affects the
recruitment of SR proteins by mouse and human polypurinic enhancer elements in the fibronectin EDA
exon. Mol Cell Biol 24, 1387-1400.
Burbidge SA, Dale TJ, Powell AJ, Whitaker WRJ, Xie XM, Romano MA & Clare JJ (2002). Molecular
cloning, distribution and functional analysis of NaV1.6. Voltage gated sodium channel from brain. Mol
Brain Res 103, 80-90.
Burgess DL, Kohrman DC, Galt J, Plummer NW, Jones JM, Spear B & MeislerMH (1995). Mutation of a
new sodium channel gene,Scn8a, in the mouse mutant “motor endplate disease.” Nat Genet 10, 461–465.
Burset M, Seledstov IA & Solovyev VV (2000). Analysis of canonical and non-canonical splice sites in
mammalian genomes. Nucl Acids Res 28, 4364-4375.
Burton KP, McCord JM & Ghai G (1984). Myocardial alterations due to free-radical generation. Am J
Physiol /Heart Circ Physiol 246, H776-H783.
Camacho JA, Hensellek S, Rougier J-S, Blechschmidt S, Abriel H, Benndorf K & Zimmer T (2006).
Modulation of NaV1.5 channel function by an alternatively spliced sequence in the DII/DIII linker region.
J Biol Chem 281, 9498-9506.
Cariello NF, Thilly WG, Swenberg JA & Skopek TR (1991). Deletion mutagenesis during polymerase
chain reaction: dependence on DNA polymerase. Gene 99, 105-108.

127

Carrozza JP Jr., Bentivegna LA, Williams CP, Kuntz RE, Grossman W &Morgan JP (1992). Myocardial
stunning follows transient calcium overload during ischemia and reperfusion. Circ Res 71, 1334-1340.
Catterall WA (1992). Cellular and molecular biology of voltage-gated sodium channels. Physiol Rev
72(Suppl), S15-S48.
Catterall WA (1995). Structure and function of voltage-gated ion channels. Ann Rev Biochem 64, 493451.
Catterall WA (2000). From ionic currents to molecular mechanisms: the structure and function of voltagegated sodium channels. Neuron 26, 13-25.
Catterall WA, Goldin AL & Waxman SG (2003). International Union of Pharmacology. XXXIX.
Compendium of voltage-gated ion channels: sodium channels. Pharmacol Rev 55, 575-578.
Catterall WA, Goldin AL & Waxman SG (2005). International Union of Pharmacology. XLVII.
Nomenclature and structure-function relationships of voltage-gated sodium channels. Pharmacol Rev 57,
397-409.
Celotto AM & Gravely BR (2002). Exon-specific RNAi: A tool for dissecting the functional relevance of
alternative splicing. RNA 8, 718-724.
Cestele S, Qu Y, Rogers JC, Rochat H, Scheuer T & Catterall WA (1998). Voltage-sensor trapping:
Enhanced activation of sodium channels by β-scorpion toxin bound to the S3-S4 loop in domain II.
Neuron 21, 919-931.
Chahine M, Plante E & Kallen RG (1996). Sea anemone toxin (ATX II) modulation of heart and skeletal
muscle sodium channel alpha-subunits expressed in tsA201 cells. J Memb Biol 152, 39-48.
Chancey JH, Shockett PE & O’Reilly JP (2007). Relative resistance to slow inactivation of human
cardiac Na+ channel hNaV1.5 is reversed by lysine or glutamine substitution at V930 D2-S6. Am J
Physiol/ Cell Physiol 293, C1895-C1905.
Chandler WK & Meves H (1970). Slow changes in membrane permeability and long-lasting action
potentials in axons perfused with sodium fluoride. J Physiol 211, 707-728.
Chang YF, Imam JS & Wilkinson MF (2007). The nonsense-mediated decay RNA surveillance pathway.
Annu Rev Biochem 76, 51-74.
Chasin LA. Searching for splicing motifs. In Advances in Experimental Medicine and Biology Vol 623:
Alternative Splicing in the Postgenomic Era. Blencowe BJ & Graveley BR (Eds). Springer Link, 2007.
Chen C, Westenbroek RE, Xu X, Edwards CA, Sorensen DR, Chen Y, McEwen DP, O’Malley HA,
Barucha V, Meadows LS, Knudsen GA, Vilaythong A, Noebels JL, Saunders TL, Scheuer T, Shrager P,
Catterall WA & Isom LL (2004). Mice lacking sodium channel B1 subunits display defects in neuronal
excitability, sodium channel expression and nodal architecture. J Neurosci 24, 4030-4042.
Chen Q, Kirsch GE, Zhang D, Brugada R, Brugadak J, Brugada P, Potenza D, Moya A, Borggrefe M,
Breithardt G, Ortiz-Lopez R, Wang Z, Antzelevitch C, O’Brien RE, Schulze-Bahr E, Keating MT,
128

Towbin JA & Wang Q (1998). Genetic basis and molecular mechanism for idiopathic ventricular
fibrillation. Nature 392, 293-296.
Chen Y, Yu FH, Surmeier DJ, Scheuer T & Catterall WA (2006). Neuromodulation of Na+ channel slow
inactivation via cAMP-dependent protein kinase and protein kinase C. Neuron 49, 409-420.
Chen Z, Alcayaga C, Suarez-Isla BA, O’Rourke G, Tomaselli G & Marban E (1992). A “minimal”
sodium channel construct consisting of ligated S5-P-S6 segments forms a toxin-activatable ionophore. J
Biol Chem 277, 24653-24658.
Chepelev I, Wei G, Tang Q & Zhao K (2009). Detection of single nucleotide variations in expressed
exons of the human genome using RNA-Seq. Nucleic Acids Res 37, e106.
Chioni A-M, Fraser SP, Pani F, Foran P, Wilkin GP, Diss JKJ & & Djamgoz MBA (2005). A novel
polyclonal antibody specific for Na(V)1.5 voltage-gated Na(+) channel ‘neonatal’ splice form. J Neurosci
Methods 147, 88-98.
Choi J-S, Sulayman D D-H & Waxman SG (2007). Differential slow inactivation and use-dependent
inhibition of Nav1.8 channels contribute to distinct firing properties in IB4+ and IB4- DRG neurons. J
Neurophysiol 97, 1258-1265.
Chong A, Zhang G & Bajic VB (2004). Information for the Coordinates of Exons (ICE): a human splice
sites database. Genomics 84, 762-766.
Clare JJ. Functional expression of ion channels in mammalian systems. In: Expression and Analysis of
Recombinant Ion Channels: From Structural Studies to Pharmacological Screening. edited by Clare JJ &
Trezise DJ. Weinheim, Germany: Wiley-VCH, 2006.
Cocquet R, Chong A, Zhang G & Veitia RA (2006). Reverse transcriptase template switching and false
alternative transcripts. Genomics 88, 127-131.
Cohen CJ, Bean BP, Colatsky TJ & Tsien RW (1981). Tetrodotoxin block of sodium channels in rabbit
Purkinje fibers: Interactions between toxin binding and channel gating. J Gen Physiol 78, 383-411.
Cohen SA & Barchi RL (1992). Cardiac sodium channel structure and function. Trends Cardiovasc Med
2, 133-140.
Cohen SA & Levitt LK (1993). Partial characterization of the rH1 sodium channel protein from rat heart
using subtype-specific antibodies. Circ Res 73, 735-742.
Cohen SA (1996). Immunocytochemical localization of rH1 sodium channel in adult rat heart atria and
ventricle: Presence in terminal intercalated discs. Circ 94, 3083-3086.
Colarco JA, Zhen M & Blencowe BJ (2011). Networking in a global world: Establishing functional
connections between neural splicing regulators and their target transcripts. RNA 17, 775-791.
Copley RR (2004). Evolutionary convergence of alternative splicing in ion channels. Trends Genet 20,
171-176.

129

Coraboeuf E, Deroubaix E & Coulombe A (1979). Effect of tetrodotoxin on action potentials of the
conducting system of the dog heart. Am J Physiol/ Heart Circ Physiol 236, H561-H567.
Cribbs LL, Satin JA, Fozzard HA & Rogart RB (1990). Functional expression of the rat heart I Na+
channel isoform: demonstration of properties characteristic of native cardiac Na+ channels. FEBS Lett
275, 195-200.
Crill WE (1996). Persistent sodium current in mammalian central neurons. Ann Rev Physiol 58, 349-362.
Cronin NB, O’Reilly A, Duclohier H & Wallace BA (2005). Effects of deglycosylation of sodium
channels on their structure and function. Biochemistry 44, 441-445.
Cruz JdS, Santana LF, Frederick CA, Isom LL, Malhotra JD, Mattei LN, Kass RS, Xia J, An R-H &
Lederer WJ (1999). Whether slip-mode conductance occurs. Science 284, 711a6-711a13.
Cuervo LA & Adelman WJ (1970). Equilibrium and kinetic properties of the interaction between
tetrodotoxin and the excitable membrane of squid giant axon. J Gen Physiol 55, 309-355.
Cukierman S (1996). Regulation of voltage-dependent sodium channels. J Membrane Biol 151, 203-214.
Cummins TR, Aglieco F, Renganathan M, Herzog RI, Dib-Hajj SD & Waxman SG (2001). Nav1.3
sodium channels: rapid repriming and slow closed-state inactivation display quantitative differences after
expression in a mammalian cell line and in spinal sensory neurons. J Neurosci 21, 5952-5961.
Dascal N & Lotan I (1991). Activation of protein kinase C alters voltage dependence of a sodium
channel. Neuron 6, 165-175.
Davidson EH & Britten RJ (1979). Regulation of gene expression: Possible role of repetitive sequences.
Science 204, 1052-1059.
Deschenes I, Trotter E & Chahine M (2001). Implication of the C-terminal region of the alpha-subunit of
voltage-gated sodium channels in fast inactivation. J Memb Biol 183, 103-114.
den Dunnen JT & Antonarakis SE (2001). Nomenclature for the description of human sequence
variations. Hum Genet 109, 121-124.
Desmet FO & Beroud C (2012). Bioinformatics and mutations leading to exon skipping. Methods in Mol
Biol 867, 17-35.
Dey I & Rath PC (2005). A novel rat genomic simple repeat DNA with RNA-homology shows triple (HDNA)-like structure and tissue-specific RNA expression. Biochem Biophys Res Comm 327, 276-286.
Dib-Hajj SD & Waxman SG (2010). Isoform-specific and pan-channel partners regulate trafficking and
plasma membrane stability; and alter sodium channel gating properties. Neurosci Lett 486, 84-91.
Dick DJ, Boakes RJ & Harris JB (1985). A cerebellar abnormality in the mouse with motor end-plate
disease. Neuropath Appl Neurobiol 11, 141-147.
Dietrich PS, McGivern JG, Delgado SG, Koch BD, Eglen RM, Hunter JC & Sangameswaran L (1998).
Functional analysis of a voltage-gated sodium channel and its’ splice variant from rat dorsal root ganglia.
J Neurochem 70, 2262-2272.
130

Diss JKJ, Fraser SP & Djamgoz MB (2004). Voltage-gated sodium channels: functional consequences of
multiple subtypes and isoforms for physiology and pathophysiology. Eur Biophys J 33, 180-193.
Doyle DD, Guo Y, Lustig SL, Satin J, Rogart RR & Fozzard HA (1993). Divalent cation competition
with [3H] saxitoxin binding to tetrodotoxin-sensitive and –resistant sodium channels. J Gen Physiol 101,
153-182.
Drews VL, Lieberman AP & Meisler MH (2005). Multiple transcripts of sodium channel SCN8A
(Na(V)1.6) with alternative 5’- and 3’- untranslated regions and initial characterization of the SCN8A
promoter. Genomics 85, 245-257.
Dubois JM & Bergman C (1975). Late sodium current in the Node of Ranvier. Pflugers Arch 357, 145148.
Dudel J, Peper K, Rudel R & Trautwein W (1967). The effect of tetrodotoxin on the membrane current in
cardiac muscle (Purkinje fibers). Pflugers Arch 295, 213-226.
Dumaine R & Hartmann HA (1996). Two conformational states involved in the use-dependent TTX
blockade of human cardiac Na+ channels. Am J Physiol/ Heart Circ Physiol 270, H2029-H2037.
Duprat F, Guillemare E, Romey G, Fink M, Lesage F, Lazdunski M & Honore E (1995). Susceptibility of
cloned K+ channels to reactive oxygen species. Proc Natl Acad Sci USA 92, 11796-11800.
Eisen MB, Spellman PT, Brown PO & Botstein D (1998). Cluster analysis and display of genome-wide
expression patterns. 95, 14863-14868.
Escayg A, MacDonald BT, Meisler MH, Baulac S, Huberfeld G, An-Gourfinkel I, Brice A, LeGuern E,
Moulard B, Chaigne D, Buresi C & Malafosse A (2000). Mutations of SCN1A, encoding a neuronal
sodium channel in two families with GEFS+2. Nat Genet 24, 343-345.
Estacion M, Gasser A, Dib-Hajj SD & Waxman SG (2010). A sodium channel mutation linked to
epilepsy increases ramp and persistent current of Nav1.3 and induces hyperexcitability in hippocampal
neurons. Exp Neurol 224, 362-368.
Fabiato A (1983). Calcium-induced release of calcium from the cardiac sarcoplasmic reticulum. Am J
Physio/ Cell Physiol 245, C1-C14.
Fazekas T, Scherlag BJ, Mabo P, Patterson CE & Lazzara R (1994). Facilitation of reentry by lidocaine in
canine myocardial infarction. Am Ht J 127, 345-352.
Favre I, Moczydlowski & Schild L (1996). On the structural basis of ionic selectivity among Na+, K+, and
Ca2+ in the voltage-gated sodium channel. Biophys J 71, 3110-3125.
Ferrari R (1994). Oxygen-free radicals at myocardial level: effects of ischemia and reperfusion. Adv Exp
Med Biol 366, 99-111.
Forsdyke DR (2007). Calculation of folding energies of single-stranded nucleic acid sequences:
conceptual issues. J Theoretical Biol 248, 745-753.

