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List of  abbreviations  
 

AMP: adenosine monophosphate  
ARVC: arrhythmogenic right ventricular cardiomyopathy 
BrS: Brugada syndrome 
CAMs: cell adhesion molecules  
cAMP: cyclic adenosine monophosphate 
CaMKII: calcium/calmodulin dependent protein kinase II  
Cyto-D: cytochalasin-D  
DADs: delayed afterdepolarizations 
DGC: dystrophin glycoprotein complex  
DMD: Duchenne muscular dystrophy  
dV/dtmax:  maximal action potential upstroke velocity 
EADs: early afterdepolarizations  
G-protein: guanine nucleotide-binding protein 
Gαs: α-subunit of  the guanine nucleotide-binding stimulatory (G) protein  
HF: heart failure 
ICD: implantable cardioverter defibrillator  
IKr: rapid component of  delayed rectifier potassium current  
INa: sodium current 
INaL: late sodium current  
GTP: guanosine triphosphate 
LQTS: long QT syndrome 
Nav1.5: α-subunit of  the cardiac sodium channel 
MBD: membrane binding domain  
PCCD: progressive cardiac conduction desease 
PKA: protein kinase A 
PKC: protein kinase C 
SIDS: sudden infant death syndrome 
SSS: sick sinus syndrome 
SUDS: sudden unexplained death syndrome  
RV: right ventricle 
RVOT: right ventricle outflow tract  
TdP: Torsade de Pointes  
V1/2: half-point potential 
VF: ventricular fibrillation 
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Introduction  
 

Sodium ion (Na+) influx through cardiac Na+ channels is essential for 
cardiac excitation as it generates the action potential upstroke in cells of  the 
working myocardium and the specialized conduction system. In 
consequence, Na+ channel function plays a major role in initiation, 
propagation and maintenance of  the normal cardiac rhythm. Mutations in 
SCN5A, the gene encoding the α-subunit of  the cardiac Na+ channel, the 
so-called “inherited sodium channelopathies’’, are known to evoke various 
life-threatening disorders of  cardiac rhythm that can vary from 
tachyarrhythmias (fast heart rhythms) to bradyarrhythmias (slow heart 
rhythms) and may require implantation of  pacemakers or implantable 
cardioverter/defibrillators (ICDs) to prevent sudden cardiac death 1 (Table 
1).  At the same time, common sequence variants (polymorphisms) in the 
Na+ channel have also been implicated as risk factors in cardiac diseases and 
determinants of  drug sensitivity 2. Finally, recent studies have linked Na+ 
current dysfunction to structural cardiac defects, notably cardiac fibrosis, 
dilated cardiomyopathy and, possibly, arrhythmogenic right ventricular 
cardiomyopathy (ARVC). These structural changes may be conducive to 
life-threatening arrhythmias based on reentrant excitation 1.   
 The identification of  mutant Na+ channels in inherited arrhythmia 
syndromes and the studies of  their functional properties have significantly 
enhanced our knowledge of  Na+ channel function as well as our 
understanding of  how Na+ channel dysfunction may act as a major 
pathophysiologic mechanism in various diseases, including common 
acquired diseases (Table 1). Clearly, these observations highlight the cardiac 
Na+ channel as an interesting target for novel therapy strategies. 
Accordingly, this chapter aims to provide an overview of  presently 
identified disease entities with involvement of  both SCN5A mutations and 
common variants, and concepts regarding arrhythmia susceptibility derived 
from studies of  these conditions.  
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Table 1.  Cardiac diseases linked to Na+ channel dysfunction 

Cardiac diseases Reported changes in INa 
  

Inherited Primary Electric Disease 
  
Atrial standstill ↓
 
Brugada syndrome ↓
 
LQT3 syndrome ↑
 
Progressive cardiac conduction disease ↓ 
 
SIDS ↑↓
 
Sick sinus syndrome ↓
 
SUDS ↓

  
Structural Disease   
 
ARVC* ↓
 
Dilated cardiomyopathy ↓
 
Fibrosis  ↓

  
Acquired Disease  
 
Acquired Brugada syndrome  ↓
 
Acquired LQTS ↑
 
Congestive heart failure ↑↓
 
Ischemic heart disease  ↑↓

 
Table 1: ARVC, Arrhythmogenic Right Ventricular Cardiomyopathy; LQTS, Long 
QT syndrome, SIDS, Sudden Infant Death Syndrome; SUDS, Sudden Unexplained 
Death Syndrome; * not fully resolved, ↑ increased net INa, ↓ decreased net INa    
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1. The cardiac sodium channel structure and 

function 
 

The α-subunit pore-forming region  

The pore-forming α-subunit of  the cardiac Na+ channel (Nav1.5), encoded 
by SCN5A, is the main component of  the cardiac Na+ channel complex. 
Expression of  SCN5A alone in heterologous expression systems is 
sufficient to generate Na+ current (INa). The α-subunit consists of  4 
homologous domains (DI–DIV), each composed of  6 membrane-spanning 
segments (S1-S6) linked by intracellular and extracellular loops (Fig. 1).  
 The S6 segments line the inner pore 3, 4, while their extracellular 
linkers (P-loops) fold back into the membrane and define the outer mouth 
of  the pore 3, 5. Four amino acids, aspartic acid (D), glutamic acid (E), lysine 
(K), and alanine (A), one in each P-loop, form the so-called DEKA ring. 
This ring is considered the selectivity filter of  the Na+ channel and allows 
the distinction between different ions, favouring the passage of  Na+ ions 6, 7. 
Finally, the S4 segments, which are positively charged due to the presence 
of  the amino acids arginine and lysine, act as a voltage sensor 8, 9.  
 Na+ channels are dynamic molecules that undergo rapid structure 
rearrangements in response to changes in the electric field across the 
sarcolemma, a process known as “gating”. Upon membrane depolarization, 
all four S4 segments move in concert in the outward direction to allow for 
opening of  the channel, a process called activation 8, 9. This increase in Na+ 
permeability causes the sudden membrane depolarization that characterizes 
the rapid upstroke of  the action potential. Activation of  the channel lasts a 
few milliseconds and is followed by fast inactivation, a non-conducting state 
from which the channel cannot re-open. Membrane repolarization is 
necessary to allow Na+ channels to recover from inactivation to the resting 
state (closed state), from which they can reopen during the next cardiac 
cycle.  
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Fast inactivation is mediated by the intracellular linker between domains III 
and IV. The hydrophobic IFM motif  (isoleucine-phenylalanine-methionine) 
is the amino acid sequence that binds to the inner vestibule of  the pore via 
hydrophobic interactions, and occludes it (Fig. 1) 10, 11. The DIIIS4-S5 and 
DIVS4-S5 linkers are believed to form the inactivation gate receptor for the 
IFM motif  12-16 It was recently demonstrated that interactions between the 
C-terminus and the intracellular DIII-DIV linker are required to stabilize 
channel inactivation 17, 18. These interactions play a critical role in the heart 
by preventing the occurrence of  a small persistent (non-inactivating) inward 
Na+ current, also called late Na+ current (INaL). This current  would prolong 
the action potential and render the heart susceptible to arrhythmias that are 
initiated by secondary depolarizations occurring before the cell has fully 
repolarized, so-called early afterdepolarizations (EADs) 17, 18.  
 Beside this fast inactivation process (time frame: a few milliseconds), 
Na+ channels can undergo a slower inactivation process (slow inactivation) 
when the membrane remains depolarized for a longer time. That more 
stable, non-conducting, conformational state develops in cardiac Na+ 
channels in about 50-100 ms and requires a prolonged period of  
hyperpolarization to recover from 19, 20. However, unlike activation and fast 
inactivation, the molecular basis of  slow inactivation is still poorly 
understood. Serial mutagenesis and chimeric analysis suggest a key role of  
the P-loops 21-23. A second hypothesis involves a rearrangement of  amino 
acid residues within the putative pore–lining S6 segments that would 
constrict the inner pore region24,25. 

Finally, upon depolarization, closed-state inactivation (inactivation 
from the closed state without prior activation) may also occur 26 and can be 
clinically relevant 27. The regions involved in closed-state inactivation await 
identification.  
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Fig. 1. Schematic drawing representing the structure and modulation sites for the 
α-subunit of the cardiac sodium channel (Nav1.5) and its associated β1-subunit. The 
α-subunit is composed of 4 homologous domains (DI–DIV), each composed of 6 
membrane-spanning segments (S1-S6) linked by intracellular and extracellular loops. The 
positively charged segments S4 act as voltage sensor, while the P-loops form the selectivity 
filter. The IFM motif (isoleucine-phenylalanine-methionine), located in the DIII-DIV 
linker, is involved in fast inactivation, together with the DIIIS4-S5 and DIVS4-S5 linkers, 
which act as fast inactivation docking sites. Syntrophin proteins regulate the Na+ channel 
by binding to the last three amino acids (serine-isoleucine-valine, SIV) of the C-terminus. 
The β1-subunit is formed by a single membrane-spanning segment, with a large 
extracellular portion and a smaller intracellular segment. The β1 extracellular domain is 
critical for α-β1 interactions and cell adhesion, while the intracellular portion is involved in 
α-β1 interactions and ankyrin recruitment. Of note, phosphorylation of the tyrosine residue 
181 (Y181), modulates the ankyrin-β1 association. PKA, protein kinase A; PKC, protein 
kinase C. 
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1.2 The cardiac sodium channel as macromolecular 

complex 
 

It is now clear that the α-subunit of  the cardiac Na+ channel does not exist 

in isolation in vivo, but in association with β-subunits, cytoskeleton proteins, 
cell adhesion molecules, extracellular matrix proteins, regulatory kinases and 
phosphatases. Proper functioning of  these proteins and of  their 
interactions appears to be crucial for Na+ channel function and/or 
localization. Indeed, mutations in genes that encode for accessory proteins 
of  the Na+ channel macromolecular complex, for instance the β4-subunit 28, 
the membrane protein caveolin-3 29, 30 or the cytoskeleton protein ankyrin-B 
31, can also cause cardiac rhythm diseases, such as sudden infant death 
syndrome (SIDS) and Long QT syndrome (LQTS). Finally, SCN5A 
mutations that abolish the interactions between the Na+ channel α-subunit 

and ankyrin-G 32 or those that alter the α-β1 subunit interactions 33 may 
cause Brugada syndrome (BrS) and Long QT syndrome type 3 (LQT3), 
respectively. Thus, understanding how different proteins interact with each 
other and how alterations of  a specific part of  the macromolecular complex 
can lead to a certain disease, will help future development of  drugs that are 
effective in the treatment of  cardiac arrhythmias. 

 
The regulatory role of  β-subunits 

The Na+ channel α-subunit interacts with smaller accessory proteins known 

as β-subunits. β-subunits are glycosylated proteins with a single 
sarcolemma-spanning segment, a large extracellular immunoglobulin (Ig)-
like N-terminal domain, and a small intracellular C-terminal portion (Fig. 1). 
The Ig-like domain of  β-subunits is structurally homologous to the Ig 
superfamily that also includes cell adhesion molecules (CAMs)34. 

So far, four β-subunit isoforms (β1-β4) 35-38 have been identified, 
which are all present in the human heart. Moreover, alternative splice 
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variants have also been described for the β1-subunit, β1A and β1B 39, 40. β1 and 

β3 share significant homology and are both non-covalently associated with 

the α-subunit. On the other hand, β2 and β4 are similar and linked to the α-
subunit via disulfide bonds 41.  
 The role of  β-subunits in modulating the cardiac Na+ channel is still 

under investigation. Co-expression of  β1 with Nav1.5 in heterologous 
expression systems (Xenopus oocytes and mammalian cells) has produced 
contrasting results. Reported effects of  β1 on Nav1.5 function range from 
no effect 42 or increased peak INa with no changes in gating 43, to significant 
shifts in voltage dependence of  (in)activation 33, 44-46, changes in the rate of  
recovery from inactivation 47, reduced slow inactivation 46, 48, and reduced 
INaL 

45, 46. Co-expression of  β3 with Nav1.5 has also been shown to increase 
INa and change the kinetic properties of  Nav1.5 45, 47, while co-expression of  
β2 resulted in no obvious effect on Nav1.5 in vitro 44. The lack of  any 

electrophysiological effect of  the β2-subunit on Nav1.5 contrasts with co-

immunoprecipitation experiments which showed that β1 and β2 associate 
with Nav1.5 in cardiac myocytes 44. A possible explanation could be that, 
differently from the in vivo situation, upon heterologous expression, Nav1.5 
does not associate with β2-subunit, or simply that the effects of  β2 in vivo do 
not include regulation of  Nav1.5 expression and gating. Finally, co-
expression of  the β4-subunit with Nav1.5 resulted in no changes in kinetic 
properties of  Nav1.5 38, while a negative shift of  voltage dependence of  
inactivation and a slowed recovery from inactivation were recently 
described28. 

The availability of  transgenic mice has allowed the study of  the α-β 

subunits interactions in vivo. β2
-/- knockout  mice showed severely disturbed 

neuronal Na+ channel expression and gating, but no cardiac phenotype was 
described 49, confirming that β2 might not affect cardiac Na+ channel 

function. In contrast, studies performed in β1
-/- mice showed that loss of  β1 

had both neurological 50 and cardiac 51 effects.  β1
-/- mice exhibited longer 
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QT and RR intervals than wild-type mice 51. Electrophysiological 
investigation in ventricular myocytes isolated from β1

-/- mice revealed 
increased densities of  both INa and INaL with no other changes in channel 
gating. A longer action potential duration and slower rate of  action potential 
repolarization were also found, consistent with the QT prolongation 
phenotype and the increase in INaL 

51. The finding that the absence of  β1 

increased INa density contrasts with most in vitro reports which show an 
increase of  INa in the presence of  β1. These discrepancies may be explained 

by the fact that the physiological effects of  β1 are cell-type specific and/or 
that heterologous expression systems do not fully recapitulate the situation 
in cardiac myocytes.  

Confirming the key role of  β-subunits in cardiac Na+ channel 
regulation, a novel missense mutation (L179F) in SCN4B, the gene 
encoding the β4 subunit, was recently identified in a 21-months-old girl 
affected by Long QT syndrome (LQT10)28. Patch-clamp studies in HEK293 
cells stably expressing Nav1.5 and transfected with this mutant β4 subunit 
revealed increased INaL compared to Nav1.5 expressed alone or together with 
the wild-type β4 subunit 28. 

In addition to modulation of  Na+ channel expression and gating, β-
subunits appear also to play a role in cell adhesion, thereby functioning as a 
contact point between the intracellular and extracellular environments 52. In 
particular, β1 and β2  interact with the extracellular matrix proteins tenascin 
C and R, both expressed in brain and heart 53, 54, and with other CAMs, such 
as contactin and neurofascin 186, resulting in an enhanced expression of  
the neuronal Na+ channel isoform Nav1.2 55, 56. 

Finally, β1 and β2 associate with the cytoskeleton anchoring proteins 

ankyrin-G and ankyrin-B57-59. β1-ankyrin interactions appear to be 
modulated by phosphorylation of  the intracellular tyrosine residue 181 
(β1Y181, Fig. 1). Mutation of  this tyrosine residue to glutamate (β1Y181E), 
mimicking phosphorylation by introducing negative charges, resulted in the 
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abolishment of  β1-mediated ankyrin recruitment in heterologous expression 
systems58.  

 
The regulatory role of  the cytoskeletal proteins actin and tubulin 

The cytoskeleton with its network of  fibrous proteins determines cell 
morphology, and is essential for cellular motility, intracellular transport, and 
cell division. The cardiac cytoskeleton is mainly composed of  
microfilaments, intermediate filaments, and microtubules (Fig. 2). Globular 
actin subunits assemble into long filamentous polymers called F-actin. Two 
F-actin chains twist around each other and form the microfilaments. 
Microtubules are cylindrical polymers made of  heterodimers of  α- and β-
tubulin. The intermediate filaments, so called because of  their intermediate 
diameter between microfilaments and microtubules, consist of  homodimers 
and/or heterodimers of  several proteins, of  which desmin is the most 
important, the protein that connects the sarcomeres and keeps them in 
register during contraction60,61.  

 
 
 
 

 
 

Fig. 2. Schematic drawing representing 
the main components of the cellular 
cytoskeleton. Microtubules, microfilaments   
and intermediate filaments form a network 
that keeps in place the different cellular 
organelles, participate in cell motility, cell 
division and intracellular signaling.  Figure 
adapted from “Pathophysiology: Concepts 
of  Altered Health States” 7th Edition, by 
Carol Mattson Porth published by Lippincott 
Williams and Wilkins, 2004. 
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In pathological conditions, such heart failure (HF) and ischemia, 
where Na+ channel function is often compromised (see the paragraphs 
entitled “congestive heart failure” and “ischemic heart disease”, below), 
derangement of  the cytoskeleton is also present. In particular, increases in 
tubulin content and/or the degree of  tubulin polymerization, along with 
desmin disorganization and lack of  contractile proteins, are frequently 
observed in HF animal models and in explanted failing human hearts 60, 61. 
Moreover, disruption in contractile proteins and microtubules have been 
reported in ischemia 62. 

Experimental data on Na+ channel modulation by cytoskeleton 
proteins are still scarce, and this subject requires further investigation. 
Cytoskeleton integrity seems to be crucial for cardiac Na+ channel gating 
and expression 63-65. Inhibition of  F-actin polymerization with the use of  
cytochalasin-D (Cyto-D) mainly resulted in a decreased peak INa in rat 
ventricular myocytes 63. Of  note, INa

 reduction was also observed in 
ischemia 66, a condition where disruption in contractile proteins has been 
observed 62. Opposite effects on INa density were found with the use of  
colchicine, a drug that inhibits tubulin polymerization and increases the free 
tubulin concentration. Incubation of  neonatal rat cardiomyocytes with 
colchicine caused an increase in INa density. The effect was guanine 
nucleotide-binding protein (G-protein)-dependent, since removal of  
guanosine triphosphate (GTP) from the patch pipette prevented INa 
enhancement by colchicine 65.  