131

Fox KA, Steg PG, Eagle KA, Goodman SG, Anderson FA Jr, Granger CB, Flather MD, Budaj A, Quill A
& Gore JM (2007). Decline in rates of death and heart failure in acute coronary syndromes, 1999–2006.
JAMA 297, 1892-1900.
Fozzard HA & Hanck DA (1996). Structure and function of voltage-dependent sodium channels:
comparison of brain II and cardiac isoforms. Physiol Rev 76, 887-926.
Fozzard HA (1992). Afterdepolarizations and triggered activity. Basic Res Cardiol 87 (Suppl 2), 105–
113.
Fozzard HA & Lipkind GM (2010). The tetrodotoxin binding site is within the outer vestibule of the
sodium channel. Mar Drugs 8, 219-234.
Fredj S, Sampson KJ, Liu H & Kass RS (2006). Molecular basis of ranolazine block of LQT-3 mutant
sodium channels: evidence for site of action. Br J Pharmacol 148, 16–24.
Frelin C, Lombet A, Vigne P, Romey G & Lazdunski M (1981). The appearance of voltage-sensitive Na+
channels during the in vitro differentiation of embryonic chick skeletal muscle cells. J Biol Chem 256,
12355-12361.
Frohnwieser B, Chen L Q, Schreibmayer W & Kallen R G (1997). Modulation of the human sodium
channel alpha subunit by cAMP-dependent protein kinase and the responsible sequence domain. J Physiol
498, 309–318.
Fujiwara T, Sugawara T, Mazaki-Miyazaki E, Takahasi Y, Fukushima K, Watanabe M, Hara K,
Morikawa T, Yagi K, Yamakawa K & Inoue Y (2003). Mutations of sodium channel α subunit type 1
(SCN1A) in intractable childhood epilepsies with frequent generalized tonic-clonic seizures. Brain 126,
531-546.
Furuyama T, Morita Y, Inagaki S & Takagi H (1993). Distribution of I, II and III subtypes of voltagesensitive sodium channel mRNA in the rat brain. Mol Brain Res 17, 169-173.
Gaborit, N., LeBouter, S., Szuts, V., Varro, A., Escande, D., Nattel, S., Demolombe, S.,
2007. Regional and tissue specific transcript signatures of ion channel genes in
the non-diseased human heart. J Physiol 582, 675–693.
Ganote CE, Simms MA & Safavi S (1982). Effects of dimethylsulfoxide (DMSO) on the oxygen paradox
in perfused rat hearts. Am J Pathol 109, 270-276.
Gauss KA, Bunger PL, Crawford MA, McDermott BE, Swearingen R, Nelson-Overton LK, Siemsen
DW, Kobayashi SD, DeLeo FR & Quinn MT (2005). Variants of the 5’-untranslated region of human
NCF2: Expression and translational efficiency. Gene 366, 169-179.
Gazina EV, Richards KL, Mokhtar MBC, Thomas EA, Reid CA & Petrou S (2010). Differential
expression of exon 5 splice variants of sodium channel alpha subunit mRNA’s in the developing mouse
brain. Neurosci 166, 195-200.
Gellens ME, George AL Jr, Chen LQ, Chahine M, Horn R, Barchi RL & Kallen RG (1992). Primary
structure and functional expression of the human cardiac tetrodototoxin-insensitive voltage-dependent
sodium channel. Proc Natl Acad Sci USA 89, 554-558.
132

Gersdorff Korsgaard MP, Christophersen P, Ahring PK & Olesen SP (2001). Identification of a novel
voltage-gated Na+ channel rNa(v)1.5a in the rat hippocampal progenitor stem cell line HiB5. Pflugers
Arch 443, 18-30.
Gianelly RE, von der Groeben JO, Spivack AP & Harrison DC (1967). Effect of lidocaine on ventricular
arrhythmias in patients with coronary heart disease. N Engl J Med 277, 1215-1219.
Gidh-Jain M, Huang B, Jain P & El-Sherif N (1996). Differential expression of voltage-gated K+ channels
in left ventricular remodeled myocardium after experimental myocardial infarction. Circ Res 79, 669-675.
Gidh-Jain M, Huang B, Jain P & El-Sherif N (1998). Alterations in cardiac gene expression during
transition to compensated hypertrophy following myocardial infarction. J Mol Cell Cardiol 30, 627-737.
Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Borden WB, Bravata DM, Dai S, Ford ES,
Fox CS, Franco S, Fullerton HJ, Gillespie C, Hailpern SM, Heit JA, Howard VJ, Huffman MD, Kissela
BM, Kittner SJ, Lackland DT, Lichtman JH, Lisabeth LD, Magid D, Marcus GM, Marelli A, Matchar
DB, McGuire DK, Mohler ER, Moy CS, Mussolino ME, Nichol G, Paynter NP, Schreiner PJ, Sorlie PD,
Stein J, Turan TN, Virani SS, Wong ND, Woo D & Turner MB, on behalf of the American Heart
Association Statistics Committee and Stroke Statistics Subcommittee (2013). AHA Statistical Update.
Executive Summary: Heart Disease and Stroke Statistics—2013 Update. Circ 127, 143-152.
Goldenberg I & Moss AJ (2008). Long QT syndrome. J Am Coll Card 51, 2291-2300.
Goldfarb M (2012). Voltage-gated sodium channel-associated proteins and alternative mechanisms of
inactivation and block. Cell & Mol Life Sciences 69, 1067-1076.
Goldin AL, Snutch T, Lubbert H, Dowsett A, Marshall J, Auld V, Downey W, Fritz LC, Lester HA, Dunn
R, Catterall WA & Davidson N (1986). Messenger RNA coding only for the alpha subunit of the rat brain
sodium channel is sufficient for expression of functional channels in Xenopus oocytes. Proc Natl Acad
Sci USA 83, 7503-7507.
Goldin AL, Barchi RL, Caldwell JH, Hofmann F, Howe JR, Hunter JC, Kallen RG, Mandel G, Meisler
MH, Netter YB, Noda M, Tamkun MM, Waxman SG, Wood JN & Catterall WA (2000). Nomenclature
of voltage-gated sodium channels. Neuron 28, 365-368.
Goldin AL (2002). Review: The evolution of voltage-gated Na+ channels. J Exp Biol 205, 575-584.
Goldin AL (2003). Mechanisms of sodium channel inactivation. Curr Opin Neurobiol 13, 284-290.
Goldin AL. Expression of ion channels in Xenopus oocytes. In: Expression and Analysis of Recombinant
Ion Channels: From Structural Studies to Pharmacological Screening. edited by Clare JJ & Trezise DJ.
Weinheim, Germany: Wiley-VCH, 2006.
Gong B, Rhodes KJ, Bekele-Arcuri Z & Trimmer JS (1999). Type I and type II Na+ channel alpha subunit
polypeptides exhibit distinct spatial and temporal patterning, and association with auxillary subunits in rat
brain. J Comparative Neurology 412, 342-352.
Gordon D, Merrick D, Auld V, Dunn R, Goldin AL, Davidson N & Catterall WA (1987). Tissue-specific
expression of the RI and RII sodium channel subtypes. Proc Nat Acad Sci USA 84, 8682-8686.
133

Grieco TM, Malhotra JD, Chen C, Isom LL, Raman IM (2005). Open-channel block by the cytoplasmic
tail of sodium channel beta 4 as a mechanism for resurgent current. Neuron 45, 233-244.
Grill HP, Zweier JL, Kuppusamy P, Weisfeldt ML & Flaherty JT (1992). Direct measurement of
myocardial free radical generation in an in vivo model: Effects of postischemic reperfusion and treatment
with human recombinant superoxide dismutase. Adv Exp Med Biol
20, 1604-1611.
Grosso AR, Gomes AQ, Barbosa-Morais NL, Caldeira S, Thorne NP, Grech G, von Lindern M & CarmoFonseca M (2008). Tissue-specific splicing factor gene expression signatures. Nucl Acids Res 36, 4823–
4832.
Guerci AD, Gerstenblith C, Brinker JA, Chandra NC, Gottlieb SO, Bahr RD, Weiss JL, Shapiro EP,
Flaherty JT, Bush DE, Chew PH, Gottlieb SH, Halperin HR, Ouyang P, Walford GD, Bell WR,
Fatterpaker AK, Llewellyn M, Topol EJ, Healy B, Siu CO, Becker LC & Weisfeldt Ml (1987). A
randomized trial of tissue plasminogen activator for acute myocardial infarction with subsequent
randomization to elective coronary angioplasty. New Engl J Med 317, 1613-1618.
Gustafson TA, Clevinger EC, O’Neill TJ, Yarowsky PJ & Krueger BK (1993). Mutually exclusive exon
splicing of type III brain sodium channel alpha subunit RNA generates developmentally regulated
isoforms in rat brain. J Biol Chem 268, 18648-18653.
Haas HG, Kern R, Einwachter HM & Tarr M (1971). Kinetics of Na+ inactivation in frog atria. Pflugers
Arch 323, 141-157.
Haigney MC, Miyata H, Lakatta EG, Stern MD & Silverman HS (1992). Dependence of hypoxic cellular
calcium loading on Na+-Ca2+ exchange. Circ Res 71, 547-557.
Haigney MC, Lakatta EG, Stern MD & Silverman HS (1994). Sodium channel blockade reduces hypoxic
sodium loading and sodium-dependent calcium loading. Circ 90, 391-399.
Halkin A, Roth A, Lurie I, Fish R, Belhassen B & Viskin S (2001). Pause-dependent torsade de pointes
following acute myocardial infarction: a variant of the acquired long QT syndrome. J Am Coll Cardiol 38,
1168-1174.
Hamill OP, Marty A, Neher E, Sakmann B, & Sigworth FJ (1981). Improved patch clamp techniques for
high resolution current recording from cells and cell-free membrane patches Pflugers Arch 391, 85-100.
Hammarstrom AKM & Gage PW (1999). Nitric oxide increase persistent sodium current in rat
hippocampal neurons. J Physiol 520, 451-461.
Hanck DA & Sheets MF (2007). Site-3 toxins and cardiac sodium channels. Toxicon 49, 181-193.
Hanck DA, NIkitina E, McNulty MM, Fozzard HA, Lipkind GM & Sheets MF (2009). Using lidocaine
and benzocaine to link sodium channel molecular conformations to state-dependent antiarrhythic drug
affinity. Circ Res 105, 492-499.
Hartmann HA, Tiedeman AA, Chen S-F, Brown AM & Kirsch GE (1994). Effect of III-IV linker
mutations on human heart Na+ channel gating. Circ Res 75, 114-122.
134

Hartmann M & Decking UK (1999). Blocking Na+–H+ exchange by cariporide reduces Na+-overload in
ischemia and is cardioprotective. J Mol Cell Cardiol 31, 1985–1995.
Hartshorne RP, Messner DJ, Coppersmith JC & Catterall WA (1982). The saxitoxin receptor of the
sodium channel from rat brain: evidence for two nonidentical beta subunits. J Biol Chem 257, 1388813891.
Haufe V, Cordiero JM, Zimmer T, Wu YS, Schiccitano S, Benndorf K & Dumaine R (2005a).
Contribution of neuronal sodium channels to the cardiac fast sodium current INa is greater in dog heart
Purkinje fibers than in ventricles. Cardiovasc Res 65, 117-127.
Haufe V, Camacho JA, Dumaine R, Gunther B, Bollensdorff C, von Banchet GS, Benndork K & Zimmer
T (2005b). Expression pattern of neuronal and skeletal muscle voltage-gated Na+ channels in the
developing mouse heart. J Physiol 564, 683-696.
Haufe V, Cumberland C & Dumaine R (2007). The promiscuous nature of the cardiac sodium current. J
Mol Cell Cardiol 42, 469-477.
Hedley PL, Jørgensen P, Schlamowitz S, Moolman-Smook J, Kanters JK,Corfield VA & Christiansen M
(2009). The genetic basis of Brugada Syndrome: A mutation update. Hum Mutat 30, 1256-1266.
Heinemann SH, Terlau H & Imoto Keiji (1992a). Molecular basis for pharmacological differences
between brain and cardiac sodium channels. Pflugers Arch 422, 90-92.
Heinemann SH, Terlau H, Stuhmer W, Imoto K & Numa S (1992b). Calcium channel characteristics
conferred on the sodium channel by single mutations. Nature 356, 441-443.
Heintzman ND, Hon GC, Hawkins RD, Kheradpour P, Stark A, Harp LF, Ye Z, Lee LK, Stuart RK,
Ching CW, Ching KA, Antosiewicz JE, Liu H, Zhang X, Green RD, Stewart R, Thomson JA, Crawford
GE, Kellis M & Ren B (2009). Histone modifications at human enhancers reflect global cell type-specific
gene expression. Nature 459, 108-112.
Heinzen EL, Yoon W, Tate SK, Sen A, Wood NW, Sisodiya SM & Goldstein DB (2007). Nova-2
interacts with a cis-acting polymorphism to influence the proportion of drug-responsive splice variants of
SCN1A. Am J Hum Genet 80, 876-883.
Henke W, Herdel K, Jung K, Schnorr D & Loening SA (1997). Betaine improves the PCR amplification
of GC-rich DNA sequences. Nucl Acids Res 25, 3957-3958.
Henkel DM, Witt BJ, Gersh BJ, Jacobsen SJ, Weston SA, Meverden RA & Roger VL (2006). Ventricular
arryhthmias after acute myocardial infarction : A 20-yr community study. Am Ht J 151, 806-812.
Hess ML, Okabe E & Kontos HA (1981). Proton and free oxygen radical formation with the calcium
transport system of cardiac sarcoplasmic reticulum. J Mol Cell Cardiol 13, 767-772.
Hess ML & Manson NH (1984). Molecular oxygen: friend and foe. The role of the oxygen free radical
system in the calcium paradox, the oxygen paradox and ischemia/reperfusion injury. J Mol Cell Cardiol
16, 969-985.
Hille B (1989). Ion channels: Evolutionary origins and modern roles. Exp Physiol 74, 785-804.
135

Hodgkin AL & Huxley AF (1952). A quantitative description of membrane current and its’ application to
conduction and excitation in nerve. J Physiol 117, 500-544.
Hondeghem LM (1985). Comments on “Maximal upstroke velocity as an index of available sodium
conductance: comparison of maximal upstroke velocity and voltage clamp measurements of sodium
current in rabbit Purkinje fibers. Circ Res 57, 192-198.
Horne AJ, Eldstrom J, Sanatani S & Fedida D (2011). A novelmechanism for LQT3 with 2:1 block: a
pore-lining mutation in Nav1.5 significantly affects voltage dependence of activation.
Heart Rhythm 8,770–777.
Huang B, El-Sherif T, Gidh-Jain M, Qin D & El-Sherif N (2001). Alteration of sodium channel kinetics
and gene expression in the post-infarction remodeled myocardium. J Cardiovasc Electrophys 12, 218225.
Hughes TA (2006). Regulation of gene expression by alternative untranslated regions. Trends Gen 22,
119-122.
Hunt T (1988). Controlling mRNA lifespan. Nature 334, 567-568.
Huser J, Lipp P & Niggli E (1996). Confocal microscope detection of potential-sensitive dyes used to
reveal loss of voltage control during patch-clamp experiments. Pflugers Arch 433, 194-199.
Huth T, Schmidtmayer J, Alzheimer C & Hansen U-P (2008). Four-mode gating model of fast
inactivation of sodium channel Nav1.2a. Pfluger Arch Eur J Physiol 457, 103-119.
Imahashi K, Kusuoka H, Hashimoto K, Yoshioka J, Yamaguchi H & Nishimura T (1999). Intracellular
sodium accumulation during ischemia as the substrate for reperfusion injury. Circ Res 84, 1401-1406.
Imahashi K, Pott C, Goldhaber JI, Steenbergen C, Philipson KD & Elizabeth Murphy (2005). Cardiacspecific ablation of the Na+-Ca2+ exchanger confers protection against ischemia/reperfusion injury. Circ
Res 97, 916-921.
The I.S.A.M. Study Group (1986). A prospective trial of intravenous streptokinase in acute myocardial
infarction (I.S.A.M.). New Engl J Med 314, 1465-1471.
ISIS-2 Collaborative Group (1988). Randomized trial of intravenous streptokinase, oral aspirin, both, or
neither among 17,187 cases of suspected acute myocardial infarction: ISIS-2. Lancet 332, 349-360.
Isom LL, DeJongh KS, Patton DE, Reber BFX, Offord J, Charbonneau H, Walsh K, Goldin AL &
Catterall WA (1992). Primary structure and functional expression of the B1 subunit of the rat brain
sodium channel. Science 256, 839-842.
Isom LL, DeJongh KS & Catterall WA (1994). Auxillary subunits of voltage-gated ion channels. Neuron
12, 1183-1194.
Isom LL, Ragsdale DS, DeJongh KS, Westenbroeck RE, Reber BFX, Scheuer T & Catterall WA (1995a).
Structure and function of the B2 subunit of brain sodium channels, a transmembrane with a glycoprotein
motif. Cell 83, 433-442.
136

Isom LL, Scheuer T, Brownstein AB, Ragsdale DS, Murphy BJ & Catterall WA (1995b). Functional
coexpression of the B1 and IIA alpha subunits of sodium channels in a mammalian cell line. J Biol Chem
270, 3306-3312.
Isom LL & Catterall WA (1996). Na+ channel subunits and Ig domains. Nature 383, 307-308.
Isom LL (2001). Sodium channel B subunits: anything but auxilliary. Neuroscientist 7, 42-54.
January CT & Riddle JM (1989). Early afterdepolarizations: Mechanism of induction and block: a role for
L-type Ca2+ current. Circ Res 64, 977-989.
Jarvis MF, Honore P, Shieh nC-C, Chapman M, Joshi S, Zhang X-F, Kort M, Carroll W, Marron B,
Atkinson R, Thomas J, Liu D, Krambis M, Liu Y, McGaraughty S, Chu K, Roeloffs R, Zhong C, Mikusa
JP, Hernandez G, Gauvin D, Wade C, Zhu C, Pai M, Scanio M, Shi L, Drizin I, Gregg R, Matulenko M,
Hakeem A, Gross M, Johnson M, Marsh K, Wagoner PK, Sullivan JP, Faltynek CR & Krafte DS (2007).
A-803467, a potent and selective NaV1.8 sodium channel blocker attenuates neuropathic and
inflammatory pain in the rat. Proc Natl Acad Sci USA 104, 8520-8525.
Joho RH, Moorman JR, VanDongen AMJ, Kirsch GE, Silberberg H, Schuster G & Brown AM (1990).
Toxin and kinetic profile of rat brain type III sodium channels expressed in Xenopus oocytes. Mol Brain
Res 7, 105-113.
Jolly S, Kane WJ, Bailie MB, Abrams GD & Lucchesi BR (1984). Canine myocardial reperfusion injury:
Its reduction by the combined administration of superoxide dismutase and catalase. Circ Res 54, 277-285.
Ju Y-K, Saint DA & Gage PW (1992). Effects of lignocaine and quinidine on the persistent sodium
current in rat ventricular myocytes. Br J Pharmacol 107, 311-316.
Ju Y-K, Saint DA & Gage PW (1996). Hypoxia increases persistent sodium current in rat ventricular
myocytes. J Physiol 497, 337-347.
Kadener S, Fededa JP, Rosbash M, & Kornblihtt AR (2002). Regulation of alternative splicing by a
transcriptional enhancer through RNA pol II elongation. Proc Natl Acad Sci USA 99, 8185-8190.
Kainz P (2000). The PCR plateau phase--towards an understanding of its limitations. Biochimica et
Biophysica Acta 1494, 23-27.
Kalume F, Yu FH, Westenbroek RE, Scheuer T & Catterall WA (2007). Reduced sodium current in
Purkinje neurons from Nav1.1 mutant mice : Implications for ataxia in severe myoclonic epilepsy in
infancy. J Neurosci 27, 11065-11074.
Kamiya K, Kaneda M, Sugawara T, Mazaki E, Okamura N, Montal M, Makita N, Tanaka M, Fukushima
K, Fujiwara T, Inoue Y & Yamakawa K (2004). A nonsense mutation of the sodium channel gene
SCN2A in a patient with intractable epilepsy and mental decline. J Neurosci 24, 2690-2698.
Kang J-Q, Shen W & Macdonald RL (2009). Two molecular pathways (NMD and ERAD) contribute to a
genetic epilepsy associated with the GABAA receptor GABRA1 PTC mutation, 975delC, S326fs328X. J
Neurosci 29, 2833-2844.

137

Kanupriya PD, Sai Ram M, Sawhney RC, Ilavazhagan G & Banerjee PK (2007). Mechanism of tertbutylhydroperoxide induced cytotoxicity in U-937 macrophages by alteration of mitochondrial function
and generation of ROS. Toxicol In Vitro 21, 846-854.
Kapplinger JD, Tester DJ, Alders M, Benito B, Berthet M, Brugada J, Brugada P, Fressart V, Guerchicoff
A, Harris-Kerr C, Kamakura S, Kyndt F, Koopmann TT, Miyamoto Y, Pfeiffer R, Pollevick GD, Probst
V, Zumhagen S, Vatta M, Towbin JA, Shimizu W, Schulze-Bahr E, Antzelevitch C, Salisbury BA,
Guicheney P, Wilde AA, Brugada R,Schott JJ &Ackerman MJ (2010). An international compendium of
mutations in the SCN5A-encoded cardiac sodium channel in patients referred for Brugada syndrome
genetic testing. Heart Rhythm 7, 33-46.
Kasai N, Fukushima K, Ueki Y, Prasad S, Nosakowski J, Sugata K, Sugata A, Nishizaki K, Meyer NC
and Smith RJH (2001). Genomic structures of SCN2A and SCN3A—candidate genes for deafness at the
DFNA16 locus. Gene 264, 113-122.
Kawai M, Hussain M & Orchard CH (1999). Excitation-contraction coupling in rat ventricular myocytes
after formamide-induced detubulation. Am J Physiol/ Heart Circ Physiol 277, H603-H609.
Kapustin Y, Chan E, Sarkar R, Wong F, Vorechovsky I, Winston RM, Tatusova T, & Dibb NJ (2011).
Cryptic splice sites and split genes. Nucleic Acids Res 39, 5837-5844.
Kass RS (2004). Commentary: Sodium channel inactivation goes with the flow. J Gen Physiol 124, 7-8.
Kass RS (2006). Sodium channel inactivation in heart : A novel role of the carboxy-terminal domain. J
Cardiovasc Electrophysiol 17 (Suppl I), S21-S25.
Katz AM. The electrocardiogram. In : Physiology of the Heart (4th ed.). Philadelphia, PA: Lippincott
Williams & Wilkins, 2006.
Kaufmann SG, Westenbroek RE, Zechner C. Maass AH, Bischoff S, Muck J, Wischmeyer E, Scheuer T
& Maier SK (2010). Functional protein expression of multiple sodium channel alpha- and beta-subunit
isoforms in neonatal cardiomyocytes. J Mol Cell Cardiol 48, 261-269.
Kayano T, Noda M, Flockerzi V, Takahashi H & Numa (1988). Primary structure of rat brain sodium
channel III deduced from the cDNA sequence. FEBS Lett 228, 187-194.
Kazen-Gillespie KA, Ragsdale DS, D`Andrea MR, Mattei LN, Rogers KE & Isom LL (2000). Cloning,
localization and functional expression of sodium channel B1A subunits. J Biol Chem 275, 1079-1088.
Kerr NC, Holmes FE & Wynick D (2004). How isoforms of the sodium channels NaV1.8 and NaV1.5 are
produced by a conserved mechanism in mouse and rat. 279, 24826-24833.
Kerr NCH, Gao Z, Holmes FE, Hobson S-A, Hancox JC, Wynick D & James AF (2007). The sodium
channel Nav1.5a is the predominant isoform expressed in adult mouse dorsal root ganglion and exhibits
distinct inactivation properties from the full-length Nav1.5 channel. Mol Cell Neurosci 35, 283-291.
Kerr NCH, Holmes FE & Wynick D (2008). Novel mRNA isoforms of the sodium channels Nav1.2,
Nav1.3 and Nav1.7 encode predicted two-domain, truncated proteins. Neurosci 155, 797-808.