It was proposed that the increase in INa occurred via GTP activation 
of  the α-subunit of  the G-stimulatory protein (Gαs), in line with previous 

findings showing that, in rat ventricular myocytes, Gαs increases the 

number of  functional Na+ channels 67. Direct effects of  GTP-bound α,β 
tubulin dimers on Na+ channels were also considered possible, while the 
protein kinase A (PKA) pathway was excluded 65 (see the paragraph entitled 
“Protein kinase A”, below) since, in neonatal myocytes, colchicine did not 
increase the amount of  cyclic adenosine monophosphate (cAMP) 68.  
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Finally, modulation of  voltage-dependent gating properties by actin- 
and tubulin-based elements of  the cytoskeleton was also reported. In rat 
ventricular myocytes exposed to Cyto-D, the activation/inactivation 
coupling was shifted towards more positive V1/2 of  activation 64. This result 
suggests a reduction of  cell excitability in conditions that affect cytoskeleton 
integrity, e.g., ischemia 62. Finally, taxol, a microtubule stabilizer, shifted the 
activation/inactivation coupling towards more negative values of  V1/2 of  
activation 64. The latter finding may decrease the threshold of  INa activation 
and produce premature excitation. Moreover, it can result in a larger overlap 
between activation and inactivation (increased window current), which can 
cause action potential prolongation 69. The latter is one of  the hallmark 
signs of  HF. Accordingly, tubulin polymerization was found to be increased 
in this condition 60, 61. Of  interest, administration of  taxol in the treatment 
of  cancer is associated with a variety of  cardiac disturbances in patients, 
such as ventricular tachycardia, bradycardia, atrioventricular conduction 
block, and bundle branch block 70, 71. These cardiac disorders might be 
related to Na+ channel dysfunction. 

 
The regulatory role of  ankyrins  

Ankyrins are a family of  intracellular proteins with the function of  
anchoring membrane protein complexes to the actin/spectrin cytoskeleton 
network. Therefore, ankyrins are responsible for targeting proteins to 
specialized cell compartments 72, 73. 

So far, three different genes that encode ankyrin proteins have been 
identified. Ankyrin-B and ankyrin-G, encoded by ANK2 and ANK3 
respectively, are ubiquitously expressed, while ankyrin-R, encoded by 
ANK1,  is prevalently expressed in erythrocytes, and in a subset of  neurons 
and skeletal muscle. Alternative splice variants of  all three ankyrin proteins 
have been identified 72, 73. 

Canonical ankyrins consist of  four different domains: an N-terminal 
membrane-binding domain (MBD), a spectrin-binding domain, a death 
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domain, and a C-terminal domain (Fig. 3). MBD mediates interactions 
mainly with ion channels, transporters, and cells adhesion molecules, but 
also with cytoplasmic proteins such as clathrin and tubulin 74. The central 
region of  ankyrins (spectrin-binding domain), which interacts with the 
actin-binding protein β-spectrin, mediates the physical linkage to the 
cytoskeleton. Adjacent to the spectrin-binding domain there is a death 
domain of  ≈95 amino acids. Death domains were first reported in proteins 
which mediate the apoptosis pathway. The role of  the death domain for 
ankyrins function is still unknown. However, the death domain of  ankyrin-
G has been shown to interact with the pro-apoptotic molecule Fas to 
promote cell death in renal tubules 75. The death domain, together with the 
C-terminus domain, forms the so-called “regulatory” domain (Fig. 3). 
Unlike other shared regions, the C-terminus domain is the most divergent 
amongst the ankyrin proteins, suggesting that it may be critical for the 
specific activities of  ankyrin proteins in vivo 72, 73.  

Ankyrin-G and -B are expressed in the heart and both are involved 
in different types of  cardiac arrhythmias. In vitro binding assays showed that 
ankyrin-G associates with a nine amino acid sequence located in the DII-

Fig. 3. Schematic drawing representing the four domains which form the structure 
of  the cytoskeleton anchoring protein ankyrin-B. To date, 18 mutations have been 
identified in ANK2, the gene encoding ankyrin-B, almost all of  them are concentrated in 
the regulatory domain.  In bold are indicated the mutations already characterized, in italic 
the one that await electrophysiological characterization.
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DIII linker of  Nav1.5 32 (Fig. 1). The missense mutation E1053K, recently 
identified in the ankyrin binding motif  of  Nav1.5 and linked to BrS, 
abolishes the interaction between Nav1.5 and ankyrin-G 32. Mutant Nav1.5 
transfected in rat myocytes, exhibited a reduced cell membrane expression 
as compared to wild-type 32. Of  note, this effect appeared to be cell-specific, 
since both mutant and wild-type Nav1.5 transfected in HEK293 cells 
displayed similar INa densities, indicating a normal membrane Nav1.5 
expression 32.   

The role of  ankyrin-B in regulating Na+ channel function is less 
clear. Patients with mutations in ANK2 (Fig. 3) have clinical features of  
Long QT syndrome (LQT4) 31, but also bradycardia, sinus arrhythmias, 
idiopathic ventricular fibrillation, delayed conduction/conduction block, 
and catecholaminergic polymorphic ventricular tachycardia. This diversity 
has resulted in the name “ankyrin-B syndrome” 76, 77. Although some of  
these arrhythmia types suggest impairment of  Na+ channel function, a 
direct interaction between Na+ channel and ankyrin-B could not be 
established. Cardiomyocytes isolated from ankyrin-B+/- mice, which share 
several clinical features with patients who carry an ankyrin-B mutation, 
exhibited altered calcium homeostasis that can lead to EADs and delayed 
afterdepolarizations (DADs), and, consequently, to cardiac arrhythmias, 
despite normal localization and cell surface expression levels of   Na+ 
channels31, 76. On the other hand, ventricular myocytes isolated from 
ankyrin-B-/- mice did show several Na+ channel abnormalities compared to 
wild-type myocytes. These include reduced INa density, due to fewer 
functional Na+ channels, and increased INaL, resulting from longer channel 
openings and re-openings, similar to what is observed in LQT3-associated 
mutant Na+ channels 78. These findings suggest that complete loss of  
ankyrin-B expression might be necessary to compromise cardiac Na+ 
channel functioning. 
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The regulatory role of  syntrophin and dystrophin 

The dystrophin glycoprotein complex (DGC) acts as a link between the 
extracellular matrix and the intracellular cyctoskeleton, since the N-terminal  

 
 

 
 
portion of  dystrophin binds to the  intracellular actin and its C-terminus 
binds to β-dystroglycan. The latter is connected to α-dystroglycan, in turn 
bound to the extracellular protein laminin (Fig. 4) 79. Na+ channels bind 
dystrophin via syntrophins, which are a family of  adaptor proteins 
contained in the DGC. All syntrophins contain an amino acid sequence 
(PDZ motif), allowing the binding to the C-termini of  several proteins. In 
particular, the last three amino acids (serine-isoleucine-valine) of  the Nav1.5 
C-terminus interact with the syntrophin PDZ motif  (Fig. 1)80-82.  

Up to now, five syntrophin isoforms have been isolated (α1, β1, β2, 
γ1, and γ2) with different localizations 83, 84. Recently, it has been suggested 
that α1, β1, and β2 are the binding partners of  the Na+ channel in the cardiac 
muscle, while γ syntrophins were not detected in the heart 82, 85.  

Fig.4. Schematic drawing representing 
the interactions between the Na+ 
channel and the dystrophin 
glycoprotein complex (DGC), which 
acts as a link between the extracellular 
matrix and the intracellular 
cyctoskeleton. The Na+ channel 
(through syntrophin [SYN]), binds 
dystrophin, wich interacts directly with 
the cytosleleton protein actin and 
indirectly (through the glycoproteins 
β-dystroglycan [β-DG] and α-
dystroglycan [α-DG]), with the 
extracellular matrix protein laminin. 
SG, sarcoglycan complex. 
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Besides the role of  anchoring the cardiac Na+ channel to the actin 
cytoskeleton, the syntrophin/DGC complex may also modulate its 
function. Alteration of  the Na+ channel-syntrophin dystrophin network 
could, indeed, be the cause of  cardiac abnormalities, in particular, 
conduction defects, observed in patients with muscular dystrophies such as 
Duchenne muscular dystrophy (DMD) 86. DMD is an inherited syndrome 
caused by mutations in the dystrophin gene on chromosome X, which 
encodes different dystrophin isoforms, such as the m-dystrophin, expressed 
both in the heart and in the skeletal muscle. Mutations in the gene encoding 
dystrophin produce either a marked decrease or a complete absence of  the 
protein 87. 

The mdx5cv mouse represents an animal model for DMD that well 
recapitulates the muscle phenotype and some of  the cardiac defects 
observed in DMD patients 88. The mdx5cv mouse carries a nucleotide 
substitution in exon 10 of  the dystrophin gene, which generates an aberrant 
splice site resulting in a premature stop-codon 89. Ventricular myocytes 
isolated from these dystrophin-deficient mice revealed reduced Na+ channel 
protein content and INa compared to wild-type mice. No changes in Na+ 
channel gating were reported. Moreover, mdx5cv mice showed 
electrocardiogram (ECG) signs of  conduction defects (prolonged QRS and 
P wave durations). Histological analysis of  ventricular sections showed no 
signs of  interstitial fibrosis. In addition, no differences in nuclear and/or 
cytoplasmic sizes that might have indicated the presence of  cardiac 
hypertrophy were reported 82. In conclusion, whether cardiac Na+ channel 
abnormalities due to the destruction of  the Na+ channel-syntrophin-
dystrophin interactions might be the cause of  cardiac dysfunction observed 
in DMD patients is still under investigation. 

 
The regulatory role of  caveolin-3  

Caveolins are important components of  caveolae, small invaginations of  the 
plasma membrane in which several signaling molecules and ion channels are 
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present, including Na+ channels 90. Up to now, three different genes 
encoding for caveolins have been identified. CAV1 and CAV2 encode 
caveolin-1 and caveolin-2, two isoforms which have a relatively restricted 
tissue distribution 91, 92, while CAV3 encodes for caveolin-3, exclusively 
expressed in smooth, skeletal, and cardiac muscle 93, 94. In particular, Na+ 
channels and caveolin-3 co-localize in rat ventricular myocytes 95, 96 and in 
human myocardium 29. 

The nature of  the interactions between the cardiac Na+ channel and 
caveolin-3 is not completely resolved yet. It has been shown that, in rat 
ventricular myocytes, increased INa secondary to β-adrenergic stimulation 

through a Gαs (PKA independent) 67 pathway is due to the opening of  
caveolae that act as a local storage, which promotes the insertion of  cardiac 
Na+ channels at the cell surface 95, 96. Moreover, mutations in CAV3 were 
identified in some patients with congenital Long QT syndrome (LQT9) 29 
and sudden infant death syndrome (SIDS) 30. Co-expression of  Nav1.5 and 
these caveolin-3 mutants significantly increased INaL current in HEK293 
cells29,30, as previously shown in LQT3- and SIDS-associated SCN5A 
mutations. 

Of  note, DGC is also a component of  caveolae 97, 98, therefore, the 
interaction between cardiac Na+ channel and caveolin-3 might also occur 
through proteins of  the DGC. The observation that transgenic mice 
overexpressing caveolin-3 have a phenotype similar to that observed in 
DMD, is suggestive for such an interaction. In these mice, dystrophin and 
its associated glycoproteins are downregulated not only in the skeletal 
muscle, but also in the heart. Caveolin-3 over-expression resulted in cardiac 
muscle degeneration, with the presence of  inflammation and interstitial 
fibrosis 99. Moreover, QRS duration of  the ECG was significantly prolonged 
in these caveolin-3 transgenic mice99. 
 Taken all together, these findings show the importance of  the 
interactions between Na+ channels and the caveolin-3/dystrophin protein 
complex, although the underlying mechanisms are not fully understood yet. 
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The regulatory role of  protein kinases and phosphatases  
 

Neurotransmitters and hormones regulate the cardiac Na+ channel thorough 
enzyme cascades that have as downstream targets kinases and phosphatases. 
Here, we will discuss the modulatory role on the cardiac Na+ channel of  
some of  them. 
 

Protein kinase A 

β-adrenergic receptor stimulation regulates cardiac Na+ channel activity by 
activation of  the stimulatory G protein which can follow two different 
parallel mechanisms: the “direct pathway”, and the “indirect pathway”.  

As described previously (see the paragraph entitled “The regulatory 
role of  caveolin-3”), the direct pathway (PKA independent) involves the 
action of  the Gαs protein which increases INa 67 presumably through the 
promotion of  membrane channel insertion from caveolae 95, 96. 
  The indirect pathway (PKA dependent) occurs through Gαs 
stimulation of  the intracellular enzyme adenylyl cyclase which transforms 
adenosine monophosphate (AMP) into cAMP. This second messenger is 
then able to activate the protein kinase A (PKA). PKA phosphorylation of  
two conserved serines (Ser 525 and Ser 528) located in the DI-DII linker of  
Nav1.5 100 (Fig. 1) results in a consistent enhancement of  INa 

100-102. A recent 
study showed that, in the presence of  PKA activators, HEK293 cells 
expressing Nav1.5 revealed an increased channel membrane expression 101. 
The authors suggested that Nav1.5 phosphorylation may either facilitate 
channel release from the endoplasmic reticulum or the recruitment of  a 
population of  Na+ channels located in the caveolae 100, 101. 
 

Protein kinase C 

Protein kinases C (PKC) constitute a family of  serine/threonine kinases 
which comprises at least 11 different isoforms, almost all expressed in 
human ventricular myocytes 103. PKC activation in response to α1-adrenergic 
receptor stimulation drives phosphorylation of  several substrates. PKC 
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activation caused a severe reduction in INa density at a diastolic holding 
potential (56% at -94 mV) and a negative shift of  the voltage-dependence 
of  steady-state inactivation in rat cardiac Na+ channels heterologously 
expressed in a mammalian cell line 104. Moreover, single channel recordings 
revealed a reduced probability of  Na+ channel opening in the presence of  a 
PKC activator, while single channel conductance was unaffected 104. Similar 
results were reported in oocytes transfected with the human cardiac Na+ 
channel isoform, i.e., reduction in INa magnitude, but no gating changes 105. 
Phosphorylation of  a serine at position 1503 in the DIII-DIV linker of  
Nav1.5 (Fig. 1) was partly responsible for the effect of  PKC activation on 
INa 

105. In a follow-up study, it was proposed that PKC activation reduced INa 
amplitude by promoting channel internalization, rather than a direct effect 
on Na+ channel function 106. Of  note, PKC and PKA regulate the cardiac 
Na+ channel differently. 
 
Calcium/calmodulin dependent protein kinase II  

Calcium/calmodulin dependent protein kinase II (CaMKII) is a 
serine/threonine kinase which is widely expressed and transduces 
intracellular calcium increases into phosphorylation of  many different 
proteins 107. Recently, a role for CaMKII in cardiac Na+ channel modulation 
has been reported 108. It was shown that CaMKII co-immunoprecipitates 
with and phosphorylates cardiac Na+ channels, although neither the mode 
of  this interaction nor the phosphorylation site were investigated. Besides, 
over-expression of  CaMKIIδc in rabbit myocytes (CaMKIIδ is the 

predominant isoform in the heart and CaMKIIδc is its cytosolic splice 
variant) induced a negative shift of  voltage-dependence of  inactivation, 
increased slow inactivation, and slowed the recovery from inactivation. All 
these effects were calcium dependent. Finally, increased INaL and slowed Na+ 
current decay were also observed. Overall, increased slow inactivation and 
slowed recovery from inactivation decrease INa availability, especially at fast 
heart rates, 19, 20 while, at slower heart rates, the slowed current decay and the 
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increased INaL can cause action potential prolongation, consistent with the 
LQT3 syndrome. Interestingly, the altered phenotype caused by the over-
expression of  CaMKIIδ was similar to the one observed in patients and in 
mice carrying the 1795insD mutation 19, 109, and included both LQT3 and 
BrS characteristics (see the paragraph entitled “Overlap syndromes and 
modulating factors”, below). Since the expression and the activity of  
CaMKII are up-regulated in human HF 110, 111 and in HF animal models  112, 
these gating changes might cause an acquired form of  arrhythmia. This idea 
is supported by the fact that, in transgenic mice that over-expressed 
CaMKIIδ and showed signs of  HF, it was possible to induce ventricular 
tachycardia 108. 
 

Calcineurin 

Calcineurin is a calcium-activated serine/threonine phosphatase that is 
closely involved in the generation of  cardiac hypertrophy 113. Transgenic 
mice over-expressing a constitutively active form of  calcineurin showed 
massive cardiac hypertrophy, followed by fibrosis, congestive HF and 
premature death 114. A subsequent study revealed that those premature 
sudden deaths were caused by progressive conduction defects leading to 
conduction block 115. Patch-clamp experiments in isolated cardiomyocytes 
showed an age-dependent reduction of  both INa density and maximal action 
potential upstroke velocity (dV/dtmax), a measure of  INa,, which paralleled 
the in vivo QRS prolongation and the decrease in QRS amplitude that 
immediately precede the episodes of  heart block 116. Chronic in vitro 
treatments of  myocytes with ryanodine, BAPTA-AM and thapsigargin, all 
substances which disturb calcium handling, could rescue the effects of  
calcineurin over-expression. Finally, also the PKC inhibitor 
bisindolylmaleimide rescued dV/dtmax and INa density to values 
indistinguishable from those seen in wild-type cells, in line with the previous 
findings that PKC activation decreases INa density 104-106. Western blot and 
immunohistochemistry assays did not show changes in Na+ channel 
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expression. Thus, the authors concluded that over-expression of  calcineurin 
altered calcium homeostasis leading to PKC activation, which resulted in a 
decreased activity of  Na+ channels 116. 