138

Khalid MA & Ashraf M (1993). Direct detection of endogenous hydroxyl radical production in adult
cardiomyocytes during anoxia and reoxygenation: Is the hydroxyl radical really the most important
species? Circ Res 72, 725-736.
Kinoshita E, Maejima H, Yamaoka K, Konno K, Kawai N, Shimizu E, Yokote S, Nakayama H & Sayama
I (2001). Novel wasp toxin discriminates between neuronal and cardiac sodium channels. Mol Pharmacol
59, 1457-1463.
Kirsch GE & Brown AM (1989) Kinetic properties of single sodium channels in rat heart and rat brain. J
Gen Physiol 93,85-99.
Kiyosue T & Arita M (1989). Late sodium current and its’ contribution to action potential configuration
in guinea pig ventricular myocytes. Circ Res 64, 389-397.
Ko S-H, Lenkowski PW, Lee HC, Mounsey JP & Patel MK (2004). Modulation of Nav1.5 by B1 and B3subunuit coexpression in mammalian cells. Pflugers Arch 449, 403-412.
Korbie DJ & Mattick JS (2008). Touchdown PCR for increased specificity and sensitivity in PCR
amplification. Nature Protocols 3, 1452-1456.
Kohrman DC, Plummer NW, Schuster T, Jones JM, Jang W, Burgess DL, Galt J, Spear BT & Meisler
MH (1995). Insertional mutation of the motor end plate disease (med) locus on mouse chromosome 15.
Genomics 26,171–177.
Kohrman DC, Harris JB & Meisler MH (1996). Mutation detection in the med and medJ alleles of the
sodium channel Scn8a. J Biol Chem 271, 17576–17581.
Kopito RR (1997). ER quality control: The cytoplasmic connection. Cell 88, 427-430.
Kornblihtt AR, Schor IE, Alló M, Dujardin G, Petrillo E & Muñoz MJ (2013). Alternative splicing : A
pivotal step between transcription and translation. Nature Rev : Mol Cell Biol 14, 153-165.
Kostrzewa RW & Jacobowitz DM (1974). Pharmacological actions of 6-hydroxydopamine. Pharmacol
Rev 26, 199-288.
Kozak M (1981). Possible role of flanking nucleotides in recognition of the AUG initiator codon by
eukaryotic ribosomes. Nucleic Acids Res 9, 5233-5252.
Kozak M (1987). An analysis of 5’- noncoding sequences from 699 vertebrate messenger mRNA’s.
Nucleic Acids Res 15, 8125-8148.
Kozak M (1991). An analysis of vertebrate mRNA sequences : intimations of translational control. J Cell
Biol 115, 887-903.
Kozak M (2002). Pushing the limits of the scanning mechanism for initiation of translation. Gene 299, 134.
Kraemer R, Seligmann B & Mullane KM (1990). Polymorphonuclear leukocytes reduce cardiac function
in vitro by release of H2O2. Am J Physiol/ Heart Circ Physiol 258, H1847-H1855.
139

Krishnan SC & Antzelevitch C (1993). Flecainide-induced arrhythmia in canine ventricular epicardium.
Phase 2 reentry? Circ 87, 562–572.
Kucera JP, Rohr S & Rudy Y (2002). Localization of sodium channels in intercalated discs modulates
cardiac conduction. Circ Res 91, 1176-1182.
Kunze DL, Lacerda AE, Wilson DL & Brown AM (1985). Cardiac Na+ currents and the inactivating,
reopening and waiting properties of single cardiac Na+ channels. J Gen Physiol 86, 691-719.
Lankipalli, RS, Zhu T, Guo D & Yan G-X (2005). Mechanisms underlying arrhythmogenesis in long QT
syndrome. J Electrocardiol 38, 69-73.
Larsen F, Gundersen G, Lopez R & Prydz H (1992). CpG islands as gene markers in the human genome.
Genomics 13, 1095-1107.
Lei M, Jones SA, Liu J, Lancaster MK, Fung S S-M, Dobrzynski H, Camelliti P, Maier SKG, Noble D &
Boyett MR (2004). Requirement of neuronal- and cardiac-type sodium channels for murine sinoatrial
node pacemaking. J Physiol 559, 835-848.
Letienne R, Bessac M, Vacher B & Le Grand B (2009). Myocardial protection by F 15845, a persistent
sodium current blocker, in an ischemia-reperfusion model in the pig. Eur J Pharmacol 624, 16-22.
Leung PK. Chow KB. Lau PN. Chu KM. Chan CB. Cheng CH. Wise H (2007). The truncated ghelin
receptor polypeptide (GHS-R1b) acts as a dominant-negative mutant of the ghelin receptor. Cellular
Signalling 19, 1011-1022.
Lewis BP, Green RE & Brenner SE (2003). Evidence for the widespread coupling of alternative splicing
and nonsense-mediated mRNA decay in humans. Proc Nat Acad Sci USA 100, 189-192.
Li M, Wang IX, Li Y, Bruzel A, Richards AL, Toung JM & Cheung VG (2011). Widespread RNA and
DNA sequence differences in the human transcriptome. Science 333, 53-58.
Lin W-H, Wright DE, Muraro NI & Baines RA (2009). Alternative splicing in the voltage-gated sodium
channel DmNaV J Neurophysiol 102, 1994-2006.
Lindblad-Toh K, Kellis M, Lander ES et al (2011). A high-resolution map of human evolutionary
constraint using 29 mammals. Nature 478, 476-482.
Liu J-X, Tanonaka K, Ohtsuka Y, Sakai Y & Takeo S (1993). Improvement of ischemia/reperlusioninduced contractile dysfunction of perfused hearts by class Ic antiarrhythmic agents. J Pharmacol Exp
Ther 266, 1247-1254.
Llinas LL & Sugimori M (1980). Electrophysiological properties of in vitro Purkinje cell somata in
mammalian cerebellar slices. J Physiol 305, 171-195.
Lombet A, Renaud J-F, Chicheportiche R & Lazdunski M (1981). A cardiac tetrodotoxin binding
component: Biochemical identification, characterization and properties. Biochemistry 20, 1279-1285.
Lombet A & Lazdunski M (1984). Characterization, solubilization, affinity labeling and purification of
the cardiac Na+ channel using Tityus toxin y. Eur J Biochem 141, 651-660.
140

Long Y-S, Zhao Q-H, Su T, Cai Y-L, Zeng Y, Shi Y-W, Yi Y-H, Chang HH & Liao WP (2008).
Identification of the promoter region and the 5'-untranslated exons of the human voltage-gated sodium
channel NaV1.1 gene (SCN1A) and enhancement of gene expression by the 5'-untranslated exons. J
Neurosci Res 86, 3375-3381.
Long-Y-S, Shi YW & Liao WP (2009). Conservation-based prediction of the transcription regulatory
region of the SCN1A gene. Progress in Natural Science 19, 1675-1681.
Lossin C, Wang DW, Rhodes TH, Vanoye CG & George AL Jr. (2002). Molecular basis of an inherited
epilepsy. Neuron 34, 877-884.
Lu C-M, Han J, Rado TA & Brown GB (1992). Differential expression of two sodium channel subtypes
in human brain. FEBS Lett 303, 53-58.
Lu C-M, Eichelberger JS, Beckman ML, Shade SD & Brown GB (1998). Isolation of the 5’-flanking
region for human brain sodium channel subtype II alpha-subunit. J Mol Neurosci 11, 179-182.
Luo CH & Rudy Y (1991). A model of the ventricular cardiac action potential. Depolarization,
repolarization and their interaction. Circ Res 68, 1501-1526.
Ma J, Catterall WA & Scheuer T (1997). Persistent sodium currents through brain sodium channels
produced by G protein beta gamma subunits. Neuron 19, 443-452.
Ma YJ, Dissen GA, Rage F & Ojeda SR (1996). RNase protection assay. Methods 10, 273-278.
MacArthur DG, Balasubramanian S, Frankish A, Huang N, Morris J, Walter K, Jostins L, Habegger L,
Pickrell JK, Montgomery SB et al (2012). A systematic survey of loss-of-function variants in human
protein-coding genes. Science 335, 823-828.
Magistretti J, Ragsdale DS & Alonso A (1999). High conductance sustained single channel activity
responsible for the low-threshold persistent Na+ current in enterhinal cortex neurons. J Neurosci 19, 73347341.
Maier SK, Westenbroek RE, Schenkman KA, Feigl EO, Scheuer T & Catterall WA (2002). An
unexpected role of brain-type sodium channels in coupling of cell surface depolarization to contraction in
the heart. Proc Natl Acad Sci USA 99, 4073-4078.
Maier SK, Westenbroek RE, Mc Cormick KA, Curtis R, Scheuer T & Catterall WA (2004). Distinct
subcellular localization of different sodium channel alpha and beta subunits in single ventricular
myocytes from mouse heart. Circ 109, 1421-1427.
Makielski JC, Ye B, Valdivia CR, Pagel D, Pu J, Tester DJ & Ackerman MJ (2003). A ubiquitous splice
variant and a common polymorphism affect heterologous expression of recombinant human SCN5A heart
sodium channels. Circ Res 93, 821-828.
Makielski JC & Farley AL (2006). Na+ current in human ventricle: implications for sodium loading and
homeostasis. J Cardiovasc Electrophysiol 17(Suppl 1), S15-S20.

141

Makita N, Bennett PB Jr. & George AL Jr. (1994) Voltage-gated Na+ channel β1 subunit mRNA
expressed in adult human skeletal muscle, heart and brain is encoded by a single gene. J Biol Chem 169,
7571-7578.
Malhotra JD, Kazen-Gillespie K, Hortsch M & Isom LL (2000). Sodium channel beta subunits mediate
homophilic cell adhesion and recruit ankyrin to points of cell-cell contact. J Biol Chem 275, 1138311388.
Maltsev VA, Sabbah HN, Higgins RSD, Silverman N, Lesch M & Undrovinas AI (1998). Novel,
ultraslow inactivating sodium currents in human ventricular cardiomyocytes. Circ 98, 2545-2552.
Maltsev VA, Kyle JW, Mishra S & Undrovinas AI (2008). Molecular identity of the late sodium current
in adult dog cardiomyocytes identified by NaV1.5 antisense inhibition. Am J Physiol/ Heart Circ Physiol
295, H667-H676.
Mancl ME, Hu G, Sangster-Guity N, Olshalsky SL, Hoops K, Fitzgerald-Bocarlsy P, Pitha PM, Pinder K
& Barnes BJ (2005). Two discrete promoters regulate the alternatively spliced human Interferon
Regulatory Factor-5 Isoforms. J Biol Chem 280, 21078-21090.
Mantegazza M, Franceschetti S & Avanzini G (1998). Anemone toxin (ATX II)-induced increase in
persistent sodium current: effects on the firing properties of rat neocortical pyramidal neurones. J Physiol
507, 105-116.
Mantegazza M, Yu FH, Catterall WA & Scheuer T (2001). Role of the C-terminal domain in inactivation
of brain and cardiac sodium channels. Proc Natl Acad Sci USA 98, 15348-15353.
Mantegazza M, Yu FH, Powell AJ, Clare JJ, Catterall WA & Scheuer T (2005). Molecular determinants
for modulation of persistant sodium current by G-protein B gamma subunits. J Neurosci 25, 3341-3349.
Martin MS, Tang B, Ta N & Escayg A (2007). Characterization of 5’ untranslated regions of the voltagegated sodium channels SCN1A, SCN2A, and SCN3A and identification of cis-conserved noncoding
sequences. Genomics 90, 225-235.
Maue RA, Kraner SD, Goodman RH & Mandel G (1990). Neuron-specific expression of the rat brain
type II sodium channel gene is directed by upstream regulatory elements. Neuron 4, 223–231.
McCulloch RK, Choong CS & Hurley DM (1995). An evaluation of competitor type and size for use in
the determination of mRNA by competitive PCR. Genome Res 4, 219-226.
McGlincy NJ & Smith CWJ (2008). Alternative splicing resulting in nonsense-mediated mRNA decay:
What is the meaning of nonsense? Trends in Biochem Sci 33, 385-393.
McManus CJ & Gravely BR (2011). RNA structure and the mechanisms of alternative splicing. Curr
Opin Genetics & Devel 21, 373-379.
McPhee JC, Ragsdale DS, Scheuer J & Catterall WA (1998). A critical role for the S4-S5 intracellular
loop in domain IV of the sodium channel alpha-subunit in fast inactivation. J Biol Chem 273, 1121-1129.
Meisler MH, Sprunger LK, Plummer NW, Escayg A & Jones JM (1997). Ion channel mutations in mouse
models of inherited neurological diseases. Ann Med 29, 569–574.
142

Meng H-P & Pierce GN (1990). Protective effects of 5-(N,N-dimethyl) amiloride on ischemia reperfusion
injury in hearts. Am J Physiol/ Heart Circ Physiol 258, H1615-H1619.
Meregalli PG, Wilde AAM & Tan HL (2005). Pathophysiological mechanisms of Brugada syndrome:
Depolarization disorder, repolarization disorder, or more? Cardiovasc Res 67, 367-378.
Messner DJ & Catterall WA (1985). The sodium channel from rat brain: Separation and characterization
of subunits. J Biol Chem 260, 10597-10604.
Meyer IM & Miklos I (2005). Statistical evidence for conserved, local secondary structure in the coding
regions of eukaryotic mRNA’s and pre-mRNA’s. Nucleic Acids Res 33, 6338-6348.
Miki S, Ashraf M, Salka S & Sperelakis N (1988). Myocardial dysfunction and ultrastructural alterations
mediated by oxygen metabolites. J Mol Cell Cardiol 20, 1009-1024.
Miriami E, Margalit H & Sperling R (2003). Conserved sequence elements associated with exon
skipping. Nucleic Acids Res 31, 1974-1983.
Miller JA Agnew WS & Levinson SR (1983). Principal glycopeptide of the tetrodotoxin/saxitoxin
binding protein from Electroporus electricus: Isolation and partial chemical and physical characterization.
Biochemistry 22, 462-470.
Mochizuki S, Seki S, Ejima M-A, Onodera T, Taniguchi M & Ishikawa S-I (1993). Na+H+ exchanger and
reperfusion-induced ventricular arrhythmias in isolated perfused heart: possible role of amiloride. Mol
Cell Biochem 119, 151-157.
Modrek B & Lee C (2002). A genomic view of alternative splicing. Nat Genet 30, 13-19.
Moran Y, Gordon D & Gurevitz M. Sea anemone toxins affecting voltage-gated sodium channels—
molecular and evolutionary features. Toxicon 2009, 54, 1089–1101.
Morgan K, Stevens EB, Shah B, Cox PJ, Dixon AK, Lee K, Pinnock RD, Hughes J, Richardson PJ,
Mizuguchi K & Jackson AP (2000). B3: an additional auxiliary subunit of the voltage-sensitive sodium
channel that modulates channel gating with distinct kinetics. Proc Nat Acad Sci USA 97, 2308-2313.
Morris DR & Geballe AP (2000). Upstream open reading frames as regulators of mRNA translation. Mol
Cell Biol 20, 8635-8642.
Morris AR, Mukherjee N & Keene JD (2010). Systematic analysis of posttranscriptional gene expression.
WIRE’s Syst Biol Med 2, 162-180.
Morrison C & Gannon F (1994). The impact of the PCR plateau phase on quantitative PCR. Biochimica
et Biophysica Acta 1219, 493-498.
Morrow DA, Scirica BM, Karwatowska-Prokopczuk E, Murphy SA, Budaj A, Varshavsky S, Wolff AA,
Skene A, McCabe CH & Braunwald E (2007). Effects of Ranolazine on recurrent cardiovascular events in
patient with non-ST elevation acute coronary syndromes: the Merlin-TIMI 36 randomized trial. JAMA
297, 1775-1783.
143

Moss AJ & Kass RS (2005). Long QT syndrome: from channels to cardiac arrhythmias. J Clin Invest 115,
2018-2024.
Mounsey P (1951). Prodromal symptoms in myocardial infarction. Br Ht J 13, 215-226.
Muh SJ, Hovhannisyan RH & Carstens RP (2002). A non-sequence- speciﬁc double-stranded RNA
structural element regulates splicing of two mutually exclusive exons of ﬁbroblast growth factor receptor
2 (FGFR2). J Biol Chem 277:50143–50154
Mulley JC, Scheffer IE, Petrou S, Dibbens LM, Berkovic SF & Harkin LA (2005). SCN1A mutations and
epilepsy. Hum Mutat 25, 535-542.
Mulley JC, Nelson P, Guerrero S, Dibbens L, Iona X, McMahon JM, Harkin L, Schouten J, Yu S,
Berkovic SF & Scheffer IE (2006). A new molecular mechanism for severe myoclonic epilepsy of
infancy: Exonic deletions in SCN1A. Neurology 67, 1094-1095.
Munson R Jr., Westermark B & Glaser L (1979). Tetrodotoxin-sensitive sodium channels in normal
human fibroblasts and normal human glia-like cells. Proc Natl Acad Sci USA 76, 6425-6429.
Murphy E, Perlman M, London RE & Steenbergen C (1991). Amiloride delays the ischemic-induced rise
in cytosolic free calcium. Circ Res 68, 1250-1258.
Murphy B J, Rogers J, Perdichizzi A P, Colvin A A & Catterall W A (1996). cAMP-dependent
phosphorylation of two sites in the alpha subunit of the cardiac sodium channel. J Biol Chem 271, 28837–
28843.
Murray KT, Hu N, Daw JR, Shin H-G, Watson MT, Mashburn AB & George Jr AL (1997). Functional
effects of protein kinase C activation on the human cardiac Na+ channel. Circ Res 80, 370-376.
Myers ML, Bolli LR, Lekich RF, Hartley CJ & Roberts R (1985). Enhancement of recovery of
myocardial function by oxygen free-radical scavengers after reversible regional ischemia.
Circ 72, 915-921.
Myers SJ, Peters J, Huang Y, Comer MB, Barthel FD & Dingledine R (1998). Transcriptional regulation
of the GluR2 gene: neural-specific expression, multiple promoters, and regulatory elements. J Neurosci
18, 6723–6739.
Myers SJ, Huang Y, Genetta T & Dingledine R (2004). Inhibition of glutamate receptor 2 translation by
a polymorphic repeat sequence in the 5’ untranslated leaders. J Neurosci 24, 3489-3499.
Mytelka DS & Chamberlin
Neagoe C, Kulke M, del Monte F, Gwathmey JK, de Tombe PP, Hajjar RJ & Linke WA (2002). Titin
Isoform Switch in Ischemic Human Heart Disease. Circ 106, 1333-1341.
Nererov AD, Artamonova II, Nurtdinov RN, Frishman D, Gelfand MS, & Mironov AA (2005).
Alternative splicing and protein function. BMC Bioinformatics 6, Article # 266.
Narahashi T (1974). Chemicals as tools in the study of excitable membranes. Rev Physiol 54, 813-889.
144

Nattel S (1998). Experimental evidence for proarrhythmic mechanisms of antiarrhythmic drugs. CV Res
37, 567-577.
Neagoe C, Kulke M, del Monte F, Gwathmey JK, de Tombe PP, Hajjar R & Linke WA (2002). Titin
isoform switch in ischemic human heart disease. Circ 106, 1333–1341.
Nguyen HM & Goldin AL (2010). Sodium channel carboxyl-terminal residue regulates fast inactivation.
J Biol Chem 285, 9077-9089.
Noble D & Noble PJ (2006). Late sodium current in the pathophysiology of cardiovascular disease:
consequences of sodium–calcium overload. Heart 92(Suppl IV), iv1-iv5.
Noda M, Shimizu S, Tanabe T, Takai T, Kayano T, Ikeda T, Takahashi H, Nakayama H, Kanaoka Y,
Minamino N, Kangawa K, Matsuo H, Raftery MA, Hirose T, Inayama S, Hayashida H, Miyata T &
Numa S (1984). Primary structure of Electrophorus electricus sodium channel deduced from cDNA
sequence. Nature 312, 121-127.
Noda M, Ikeda T, Kayano T, Suzuki H, Takeshima H, Kurasaki M, Takahashi H & Numa S (1986a).
Existence of distinct sodium channel messenger RNA’s in rat brain. Nature 320, 188-192.
Noda M, Ikeda T, Suzuki H, Takeshima H, Takahashi H, Kuno M & Numa S (1986b). Expression of
functional sodium channels from cloned cDNA. Nature 322, 826-828.
Noda, M & Numa S (1987). Structure and function of sodium channel. J Receptor Res 7, 467-497.
Novakovic SD, Eglen RM & Hunter JC (2001). Regulation of Na+ channel distribution in the nervous
system. Trends Neurosci 24, 473-478.
Numann R, Catterall WA & Scheuer T (1991). Functional modulation of brain sodium channels by
protein kinase C phosphorylation. Science 254, 115-118.
Nuss HB, Chiamvinomvat N, Perez-Garcia MT, Tomaselli GF & Marban E (1995). Functional
association of the B1 subunit with human cardiac (hH1) and rat skeletal muscle (ul) sodium channel alpha
subunits expressed in Xenopus oocytes. J Gen Physiol 106, 1171-1191.
Obeyesekere MN, Klein GJ, Nattel S, Leong-Sit P, Gula LJ, Skanes AC, Yee R & Krahn AD (2013). A
clinical approach to early repolarization. Circ 127, 1620-1629.
Oda Y, Tu CL, Pillai S & Bikle DD (1998). The calcium sensing receptor and its alternatively spliced
form in keratinocyte differentiation. J Biol Chem 1998, 273, 23344-23352.
O’Leary ME (1998). Characterization of the isoform-specific differences in the gating of neuronal and
muscle sodium channels. Can J Physiol Pharmacol 76, 1041-1050.
O’Malley KL, Harmon S, Moffat M, Uhland-Smith A & Wong S (1995). The human aromatic L-amino
acid decarboxylase gene can be alternatively splice to generate unique protein isoforms. J Neurochem 65,
2409-2416.
Ong CT & Corces VG (2011). Enhancer function : new insights into the regulation of tissue-specific gene
expression. Nature Reviews 12, 283-293.
145

Onkal R & Djamgoz MBA (2008). Electrophysiological and developmental implications of Na+ channel
splice variants. J Neurogenetics 22, 187-190.
Onkal R, Mattis JH, Fraser SR, Diss JKJ, Shao D, Okuse K & Djamgoz MBA (2008). Alternative
splicing of Nav1.5: An electrophysiological comparison of ‘neonatal’ and ‘adult’ isoforms and critical
involvement of a lysine residue. J Cell Physiol 216, 716-726.
O’Reilly JP, Wang SY, Kallen RG & Wang GK (1999). Comparison of slow inactivation in human heart
and rat skeletal muscle Na+ channel chimeras. J Physiol 515, 61-73.
Ou S-W, Kameyama A, Hao L-Y, Horiuchi M, Minobe E, Wang W-Y, Makita N & Kameyama M
(2005). Tetrodotoxin-resistant Na+ channels in human neuroblastoma cells are encoded by new variants of
Nav1.5⁄SCN5A. Eur J Neurosci 22, 793-801.
Padilla F, Garcia-Dorado D, Agullo´ L, Inserte J, Paniagua A, Mirabet S, Barrabes JA, Ruiz-Meana M &
Soler-Soler J (2000). L-Arginine administration prevents reperfusion-induced cardiomyocyte
hypercontracture and reduces infarct size in the pig. Cardiovasc Res 46, 412-420.
Pallansch L, Beswick H, Talian J & Zelenka P (1990). Use of an RNA folding algorithm to choose
regions for amplification by the polymerase chain reaction. Anal Biochem 185, 57-62.
Pan Q, Shai O, Lee LJ, Frey BJ & Blencowe BJ (2008). Deep surveying of alternative splicing
complexity in the human transcriptome by high-throughput sequencing. Nature Genet 40, 1413-1415.
Parker I & Miledi R FRS (1987). Tetrodotoxin-sensitive current in native Xenopus oocytes. Proc R Soc
Lond B 232, 289-296.
Patlak JB & Ortiz M (1985). Slow currents through single sodium channels of the adult rat heart. J Gen
Physiol 86, 89-104.
Patlak JB & Ortiz M (1986). Two models of gating during late Na+ channel currents in frog sartorius
muscles. J Gen Physiol 87, 305-325.
Patton DE & Goldin AL (1991). A voltage-dependent gating transition induces use-dependent block by
tetrodotoxin of rIIA sodium channels expressed in Xenopus oocytes. Neuron 7, 637-647.
Pepine CJ & Wolff AA (1999). A controlled trial with a novel anti-ischemic agent, ranolazine, in chronic
stable angina pectoris that is responsive to conventional antianginal agents. Ranolazine Study Group. Am
J Cardiol 84, 46-50.
Pereon Y, Lande G, Demolombe S, Nguyen The Tich S, Sternberg D, Le Marec H & David A (2003).
Paramyotonia congenital with an SCN4A mutation affecting cardiac repolarization. Neurology 60, 340342.
Pike MM, Kitakaze M & Marban E (1990). 23Na-NMR measurement of intracellular sodium in intact
perfused ferret hearts during ischemia and reperfusion. Am J Physiol/ Heart Circ Physiol 259, H1767–
H1773.