 

1.3 Sodium channel dysfunction in inherited and 

acquired cardiac disease 
 

1.3.1 Inherited primary electrical disease                                                      
 

Brugada syndrome 

BrS is a cardiac disorder characterized by sudden death (especially at night 
and rest) due to ventricular tachyarrhythmias in the absence of  structural 
heart disease as can be detected by routine cardiac examination. The ECG 
of  BrS patients is characterized by ST segment elevation in the right 
precordial leads (V1-V3), often in conjunction with signs of  conduction 
slowing 117, 118 (Fig. 5). The ECG signs of  the syndrome are dynamic and 
often concealed, but can be unmasked by Na+ channel blockers, or during a 
febrile state 119-121. Although the syndrome typically manifests during 
adulthood, with a peak around 40 years, arrhythmic events may occur at all 
ages. In Western countries, the prevalence is estimated at 5-50 cases per 
10.000 inhabitants 122, 123.  In Southeast Asia, the disease is the leading cause 
of  death in males under the age of  40, second only to car accidents.  

Fig. 5.  Representative electrocardiogram of  a Brugada syndrome patient. Note ST 
segment elevation with high take-off  (J point) and negative T waves, typically seen in right 
precordial leads V1-V2.



General Introduction 

 

 

23 

 BrS exhibits an autosomal dominant pattern of  inheritance, with 
incomplete penetrance and male predominance. Most drugs do not provide 
fully effective prevention of  arrhythmias and ICDs are the only 
recommended form of  therapy to prevent sudden death124. 

To date, a significant number of  SCN5A mutations have been 
reported to contribute to BrS. Functional analysis employing expression 
systems showed that all produce Na+ channel loss-of-function. However, 
various mechanisms of  INa reduction have been described. These include 
decreases in INa density and gating changes (Table 2). Of  note, SCN5A 
mutations account only for 18%-30% of  BrS cases, suggesting that other 
genes might be involved 124. A second locus on chromosome 3, close to but 
apart from the SCN5A locus, was linked to BrS 125. Here, an A280V 
mutation in the glycerol-3-phosphate dehydrogenase 1-like gene (GPD1-L) 

was identified. This mutant, when co-transfected with Nav1.5 into a 
HEK293 cell line, resulted in reduction in INa magnitude, due to a decreased 

Table 2
Reported Biophysical Mechanisms of Increase in Net Sodium Current 

(Gain-of-Function) and Reduction in Net Sodium Current (Loss-of-Function) 
  

Gain-of-function 
persistent current (disruption of fast inactivation) 
changes in voltage dependence of activation (hyperpolarizing shift) and/or inactivation (depolarizing shift) 
faster recovery from inactivation 
slower inactivation 
 
Loss-of-function 
Reduction in current density 
reduced number of functional sodium channels in sarcolemma 
truncated protein due to premature stop codon 
retention in endoplasmic reticulum (trafficking defect) 
mutation located in ion-conducting pore 

Gating changes 
changes in voltage dependence of activation (depolarizing shift) and/or inactivation (hyperpolarizing shift) 
slower recovery from inactivation 
enhanced slow inactivation 
enhanced closed-state inactivation 
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Nav1.5 surface expression, when compared to wild-type. Thus, GPD1-L is a 
novel Na+ channel modulator in the heart 126. Another study showed a 
modulatory effect on the BrS phenotype of  the rapid delayed rectifier 
potassium current (IKr) encoded by KCNH2 127. More recently, loss-of-
function mutations in the α1-subunit (CACNA1C) and the β-subunit 
(CACNB2b) of  the cardiac calcium channel have been shown to cause an 
overlap syndrome characterized by a shorter than normal QT interval and a 
BrS phenotype 128. 

How INa reduction causes the characteristic features of  BrS, is 
unresolved. One hypothesis (repolarization disorder hypothesis), proposes 
that reduced INa may exacerbate the effects of  the intrinsic difference in 
density of  the transient outward potassium current, Ito, between epicardial 
layers (high Ito density) and endocardial layers (low Ito density) 129. According 
to this hypothesis, this strong repolarizing current renders epicardial cells 
more sensitive than endocardial cells to the effects of  reductions in INa. An 
alternative hypothesis revolves around slowing of  impulse propagation in 
the right ventricle (RV), particularly, the RV outflow tract (depolarization 
disorder hypothesis) 130-132. Both hypotheses are supported by clinical and 
experimental data, rendering it likely that BrS is not fully explained by one 
single mechanism. Yet, evidence of  conduction abnormalities in patients 
with BrS is accumulating. Widening of  P wave and QRS duration, and 
prolongation of  PQ and HV intervals, all of  which represent conduction 
abnormalities, are often observed in BrS patients. Greater prolongation of  
PQ and HV intervals at baseline, and excessive QRS interval prolongation 
after the use of  Na+ channel blockers are more likely to be found in BrS 
patients who carry a SCN5A mutation than in those who do not 133. 
Moreover, in a study of  78 individuals carrying a SCN5A mutation 
associated with BrS, resting ECGs showed a spontaneous BrS ECG pattern 
in 28 of  78 (36%) mutation carriers, while 59 of  78 (76%) exhibited 
conduction defects. The conduction defects worsened with age in mutation 
carriers, leading in five cases to pacemaker implantation 134. This study 
showed that the most common phenotype of  gene carriers of  a BrS-type 
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SCN5A mutation are progressive cardiac conduction defects similar to the 
Lenègre disease phenotype (see the paragraph entitled “Progressive cardiac 
conduction disease”, below).  

Finally, recent studies have highlighted the role of  other 
pathophysiological derangements, e.g., fibrosis 130, 135 (see the paragraph 
entitled “Cardiac fibrosis”, below). These studies all contribute to the 
emerging notion that BrS might have multiple etiologies. 

 
SUDS 

Sudden Unexplained Death Syndrome (SUDS) is a disorder characterized 
by sudden death, typically during sleep, in young and middle-aged males in 
South East Asian countries. The syndrome is the leading natural cause of  
death in young Thai men 136. The patients, almost exclusively men, have 
structurally normal hearts and an ECG patterns similar to BrS. SCN5A 
mutations, which resulted in “loss-of-function" alterations such as in BrS, 
were identified in SUDS patients. These data suggest that SUDS and BrS 
are phenotypically, genetically and functionally the same disorder 137. 

 
Long QT syndrome  

The congenital Long QT syndrome (LQTS) is an inherited disorder 
estimated to affect 1/3000 individuals, with the onset of  symptoms typically 
occurring within the first 2 decades of  life 138. The syndrome is mostly 
transmitted in an autosomal dominant fashion (Romano-Ward syndrome) 
and rarely as an autosomal recessive disease associated with congenital 
deafness (Jervell and Lange-Nielsen syndrome).  

The syndrome derives its name from the characteristic prolongation 
of  the QT interval of  the ECG (Fig. 6), which is coupled at the cellular 
level to prolonged action potential duration and delay in myocardial 
repolarization 138. Action potential prolongation can lead to EADs which 
may initiate a life-threatening form of  polymorphic ventricular tachycardia 
called Torsade de Pointes (TdP) 139. LQTS is a heterogeneous disorder with  
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different genotypes and corresponding phenotypes. So far, mutations in 10 
different genes were associated with LQTS. Five genes encode pore-
forming ion channel α-subunits, three of  which are potassium channel α-
subunits (KCNQ1, [LQT1] KCNH2 [LQT2], SCN5A [LQT3], KCNJ2 
[LQT7 or Andersen syndrome], CACNA1C [LQT8 or Timothy 
syndrome]), the others encode ion channel regulatory proteins (KCNE1 
[LQT5], KCNE2 [LQT6], ANKB [LQT4], CAV3 [LQT9], SCN4B 
[LQT10]) 140. SCN5A mutations (LQT3) account for ≈10% of  genotyped 
LQTS patients 141. 

 

In general, Na+ channel mutations linked to LQT3 are associated 
with disrupted inactivation, as was originally identified in the ∆KPQ 
mutation 142, a three amino acid deletion in the DIII-DIV linker. This 
intracellular segment is critically involved in Na+ channel fast inactivation. 
Accordingly, this mutation results in INaL (gain-of-function) during the 
action potential plateau that prolongs action potential duration and may 
account for the development of  arrhythmogenic triggered activity, such as 
EADs. Although most of  the mutations associated with LQT3 produce 
INaL, some mutations exhibited other gating disorders that also lead to 
prolongation of  the QT interval. These include shifts in the voltage 
dependence of  activation and/or inactivation that can result in a larger 
overlap between the two curves (increased window current) 69, 143, 144, faster 

Fig. 6. Representative electrocardiogram of  a patient with Long QT syndrome type 
3. Note marked QT interval prolongation with peaked T waves occurring after a long 
isolelectric segment.  
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recovery from inactivation 145, and decreased slow inactivation 146 (Table 2). 
Because a very delicate balance of  inward and outward currents maintains 
the action potential plateau, even subtle current alterations during 
repolarization may provoke QT prolongation and TdP. 

The identification of  LQTS patients with mutations in genes that 
encode regulatory proteins of  the cardiac Na+ channel macromolecular 
complex  (ankyrin-B [ANK2], caveolin-3 [CAV3], and the β4-subunit 
[SCN4B]) 28, 29, 31, suggests that changes in any single component of  the 
protein complex that constitutes the cardiac Na+ channel might affect its 
correct functioning. Of  note, ≈25% of  patients with LQTS do not present 
genetic defects in the known LQTS-susceptibility genes 147. Thus, Nav1.5 
associated proteins, especially β-subunits, seem very promising candidates 
for being yet unidentified LQTS genes. Accordingly, patch-clamp 
experiments in myocytes isolated from β1

-/- mice showed both increased INa 

and INaL
51. Down-regulation of  the β1-subunit or destructions of  Nav1.5-β1 

interactions might contribute to a prolonged QT phenotype. Indeed, in 
D1790G mutant Na+ channels associated with LQT3, the effect of  the 
mutation is due to the loss of  the ability of  Nav1.5 to be modulated by β1

33. 
Genotype-phenotype studies have shown that the risks of  cardiac 

events and the circumstances under which they occur differ amongst the 
different LQTS genotypes. In the case of  LQT3, symptoms occur especially 
at rest or during sleep, when sympathetic nerve activity is expected to be 
low. These differences must be taken into account during diagnosis and 
treatment. Of  note, the genotype-phenotype relationships for LQTS that 
involve ion channel interacting proteins have not been determined yet. 

β-Adrenergic receptor blockers remain the cornerstone of  therapy 
in LQTS, although this treatment may be less efficacious in SCN5A 
mutation carriers 148. Clinical and in vitro evidence suggest that Na+ channel 
blockers such as mexiletine may reduce INaL and shorten the QT interval in 
SCN5A mutation carriers, but there are no data to indicate a reduction in 
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mortality 149, 150. Flecainide has also been observed to shorten QT 
intervals151, but some have cast doubts on the safety of  this therapy 152. 

 
SIDS  

Sudden infant death syndrome (SIDS) continues to be the most common 
cause of  post-neonatal infant death, accounting for about 25% of  all deaths 
between 1 month and 1 year of  age. SIDS is a complex, multifactorial 
disorder, the cause of  which is still not fully understood. However, much is 
known now about environmental risk factors, some of  which are 
modifiable. These include maternal and antenatal risk factors, such as 
smoking during pregnancy, the use of  alcohol, drugs, and infant-related risk 
factors, such as non-supine sleeping position and soft bedding. Emerging 
evidence also shows an increased number of  genetic risk factors responsible 
for SIDS 153. 

 The first molecular proof  that LQTS may be involved in SIDS was 
provided by a study of  an infant who was resuscitated from ventricular 
fibrillation (VF). The infant showed a severely prolonged QTc interval (648 
ms). Genetic analysis demonstrated a de novo SCN5A mutation (S941N) 154. 
In the following years, many other LQT3-associated SCN5A 
mutations143,155, 156 and mutations in KCNQ1 (LQT1) and KCNH2 (LQT2) 
genes encoding for potassium channel α-subunits 156-159 were reported to 
cause SIDS. Mutations in CAV3 were also found responsible for some 
cases of  SIDS 30. Yet, while a study which was performed in a large cohort 
of  SIDS victims revealed the presence of  LQTS mutations in ≈10% of  all 
patients, about half  of  the genetic variants were located in SCN5A 156. 

Other studies demonstrated that BrS can also be considered as a 
cause of  sudden death in children. Indeed, mutations in SC5NA and 
GPD1-L, both linked to BrS, were found in cases of  SIDS 160-162. 

In conclusion, complex interactions between genetic and 
environmental risk factors have to be taken into account to determine the 
risk of  SIDS in individual infants. 



General Introduction 

 

 

29 

Progressive cardiac conduction disease 
Progressive cardiac conduction disease (PCCD), also known as Lenègre 
disease, is characterized by progressive slowing of  conduction velocity 
through the His-Purkinje system with right or left bundle branch block, 
manifesting on the surface ECG as PR interval prolongation and QRS 
widening, usually in older individuals (Fig. 7). Complete AV block can occur,  
resulting in syncope or sudden death. Implantation of  a pacemaker is the 
treatment of  choice.  

The disorder has been linked to mutations in SCN5A and to 
another chromosomal locus (19q13.2-q13.3) 163, 164 where the involved gene 

is yet unknown. The causal relationship between SCN5A mutations and 
PCCD was first reported in a large French family and in a Dutch family 165. 
In the French family, P wave width, PR intervals, and QRS intervals 
prolonged with age, however, in the Dutch family, the proband was a 
child165. This suggests that the resulting phenotype may be progressive or 
immediate.  

The first study on the biophysical properties of  a PCCD associated 
SCN5A mutation (G514C) showed reduced INa 

27. Patch-clamp studies 
revealed opposing gating changes that resulted in attenuated INa reduction. 
As confirmed by modelling studies, this decrease in INa was sufficient to 
cause conduction disease, but insufficient to cause BrS. Although through 

Fig. 7. Representative electrocardiogram of  a patient with progressive cardiac 
conduction disease. Note marked QRS widening, PQ interval prolongation, and leftward 
QRS axis deviation. 
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different mechanisms, all subsequent PCCD-associated SCN5A mutants 
studied were characterized by a loss of  Na+ channel function 166-169, 170, 171-173. 
The decrease in INa would result in a reduction of  action potential upstroke 
velocity, thereby slowing conduction velocity.  

Recently, in a large Finnish family, the loss-of-function mutation 
D1275N was identified. The affected individuals showed cardiac 
conduction defects and atrial arrhythmias 174. Of  note, the same mutation 
was previously found both in a family with atrial standstill 146 (see the 
paragraph entitled “Atrial standstill’, below) and in one with dilated 
cardiomyopathy 175, 176 (see the paragraph entitled “Dilated cardiomyopathy”, 
below). 

 
Atrial standstill 
Atrial standstill is a rare arrhythmia that consists of  loss in electrical and 
mechanical activity of  the atria. Atrial standstill is characterized by 
bradycardia, absence of  P waves, and junctional escape rhythm 177. Whereas, 
in most reports, atrial standstill is secondary to other diseases, familial atrial 
standstill without underlying cardiac disorder is extremely rare and 
identification of  genetic factors for atrial standstill is hampered by the small 
number of  affected individuals in each family. 
 The first mutation associated with atrial standstill was found in 
SCN5A (D1275N) and resulted in a loss-of-function Na+ channel. Of  
interest, the affected individuals carried both the mutation and were 
homozygous for two linked polymorphisms in Cx40, which encode the 
atrium-specific gap junction protein connexin 40146. These Cx40 
polymorphisms were localized in the promoter region and resulted in 
reduced connexin 40 expression. This was predicted to hamper cell-to-cell 
electrical coupling in the atrium, thereby reducing atrial excitability. At the 
same time, the requirement of  this Cx40 variant was used to explain why 
the phenotype in this family was restricted to the atrium. Of  note, the 
Finnish PCCD family, mentioned above, carried only the D1275N 
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mutation174. This supports the idea that D1275N is responsible for 
conduction slowing/reduced excitability, while the Cx40 polymorphisms are 
required to evoke an atrial phenotype. Interestingly, the ventricular 
conduction in the atrial standstill family was also slightly impaired. Recently, 
another SCN5A mutation (L212P) was linked to atrial standstill 178. When 
expressed in a heterologous system, this mutation showed opposing gating 
changes, resulting in a net loss of  function of  INa. Further screening for 
genetic variations revealed that the affected individual carried the same 
Cx40 polymorphisms as described previously 146, but was heterozygous for 
it. 
 Taken together, these studies indicate that genetic defects in SCN5A 
most likely underlie atrial standstill, but that additional genetic factors which 
modulate atrial electrical coupling seem to be necessary to the clinical 
manifestation of  this inherited arrhythmia. The chance of  the simultaneous 
occurrence of  the rare Cx40 genotype and a SCN5A mutation is low. This 
could explain the extremely rare prevalence of  this arrhythmia. 

 
Sick sinus syndrome  

Idiopathic sick sinus syndrome (SSS) is characterized by sinus bradycardia 
and sinus arrest in the absence of  structural heart disease. In three 
independent studies, mutations in HCN4, the gene encoding the α-subunit 
of  the pacemaker current, If, were identified 179-181. These HCN4 mutations 
resulted in loss-of-function of  If. A role of  INa in sinoatrial node 
depolarization is also starting to be recognized 182, 183, and SCN5A mutations 
were identified in 5 of  10 children (7 families) with sinus node disease 184. 
Compound heterozygosity was, however, necessary, as members of  the 
studied families who carried mutations in only one allele were clinically 
unaffected. The SCN5A mutations resulted in loss-of-function. The 
phenotype in these individuals included bradycardia that progressed in some 
cases to atrial inexcitability. Thus, there may be substantial overlap with the 
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atrial standstill phenotype. The available data suggest, similar to other 
channelopathies, that idiopathic SSS is genetically heterogeneous. 