146

Pike MM, Luo CS, Clark MD, Kirk KA, Kitakaze M, Madden MC et al (1993). NMR measurements of
Na+ and cellular energy in ischemic rat heart: role of Na+/H+ exchange. Am J Physiol/ Heart Circ Physiol
265, H2017–H2026.
Pike MM, Luo CS, Yanagida S, Hageman GR & Anderson PG (1995). 23Na and 31P nuclear magnetic
resonance studies of ischemia-induced ventricular fibrillation: alteration of intracellular Na+ and cellular
energy. Circ Res 77, 394–406.
Planells-Cases R, Caprini M, Zhang J, Rockenstein EM, Revera RR, Murre C, Masliah E & Montal M
(2000). Neuronal death and perinatal lethality in voltage-gated sodium channel alpha(II)-deficient mice. J
Biophysics 78, 2878-2891.
Plummer NW, McBurney MW & Meisler MH (1997). Alternative splicing of the sodium channel SCN8A
predicts a truncated two-domain protein in fetal brain and neonatal cells. J Biol Chem 272, 24008-24015.
Plummer NW, Galt J, Jones JM, Burgess DL, Sprunger LK, Kohrman DC & Meisler MH (1998). Exon
organization, coding sequence, physical mapping and polymorphic intragenic markers for the human
neuronal sodium channel gene SCN8A. Genomics 54, 287-296.
Plummer NW & Meisler NH (1999). Evolution and diversity of mammalian sodium channel genes.
Genomics 57, 323-331.
Pogwizd SM & Corr PB (1987). Electrophysiologic mechanisms underlying arrhythmias due to
reperfusion of ischemic myocardium. Circ 76, 404-426.
Powers SK, Murlasits Z, Wu M & Kavazis AN (2007). Ischemia-reperfusion–induced cardiac
injury: A brief review. Med Sci Sports Exer 39, 1529-1536.
Puhl HL III & Ikeda SR (2008). Identification of the sensory neuron specific regulatory region for the
mouse gene encoding the voltage-gated sodium channel Nav1.8. J Neurochem 106, 1209-1224.
Qin D, Zhang Z-H, Boutjdir M, Jain P & El-Sherif N (1996). Cellular and ionic basis of arrhythmias in
post-infarction remodeled ventricular myocardium. Circ Res 79, 461- 473.
Qu Y, Rogers J, Tanada T, Scheuer T & Catterall WA (1994). Modulation of cardiac Na+ channels
expressed in a mammalian cell line and in ventricular myocytes by protein kinase C. Proc Natl Acad Sci
USA 91, 3289-3293.
Qu Y, Rogers JC, Tanada TN, Catterall WA & Scheuer T (1996). Phosphorylation of S1505 in the
cardiac Na+ channel inactivation gate is required for modulation by protein kinase C. J Gen Physiol 108,
375-379.
Qu Y, Curtis R, Lawson D, Gilbride K, Ge P, DiStefano PS, Silos-Santiago I, Catterall WA & Scheuer T
(2001). Differential modulation of sodium channel gating by the β1, β2 and β3 subunits. Mol Cell
Neurosci 18, 570-580.
Rae AP, Kay HR, Horowitz LN, Spielman SR & Greenspan AM (1988). Proarrhythmic effects of
antiarrhythmic drugs in patients with malignant ventricular arrhythmias evaluated by electrophysiologic
testing. J Am Coll Cardiol 12, 131-139.
147

Ragsdale D, McPhee JC, Scheuer T & Catterall WA (1994). Molecular determinants of state-dependent
block of Na+ channels by local anaesthetics. Sci 265, 1724-1728.
Raman IM & Bean BP (1997). Resurgent sodium current and action potential formation in dissociated
cerebellar Purkinje neurons. J Neurosci 17, 4517-4526.
Raman IM, Sprunger LK, Meisler MH & Bean BP (1997). Altered subthreshold sodium currents and
disrupted firing patterns in Purkinje neurons of the Scn8a mutant mice. Neuron 19, 881-891.
Ratcliffe CF, Qu Y, McCormick KA, Tibbs VC, Dixon JE, Scheuer T & Catterall WA (2000). A sodium
channel signaling complex: modulation by associated receptor protein tyrosine phosphatase beta. Nat
Neurosci 3, 437-444.
Ratcliffe CF, Westenbroek RE, Curtis R & Catterall WA (2001). Sodium channel β1 and β3 subunits
associate with neurofascin through their extracellular immunoglobulin-like domain. J Cell Biol 154, 427434.
Raymond CK, Castle J, Garrett-Engele P, Armour CD, Zhengyan K, Tsinoremas M & Johnson JM
(2004). Expression of alternatively spliced sodium channel α-subunit genes. J Biol Chem 279, 4623446241.
Rees WA, Yager TD, Korte J & vonHippel PH (1993). Betaine can eliminate the base pair composition
dependence of DNA melting. Biochemistry 32, 137-144.
Renaud JF, Kazazoglou T, Lombet A, Chicheportiche R, Jaimovich E, Romey G &Lazdunski M (1983).
The Na+ channel in mammalian cardiac cells. Two kinds of tetrodotoxin receptor in rat heart membranes.
J Biol Chem 258, 8799-8805.
Restivo M, Kowtha V, Boutdjir M, Craelius W & El-Sherif N (1990). Mechanism of early
afterdepolarization formation induced by delayed sodium inactivation. J Mol Cell Cardiol 22 (Suppl I),
S13.
Rieder LE, Staber CJ, Hoopengardner B & Reenen RA (2013). Tertiary structural elements determine the
extent and specificity of messenger RNA editing. Nat Commun 4, 2232.
Riva E, Manning AS & Hearse DJ (1987). Superoxide dismutase and reduction of reperfusion-induced
arrhythmias: In vivo dose-response studies in the rat. Cardiovasc Drugs & Ther 2, 133-139.
Rogart RB, Cribbs LL, Muglia L, Kephart D & Kaiser M (1989a). Cloning of a cDNA for a rat cardiac
sodium channel isoform. Biophys J 55, 319a.
Rogart RB, Cribbs LL, Muglia LK, Kephart DD & Kaiser MW (1989b). Molecular cloning of a putative
tetrodotoxin-resistant rat heart Na+ channel. Proc Natl Acad Sci USA 86, 8170-8174.
Romey G, Abita JP, Schweitz H, Wunderer G & Lasdunski M (1976). Sea anemone toxin : a tool to study
molecular mechanisms of nerve conduction and excitation-secretion coupling. Proc Nat Acad Sci USA 73,
4055-4059.

148

Rosamond W, Flegal K, Furie K et al (2008). Heart disease and stroke statistics—2008 update: a report
from the American Heart Association Statistics Committee and Stroke Statistics Subcommittee. Circ 117,
25–146.
Rossi L. Histology of cardiac vagal innervation in man. In : Vagal control of the heart : Experimental
basis and clinical implications. Armonk, NY: Futura Publishing Co. Inc., 1993.
Rosso R, Kogan E, Belhassen B, Rozovski U, Scheinman MM, Zeltser D, Halkin A, Steinvil A, Heller K,
Glikson M, Katz A & Viskin S (2008). J-point elevation in survivors of primary ventricular fibrillation
and matched control subjects: incidence and clinical significance. J Am Coll Cardiol 52, 1231–1238.
Rougier JS & H Abriel (2012). Role of ’non-cardiac’ voltage-gated sodium channels in cardiac cells. J
Mol Cell Cardiol 53, 589-590.
Roy ML & Narahashi T (1992). Differential properties of tetrodotoxin-sensitive and
tetrodotoxin-resistant sodium channels in rat dorsal root ganglion neurons. J Neurosci 12, 2104-2111.
Rudy B (1978). Slow inactivation of the sodium conductance in squid giant axons. Pronase resistance. J
Physiol 283, 1-21.
Rush AM, Dib-Hajj SD, Liu S, Cummins TR, Black JA & SG Waxman (2006). A single sodium channel
mutation produces hyper- or hypoexcitability in different types of neurons. Proc Natl Acad Sci USA 103,
8245-8250.
Saint DA, Ju YK & Gage PW (1992). A persistent sodium current in rat ventricular myocytes. J Physiol
453, 219-231.
Sakmann BFAS, Spindler AJ, Bryant SM, Linz KW & Noble D (2000). Distribution of a persistent
sodium current across the ventricular wall in guinea pigs. Circ Res 87, 910-914.
Salkoff L, Bulter A, Wei A, Scavarda N, Giffen, K, Itune C, Goodman R & Mandel G (1987). Genomic
organization and deduced amino acid sequence of a putative sodium channel gene in Drosophila. Science
237, 744-749.
Sarao R, Gupta SK, Auld VJ & Dunn RJ (1991). Developmentally regulated alternative RNA splicing of
rat brain sodium channel mRNA’s. Nucleic Acids Res 19, 5673-5679.
Satin J, Kyle JW, Chen M, Rogart RB & Fozzard HA (1992). The cloned cardiac Na+ channel α-subunit
in Xenopus oocytes show gating and blocking properties of native channels. J Membr Biol 130, 11-22.
Schade SD & Brown GB (2000). Identifying the promoter region of the human brain sodium channel
subtype II (SCN2A) gene. Mol Brain Res 81, 187-190.
Schaller KL, Krzemien DM, McKenna NM & Caldwell DH (1992). Alternatively spliced sodium channel
transcripts in brain and muscle. J Neurosci 12, 1370-1381.
Schaller KL, Krzemein DM, Yarowsky PJ, Krueger BK & Caldwell JH (1995). A novel, abundant
sodium channel in neurons and glia. J Neurosci 15, 3231-3242.
Scheinman RI, Auld VJ, Goldin AL, Davidson N, Dunn RJ & Catterall WA (1989). Developmental
regulation of sodium channel expression in rat forebrain. J Biol Chem 264, 10660-10666.
149

Scheuer T (2011). Regulation of sodium channel activity by phosphorylation. Seminars Cell Develop Biol
22, 160-165.
Scholz W, Albus U, Counillon L, Gogelein H, Lang HJ, Linz W, Weichert A & Scholkens GA (1995).
Protective effects of HOE642, a selective sodium–hydrogen exchange subtype 1 inhibitor, on cardiac
ischaemia and reperfusion. Cardiovasc Res 29, 260–268.
Schmidt JW & Catterall WA (1986). Biosynthesis and processing of the alpha subunit of the voltagesensitive sodium channel in rat brain neurons. Cell 46, 437-445.
Schroeter A, Walzik S, Blechschmidt S, Haufe V, Benndorf K & Zimmer T (2010). Structure and
function of splice variants of the cardiac voltage-gated sodium channel Na(v).1.5. J Mol Cell Cardiol 49,
16-24.
Scirica BM, Morrow DA, Hod H, Murphy SA, Bellardinelli L, Hedgepeth CM, Molhoek P, Vergheugt
FWA, Gersh BJ, McAbe CH & Braunwald E (2007). Effect of ranolazine, an antianginal agent with novel
electrophysiological properties, on the incidence of arrhythmias in patients with non –ST segment
elevation acute coronary syndrome: Results from the metabolic efficiency with ranolazine for less
ischemia in non-ST elevation acute coronary syndrome-thrombolysis in myocardial infarction 36
(MERLIN-TIMI 36) randomized controlled trial. Circ 116, 1647-1652.
Scriven DR, Dan P & Moore ED (2000). Distribution of proteins implicated in excitation-contraction
coupling in rat ventricular myocytes. Biophys J 79, 2682-2691.
Sevcik C (1982). Temperature dependence of tetrodotoxin effect in squid giant axons. J Physiol 325,
187-194.
Shang LL & Dudley SC Jr. (2005). Tandem promoters and developmentally regulated 5- and 3-mRNA
untranslated regions of the mouse Scn5a cardiac sodium channel. J Biol Chem 280, 933–940.
Shang LL, Pfahnl AE, Sanyal S, Jiao Z, Allen J, Banach K, Fahrenbach J, Weiss D, Taylor WR, Zafari
AM, Dudley Jr SC (2007). Human heart failure is associated with abnormal C-terminal splicing variants
in the cardiac sodium channel. Circ Res 101, 1146-1154.
Shao D, Okuse K & Djamgoz MB (2009). Protein-protein interactions involving voltage-gated sodium
channels: post-translational regulation, intracellular trafficking and functional expression. Int J Biochem
Cell Biol 41, 1471-1481.
Shehata MF (2009). Regulation of the epithelial sodium channel [ENaC] in kidneys of salt-sensitive Dahl
rats: Insights on alternative splicing. Int Arch Med 2:28.
Shepard PJ & Hertel KJ (2008). Conserved RNA secondary structures promote alternative splicing. RNA
14, 1463-1469.
Shigematsu S, Sato T & Arita M (1998). Class I antiarrhythmic drugs alter the severity of myocardial
stunning by modulating ATP-sensitive K+ channels in guinea pig ventricular muscles. Naunyn
Schmiedeberg’s Arch Pharmacol 357, 283-290.
Siegmund B, Schluter K-D & Piper HM (1993). Calcium and the oxygen paradox. Cardiovasc Res 27,
1778–1783.
150