 
1.3.2 Sodium channel dysfunction in structural defects 
 

Cardiac fibrosis 

The first association between reduced INa and structural defects was derived 
from a study of  two infants of  asymptomatic parents who exhibited 
prolonged ECG conduction intervals (PR, QRS) associated with episodes 
of  wide complex tachycardia 166. Genetic analysis revealed compound 
heterozygosity for two SCN5A mutations which both caused INa reduction 
(due to a truncated protein resulting from a premature stop codon in 
W156X, in conjunction with severely reduced INa density of  R225W 
channels). The postmortem examination of  the heart of  one child of  this 
family, who died from severe reduction in cardiac excitability and ventricular 
tachyarrhythmias, showed fibrosis and necrosis in the left and right ventricle 
(RV), and fibrosis of  the atrioventricular node and specialized conduction 
system, providing the first evidence to suggest that morphological changes 
within the heart may occur secondary to Na+ channel defects. Similarly, 
studies of  the explanted heart of  a BrS patient with a loss-of-function 
SCN5A mutation (G1935S) revealed severe fibrosis in the RV outflow tract 
(RVOT) 130. Of  note, this region was critically involved in tachyarrhythmias 
elicited by programmed electrical stimulation. Finally, in a study of  18 
unrelated patients with the clinical phenotype of  BrS and normal cardiac 
structure and function on noninvasive examinations, endomyocardial 
biopsies revealed structural derangements in all. Mutations in SCN5A were 
identified in 4 of  18 patients 135. All mutations resulted in loss-of-function 
INa, characteristic of  BrS. One mutation carrier showed fibrofatty 
myocardial replacement, suggestive of  arrhythmogenic right ventricular 
cardiomyopathy (ARVC). Of  note, in the BrS patients with SCN5A 
mutations, myocyte apoptosis in both the left ventricle and the RV was 
significantly higher than in control. 
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 The association between reduced INa and structural defects is 
supported by experimental studies. In a SCN5A knock-out mouse model, 
mice that were homozygous for the null-allele died before birth, with 
profound derangements in cardiac development. Heterozygous mice 
survived and exhibited severe conduction abnormalities, resembling the 
PCCD phenotype, along with a 50% reduction in INa, as found in patch-
clamp studies 185. In a follow-up study, it was found that old (but not young) 
heterozygous mice had prominent cardiac fibrosis in the left and right 
ventricular free walls and the interventricular septum. In addition to fibrosis, 
heterogeneous expression of  connexin 43 and decreased expression of  
connexin 40, was also identified 186. A subsequent study from the same 
group revealed that only the synergism between reduced INa, increased 
fibrosis, and impaired intracellular coupling could lead to severe decrease in 
conduction velocity. Furthermore, conduction slowing was particularly 
evident in the RV, in agreement with the PCCD and BrS phenotypes 187. In 
conclusion, these studies suggest that a monogenic ion channels defect can 
lead to myocardial structural defects. 

 
Arrhythmogenic right ventricular cardiomyopathy  

ARVC is an inherited heart muscle disease characterized by specific 
derangements of  the RV (fibrosis, fibrofatty replacement of  myocardium) 
and ventricular tachycardia which may culminate in VF and sudden death. 
Of  interest, the clinical features of  ARVC may exihibit significant overlap 
with those of  BrS 188-190. Most notably, the hallmark ST elevations of  BrS 
have also been reported in ARVC, and may be provoked by Na+ channel 
blockers, similar to BrS 191. Conversely, autopsy 192 and biopsy 193 studies of  
BrS patients revealed fatty tissue deposition in the RV. In particular, in 
biopsies from the RV, fatty tissue infiltration mimicking ARVC was 
observed in 8 of  22 BrS cases (36%) 194. Most recently, in a study of  18 
unrelated patients with the clinical phenotype of  BrS, endomyocardial 
biopsies revealed structural derangements in all, with histopathological 
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findings suggestive of  ARVC in a patient who carried a SCN5A 
mutation135. 
 Although overlap may exist between ARVC and BrS, at present, 
ARVC has been linked to genes which are different from those responsible 
for BrS. Only the ARVC5 locus has been mapped to a region on the same 
chromosome which contains SCN5A and GPD1-L, two genes associated 
with BrS, but the ARVC5 gene has not been identified yet 195. These data 
do not only substantiate a possible overlap between some cases of  ARVC 
and BrS, but they may also exemplify the potential of  SCN5A mutations to 
be causally involved in structural cardiac defects. 

 
Dilated cardiomyopathy 

Dilated cardiomyopathy (DCM) is an idiopathic, genetically heterogeneous, 
disorder characterized by HF and an enhanced incidence of  cardiac 
arrhythmias. The majority of  the identified genes encode structural proteins 
of  the cytoskeleton and contractile apparatus. Linkage analysis of  a family 
with DCM identified a locus for DCM on chromosome 3 (3p22-p25), 
which contains SCN5A 196. Subsequent SCN5A screening of  the family 
members revealed the presence of  the missense mutation D1275N, as 
reported in studies by McNair et al.175 and Olson et al.176. In these studies, 
affected members had DCM and signs of  conduction disease, along with 
atrial fibrillation. Of  interest, this phenotype is distinct from a previous 
study by Groenewegen et al. 146, in which the D1275N mutation caused 
familial atrial standstill in individuals who carried this mutation and were 
homozygous for two linked polymorphisms in Cx40 (in the study of  
McNair et al., no DCM affected individual was homozygous for the Cx40 
polymorphisms). A more recent study by Laitinen-Forsblom et al. also 
linked the D1275N mutation with cardiac conduction defects and atrial 
arrhythmias, while no contractile dysfunction was observed 174. Also in this 
case, no individuals homozygous for the Cx40 polymorphisms were 
detected. Why the D1275N mutation caused DCM in the family reported 
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by Olson et al. and McNair et al., but not in the families reported by 
Groenewegen et al. and Laitinen-Forsblom et al., remains a matter of  
debate. Initially, it was proposed that contractile dysfunction and DCM 
observed by McNair et al. 175 and Olson et al. 176 may be secondary to 
chronically increased heart rates during atrial fibrillation 197, but this idea is 
not supported by the study of  Laitinen-Forsblom et al. 174 in which  patients 
had no DCM, although they did have atrial fibrillation. Still, the possible 
role of  SCN5A mutations in causing DCM was supported by the 
presentation by Olson et al. of  loss-of-function SCN5A mutations in four 
other DCM families (T220I, R814W, D1595H, and a two base pair insertion 
2550-2551insTG, leading to a premature stop codon and truncation of  the 
encoded protein). Cardiac biopsies revealed interstitial fibrosis in 2 of  4 
mutation carriers (in the T220I and R814W families) 176. Of  note, the T220I 
mutation was already reported as a recessive allele in SSS 184. 

In conclusion, while the study of  Olson et al. 176 supports the 
proposed link between reduced INa and structural derangements, it is unclear 
how identical loss-of-function mutations in SCN5A may lead to different 
phenotypes. 

 
1.3.3 Overlap syndromes and modulating factors   
Several SCN5A mutations which resulted in overlapping phenotypes 
characterized by a combination of  various features of  the above described 
disorders have been identified. The 1795insD mutant was the first to be 
reported. Carriers of  this mutation exhibited features of  LQT3 and BrS 19. 
Patch-clamp studies revealed that these opposing phenotypes (gain-of-
function in LQT3, and loss-of-function in BrS) may be explained by distinct 
gating changes. Thus, enhanced INaL accounted for action potential 
prolongation and LQT3, while, concurrently, enhanced slow inactivation 
resulted in reduced INa availability and ST elevation (BrS) at fast heart rates. 
A subsequent study revealed that this SCN5A mutation is also associated 
with sinus rate slowing, and that this phenomenon may equally be explained 
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by altered biophysical properties, notably prolongation of  the sinus node 
action potential by INaL and decreased sinus node diastolic depolarization 
rate by a -10 mV shift of  Na+ channel steady-state inactivation 198. Missense 
mutations of  the same residue to a histidine (Y1795H) or cysteine (Y1795C) 
resulted in BrS and LQTS, respectively 199. 
 A large French family with a missense mutation in SCN5A 
(G1406R) was reported in which mutation carriers exhibited either a BrS or 
PCCD phenotype 171, suggesting that modifier gene(s) may influence the 
phenotypic consequence of  this mutation. Similarly, the deletion of  a lysine 
(∆K1500) was associated with BrS, LQTS and PCCD 200. Later studies have 
also reported combinations of  other phenotypes, e.g., SSS in conjunction 
with conduction disease and BrS 201, 202, and BrS with short QT syndrome128. 
 Probably the most consistent link is that between BrS and PCCD. In 
a study of  78 individuals who carried a SCN5A mutation associated with 
BrS, the spontaneous (i.e., in the absence of  pharmacological challenge) BrS 
phenotypes were present only in 36%, while 76% exhibited conduction 
defects. Moreover, the conduction defects worsened with age in mutation 
carriers 134. Evidence that genetic modifiers play a role in the variability of  
cardiac conduction parameters and the clinical expression of  the cardiac 
Na+ channel diseases, was provided by a study in which two different strains 
of  mice (129P2 and FVB/N) that both carried the 1798insD mutation, 
equivalent to 1795insD in humans 109, presented different phenotypes 203. In 
particular, the 129P2 mutant mice showed more severe PQ prolongation 
compared to the FVB/N mutant mice, and QRS prolongation following 
flecainide administration was also more pronounced in the 129P2 mice. 
Total RV activation time was longer in 129P2 mice than in FVB/N mice. In 
91% of  old 129P2 mice, it was possible to induce arrhythmias as opposed 
to 43% in old FVB/N mice. Finally, old 129P2 mice developed more severe 
fibrosis than FVB/N mice 203. 
 How a single mutation can result in different and sometimes 
opposing phenotypes is not fully resolved. In addition to specific gating 
changes (as described for the 1795insD mutation19), other explanations have 
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been proposed. For instance, the intrinsic heterogeneity of  the myocardial 
substrate with which the mutant Na+ channel interacts, may be relevant. 
Epicardial myocytes have a characteristic spike-and-dome action potential 
morphology, due to a large Ito, while endocardial cells do not. Mutations 
that act to reduce INa, in the presence of  a large repolarizing current, may 
result in premature action potential repolarization, loss of  action potential 
dome, and BrS-type ST elevation in the ECG (repolarization disorder 
hypothesis). Conversely, in endocardial cells, INaL, in the presence of  smaller 
repolarizing currents, may prolong action potential duration (LQT3 
phenotype) 204. 
 Other studies have revealed the role of  gender. In a single family, 
the G1406R mutant caused BrS only in male carriers (4 of  6), while PCCD 
was found in 6 of  6 female, and 2 of  6 male carriers 171. This is consistent 
with the observation that, while SCN5A mutations are equally transmitted 
between both sexes, the BrS phenotype is more prevalent in males. The 
male predominance might be partially due to the intrinsic differences in 
ventricular action potential between males and females. Ito density is higher 
in males, rendering them more susceptible to the effect of  INa reduction 205. 
In men, this may result more readily in excessive repolarization as proposed 
in the repolarization disorder hypothesis 206. Conversely, females may be 
protected, because ICa-L is more strongly expressed in their epicardium 207. 
Moreover, other studies suggested that the male hormone testosterone may 
be accountable for the gender differences in BrS 208. 

Importantly, the modulating role of  genetic factors in determining 
the clinical phenotype is now emerging from recent studies. For instance, 
the D1275N mutation caused atrial standstill in the presence of  
homozygous loss-of-function Cx40 promoter polymorphisms 146, but DCM 
175, 176 and conduction defects in their absence 174. Similarly, the common 
polymorphism H558R in SCN5A produced no appreciable INa gating 
changes in isolation, but it attenuated the gating defects caused by a SCN5A 
mutation identified in a child with conduction disease 169. Other studies also 
reported a modulatory role of  this polymorphism on a LQT3-linked 
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SCN5A mutant 209 and a BrS-linked SCN5A mutant 210, respectively. In 
both cases, the H558R polymorphism restored normal Na+ channel 
trafficking. On the other hand, H558R further accentuated the decrease in 
peak INa caused by a SCN5A mutation identified in a patient with acute 
myocardial infarction 211 (see the paragraph entitled “Ischemic heart 
disease”, below). 

The presence of  such polymorphisms and differences in their 
prevalence among various ethnic groups may underlie clinically relevant 
differences. For instance, the S1102Y polymorphism in SCN5A is mainly 
present in subjects of  African descent 212 (it was also found in a single white 
family, but there, it was deemed a disease-causing mutation responsible for 
LQT3 213), and was associated with increased arrhythmia susceptibility in an 
African-American who sustained QT prolongation and TdP on amiodarone 
(see the paragraph entitled “Drug-induced LQTS”, below) 212. Finally, 
homozygosity for the same polymorphism has been associated with 
increased risk of  SIDS in African-American infants 214. 

Similarly, a haplotype variant consisting of  six polymorphisms in the 
promoter region of  SCN5A was found to occur with an allele frequency of  
22% in Asian subjects, but was absent in whites and blacks. This haplotype 
resulted in reduced SCN5A transcription and was associated with slower 
cardiac conduction in both normal Japanese individuals and Japanese BrS 
patients. It was suggested that this variability in SCN5A transcription may 
contribute to differences in phenotype between various ethnic groups 215. 

 
1.3.4 Acquired cardiac arrhythmias  
 

Whereas inherited SCN5A linked arrhythmias are explained by disturbed 
properties of  mutant Na+ channels, ‘acquired arrhythmias’ are precipitated 
by environmental factors that act on the electrical activity of  the heart. 
However, it is increasingly being recognized that acquired arrhythmias may 
involve subclinical genetic variations (polymorphisms) that can alter the 
structure or the electrophysiological properties of  the myocardial substrate, 
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and may thus interact with environmental triggers to form the 
pathophysiological basis for cardiac arrhythmias. For instance, such 
mechanisms may contribute to unique drug responses in carriers of  these 
gene variants 2. Similarly, some of  the knowledge obtained in studies of  rare 
inherited SCN5A related disorders can be now extended to common 
acquired diseases.  

 
Drug-induced BrS  

Given the role of  INa reduction in BrS, various conditions and drugs that 
reduce INa may cause/mimic BrS. Class IC antiarrhythmic drugs (potent Na+ 

channel blockers) are the most frequent causes of  acquired BrS 216, but 
many other drugs (not necessarily drugs aimed primarily at cardiac disease) 
are also able to induce ST segment elevations 217. Moreover, a BrS-like 
phenotype is more likely to occur in susceptible individuals in the presence 
of  environmental factors, including electrolyte abnormalities, elevated 
insulin level, acute myocardial infarction, ischemia, mechanical compression 
of  RVOT 216, or hyperthermia 120, 121. It is likely that polymorphisms can 
enhance individual susceptibility to the BrS phenotype in the presence of  
drugs or other triggers, although up to now no cases were reported.  

 
Drug-induced LQTS  

Many drugs have been found to provoke “acquired LQTS”, most of  which 
reduce IKr.  Moreover, a genetic predisposition to drug-provoked LQTS has 
been reported 2. A SCN5A polymorphism (S1102Y) was found in a patient 
of  African descent who sustained QT prolongation and TdP on 
amiodarone (with associated hypokalemia and dilated cardiomyopathy as 
confounders for QT prolongation) 212. This polymorphism appeared to be 
ethnicity-related, being commonly present in subjects of  African descent. 
Subsequent expression of  S1102Y in HEK293 cells revealed mild gain-of-
function compared to wild-type channels, primarily caused by enhanced INaL 
and increased peak INa. Simulation studies showed that these subtle 
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biophysical changes per se did not alter the action potential. However, under 
simulated block of  IKr, a common effect of  many drugs (including 
amiodarone), and hypokalemia, action potential prolongation was observed, 
which would enhance the risk of  arrhythmias caused by excessive QT 
prolongation, e.g., TdP 212. In conclusion, the biophysical effects of  S1102Y 
are so subtle that it is anticipated that most individuals who carry it do not 
develop arrhythmias, unless additional acquired risk factors are present, 
such as drug use, hypokalemia, or structural heart disease. 
 Similarly, a SCN5A mutation (L1825P) was isolated in a woman 
who showed drug-induced LQTS after cisapride treatment 218. In isolation, 
this mutation was subclinical, and exerted clinical effects only when 
uncovered by the use of  cisapride. The mutant channel, when 
heterologously expressed, exhibited both gain-of-function Nav1.5 channel 
features (increased INaL, slowed INa decay), characteristic of  LQT3, and loss-
of-function features (decreased peak INa, negative shift of  inactivation, 
positive shift of  activation, enhanced closed-state inactivation), consistent 
with BrS. The authors suggested that the superimposition of  the 
biophysical features of  L1825P channels, while subclinical at baseline, and 
the proarrhythmic effects of  cisapride may have been the cause of  the 
LQTS phenotype in the patient. 

 
Congestive heart failure  

Action potential and QT prolongation are well-known features of  
congestive HF, and contribute to enhanced risk of  arrhythmias and sudden 
death in this disease. Augmented INaL was shown in two different dog 
models of  HF 219, 220 and in human ventricular myocytes isolated from HF 
patients 220. INaL can trigger arrhythmias either by prolonging action potential 
duration with subsequent EADs, or by increasing intracellular Na+ loading, 
thereby eliciting an increase in intracellular calcium levels via the Na+/Ca2+ 
exchanger. Intracellular calcium overload may evoke cardiac arrhythmias 
based on delayed afterdepolarizations (DADs) 221. In both mechanisms, INaL 
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represents an attractive target for therapeutic intervention. Accordingly, 
experimental block of  INaL by saxitoxin or lidocaine shortened action 
potential duration and abolished EADs in myocytes isolated from failing 
hearts 219. 

Down-regulation of  INa was also found in two different canine HF 
models 220, 222, 223 and in human ventricular myocytes 220. A decrease in INa 

density may reduce excitability, thereby slowing myocardial conduction and 
contributing to re-entrant arrhythmias. However, no differences in peak INa 
between HF and control were found in a volume/pressure overload HF 
rabbit model 224, in line with a dog model of  pacing-induced HF 225. The 
contrasting results of  these studies may be due to the species/model 
differences.  
 In the failing animal models in which reductions in INa density were 
reported, there were no changes in Na+ channel mRNA levels 220, 223, in line 
with a study in which no changes in mRNA levels were found in patients 
with end-stage HF 226. However, a recent study reported three new SCN5A 
mRNA splice variants, previously undetected in the human heart, which 
resulted in prematurely truncated proteins. When transfected into a 
HEK293 cell line stably expressing the full-length Na+ channel, all variants 
showed a significant reduction in INa as compared to the native channel 
alone 227. The authors then examined the levels of  these truncated 
transcripts in explanted heart from HF patients and in controls. The total 
percentage of  short variants went from 12.5% of  the total SCN5A mRNA 
in controls, to 54.9% in HF patients and at the same time the full-length 
Na+ channel transcript was reduced from 87.5% in controls to 45.1% in HF. 
This led to a 63% reduction in cardiac Na+ channel protein level in HF 
ventricular tissue compared to controls, as detected by Western blot analysis 
227. Therefore, this study showed for the first time that abnormal SCN5A 
splicing may contribute to the INa reduction observed in HF. 

Finally, post-transcriptional mechanisms might also be involved. For 
instance, while activation of  PKA or Gαs proteins via β-adrenergic 
receptor activation increases Na+ channel numbers by promoting channel 
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insertion into the sarcolemma 67, 95, 96, 100, 101, this process may be impaired in 
HF, because β-adrenoceptors are downregulated 228, 229. On the other hand, 
abnormalities in calcium homeostasis, as reported in HF 221, can activate 
multiple downstream targets, e.g., PKC 116.  Activation of  Ca2+-dependent 
PKC reduces INa density 104-106. Finally, cytoskeleton derangements, observed 
in HF 60, 61, can also contribute to reduced INa  

63-65. 
While these studies did not address the possible presence of  

SCN5A mutations or polymorphisms, these observations may point to a 
novel target for reduction of  arrhythmia risk in congestive HF. 

 
Ischemic heart disease  
Although several studies have revealed ischemia-related functional changes 
in various cardiac ion channels and transporters 230, it is likely that Na+ 
channel dysfunction plays an important role in reentrant arrhythmias under 
ischemic conditions. Ischemia-induced arrhythmias can evolve from a site 
of  slowed conduction near the ischemic border zone 231, consistent with a 
loss of  Na+ channel function. 
 Supporting these findings, myocytes obtained from the ischemic 
zone of  a 5-day-old infarct created by coronary ligation in a canine heart, 
exhibited reduced INa density and altered inactivation gating properties 
(negative shift of  inactivation, slowed recovery from inactivation, enhanced 
closed-state inactivation) when compared to myocytes of  non-ischemic 
regions 66. These results are consistent with previous findings in which 
dV/dtmax, a measure of  INa, was found to be significantly reduced in 
myocytes of  infarction border zones 232, 233.  Moreover, augmented INaL, likely 
due to hypoxic conditions, seems to contribute to the increased intracellular 
Na+ loading observed in ischemia 234. Accordingly, ranolazine, a drug that 
potently inhibits INaL,, in addition to blocking other ion currents such as IKr 
and ICaL (L-type calcium current) 235, was recently approved in the treatment 
of  angina pectoris. These data suggest that Na+ channel derangements may 
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contribute to electrophysiological heterogeneity during ischemia, which 
predisposes to re-entrant arrhythmias. 

Although the identification of  patients at risk of  VF during acute 
myocardial infarction remains difficult, a recent report has highlighted the 
importance of  a family history of  sudden death, pointing to the possibility 
of  a genetic predisposition 236.  In line with this hypothesis, a recent study 
reported on a cohort of  19 individuals admitted to the hospital with acute 
myocardial infarction. All patients presented episodes of  VF. One patient, 
in particular, had an arrhythmic storm, displaying 6 episodes of  
polymorphic ventricular tachycardia and VF within the first 12 hours. 
Subsequent SCN5A analysis revealed the presence of  the common H558R 
polymorphism in 5 of  the 19 patients and of  the R34C polymorphism in 1 
patient. The patient with the arrhythmic storm was the only one to have a 
SCN5A mutation. He carried the G400A missense mutation and the 
common H558R polymorphism on the same allele 211. Heterologous 
expression of  G400A, G400A+H558R, and wild-type Na+ channels in 
mammalian cells revealed decreased peak INa for G400A mutant channels 
compared to wild-type. The presence of  the H558R polymorphism resulted 
in a further reduction of  peak INa 

211. The fact that the patient developed his 
first VF episode at the age of  70 years and only in the setting of  myocardial 
infarction supports the notion that SCN5A mutations can be a predisposing 
factor for acquired arrhythmic syndromes. 
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1.4 Aim of  the thesis  
 

The cardiac Na+ channel is responsible for the initiation of  the rapid 
upstroke of  the action potential in the conduction system and working 
myocardial cells. Given its central role, it is not surprising that mutations in 
the pore-forming region (α-subunit) and, as recently shown, in the 
accessory proteins of  the cardiac Na+ channel can cause primary electrical 
diseases, the so-called “inherited sodium channelopathies’’ (LQT3, BrS, 
SIDS, PCCD, atrial standstill and SSS), that are associated with various life-
threatening arrhythmias. On the other hand, a link between Na+ channel 
dysfunction and structural cardiac defects, notably cardiac fibrosis, dilated 
cardiomyopathy and, possibly, arrhythmogenic right ventricular 
cardiomyopathy, is also emerging. 

The focus of  the research presented in this thesis is on the 
alterations in cardiac Na+ channel function that occur in cardiac inherited 
and acquired diseases. Using a combination of  several techniques, including 
sequence analysis, patch-clamp experiments, computer simulations, 
histopathologic studies, and immunohistochemical studies, alterations in 
Na+ channel gating properties and expression are characterized, and related 
to the cardiac rhythm disturbances observed. 

In Chapter 2, we report the functional consequences of  a novel 
SCN5A mutation, G1319V, identified in a BrS patient. We conducted 
patch-clamp experiments in HEK293 cells, transfected either with the 
mutant or the wild-type Na+ channel, to study how the mutation affected 
the electrophysiological properties of  the protein and how these 
derangements could explain the corresponding BrS phenotype. 
Subsequently, using a three-dimensional model of  the DIIIS4-S5 linker, we 
discussed how a glycine to valine substitution at the 1319 position could 
impact on the structure-function relation of  the cardiac Na+ channel. 

In Chapter 3, we performed a combined electrophysiological, 
genetic, histopathologic and computational study of  the heart of  a BrS 
patient who underwent cardiac transplantation because of  an excessively 
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high incidence of  VF. The study was aimed to further elucidate the 
pathophysiological mechanisms underlying BrS.  

In Chapter 4, we studied how cardiac Na+ channel function may be 
regulated by the cytoskeletal component tubulin. This study was provoked 
by the clinical observation that the use of  the anti-tumor drug taxol, which 
causes tubulin polymerization, may cause various cardiac arrhythmias in 
patients. These arrhythmias possess electrophysiological features which 
suggest derangement of  Na+ channel function. We studied the physiological 
consequence of  exposure to taxol of  HEK293 cells transfected both with 
the α-subunit of  the cardiac Na+ channel alone or together with the β1-
subunit, using a combination of  the patch-clamp technique and 
immunohistochemistry. 
 In Chapter 5, we aimed to study how Na+ channel function may be 
regulated by intracellular calcium levels. Such regulation may be relevant in 
diseases associated with derangements in intracellular calcium levels, e.g., 
HF.  Thus, we studied Na+ channel function in ventricular myocytes isolated 
from control rabbits and rabbits in which HF was induced by combined 
volume-pressure overload. We used various patch-clamp techniques (whole-
cell configuration, single channel recording, alternate voltage/current-clamp 
mode) to study Na+ channel function at calcium concentrations that are 
present during the cardiac action potential (0-500 nM). 
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Abstract 
 

Background: Mutations in SCN5A, the gene encoding the α-subunit of  
the cardiac sodium channel, have been associated with various inherited 
arrhythmia syndromes, including Brugada syndrome (BrS). Here, we report 
the functional consequences of  a novel missense SCN5A mutation, 
G1319V, identified in a BrS patient. The G1319V mutation is located in the 
loop connecting transmembrane segments 4 and 5 in domain III (DIIIS4-
S5), a region so far considered to be exclusively involved in fast inactivation.  
 

Methods: Whole-cell mutant (G1319V) and wild-type (WT) sodium 
currents (INa) were studied in the Human Embryonic Kidney cell line 
(HEK-293) transfected with the α-subunit of  the cardiac sodium cDNA 

(WT or mutant) together with hβ1-subunit cDNA, using the patch-clamp 
technique.  
 

Results: Maximal peak INa and persistent sodium current were similar in 
WT and channel G1319V channels. The G1319V mutation shifted the 
potential of  half-maximal (V1/2) activation towards more positive potentials 
(+3.7 mV), thereby increasing the degree of  depolarization required for 
activation. The V1/2 of  inactivation of  G1319V channels was shifted by -6.0 
mV compared to WT, resulting in a reduced channel availability. The change 
in the steady-state inactivation was completely due to a negative shift (-6.8 
mV) of  the voltage-dependence of  slow inactivation, while the voltage-
dependence of  fast inactivation was unaffected. The fast component of  
recovery from inactivation of  G1319V channels was slowed down. Finally, 
the G1319V mutation caused a two-fold increase in the propensity of  the 
channels to enter the slow inactivated-state. Reduction in INa peak amplitude 
on repetitive depolarizations at short interpulse intervals (40 ms) was 
significantly more pronounced in G1319V compared to WT. Accordingly, 
carriers of  the G1319V mutation showed marked QRS widening upon 
increases in heart rate during exercise testing, pointing to enhancement of  
slow inactivation.  
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Conclusions: We identified the DIIIS4-S5 linker as a new region involved 
in slow inactivation of  the cardiac sodium channel. The biophysical 
alterations of  the G1319V mutation all contribute to a reduction in INa, in 
line with the proposed mechanism underlying BrS. 
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1. Introduction 
 

The cardiac sodium (Na+) channel is critically involved in cardiac excitability 
and impulse propagation, because it initiates the action potential (AP) of  
the specialized conduction system and working myocytes. Mutations in 
SCN5A, the gene which encodes the pore-forming α-subunit of  the cardiac 
Na+ channel, are associated with various inherited arrhythmia syndromes. 
Brugada syndrome (BrS), characterized by ST segment elevation in leads 
V1-V3, and progressive cardiac conduction disease (PCCD), manifesting as 
a progressive impairment in cardiac conduction (e.g., widening of  the QRS 
complex), are both linked to SCN5A mutations which cause reduced Na+ 
current (INa) 1, 2. Accordingly, SCN5A-related BrS and PCCD may exhibit 
substantial phenotypical overlap, i.e., BrS is often associated with marked 
conduction slowing 3. Thus, in addition to the current hypothesis 4, recent 
studies on how reduced INa can cause BrS, revolve around conduction 
slowing in the right ventricle (RV) 5-7. In contrast to the loss-of-function 
mutations described in BrS and PCCD, a gain-of-function of  the cardiac 
Na+ channel is observed in the long QT syndrome type 3 (LQT3), 
manifesting on the ECG as a prolonged QT interval 8. 

These differences in phenotypes are explained by changes in Na+ 
channel expression and/or gating properties. In particular, alterations in the 
fast and slow inactivation processes play a prominent role 8-10. Whereas fast 
inactivation occurs in few milliseconds, Na+ channels enter a ‘slow’ 
inactivated state upon prolonged depolarization, characterized by a lifetime 
ranging from hundreds of  milliseconds to many seconds. An ‘intermediate’ 
kinetic component of  inactivation develops in the cardiac Na+ channel with 
a time course similar to the duration of  the cardiac AP (hundreds of  
milliseconds) 9, 10. We will refer to this component with the term “slow 
inactivation’’. Fast and slow inactivation are kinetically and structurally 
different processes. Mutations of  the structure necessary for fast 
inactivation, the IFM motif  (isoleucine-phenylalanine-methionine) in the 
DIII-DIV linker, completely remove fast inactivation 11, but leave slow 
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inactivation intact 12. 
Clearly, distinguishing the different clinical phenotypes resulting 

from SCN5A mutations is crucial for optimal patient management. At the 
same time, defining the topology of  various Na+ channel gating properties 
may aid the development of  new cardiac Na+ channel targeting 
antiarrhythmic drugs. Here, we describe the functional properties of  an 
SCN5A missense mutation, G1319V, identified in individuals with BrS. This 
mutation is located in DIIIS4-S5, a region hitherto considered to be 
exclusively involved in fast inactivation 13-15. Accordingly, previously 
described mutations located here result in the LQT3 phenotype. Yet, 
heterologous expression in HEK-293 cells of  G1319V channels revealed 
enhanced slow inactivation with only minor modifications in fast 
inactivation. Thus, this study identifies a new region involved in slow 
inactivation. 

 
2. Methods 
 

2.1. Patients 

The study was performed according to a protocol approved by the local 
ethics committees. Informed consent was obtained from all patients.  
 

2.2. Genetic screening 

Genomic DNA was extracted from peripheral blood leucocytes by standard 
procedures. Genetic analysis of  SCN5A was done as described previously16. 
Our study and all experiments conform to the Declaration of  Helsinki. 
 
2.3. Site-directed mutagenesis 

Mutant Na+ channel cDNA was created by site-directed mutagenesis 
performed on SCN5A cDNA cloned in the pSP64T-hH1 plasmid, as 
previously described16. The G1319V cDNA was then subcloned into the 
pCGI vector for bicistronic expression of  the channel protein and GFP 
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reporter in a Human Embryonic Kidney cell line (HEK-293). 
 
2.4. Heterologous expression of  mutant and wild type sodium 

channels 

To express mutant (G1319V) and wild-type (WT) cardiac Na+ channels, 
HEK-293 cells were cotransfected with 0.5 µg of  cardiac Na+ channel α-

subunit cDNA (WT or G1319V) and 0.5 µg hβ1-subunit cDNA with the use 
of  Lipofectamine (Gibco BRL, Life Technologies). Transfected HEK-293 
cells were cultured in minimum essential medium (Earles salts and L-
glutamine) supplemented with nonessential amino acid solution, 10% fetal 
bovine serum, 100 IU/mL penicillin, and 100 µg/mL streptomycin in a 5% 
CO2 incubator at 37°C for 1-2 days. Cells exhibiting green fluorescence were 

selected for electrophysiological experiments. 
 

2.5. Electrophysiological measurements and data analysis 

Sodium currents (INa) were recorded in the whole-cell configuration of  the 
patch-clamp technique. Experiments were conducted at room temperature 
(20°C) with the use of  an Axopatch 200B amplifier (Axon Instruments). 

Series resistance was compensated by ≥80% and patch electrodes had a tip 

resistance of  2-3 MΩ. Currents were filtered at 5 kHz and digitized at 20 
kHz. Voltage control, data acquisition, and analysis were performed with 
custom-made software. The presence of  a persistent inward Na+ current 
(INaL), voltage-dependence of  activation, steady-state inactivation, recovery 
from inactivation, development of  slow inactivation, and voltage-
dependence of  slow and fast inactivation were determined using voltage-
clamp protocols described in the relevant figures. In all protocols, a holding 
potential of  -120 mV and a cycle time of  5 seconds were used.  
 Voltage-dependence of  activation and inactivation curves were 
fitted with a Boltzmann function (y=[1+exp{(V-V1/2)/k}]-1), where V1/2 is 
the half-maximal voltage of  (in)activation and k the slope factor. Recovery 
from inactivation was analyzed by fitting the data with a two-exponential 
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function (y=y0+Af{1-exp[-t/τf]}+As{1-exp[-t/τs]}), where Af and As 
indicate the fractions of  the fast and the slow components of  recovery 
from inactivation, and τf and τs the time constants for recovery from fast 
and slow inactivation, respectively. INa decay was fitted with a two-
exponential function (y=y0+Afexp[-t/τf]+Asexp[-t/τs]), where Af and As 
represent the amplitudes of  the fast and the slow inactivating components, 
and τf and τs the fast and slow time constants of  inactivation, respectively. 
Development of  slow inactivation was fitted with a single exponential 
function (y=A+A0exp-t/τ) where τ is the time constant for the development 
of  slow inactivation, and A the fraction of  channels that enter the slow 
inactivated-state at the steady-state. 

The bath solution contained (mmol/L): NaCl 140, KCl 4.7, CaCl2 
1.8, MgCl2 2.0, NaHCO3 4.3, Na2HPO4 1.4, glucose 11.0, HEPES 16.8, pH 
adjusted to 7.4 (NaOH).  Pipettes were filled with (mmol/L): CsF 110, CsCl 
1.0, EGTA 11, NaF 10, CaCl2 1.0, MgCl2 1.0, Na2ATP 2.0, HEPES 10, pH 
adjusted to 7.3 (CsOH).  
 