Sills MN, Xu YC, Baracchini E, Goodman RH, Cooperman SS, Mandel G & Chien KR (1989).
Expression of diverse Na+ channel messenger RNAs in rat myocardium. J Clin Invest 84, 331-336.
Singh NN, Singh RN & Androphy EJ (2007). Modulating role of RNA structure in alternative splicing of
a critical exon in the spinal muscular atrophy genes. Nucl Acids Res 35, 371-389.
Smith CW & Valcarcel J (2000). Alternative pre-mRNA splicing: the logic of combinatorial control.
Trends Biochem Sci 25, 381-388.
Smith R D & Goldin A L (1996). Phosphorylation of brain sodium channels in the I-II linker modulates
channel function in Xenopus oocytes. J Neurosci 16, 1965–1974.
Smith MR & Goldin AL (1997). Interaction between the sodium channel inactivation linker and domain
III S4-S5. Biophys J 73, 1885-1895.
Smith RD & Goldin AL (1998). Functional Analysis of the Rat I Sodium Channel in Xenopus Oocytes. J
Neurosci 18, 811-820.
Smith MR, Smith RD, Plummer NW, Meisler MH & Goldin AL (1998). Functional analysis of the mouse
scn8a sodium channel. J Neurosci 18, 6093-6102.
Smith JS, Iannotti CA, Dargis P, Christian EP & Aiyar J (2001). Differential expression of KCNQ2 splice
variants: implications to M current function during neuronal development. J Neurosci 21, 1096-1103.
Snutch TP & Monteil A (2007). The sodium “leak” has finally been plugged. Neuron 54, 505-507.
Soares MB, Bonaldo MdeF, Hackett JD & Bhattacharya D (2009). Expressed sequence tags:
Normalization and subtraction of cDNA libraries. Methods in Mol Biol 533, 109-122.
Song Y, Shryock JC, Wu L & Belardinelli L (2004). Antagonism by ranolazine of the pro-arrhythmic
effects of increasing late INa in guinea pig ventricular myocytes. J Cardiovasc Pharmacol 44,192–199.
Song Y, Shryock JC, Wagner S, Maier LS & Belardinelli L (2006). Blocking late sodium current reduces
hydrogen peroxide-induced arrhythmogenic activity and contractile dysfunction. J Pharmacol Exp Ther
318, 214-222.
Sorek R, Shamir R & Ast G (2004). How prevalent is functional alternative splicing in the human
genome? Trends Gen 20, 68-71.
Sotoodehnia N, Isaacs A, de Bakker PIW, Dorr M, Newton-Cheh C et al (2010). Common variants in 22
loci are associated with QRS duration and cardiac ventricular conduction. Nat Genet 42, 1068-1076.
Stafstrom CE, Schwindt PC, Chubb MC & Crill WE (1985). Properties of persistent sodium conductance
and calcium conductance of layer V neurons from cat sensorimotor cortex in vitro. J Neurophysiol 53,
153-170.
Stamm S (2002). Signals and their transduction pathways regulating alternative splicing: a new
dimension of the human genome. Mol Cell Genet 11, 2409-2416.

151

Stamm S, Ben-Ari S, Rafalska I, Tang Y, Zhang Z, Toiber D, Thanaraj TA & Soreq H (2005). Review:
Function of alternative splicing. Gene 344, 1-20.
Stasiv Y, Regulski M, Kuzin B, Tully T & Enikolopov G (2001). The Drosophila nitric-oxide synthase
gene (dNOS) encodes a family of proteins that can modulate NOS activity by acting as dominant negative
regulators. J Biol Chem 276, 42241-42251.
Stephenson SE Jr, Cole RK, Parrish TF, Bauer FM Jr, Johnson IT Jr, Kochtitzky M, Anderson JS Jr,
Hibbitt LL, McCarty JE, Young ER, Wilson JR, Meiers HN, Meador CK, Ball COT, Meneely GR (1960).
Ventricular fibrillation during and after coronary artery occlusion: incidence and protection afforded by
various drugs. Am J Cardiol 5, 77-87.
Stoilov P, Daoud R, Nayler O & Stamm S (2004). Human tra2-beta1 autoregulates its’ protein
concentration by influencing alternative splicing of its’ pre-mRNA. Hum Mol Genet 13, 509-524.
Struyk AF & Cannon SC (2002). Slow inactivation does not block the aqueous accessibility to the outer
pore of voltage-gated Na+ channels. J Gen Physiol 120, 509-516.
Stuhmer W, Conti F, Suzuki H, Wang X, Noda M, Yahagi N, Kubo H & Numa S (1989). Structural parts
involved in activation and inactivation of the sodium channel. Nature 339, 597-603.
Su SL, Huang I-P, Fair W R et al (1995). Alternatively spliced variants of prostate-specific membrane
antigen RNA: Ratio of expression as a potential measurement of progression. Cancer Res 55, 1441-1443.
Sugnet CW, Kent WJ, Ares M Jr. & Haussler D (2004). Transcriptome and genome conservation of
alternative splicing events in human and mice. Pacific Symposium on Biocomputing 9, 66-77.
Sun Y-M, Favre I, Schild L & Moczydwlowski E (1997). On the structural basis for size-selective
permeation of organic cations through the voltage-gated sodium channel. Effect of alanine mutations at
the DEKA locus on selectivity, inhibition by Ca2+ and H+, and molecular sieving. J Gen Physiol 110, 693715.
Swan C, Richards SA, Duroudier NP, Sayers I & Hall IP (2006). Alternative promoter use and splice
variation in the human histamine H1 receptor gene. Am J of Resp Cell & Mol Biol 35, 118-126.
Tan J, Liu Z, Nomura Y, Goldin AL & Dong K (2002). Alternative splicing of an insect sodium channel
gene generates pharmacologically distinct sodium channels. J Neurosci 22, 5300-5309.
Taylor CP (1993). Sodium currents that fail to inactivate. Trends Neurosci 16, 455-460.
Tazi J & Bird A (1990). Alternative chromatin structure at CpG islands. Cell 60, 909-920.
Thackeray JR & Ganetzky B (1995). Conserved alternative splicing patterns and splicing signals in
Drosophilia sodium channel gene para. Genetics 141, 203-214.
Thomas PS (1980). Hybridization of denatured RNA and small DNA fragments transferred to
nitrocellulose. Proc Natl Acad Sci USA 77, 5201-5205.

152

Thompson JD, Higgins DG & Gibson TJ (1994). Clustal W: improving the sensitivity of progressive
multiple sequence alignment through sequence weighting, position-specific gp penalties and weight
matrix choice. Nucleic Acids Res 22, 4623-4680.
Thompson TE, Rogan PK, Risinger JI & Taylor JA (2002). Splice variants but not mutations of DNA
polymerase β are common in bladder cancer. Cancer Res 62, 3251-3256.
Tian M & MacDonald RL (2012). The intronic GABRG2 mutation, IVS6 + 2T→G, associated with
childhood absence epilepsy altered subunit mRNA intron splicing, activated nonsense-mediated decay,
and produced a stable truncated γ2 subunit. J Neurosci 32, 5937-5932.
Tikkanen JT, Anttonen O, Junttila MJ, Aro AL, Kerola T, Rissanen HA, Reunanen A, & Huikuri HV
(2009). Long-term outcome associated with early repolarization on electrocardiography. New Engl J Med
361, 2529-2537.
Trimmer JS, Cooperman SS, Tomiko SA, Zhou J, Crean SM, Boyle MB, Kallen RG, Sheng Z, Barchi
RL, Sigworth FJ, Goodman RH, Agnew WS & Mandel G (1989). Primary structure and functional
expression of a mammalian skeletal muscle sodium channel. Neuron 3, 33-49.
Tucker JK, Tamba K, Lee YJ, Shen LL, Warnock DG & Oh Y (1998). Cloning and functional studies of
splice variants of the alpha-subunit of the amiloride-sensitive Na+ channel. Am J Physiol/ Cell Physiol
274, C1081-C1089.
Tytgat J (1994). How to isolate cardiac myocytes. Cardiovasc Res 28, 280-283.
Ulbricht W (2005). Sodium channel inactivation: molecular determinants and modulation. Physiol Rev
85, 1271-1302.
Ule J, Jensen KB, Ruggiu M, Mele A, Ule A & Darnell RB (2003). CLIP identifies nova-regulated RNA
networks in the brain. Science 302, 1212-1215.
Undrovinas AI, Belardinelli L, Undrovinas NA & Sabbah HN (2006). Ranolazine improves abnormal
repolarization and contraction in left ventricular myocytes of dogs with heart failure by inhibiting late
sodium current. J Cardiovasc Electrophysiol 17 (Suppl. I), S169–S177.
Van Emous JG, Nederhoff MGJ, RuigrokTJC & Van Echteld CJA (1997). Accumulation of intracellular
Na+ during myocardial ischemia: Consequences for post-ischemic recovery. J Mol Cell Cardiol 29, 85-96.
Vassilev PM, Scheuer T & Catterall WA (1988). Identification of an intracellular peptide sequence
involved in sodium channel inactivation. Science 241, 1658-1661.
Vassilev PM, Scheuer T & Catterall WA (1989). Inhibition of inactivation of single sodium channels by a
site-directed antibody. Proc Nat Acad Sci USA 86, 8147-8151.
Vega-Saenz de Miera E & Rudy, B (1992). Modulation of K+ channels by hydrogen peroxide. Biochem
Biophys Res Comm 186, 1681-1687.
Vega-Saenz de Miera E, Rudy B, Sugimori M & Llinas R (1997). Molecular characterization of the
sodium channel subunits expressed in mammalian cerebellar Purkinje cells. Proc Natl Acad Sci USA 94,
7059-7064.
153

Vilin YY & Ruben PC (2001). Slow inactivation in voltage-gated sodium channels: molecular substrates
and contributions to channelopathies. Cell Biochem Biophys 35, 171-190.
Vitola JV, Forman MB, Holsinger JP, Atkinson JB & Murray JJ (1997). Reduction of myocardial infarct
size in rabbits and inhibition of activation of rabbit and human neutrophils by lidocaine. Am Ht J 133,
315-322.
Wang DW, Nie L, George AL Jr & Bennett PB (1996). Distinct local anesthetic affinities in Na+ channel
subtypes. Biophys J 70, 1700-1708.
Wang DW, Makita N, Kitabatake A, Balser JR & George AL Jr (2000). Enhanced Na+ channel
intermediate inactivation in Brugada Syndrome. Circ Res 87, e37-e43.
Wang ET, Sandberg R, Luo S, Khrebtukova I, Zhang L, Mayr C, Kingsmore SF, Schroth GP & CB Burge
(2008a). Alternative isoform regulation in human tissue transcriptomes. Nature 456, 470-476.
Wang GK, Calderon J & Wang SY (2008b). State- and use-dependent block of muscle Nav1.4 and
neuronal Nav1.7 voltage-gated na+ channel isoforms by ranolazine. Mol Pharmacol 73, 940-948.
Wang J, Ou S-W, Wang Y-J, Zong Z-H, Lin L, Kameyama M & Kameyama A (2008c). New variants of
NaV1.5/SCN5A encode Na+ channels in the brain. J Neurogenetics 22, 57-75.
Wang J, Ou S-W, Wang Y-J, Kameyama M, Kameyama A & Zong Z-H (2009). Analysis of four novel
variants of NaV1.5/SCN5A from the brain. Neurosci Res 64, 339-347.
Wang Q, Shen J, Splawski I, Atkinson D, Li Z, Robinson JL, Moss AJ, Towbin JA & Keating MT
(1995). SCN5A mutations associated with an inherited cardiac arrhythmia, long QT syndrome. Cell 80,
805-811.
Wang S, Radhakrishnan J, Ayoub IM, Kolarova JD, Taglieri DM & Gazmuri RJ (2007). Limiting
sarcolemmal Na+ entry during resuscitation from ventricular fibrillation prevents excess mitochondrial
Ca2+ accumulation and attenuates myocardial injury. J Appl Physiol 103, 55-65.
Wang W, Gu J, Li Y-Q & TaoY-X (2011). Are voltage-gated sodium channels on the dorsal
root ganglion involved in the development of neuropathic pain? Molecular Pain 7, 16-24.
Wang Y, Brittain JM, Jarecki BW, Park KD, Wilson SM, Wang B, Hale R, Meroueh SO, Cummins TR &
Khanna R (2010). In silico docking and electrophysiological characterization of Lacosamide binding sites
on collapsin response mediator protein-2 identifies a pocket important in modulating sodium channel
slow inactivation. J Biol Chem 285, 25296-25307.
Ward CA & Moffat MP (1995a). Modulation of sodium-hydrogen exchange activity in cardiac myocytes
during acidosis and realkalinisation: Effects of calcium, pHi, and cell shortening. Cardiovasc Res 29, 247253.
Ward CA & Moffat MP (1995b). Role of protein kinase C in mediating effects of hydrogen peroxide in
guinea pig ventricular myocytes. J Mol Cell Cardiol 27, 1089-1097.