2.6. Sequence alignments and protein modelling 

Residues 1262-1372 of  SCN5A were aligned against the corresponding 
residues from the S3-S5 region of  the human cyclic nucleotide gated 
channel alpha 1 (CNGA1) and the human potassium voltage-gated channel 
(KCNA2). Initial alignments were generated based on those of  Anselmi and 
co-workers 17 followed by realignment using ClustalX 18. The alignment was 
subsequently manually readjusted to provide the best fit to the template 
(PDB 2a79) before modelling submission. Models were Whatif97 checked.  
 
2.7. Statistical analysis 

Results are expressed as mean±SEM. Comparisons were made using 
unpaired Student’s t-test or Mann-Whitney test when data were not 
normally distributed, and two-way ANOVA with repetitive measurements 
followed by a Holm-Sidak test for post-hoc analysis, where appropriate. 
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P<0.05 indicates statistical significance.  

 

3. Results 
 

3.1. Clinical and genetic studies  

The proband, a 42 year-old Caucasian man (patient 1), sustained ventricular 
fibrillation in the passenger seat of  a car. He had no medical history, prior 
syncope, or family history of  sudden death. Cardiologic investigation 
revealed no structural heart disease (negative cardiac enzymes, unremarkable 
echocardiography, further investigations declined).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.  ECGs (25 mm/s, 10 mm/mV) of  patient 1 (A), patient 2 at baseline (B) and upon 
ajmaline testing (C), and patient 3 at baseline (D) and during exercise testing (E). V1IC3 and 
V2IC3, ECG leads positioned over 3rd intercostal space cranial from V1 and V2, 
respectively. 
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The ECG showed conduction slowing: QRS complexes were fractionated, 
widened (150 ms), and had left axis deviation, with first degree AV block 
(PQ 0.24 s). Moreover, ST-segments in right precordial leads were elevated, 
compatible with BrS (Fig. 1A). No signs of  LQT syndrome were present, 
and QT/QTc were normal (360/377).  Sequence analysis of  SCN5A 
revealed a g>t substitution at position 3956 (numbering based on cDNA 
RefSeq: NM_198056), leading to the replacement of  glycine by valine 
(ggc>gtc) at residue 1319 in DIIIS4-S5 of  the α-subunit of  the cardiac Na+ 
channel (G1319V, Fig. 2A). Glycine at that position is highly conserved 
amongst different species (Fig. 2B), and this mutation was not detected in 
400 alleles of  normal control individuals with the same ethnic profile.  
 During implantation of  a cardioverter-defibrillator (ICD), 
intracardiac electrogram amplitudes in the RV were low and defibrillation 
thresholds high. At ICD replacement 6 years later, defibrillation thresholds 
were also high. During a 6-year follow-up, he received 2 appropriate ICD 
shocks for rapid ventricular tachycardia (average cycle length 190 ms). 
Family screening revealed that his mother (cardiological investigation 
declined) and 41 year-old brother (patient 2) also carried the G1319V 
mutation. The brother’s cardiac MRI was normal, but his baseline ECG 
revealed QRS widening (120 ms, Fig. 1B), and the signature coved-type ST 
segment changes of  BrS were induced by ajmaline drug testing (Fig. 1C). 
Exercise testing evoked further QRS widening upon increases in heart rate 
(baseline: QRS 120 ms at 83 beats per minute [bpm]; peak exercise: QRS 
130 ms at 179 bpm).  

QRS widening at fast heart rates during exercise testing was also 
observed in another, unrelated, BrS patient (patient 3), a 34 year-old 
woman, who carried the G1319V mutation (baseline [Fig. 1D]: QRS 90 ms 
at 70 bpm; at exercise [Fig. 1E]: QRS 120 ms at 133 bpm). In this patient, 
BrS was diagnosed when she presented to the Emergency Room because of  
chest pain, and her ECG revealed right precordial ST elevations typical of  
BrS. The cause of  chest pain was not myocardial infarction (negative cardiac 
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enzymes), but pneumonia with fever (38.5°C). The ECG normalized when 
antibiotic treatment was instituted and the fever subsided. This 
temperature-dependence of  the ST elevations raised the suspicion of  BrS 19.  
Accordingly, while subsequent cardiologic workup (echocardiography, 
cardiac magnetic resonance imaging, coronary angiography with left 
ventricular angiography) revealed no structural cardiac disease, ajmaline 
testing elicited a typical BrS response. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. A, Schematic drawing of the cardiac voltage-gated sodium channel α-subunit 
showing the position of the G1319V mutation in the linker between segments 4 and 5 in 
domain III (DIIIS4-S5). In the enlargement of Fig. 2A are indicated all known missense 
mutations located in DIIIS4-S5. B, Diagram of amino acid composition of DIIIS4-S5 of 
different voltage-gated sodium channel isoforms and species showing that the amino acid 
glycine at the 1319 position is highly conserved. 
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3.2. Electrophysiological characterization of  the G1319V sodium 

channel 

We studied the electrophysiological properties of  WT and G1319V 
channels after heterologous expression in HEK-293 cells. Despite inherent 
limitations of  this system 20, this is a well accepted method to assess the 
functional consequences of  a mutation. Results are summarized in Table 1.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1     

 Voltage-and time-dependence of activation and 
 inactivation for WT and G1319V mutant channels 

 

Activation  

WT  
(n=15) 

G1319V 
(n=20) 

V1/2 (mV) -38.6±1.0  -34.9±1.2* 

K (mV) 7.1±0.4  7.4±0.4  

Steady-state inactivation  (n=13) (n=19) 

V1/2 (mV) -88.0±2.1  -94.0±1.6* 

K (mV) -6.0±0.4  -6.0±0.2  

Steady-state slow inactivation (n=8) (n=9) 

V1/2 (mV) -89.9±2.8 -96.7±1.2* 

K (mV) -8.1±1.0 -11.4±0.9* 

Fast inactivation (n=9) (n=6) 

V1/2 (mV) -67.4±3.1 -69.6±1.8 

K (mV) -9.1±1.2 -11.8±1.2 

Development of slow inactivation (n=9) (n=9) 

A 0.15±0.02 0.27±0.04* 

τ (ms ) 269.4±38.4 322.3±58.5 

Recovery from inactivation (n=18) (n=21) 

τf  (ms) 7.4±0.9 12.0±1.4* 

τs (ms) 48.7±7.9 39.0±4.8 

Af 0.73±0.03 0.67±0.03 

As 0.26±0.04 0.30±0.03 

Table 1: V1/2, voltage of half-maximal (in)activation; k, slope factor 
of voltage-dependence of (in)activation; A, fraction of channels that 
enter the slow inactivated state at the end of a 1000 ms depolarizing 
step; τ, time constant for development of slow inactivation; τf, fast 
time constant of recovery from inactivation; τs, slow time constant of 
recovery from inactivation; Af, fraction of the fast component of 
recovery from inactivation; As, fraction of the slow component of 
recovery from inactivation. *p<0.05 vs WT (Student’s t-test). 
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WT and G1319V INa were evoked by increasing depolarizing steps from a 
holding potential of  –120 mV (Fig. 3A). As shown by the average current-
voltage relations (Fig. 3C), maximal peak current amplitudes were not 
significantly different between both groups (WT: Ipeak, max -5.8±0.7 nA, n=15; 

G1319V: Ipeak,max -5.8±0.6 nA, n=20), indicating that the number of  
functional channels is similar for WT and mutant. INaL was analysed as a 30 
μmol/L tedrodotoxin (TTX)-sensitive current, using a descending voltage 
ramp protocol (Fig. 3D). Representative examples of  traces obtained from 
WT (n=6) and G1319V channels (n=6), by subtraction of  the current 
before and after application of  TTX, are shown in Fig. 3B. Over the range 
of  tested membrane potentials, G1319V channels had no detectable INaL 

(Fig. 3D). 
 

Fig. 3. G1319V mutant and wild-type (WT) human cardiac sodium channel current 
expressed in HEK-293 cells. A, Whole-cell sodium current traces in response to 
increasing step depolarizations in WT (upper panel) and G1319V (lower panel). B, 
Persistent inward sodium current traces for WT (upper panel) and G1319V (lower panel) 
obtained by subtraction of  the current before and after application of  30 μmol/L 
tedrodotoxin (TTX). C, Averaged sodium current-voltage relation for WT and G1319V 
channels. Inset: voltage protocol. D, Averaged persistent sodium current-voltage relation 
for WT and G1319V channels. Inset: voltage protocol.   
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The normalized conductance-voltage relation (Fig. 4A), showed a small 
depolarizing shift (+3.7 mV, p=0.04) in voltage-dependence of  activation 
for G1319V channels compared to WT channels with no change in slopes. 
Thus, the degree of  depolarization required for activation was increased in 
G1319V channels. To analyse the inactivation kinetics, we fitted the whole-
cell current decay at various potentials with a two-exponential function. The 

Fig. 4. A, Voltage-dependence of  activation for wild-type (WT) and G1319V channels. 
Normalized peak conductance was plotted as a function of  the membrane potential. Inset: 
voltage protocol. B, Time course of  current decay. Fast and slow time constants of  current 
decay for WT and G1319V channels are plotted as a function of  membrane potential. 
Asterisks indicate statistical significance (p<0.05, two-way ANOVA repetitive 
measurements). C, Steady-state voltage-dependence of  inactivation for WT and G1319V 
channels. Peak sodium currents were normalized to maximum values in each cell and 
plotted as a function of  the voltage of  the conditioning step. Inset: voltage protocol. D, 
Time course of  recovery from inactivation for WT and G1319V channels. Peak sodium 
currents elicited by P2 were normalized (P2/P1) and plotted as a function of  the recovery 
interval. Inset: 2-pulse protocol. 



Chapter 2 

 80 

slow time constant of  current decay, τs, was similar in WT and G1319V (Fig. 

4B). The fast time constant of  current decay, τf, was slightly prolonged in 
G1319V compared to WT, but only significantly between -50 and -40 mV. 
The amplitudes of  the fast and slow inactivating components of  the current 
decay (Af and As) were comparable for WT and G1319V channels at all 
voltages (not shown). 

Investigation of  the voltage-dependence of  steady-state inactivation 
(Fig. 4C) showed that V1/2 of  G1319V channels was shifted by -6.0 mV to a 
more negative potential (p=0.03, Table 1), reflecting enhanced inactivation. 
Recovery from inactivation (Fig. 4D) was markedly slowed in G1319V, due 
to an almost doubling of  the fast recovery time constant (p=0.03, Table 1). 
In contrast, no significant differences in amplitude of  fast (Af) and slow (As) 
recovery components from inactivation were observed between WT and 
G1319V channels (Table 1).   

During sustained depolarization, cardiac Na+ channels may enter a 
slow inactivated state, a conformational state distinct from fast inactivation, 
which requires a prolonged period of  hyperpolarization to recover from 9, 10.  
Fig. 5A shows the time course of  entry into the slow inactivated state for 
WT and G1319V. While the time constant (τ) for the development of  slow 
inactivation was not different for WT and G1319V, the fraction of  channels 
(A) that entered the slow inactivated state was almost doubled for G1319V 
compared to WT (p=0.02, Table 1). 

To study whether the mutation affected the slow and fast 
components of  the inactivation gating differently, the voltage-dependence 
of  fast (Fig. 5C) and slow (Fig. 5B) inactivation were examined separately. In 
Fig. 5B, INa was expressed as the relative current (P2/P1) after a 1000 ms 
conditioning pulse to potentials between -160 and -15 mV, and a brief  
repolarization interval (20 ms) at -120 mV to allow for recovery from fast 
inactivation. In line with the enhanced slow inactivation described in Fig. 
5A, nearly 40% of  G1319V channels entered the slow inactivated state, but 
only ~20% of  WT channels. In addition, the V1/2 of  slow inactivation was 
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shifted by -6.8 mV in G1319V channels (p=0.04, Table 1). Finally, the slope 
factor k of  the slow inactivation curve was significantly larger for G1319V 
channels (p=0.03, Table 1), indicating a reduced sensitivity to voltage 
changes compared to WT channels.  

 
 
 

 
 
 

 

Fig. 5. A, Development of 
slow inactivation for wild-
type (WT) and G1319V 
channels. Peak sodium 
currents elicited by P2 were 
normalized (P2/P1) and 
plotted as a function of the 
duration of the conditioning 
step (P1). Inset: 2-pulse 
protocol. B, Steady-state 
voltage-dependence of slow 
inactivation for WT and 
G1319V channels. Peak 
sodium currents elicited by 
P2 were normalized (P2/P1) 
and plotted as a function of 
the voltage of the 
conditioning step. Inset: 2-
pulse protocol. C, Voltage-
dependence of fast 
inactivation for WT and 
G1319V channels. Peak 
sodium currents were 
normalized to the maximum 
value in each cell and plotted 
as a function of the voltage 
of the conditioning step. 
Inset: voltage protocol. 
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To study the voltage-dependence of  fast inactivation (Fig. 5C), Na+ 
channels were stimulated with a short conditioning pulse (20 ms) in order to 
avoid entrance into the slow inactivated state. Under these conditions, V1/2 
and the slope factor k were similar for WT and G1319V channels (Table 1). 
Therefore, we conclude that the negative shift in steady-state inactivation 
observed by using the protocol in Fig. 4C (with which effects on fast and 
slow inactivation cannot be distinguished), was exclusively due to changes in 
voltage-dependence of  slow inactivation rather than to changes in the fast 
component. Thus, the G1319V mutation mostly affects slow inactivation. 

 
The wider QRS intervals during exercise testing observed in 

G1319V carriers (Fig. 1) suggest a more prominent reduction in Na+ 
channel availability at high heart rates for G1319V, which would be in line 
with the observed delay in recovery from inactivation (Fig. 4D) and the 

Fig. 6. A, Superimposed wild-type (WT, left) and G1319V (right) peak sodium currents 
recorded during the 1st, 2nd, 30th depolarization in a train of  pulses, at pacing rates of  1 Hz 
(top) and 3 Hz (bottom). B, Normalized WT and G1319V peak  sodium current 
amplitudes during successive depolarizing stimuli at pacing rates of  1 and 3 Hz. Currents 
were normalized to the first pulse and plotted as a function of  the stimulus number. 
Asterisk indicates statistical significance (p<0.05, two-way ANOVA repetitive 
measurements). 
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enhanced slow inactivation (Figs. 5A and 5B) 10. To test this hypothesis, 
peak INa was elicited by series of  depolarizing steps, at pacing rates of  1 and 
3 Hz (Fig. 6A). At 1 Hz, peak INa remained unchanged in both WT (n=8) 
and G1319V (n=12). At 3 Hz, however, when the diastolic time was greatly 
reduced, G1319V (n=9) showed a significant decrease in peak INa compared 
to WT (n=5) at all pulse numbers (Fig. 6B). 

 

4. Discussion  
 

We identified the DIIIS4-S5 linker of  the α-subunit of  the cardiac Na+ 
channel as a new region involved in slow inactivation by studying a novel 
Na+ channel mutation, G1319V, which caused BrS. This mutation is located 
in the DIIIS4-S5 linker, a region previously linked to fast inactivation 13-15 
and LQT3 21-26. Yet, we found no QT prolongation in carriers of  this 
mutation, and no detectable INaL in the mutant (Fig. 3D). Peak INa 
amplitudes were similar for WT and G1319V mutant, indicating that both 
channel types are equally expressed at the plasma membrane. The mutation 
did however affect the Na+ channel gating properties, particularly 
inactivation. This involved a negative shift in voltage-dependence of  
inactivation, exclusively due to a negative shift of  voltage-dependence of  
slow inactivation, slowing of  the fast time constant of  recovery from 
inactivation, and enhanced slow inactivation (Figs. 4-5, Table 1). All these 
gating changes contribute to a reduction in INa, in line with the proposed 
mechanism underlying BrS 4-7.  
 
4.1. Comparison with other cardiac sodium channel mutations in the 

DIIIS4-S5 linker  

Previous studies using site-specific antibodies and site-directed mutagenesis 
identified the linker between domains III and IV of  the Na+ channel α-
subunit as the region responsible for fast inactivation. The hydrophobic 
IFM motif  is a putative inactivation particle which binds to the intracellular 
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mouth of  the pore via hydrophobic interactions and occludes it 11. The 
DIIIS4-S5 linker is believed to be part of  the inactivation gate receptor for 
the IFM motif  13-15. This mechanism underlies fast inactivation of  voltage-
gated Na+ channels throughout various tissues and species. In accordance 
with this critical role, the amino acid sequence of  the DIIIS4-S5 linker has 
high evolutionary conservation amongst different human Na+ channel 
isoforms and species (Fig. 2B). Previously published mutations located in 
the DIIIS4-S5 loop, N1325S, A1330P, A1330T, and P1332L (no 
electrophysiological characterization available) 21-26 are all associated with 
LQT3 (Fig. 2A). The G1319V mutation is the first reported mutation in the 
DIIIS4-S5 linker which causes BrS.  
 In N1325S (Fig. 2A), the partial disruption of  fast inactivation 
causes INaL, which is considered the main mechanism underlying LQT3 8. In 
A1330P and A1330T, INaL was absent, but the positive shift of  inactivation 
caused QT prolongation by increasing window current during the 
repolarization phase of  the AP. G1319V channels neither have detectable 
INaL, nor a positive shift of  voltage-dependence of  inactivation. In contrast, 
the negative shift of  voltage-dependence of  inactivation reduces Na+ 
channel availability and window current, while the positive shift of  
activation contributed to a further reduction in INa (elevated AP threshold, 
further reduction of  window current). Moreover, the opposite changes in 
the rate of  recovery from inactivation between G1319V (slowed) and 
A1330P/A1330T (hastened) contribute to opposite phenotypes. Finally, 
G1319V channels exhibit enhanced slow inactivation, as previously 
reported in other BrS-associated mutations (Table 2). This property was not 
investigated in the other mutations located in the DIIIS4-S5 linker. 

While the positive shift in voltage-dependence of  activation, and the 
negative shift in steady-state voltage-dependence of  inactivation, conspire 
to reduce membrane excitability at baseline conditions, the delayed recovery 
from inactivation in concert with the enhanced slow inactivation, reduce 
channel availability at high heart rates due to accumulation of  slow 
inactivation 10. Accordingly, we observed an additional increase in QRS 
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width up to 30% at fast heart rates during exercise in G1319V carriers (Fig. 
1). This differs significantly from the general population, where QRS width 
is unchanged or even reduced during exercise testing 27, 28. QRS width, a 
measure of  total cardiac activation time, is determined by heart size and 
conduction velocity 29. As heart size is unchanged during exercise, increased 
QRS width is explained by reduced conduction velocity, potentially caused 
by reduced INa magnitude. Accordingly, we found a marked reduction in 
peak INa for G1319V channels compared to WT, at faster pacing rates (Fig. 
6). 

While QRS widening observed during exercise testing in G1319V 
carriers is thus explained by INa reduction, it must be noted that lethal 
arrhythmias in most BrS patients occur at slow heart rates, notably during 
sleep 6. This may indicate that increased slow inactivation and/or slowed 
recovery from inactivation are less common gating derangements than, for 
instance, decreased channel expression, in BrS-associated SCN5A 
mutations. This notion, however, is unproven, as definitive proof  requires 
analysis of  slow inactivation/recovery from inactivation of  all BrS-
associated  SCN5A mutations.  
 

4.2. The role of  a glycine at position 1319 in the DIIIS4-S5 linker  

The α-subunit of  the cardiac Na+ channel is a complex molecule consisting 
of  4 homologous domains (DI–DIV), each composed of  6 membrane-
spanning segments (S1-S6) linked by intracellular and extracellular loops 
(Fig. 2A). The linkers between S5-S6 (P-loops) control ion selectivity and 
permeation, while the positively charged segments S4 act as a voltage 
sensor, determining channel opening (activation) upon membrane 
depolarization. Finally, the DIII-DIV linker is responsible for channel fast 
inactivation1,30. However, unlike activation and fast inactivation, the 
molecular basis of  slow inactivation is still a subject to debate. Serial 
mutagenesis and chimeric analysis suggest a key role of  the P-loops that 
bend back into the membrane and define the outer pore 30. A second 
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Table 2: BrS, Brugada syndrome; LQT3, long QT syndrome type 3; PCCD, progressive 
cardiac conduction disease; A, fraction of  channels that enter the slow inactivated state; τ, 
time constant for development of  slow inactivation; V1/2, voltage of  half-maximal 
(in)activation; τf, fast time constant of  recovery from inactivation; Ipeak, peak sodium 
current; INaL, persistent sodium inward current; -, shift to negative voltage; +, shift to 
positive voltage; ↑, increase;  ↓, reduction;  =, unchanged;  −, not reported. All studies were 
performed at room temperature if  not indicated otherwise. 

hypothesis involves a rearrangement of  amino acid residues within the 
putative pore–lining S6 segments that would constrict the inner pore 
region31, 32.  
 

 
 

Table 2 
     SCN5A mutations affecting slow inactivation  

 Slow  inactivation
 
Inactivation Activation Recovery Na+ current 

Mutation  Localization  Disease Ref A τ (ms) V1/2 (mV) V1/2 (mV) τf (ms)   Ipeak    INaL 
   

G298S DIS5-S6 PCCD 42 ↑ ↑ +7.4 = ↑ ↓ = 

N406S DIS6 BrS 43 ↑ ↓ +9.6 +15.9 ↓ ↓ - 

T512I DI-DII PCCD 44 ↑ = -7.5 -8.7 ↑ - - 

A572D DI-DII LQT3 41 ↓ - = = = - = 

E1053K DII-DIII BrS 35 ↑ - -4.7 -8.3 ↑ = - 

ΔK1479 DIII-DIV BrS/PCCD 38 = ↑ +5.6 +12.3 - = - 

K1527R/A1569P DIVS1/DIVS2 BrS 37 ↑ = -9.2 = = - = 

D1595N DIVS3 PCCD 42 ↑ ↑ +4.2 = ↑ ↓ = 

T1620M DIVS3-S4 BrS 9 ↑ - - - ↑ - - 

T1620M (32ºC) DIVS3-S4 BrS 9 ↑ - = = = = - 

S1710L DIVS5-S6 BrS/PCCD 34 ↑ = -21.7 +18.7 ↑ = = 

D1714G (36ºC) DIVS5-S6 BrS 36 ↑ - = = = ↓ = 

I1768V DIVS6 LQT3 40 ↓ - = = ↓ = = 

1795insD C-terminus BrS/LQT3 10 ↑ = -9.7 = = - ↑ 

Y1795H  C-terminus BrS 33 ↑ (32 °C) ↑ -10.5 = = ↓ ↑ 

Y1795C  C-terminus LQT3 33 ↑ (32 °C) ↑ = = = = ↑ 

G1935S (37ºC) C-terminus BrS 7 ↑ - = = = = - 

A1924T C-terminus BrS 39 ↓ = - - - - - 
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These different findings may indicate that the correlation between Na+ 
channel mutation sites and channel gating properties is not always 
straightforward. Although a particular channel gating derangement might be 
directly linked to the position of  the mutation, it is equally possible that the 
observed changes in gating properties occur through unknown interactions 
with other parts of  the channel. Therefore, further delineation of  the 
functional roles of  the various cardiac Na+ channel regions is necessary for 
understanding channel functioning and its interaction with other proteins 
and drugs, since Na+ channel modulation may act both to suppress and 
facilitate life-threatening cardiac arrhythmias.  
 Here, we describe a novel BrS-associated SCN5A mutation which 
enhances slow inactivation. This finding was unexpected, since the G1319V 
mutation is located in a part of  the channel so far exclusively related to fast 
inactivation 13-15. As shown in Table 2, SCN5A mutations responsible for 
inherited arrhythmia syndromes, such as BrS, LQT3 and PCCD, which alter 
slow inactivation, are spread throughout several regions of  the cardiac Na+ 
channel, with hot spots in the C-terminus, and the inner and outer pores of  
the channel 7, 9, 10, 33-44 (Table 2). This study defines the DIIIS4-S5 linker as 
another region involved in slow inactivation, therefore increasing our 
insights into structure-function relations of  the cardiac Na+ channel.  

In previously described LQT3-associated mutations located in the 
DIIIS4-S5 linker (Fig. 2A), impaired fast inactivation is probably due to the 
fact that these substitutions affect the secondary structure of  the channel, 
thereby destabilizing the hydrophobic interaction between the IFM motif  
of  the DIII-DIV linker and its receptor site (DIIIS4-S5 linker) 21-24. In the 
mutant reported here, a glycine, a small amino acid which confers flexibility 
to polypeptides particularly at hinge regions, was replaced by a valine, an 
amino acid with a larger side chain (R-group). We speculate that such a 
substitution will perturb movement of  the DIIIS4-S5 linker, necessary for 
channel inactivation, rather than disturbing the actual structure of  this 
channel segment. When the S4 segments move upon depolarization, the S3-
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S4 and S4-S5 segments, coordinated to the N-terminal and C-terminal ends 
of  S4, respectively, must be able to accommodate S4 displacement. This 
movement exposes the binding site for the DIII-DIV linker and allows 
channel inactivation 45. Fig. 7D represents the stereo-view of  the three-
dimensional structure of  the DIIIS4 segment and the DIIIS4-S5 linker of  
the α-subunit of  the cardiac Na+ channel.  

 
 

 
 
 
 

Fig. 7. A, Alignment of  the 
residues 1262-1372 of SCN5A 
against the corresponding 
residues from the S3-S5 region of  
the human cyclic nucleotide gated 
channel alpha 1 (CNGA1) and 
the human potassium voltage-
gated channel (KCNA2). ‘*’ 
indicates identical residues, ‘:’ 
indicates high similarity residues, 
‘⋅’ indicates similar residues. B, 
Manually readjusted alignment of  
the transmembrane segment 
DIIIS4, the DIIIS4-S5 linker and 
transmembrane segment DIIIS5 
of  the SCN5A α-subunit based 
on the crystal structure of  Kv1.2 
α-subunit alignment. Symbols are 
as above. C, Stereo-view of three-
dimensional model representing 
the transmembrane segment 
DIIIS4, the DIIIS4-S5 linker and 
transmembrane segment DIIIS5 
of  the cardiac  sodium channel α-
subunit. D, Enlargement of  Fig. 
7C representing the DIIIS4 
segment and the DIIIS4-S5 
linker. Arrows indicate the glycine 
at position 1319 in the DIIIS4-S5 
linker and a phenylalanine at 
position 1317 in the DIIIS4 
segment, respectively. 
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The model offers the postulation that the presence of  the large aromatic 
ring of  phenylalanine 1317 at the terminal end of  DIIIS4 can presumably 
only be accommodated by the presence of  a small amino acid in the helical 
loop junction at position 1319. A valine rather than glycine, at position 1319 
will potentially create a steric hindrance to the movement of  the DIIIS4-S5 
linker, thus destabilizing the inactivation properties, particularly slow 
inactivation, of  the channel. Since valine presents an uncharged 
hydrophobic R-group, additional electrostatic interaction with the positively 
charged DIIIS4 voltage sensor is unlikely.  
 
Summary 

Characterization of  a novel BrS-associated SCN5A mutation, G1319V, 
revealed the DIIIS4-S5 linker of  the α-subunit of  the cardiac Na+ channel, 
as a new region involved in slow inactivation. Electrophysiological changes 
in the properties of  fast and slow inactivation of  G1319V channels are 
responsible for conduction slowing at fast heart rates and the BrS 
phenotype. 
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Abstract 
 

Background: The mechanism of ECG changes and arrhythmogenesis in 
Brugada syndrome (BrS) patients is unknown.  
 

Methods and Results: A BrS patient without clinically detected cardiac 
structural abnormalities underwent cardiac transplantation for intolerable 
numbers of implantable cardioverter/defibrillator discharges. The patient’s 
explanted heart was studied electrophysiologically and histopathologically. 
Whole-cell currents were measured in HEK293 cells expressing wild-type or 
mutated sodium channels from the patient. The right ventricular outflow 
tract (RVOT) endocardium showed activation slowing and was the origin of 
ventricular fibrillation without a transmural repolarization gradient. 
Conduction restitution was abnormal in the RVOT but normal in the left 
ventricle. Right ventricular hypertrophy and fibrosis with epicardial fatty 
infiltration were present. HEK293 cells expressing a G1935S mutation in 
the gene encoding the cardiac sodium channel exhibited enhanced slow 
inactivation compared with wild-type channels. Computer simulations 
demonstrated that conduction slowing in the RVOT might have been the 
cause of the ECG changes.  
 

Conclusions: In this patient with BrS, conduction slowing based on 
interstitial fibrosis, but not transmural repolarization differences, caused the 
ECG signs and was the origin of ventricular fibrillation.  
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1. Introduction 
 

Right precordial ST-segment elevation in the absence of cardiac structural 
abnormalities is associated with a high incidence of sudden cardiac death 
and a mutant SCN5A gene encoding the cardiac sodium channel 1,2. This 
collection of symptoms and signs, Brugada syndrome (BrS),1 has a familial 
occurrence, and in ≈30% of cases, a mutant SCN5A gene has been 
demonstrated 1,2. The ECG changes may involve (incomplete) right bundle 
branch block and J-point elevation in the right precordial leads and are 
sometimes progressive and associated with other conduction defects 1, 3.  
 A decrease in sodium current superimposed on the intrinsic 
transmural differences in the transient outward current supposedly causes a 
shortening of the subepicardial action potential in the right ventricular 
outflow tract (RVOT) 2,4. This would explain the ST-segment changes and 
the susceptibility of these hearts to arrhythmias based on phase 2 reentry,5 
with a premature beat originating from the RVOT subepicardium 2,4. Intact 
intercellular coupling, however, may attenuate large transmural differences 
in action potential duration (APD) 6. In addition, SCN5A mutations have 
been reported in a minority of BrS patients. There is evidence that an 
alternative mechanism involving locally delayed conduction is operative in 
at least some BrS patients 3,7–10. The mechanism of the ECG changes as well 
as the arrhythmogenic mechanism in patients with right precordial ST-
segment elevation associated ventricular fibrillation (VF), therefore, still 
needs to be clarified.  
 In this study, we describe the clinical, electrophysiological, 
histological, and genetic characteristics of the heart from a patient 
diagnosed with BrS who underwent cardiac transplantation because of an 
intolerably high incidence of VF 11. Our study shows that in the heart of this 
patient, no appreciable transmural differences in APD occurred and that VF 
was caused by RV conduction delay. 
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2. Methods 

This study was performed in accordance with the Declaration of Helsinki 
and with written, informed consent of the patient.  
 

2.1. Genetic study 

Genomic DNA was extracted from lymphocytes according to standard 
protocols. The entire coding region and the proximal promoter region of 
SCN5A (including 2.1 kb upstream of exon 1 [170 bp and noncoding]) and 
the proximal 439 bp of intron 1 were screened for mutations 12. Sequence 
analysis results were validated by restriction enzyme digestion with MspA1 I 
(the recognition site for this enzyme was abolished). A population of 150 
asymptomatic subjects with the same ethnic background was similarly 
screened for this mutation.  
 Screening for known mutations responsible for arrhythmogenic RV 
dysplasia (ARVD) was performed by direct sequencing of all 14 exons of 
plakophilin-2 (PKP2); exons 8, 15, 47, and 49 of the cardiac ryanodine 
receptor (RYR2); and exon 7 of desmoplakin (DSP) 13–15.  
 
2.2. Cellular electrophysiological studies 

Mutant SCN5A cDNA was prepared as described previously 16. To express 
the mutant or wild-type (WT) SCN5A, HEK293 cells were cotransfected 
with 0.5 µg of the WT or mutant α-subunit cDNA and 0.5 µg of the hβ1-
subunit cDNA (kindly provided by A. L. George, Vanderbilt University, 
Memphis, Tenn) with the use of lipofectamine (Gibco BRL, Life 
Technologies). HEK293 cells were cultured in minimal essential medium 
(Earle’s salts and L-glutamine) supplemented with nonessential amino acid 
solution, 10% fetal bovine serum, 100 IU/mL penicillin, and 100 µg/mL 
streptomycin in a 5% CO2 incubator at 37°C for 1 to 2 days. Fluorescing 
cells were selected for measurements.  
 Sodium currents were measured with the whole-cell patch-clamp 
technique (Axopatch 200B amplifier, Axon Instruments) at 20°C and 37°C. 
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Bath solution contained (in mmol/L) NaCl 140, KCl 4.7, CaCl2 1.8, MgCl2 
2.0, NaHCO3 4.3, Na2HPO4 1.4, glucose 11, and HEPES 16.8, with pH 
adjusted to 7.4 (NaOH). Patch electrodes (resistance, 1.4 to 1.6 M) were 
filled with pipette solution (in mmol/L: CsCl 1, CsF 110, NaF 10, EGTA 
11, MgCl2 1, Na2ATP 2, and HEPES 10, with pH adjusted to 7.3 [CsOH]). 
Series resistance was compensated for 85%. Currents were low-pass filtered 
(5 kHz) and digitized (30 kHz). Voltage control, data acquisition, and 
analysis of  sodium current recordings were performed with 
pClamp8.0/Clampfit (Axon Instruments) at 20°C and with a custom-made 
software at 37°C. Voltage-dependence of  (in)activation, recovery from 
inactivation, and slow inactivation parameters were determined using 
protocols as indicated in Fig. 2 and Fig. 3.  
 Data for voltage-dependence of  activation and inactivation were 
fitted with a Boltzmann function (y=[1+exp{(V-V1/2)/k}]-1), where V1/2 is 
the half-maximal voltage of  (in)activation and k the slope factor. Current 
decay at various potentials was fitted with a two-exponential function 
(y=y0+Afexp[-t/τf]+Asexp[-t/τs]), where Af and As are the amplitudes of  
the fast and the slow component of  inactivation, and τf and τs their time 
constants. Data for recovery from inactivation were fitted with a two-
exponential function (y=y0+Af{1-exp[-t/τf]}+As{1-exp[-t/τs]}), where Af 
and As are the fractions of  channels that recovered from fast and slow 
inactivation, and τf and τs their respective time constants.  
 

2.3. Experimental set-up 

Cardiac transplantation was performed in Aalst, Belgium. The explanted 
heart was submerged in ice-cold Tyrode’s solution 17 and transported 
(within 2 hours) to the Laboratory of Experimental Cardiology 
(Amsterdam, the Netherlands). The aorta was cannulated and connected to 
a Langendorff set-up 17. Washed human erythrocytes (400 mL) were mixed 
with standard Tyrode’s solution. Potassium concentration was 4.5 mmol/L. 
Coronary flow was set to 300 mL/min. Myocardial temperature was 37°C, 
and the pH of the oxygenated perfusate was 7.35 to 7.45.  
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2.4. Electrophysiological measurements 
 

Mapping experiments. The following electrode configurations were used: (1) 14 
epicardial strips (7 electrodes, 1.5 cm apart, distance between strips of 1.5 to 
2 cm); (2) an inflatable left endocardial balloon (64 electrodes, ≈1.5 cm 
apart), inserted through the mitral orifice; (3) an inflatable right endocardial 
balloon (32 electrodes, ≈1.5 cm apart), inserted through the pulmonary 
valves; (4) an 11x11 electrode matrix (grid constant of 5 mm), applied to 
either side of the interventricular septum or rolled into a cylinder to the 
endocardial surface of the RVOT; and (5) 24 needles (0.5-mm diameter) 
containing 4 electrodes and 12 needles with 2 electrodes (5-mm 
interelectrode distance) for transmural recording of electrograms. A bipolar 
stimulus electrode was introduced into the atrioventricular (AV) nodal area.  
 