154

Ward CA & Giles WR (1997). Ionic mechanism of the effects of hydrogen peroxide in rat ventricular
myocytes. J Physiol 500, 631-642.
Ward CA, Bazzari H, Clark RB, Nygren A & Giles WR (2006). Actions of emigrated neutrophils on Na+
and K+ currents in rat ventricular myocytes. Prog Biophys Mol Biol 90, 249-269.
Watanabe H, Nogami A, Ohkubo K, Kawata H, Hayashi Y, Ishikawa T, Makiyama T, Nagao S, Yagihara
N, Takehara N, Kawamura Y, Sato A, Okamura K, Hosaka Y, Sato M, Fukae S, Chinushi M, Oda H,
Okabe M, Kimura A, Maemura K, Watanabe I, Kamakura S, Horie M, Aizawa Y, Shimizu W & Makita
N (2011). Electrocardiographic characteristics and SCN5A mutations in idiopathic ventricular fibrillation
associated with early repolarization. Circ Arrhythm Electrophysiol 4, 874–881.
Weiss SM & Saint DA (2010). The persistent sodium channel blocker riluzole is anti-arrhythmic and antiischaemic in a pig model of acute myocardial infarction. PLOS One 5, e14103.
Werns SW, Shea MJ, Driscoll EM, Cohen C, Abrams GD, Pitt B & Lucchesi BR (1985). The
independent effects of oxygen radical scavengers on canine infarct size. Reduction by superoxide
dismutase but not catalase. Circ Res 56, 895-898.
West JW, Numann R, Murphy BJ, Scheuer T & Catterall WA (1991). A phosphorylation site in the Na+
channel required for modulation by protein kinase C. Science 254, 866-868.
West JW, Patton DE, Scheueur T, Wang Y & Goldin AL (1992). A cluster of hydrophobic amino acid
residues required for fast Na+-channel inactivation. Proc Nat Acad Sci USA 89, 10910-10914.
Westenbroek RE, Merrick DK & Catterall WA (1989). Differential subcellular localization of the RI and
RII Na+ channel subtypes in central neurons. Neuron 3, 695-704.
Whitaker WR, Faull RL, Waldvogel HJ, Plumpton CJ, Emson PC & Clare JJ (2001). Comparative
distribution of voltage-gated sodium channel proteins in human brain. Brain Res Mol Brain Res 88, 3753.
White SJ, Himes D, Rouhani M & Slovis CM (2001). Selected controversies in cardiopulmonary
resuscitation. Seminars in Respiratory and Critical Care Medicine 22, 35-49.
Wilcox RG, Olsson CG, Skene AM, Von Der Lippe G, Jensen G &Hampton JR, For The Asset Study
Group (1988). Trial of tissue plasminogen activator for mortality reduction in acute myocardial infarction:
Anglo-Scandinavian Study of Early Thrombolysis (ASSET). Lancet 332, 525-530.
Wilde AAM, Antzelevitch C, Borggrefe M, Brugada J, Brugada R, Brugada P, Corrado D, Hauer RN,
Kass RS, Nademanee K, Priori SG & Towbin JA (2002). Proposed diagnostic criteria for the Brugada
syndrome:consensus report. Circ 106, 2514-2519.
Wilde AAM & Brugada R (2011). Phenotypical manifestations of mutations in the genes encoding
subunits of the cardiac sodium channel. Circ Res 108, 884-897.
Williams IA & Xiao X-h & Ju Y-K & Allen DG (2007). The rise of [Na+]i during ischemia and
reperfusion in the rat heart—underlying mechanisms. Pflugers Arch 454, 903-912.

155

Wit AL & Janse MJ (2001). Reperfusion arrhythmias and sudden cardiac death: A century of progress
toward an understanding of the mechanisms. Circ Res 79, 841-843.
Wollner DA, Messner DJ & Catterall WA (1987). Beta 2 subunits of sodium channels from vertebrate
brain. Studies with subunit-specific antibodies. J Biol Chem 262, 14709-14715.
Woolfe A, Mullikin JC & Elnitski L (2010). Genomic features defining exonic variants that modulate
splicing. Genome Biology 11, R20.
Wu L, Shryock JC, Song Y, Li Y, Antzelevitch C & Belardinelli L (2004). Antiarrhythmic effects of
ranolazine in a guinea pig in vitro model of long-QT syndrome. J Pharmacol Exp Ther 310, 599–605.
Wu L, Rajamani S, Shryock JC, Li H, Ruskin J, Antzelevitch C & Belardinelli L (2008). Augmentation of
late sodium current unmasks the proarrhythmic effects of amiodarone. Cardiovasc Res 77, 481-488.
Wu Q & Krainer AR (1997). Splicing of a divergent subclass of AT-AC introns requires the major
spliceosomal snRNAs. RNA 3, 586–601.
Wu Q & Krainer AR (1999). AT-AC pre-mRNA splicing mechanisms and conservation of minor introns
in voltage-gated ion channel genes. Mol Cell Biol 19, 3225-3236.
Wu X & Brewer G (2012). The regulation of mRNA stability in mammalian cells: 2.0. Gene 500, 10-21.
Xiao XH & Allen DG (2002). The role of endogenous angiotensin II in ischemia, reperfusion and
preconditioning of the isolated rat heart. Pflügers Arch 445, 643–650.
Xiao Z-C, Ragsdale DS, Malhotra JD, Mattei LN, Braun PE, Schachner M & Isom LL (1999). TenascinR is a functional modulator of sodium channel β subunits. J Biol Chem 274, 26511-26517.
Xie L-H, Chen F, Karagueuzian HS & Weiss JN (2009). Oxidative stress-induced afterdepolarizations
and calmodulin-kinase II signalling. Circ Res 104, 79-86.
Xu Q, Modrek B & Lee C (2002). Genome-wide detection of tissue-specific alternative splicing in the
human transcriptome. Nucleic Acids Res 3, 3754-3766.
Xu Q, Cheng H-W, He H-Q, Liu Z-R, He M, Yang H-T, Zhou Z-L & Ji Y-H (2008). Deglycosylation
altered the gating properties of rNav1.3: glycosylation/deglycosylation homeostasis probably complicates
the functional regulation of voltage-gated sodium channel. Neurosci Bull 24, 283-287.
Xu Q & Lee C (2003). Discovery of novel splice forms and functional analysis of cancer-specific
alternative splicing in human expressed sequences. Nucl Acids Res 31, 5635-5643.
Xu R, Thomas EA, Jenkins M, Gazina EV, Chiu C, Heron SE, Mulley JC, Scheffer IE, Berkovic SF &
Petrou S (2007). A childhood epilepsy mutation reveals a role for developmentally regulated splicing of a
sodium channel. Mol Cell Neurosci 35, 292-301.
Yadav AV & Zipes DP (1999). Prophylactic lidocaine in acute myocardial infarction: Resurface
or reburial? Am J Cardiol 94, 606-608.
Yan G-X & Antzelevitch C (1996). Cellular basis for the electrocardiographic J wave. Circ 93, 372–379.
156

Yan GX & Antzelevitch C (1998). Cellular basis for the normal T wave and the electrocardiographic
manifestations of the long-QT syndrome. Circ 98, 1928-1936.
Yan G-X, Joshi A, Guo D, Hlaing T, Martin J, Xu X & Kowey PR (2004). Phase 2 reentry as a trigger to
initiate ventricular fibrillation during early acute myocardial infarction. Circ 110, 1036-1041.
Yang T, Atack TC, Stroud DM, Zhang W, Hall L & Roden DM (2012). Blocking scn10a channels in
heart reduces late sodium current and is antiarrhythmic. Circ Res 111, 322-332.
Yasutake M, Ibuki C, Hearse DJ & Avkiran M (1994). Na+/H+ exchange and reperfusion arrhythmias:
protection by intracoronary infusion of a novel inhibitor. Am J Physiol/ Heart Circ Physiol 267, H2430H2440.
Yin H, El-Sherif N, Caref EB, Ndrepepa G, Levin R, Isber N, Stergiopolus K, Assadi MA, Gough WB &
Restivo M (1997). Actions of lidocaine on reentrant ventricular rhythms in the subacute myocardial
infarction period in dogs. Am J Physiol/ Heart Circ Physiol 272, H299-H309.
Yu FH, Westenbroek RE, Silos-Santiago I, McCormick KA, Lawson D, Ge P, Ferriera H, Lilly J,
DeStefano PS, Catterall WA, Scheuer T & Curtis R (2003). Sodium channel B4, a new disulfide-linked
auxiliary subunit with similarity to B2. J Neurosci 23, 7577-7585.
Yue DT, Lawrence JH & Marban E (1989). Two molecular transitions influence cardiac sodium channel
gating. Science 244, 349-352.
Zacharias DA, Garamszegi N & Strehler EE (1994). Characterization of persistent artifacts resulting from
RT-PCR of alternatively spliced mRNAs. Biotechniques 17, 652-655.
Zareba W, Moss AJ, Schwartz PJ et al for the International Long Q-T Syndrome Registry Research
Group (1998). Influence of the genotype on the clinical course of the long-QT syndrome. N Engl J Med
339, 960–965.
Zarei MM, Zhu N, Alioua A, Eghbali M, Stefani E & Toro L (2001). A novel maxiK splice variant
exhibits dominant-negative properties for surface expression. J Biol Chem 276, 16232-16239.
Zaza A, Belardinelli L & Shryock JC (2008). Pathophysiology and pharmacology of the cardiac “late
sodium current”. Pharmacol Ther 119, 326-339.
Zhang Z, Zhou L, Hu L, ZhuY, Xu H, Liu Y, Chen X, Yi X, Kong X & Hurst LD (2010). Nonsensemediated decay targets have multiple sequence-related features that can inhibit translation. Mol Syst Biol
6, 442.
Zhou J, Shin HG, Yi J, Shen W, Williams CP & Murray KT (2002). Phosphorylation and putative ER
retention signals are required for protein kinase A-mediated potentiation of cardiac sodium current. Circ
Res 91, 540-546.
Zimmer T, Bollensdorff C, Haufe V, Birch-Hirschfeld E & Benndorf K (2002a). Mouse heart Na+
channels: primary structure and function of two isoforms and alternatively spliced variants. Am J Physiol/
Heart Circ Physiol 282, H1007-H1017.
157

Zimmer T, Biskup C, Bollensdorff C & Bendorf K (2002b). The B1 subunit but not the B2 subunit
colocalizes with the human heart Na+ channel (hH1) already in the endoplasmic reticulum. J Membr Biol
186, 13-21.
Zipes DP & Wellens HJJ (1998). Sudden cardiac death. Circ 98, 2334-2351.
Zubovic L, Baralle M & Baralle FE (2012). Mutually exclusive splicing regulates the Nav1.6 sodium
channel function through a combinatorial mechanism that involves three distinct splicing regulatory
elements and their ligands. Nucleic Acids Res 40, 6255-6269.

158