Monophasic action potentials. Monophasic action potentials (MAPs) were 
recorded with a standard Franz electrode. The signals were amplified and 
filtered with a MAP amplifier (EP Technology). A tungsten needle 
(diameter, 100 µm), insulated except for the tip, was used for intramural 
monophasic recordings.  
 The electrode signals (reference electrode on the aortic root) were 
fed into a data-acquisition system. Data (1.8 seconds, 247 channels, 
sampling frequency of 1 to 4 kHz) were stored on hard disk. Offline 
analysis18 involved local activation time (time of maximum –dV/dt), and 
local repolarization time (according to Haws and Lux19). Laplacian 
electrograms were calculated 20 in areas with conduction slowing to better 
define local activation time. The normal value (600 ms2) for the area under 
conduction curves (AUCs) was derived from the study by Kawara et al. 21  
 

2.5. Histology 

After the electrophysiological studies, the heart was placed in formalin. 
Tissue samples were embedded in paraffin. Five-micron sections were 
stained with hematoxylin/eosin and picrosirius red stains. The degree of 
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myocardial fibrosis and fat was quantified by computerized morphometry in 
picrosirius red–stained sections, according to the criteria set by Burke et al.22 
Red (fibrous tissue) or white (fat) staining was expressed as a percentage of 
total myocardial area in x2 and x10 objective fields showing representative 
intramyocardial areas, respectively. Epicardial fat and large perivascular fat 
areas were excluded. Six fields in 2 different sections of the RVOT, RV 
lateral wall, interventricular septum, and left ventricular (LV) lateral wall 
were analyzed on digitized images (ImagePro, Media Cybernetics).  
 
2.6. Computer simulations 

We used a computer model to calculate the precordial ECG morphology 
based on local endocardial and epicardial APDs and activation times 23.  
 

2.7. Statistical analysis 

The results are expressed as mean±SEM. Cellular electrophysiological data 
were tested with the unpaired Student t test or 2-way repeated-measures 
ANOVA, followed by the Holm-Sidak post hoc test, where appropriate. 
Conduction curves were compared with the Kruskal-Wallis or the Mann-
Whitney rank-sum test, where appropriate. P<0.05 was accepted as the level 
of statistical significance. 
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3. Results 
 

3.1. Patient data 

The patient (male), aged 34 years, was successfully resuscitated from VF in 
1992. His brother had died suddenly at the age of 32 years (no records 
available). His mother had a BrS ECG sign without provocation tests, 
whereas his father had not. Neither of his 2 sons nor his brother’s 2 sons 
had signs of BrS. Subsequent work-up revealed no structural abnormalities: 
both coronary angiography and left and right ventriculography results were 
normal. Echocardiography examination was normal, except for mild 
tricuspid regurgitation and a slightly enlarged RV diameter (29 mm) from 
1999 onward. A procainamide provocation test (in 1992) increased the ST-
segment elevation from 2.5 to 3.5 mm in his precordial ECG leads (Fig.1). 
Based on these clinical findings, it was concluded that the patient had BrS. 
During an electrophysiological study, a rapid ventricular tachycardia was 
induced (3 ventricular premature beats) that promptly evolved into VF. He 
received an implantable cardioverter/defibrillator (ICD). During follow-up, 
lead V1 developed QRS widening (160 ms, particularly in its terminal 
portion) and a negative T wave (at the end of 2001; Fig. 1).  
 The patient subsequently experienced many VF episodes that were 
terminated by the ICD and were resistant to antiarrhythmic drugs. The 
incidence of delivered shocks (up to 129 appropriate shocks in 5 months in 
2001) became intolerable. Cardiac transplantation was conducted in 
February 2002 11 .  
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3.2. Genetic data and cellular electrophysiology 

The patient was heterozygous for a nucleotide substitution in codon 1935 
(numbering from the initiation codon of cDNA NM_198056), resulting in 
substitution of glycine by serine (G1935S) within the C terminus of the 
channel protein. This mutation was absent in 150 control individuals. No 
known mutations were found in ARVD genes PKP2, RYR2, or DSP. The 
patient’s mother declined genetic screening.  

Fig. 1. ECGs. Left, ECG 
recorded in 1992 before and after 
provocation with procainamide. 
Right, ECG in 2001. Bars=200 
ms, 1 mV. 
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Functional characterization of the G1935S mutant sodium channel was 
initially performed at 20oC (Fig 2, Table 1). Fig. 2A shows typical examples 
of sodium current traces recorded at various potentials from HEK293-cells 
expressing WT (left) or mutant sodium channels (right). The average 
current-voltage (I-V) relation (Fig. 2C) did not reveal statistically significant 
differences between WT and G1935S channel sodium current amplitudes. 
Besides, no differences were observed in voltage-dependencies of 
(in)activation (Fig. 2D), time course of recovery from inactivation (Fig. 2E), 
and development of slow inactivation (Fig. 2F) between WT and G1935S 
channels. Only the fast time constant (τfast) of current decay at potentials 
negative to -40 mV was slightly reduced in mutant compared to WT 
channels (Fig. 2B). Because physiological temperatures may uncover 
alterations in kinetics of mutant sodium channels that are concealed at room 
temperature 24,25, functional characterization of WT and mutant sodium 
channels was repeated at 37oC (Fig 3, Table 1). Sodium current density, 
current decay, voltage-dependencies of (in)activation, and recovery from 
inactivation, were similar in WT and mutant channels (Fig. 3A-E, Table 1). 
However, the fraction of channels that entered the slow inactivated state 
was significantly larger in G1935S than in WT (Fig. 3F).  
 

Table 1.  A at 1000 ms, fraction of  channels that enter the slow inactivated state at the end 
of  a 1000 ms step, calculated as 1-(P2/P1), see Figs. 2F, 3F; k, slope factor of  voltage-
dependence of  (in)activation; τf, fast time constant of  recovery from inactivation; τs, slow 
time constant of  recovery from inactivation; V1/2, voltage of  half-maximal (in)activation. 

 

WT n G1935S n WT n G1935S n
Activation 
V 1/2  (mV) -39.6±1.6 12 -42.9±1.9 13 -43.4±2.0 12 -45.4±1.4 14
k (mV) 6.5±0.5 6.1±0.6 5.3±0.3 5.4±0.4 
Steady-state inactivation 
V 1/2 (mV) -90.9±2.2 12 -92.5±1.8 13 -83.9±2.3 14 -84.6±2.2 14
k (mV) -5.9±0.3 -5.4±0.2 -5.0±0.1 -4.9±0.1 
Recovery from inactivation
τ f  (ms) 8.9±1.0 11 9.1±1.2 11 9.7±1.7 9 9.7±1.4 10
τ s  (ms) 97.3±13.1 108.4±22.0 239±37 258±67
Development of slow inactivation
A at 1000 ms 0.24±0.03 7 0.23±0.04 8 0.33±0.03 11 0.46±0.02 11

Table 1. Gating properties of WT and G1935S mutant channels at 20 oC and 37 oC

20 oC 37 oC
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Fig. 2.  Biophysical properties of  sodium channels at 20oC. A, Whole-cell sodium 
current traces recorded at 20oC from HEK293 cells expressing WT (left) or G1935S (right) 
channels. Inset (panel C): voltage protocol. B, Time course of  inactivation. At various 
potentials, current decay was fitted with a two exponential function yielding a fast (τfast) and 
slow (τslow) time constants of  inactivation. Asterisks indicate statistical significance (p<0.05, 
2-way ANOVA repetitive measurements). C, Average current-voltage relation (I-V) for WT 
and G1935S channels. Inset: voltage protocol. D, Average voltage-dependence of  
activation and steady-state of  inactivation for WT and G1935S channels. Inset: voltage 
protocol of  steady-state inactivation. E, Time course of  recovery from inactivation for WT 
and G1935S channels. Inset: 2-pulse protocol. F, Development of  slow inactivation for 
WT and G1935S channels. Inset: 2-pulse protocol. 
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Fig. 3. Biophysical properties of  sodium channels at 37oC.  A, Whole-cell sodium 
current traces recorded at 37oC from HEK293 cells expressing WT (left) or G1935S (right) 
channels. Inset (panel C): voltage protocol. B, Time course of  inactivation. At various 
potentials, current decay was fitted with a two exponential function yielding a fast (τfast) and 
slow (τslow) time constants of  inactivation. C, Average current-voltage relation (I-V) for 
WT and G1935S channels. Inset: voltage protocol.  D, Average voltage-dependence of  
activation and steady-state of  inactivation for WT and G1935S channels. Inset: voltage 
protocol of  steady-state inactivation. E, Time course of  recovery from inactivation for WT 
and G1935S channels. Inset: 2-pulse protocol. F, Development of  slow inactivation for 
WT and G1935S channels. The fraction of  channels that enter the slow inactivated state 
was significantly larger in G1935S than in WT. Asterisks indicate statistical significance 
(p<0.05, 2-way ANOVA repetitive measurements).  
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3.3. Activation mapping 

Fig. 4 shows a set of activation maps during stimulation (cycle length, 600 
ms) from the AV nodal area. The figure shows a normal rapid spread of 
activation of the left septal endocardium and of the LV. In the RVOT, 
crowding of isochrones indicates slowed conduction. The entire RV wall 
(endocardium and epicardium) was activated relatively late. The latest 
activation occurred at 154 ms, commensurate with the QRS duration of a 
recent ECG (Fig. 1).  
 VF was induced with 2 premature stimuli (from the AV nodal area). 
Fig. 4 (lower panels) shows the activation patterns of the last stimulated 
beat (with more conduction delay than the basic beat, top panels) and the 
first beat of VF. It originated in the RVOT endocardium (320 ms), followed 
by RV epicardial breakthrough 50 ms later (stars in lower right panels). 
RVOT endocardial electrograms demonstrated multiple deflections.  
 Because the apparent focal origin of VF might have been caused by 
the low spatial resolution of the electrode grid used, a high-resolution 
electrode array was introduced into the orifice of the pulmonary artery with 
its lateral margins meeting, and programmed stimulation at a basic cycle 
length (BCL) of 430 ms was performed. A single premature stimulus (from 
the middle of the sheet) induced VF. Fig. 5 shows the activation maps after 
S1 and S2 and the first beats of VF. Crowding of isochrones in the 
activation map of S2 occurred in the RVOT free wall.  

A complex pattern of reentrant activations started VF in the 
endocardium of the RVOT free wall with 2:1 block to the remainder of the 
area. Three reentrant loops can be discerned (lower right panel), the last of 
which proceeded toward A. The tissue under electrodes A–C showed 
fractionation during the last paced basic beat (S1).  
 Activation on either side of the interventricular septum was also 
mapped in detail with the same 11x11 electrode array (stimulation at the AV 
nodal area). Early endocardial RV activation was recorded after 46 ms and 
early LV activation after 36 ms. At 8 RV endocardial electrode sites, 
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Purkinje spikes preceding ventricular activation were recorded (not shown), 
indicating the absence of right bundle branch block. 

Fig. 4. Activation maps. Top, Epicardial (epi), RV endocardial (endo), and LV endocardial 
(endo) activation maps (pacing from the AV node at a BCL of  600 ms [S1]). Thick lines 
indicate the left anterior descending coronary artery (LAD), the posterior aspect of  the 
interventricular septum (post septum), and the margins of  the interventricular septum 
(lower maps). Dots identify electrode positions; lines are 10-ms isochrones; numbers 
indicate time (ms) from stimulus. The 3-dimensional image (top right) represents the same 
data, with the epicardium made transparent. The RV balloon electrode was inserted 
through the pulmonary artery. Note the crowding of  isochrones in the RVOT 
endocardium. VF was induced by 2 premature beats (S2 and S3, BCL of  600 ms). Selected 
electrograms from the LV epicardium, RV endocardium, and LV endocardium are shown 
(stars in maps; arrows indicate local activation times). Note multiple deflections in the RV 
endocardial electrode. Bottom, Activation patterns after the last stimulated beat (S3, 
coupling interval [Ci] of  250 ms) and the initiation of  VF (1st of  VF). Organization of  
panels is as described previously. Shaded areas in the right-hand maps indicate activations 
outside the time window of  the RV endocardium. Note the first appearance of  VF at the 
RV endocardium (star). Other abbreviations are as defined in text.
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3.4. Restitution of propagation 

Restitution of propagation was measured at a BCL of 600 ms with the 
11x11 electrode grid in the RVOT. The activation patterns (Fig. 6) show 
smooth isochrones after S1 and crowding of isochrones after S2 (coupling 
interval, 245 ms). Conduction curves are shown for the 4 marked electrode 
positions. The conduction curve recorded from site C was abnormal, with 
activation delay occurring at a relatively long coupling interval. Conduction 

Fig. 5. RVOT activation maps: induction of  VF. An electrode matrix (11x11) was rolled 
into a cylinder (right lower diagram). Numbers indicate activation time (ms). Note the 
different isochrone steps (20 ms) and color scale versus those in Fig. 4. Stimulation was 
performed from the center of  the matrix (RVOT free wall), with a BCL of  430 ms (S1) 
and a coupling interval (Ci) of  230 ms (S2). S2 induced crowding of  the isochrones along 
the long axis of  the RVOT. The first activation of  VF appeared after a 40-ms delay and 
initiated a complex pattern of  reentry. Selected electrograms are shown from the sites 
indicated by letters A–G. The right-hand lower diagram shows the pattern of  activation 
involving a triple circuit. Note the fractionated electrograms, except in sites more remote 
from the reentrant activation. Other abbreviations are as defined in text. 
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curves from sites A and D did not show the abrupt increase in conduction 
time, but activation delay increased at a coupling interval of 340 ms. Note 
that sites A, C, and D but not B show double potentials. Fig. 6 (lower right 
panel) shows 4 representative conduction curves of the LV myocardium 
(stimulation of the LV apex).  
  

 
Conduction curves were constructed for all LV and RV endocardial 

and epicardial recording sites during stimulation (BCL, 600 ms) from the 
apex. The activation time difference with a basic beat was quantified for 
each coupling interval, and the AUC was calculated (gray areas in Fig. 6). 

Fig. 6. Restitution of  conduction. Activation maps of  the RVOT endocardium (left) 
after S1 and S2, with a BCL of  600 ms. Selected electrograms are shown from the sites 
indicated. Restitution of  conduction was abnormal at the 4 selected sites (upper right 
graph), with an increase in activation time occurring well beyond the refractory period. 
One site (C) demonstrated a sudden increase in activation time within increasing 
prematurity. Lower right graph shows restitution of  conduction of  the subendocardium 
(endo) and subepicardium (epi) at the LV apex and base. Activation times remained 
constant down to a value close to the refractory period. Conduction curves were quantified 
by calculating the AUC (examples shown as gray areas, arrows). Abbreviations are as 
defined in text. 
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The LV AUC (78 sites) was 377±21 ms2, and the RV AUC was 655±65 ms2 
(n=64, P<0.001, Mann-Whitney test). No statistical differences were 
observed between endocardial and epicardial sites (at either the LV or RV). 
The RV AUC was significantly larger and the LV AUC significantly smaller 
than the critical value for normal conduction curves 21.  
 

3.5. Repolarization 

Endocardial and epicardial RVOT MAP duration at 50% and 80% of 
repolarization was measured after pacing (from the AV node) at various 
cycle lengths (Fig. 7A).  
 

 

 
 
 

Fig. 7. A, Monophasic action 
potential (MAP) duration in the 
RVOT: epicardial (squares), 
endocardial (circles), and 
intramural (subepi, triangles) 
sites. APD is shown at 50% 
(open symbols) and 80% (closed 
symbols)of  repolarization at a 
BCL from 2000 to 600 ms. 
Examples are shown in the 
right-hand panels (BCL of  1500 
ms). No significant transmural 
differences in MAP duration 
were observed, even at long 
cycle lengths. B, Transmural 
activation recovery intervals 
(ARIs). Activation recovery 
interval restitution at multiple 
transmural sites in the RV free 
wall, including the RVOT, at 
various distances from the 
epicardium (epi) is shown. 
Electrograms from various 
depths are shown. Stimulation 
was performed from the RV 
basal epicardium. Other 
abbreviations are as defined in 
text.
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Several minutes were allowed for equilibration after a change of cycle 
length. The largest endocardial-epicardial difference in APD50 was ≈20 ms, 
obtained during pacing at 1500 ms (top right panel). The figure also 
includes data obtained from an intramural (subepicardial) RVOT tungsten 
needle from which MAPs were obtained.  
 Thirty-six needles with a total of 120 terminals were introduced in 
the LV and RV walls, including the RVOT. Fig.7B (right) shows RVOT 
electrograms during pacing (BCL, 600 ms, S2 after 400 ms). Activation 
recovery intervals were calculated according to Haws and Lux 19. Fig. 7B 
shows representative activation recovery intervals at various sites. In the 
RVOT, the maximum transmural difference in activation recovery interval 
was 24 ms. Note the absence of ST-T–segment changes.  
 
3.5. Histopathology 

The heart showed marked hypertrophy of the RV wall (thickness of 12 mm) 
and focal endocardial fibroelastosis. The tip of the defibrillation catheter 
was located in the RV apex and was firmly attached to fibrotic 
endocardium. The LV, heart valves, and coronary arteries were normal. The 
RV myocardium showed prominent bundles of hypertrophic 
cardiomyocytes focally interspersed with mature adipose tissue. This fatty 
infiltration was particularly evident in sections taken from the RVOT, in 
which adipose tissue extended subendocardially (Fig. 8A). Inflammatory 
infiltrates were absent. In addition, several areas of fibrosis were present 
(Fig. 8B). The AV node and the proximal bundle branches were normal.  
 Morphometric analysis (Table 2) showed that intramyocardial 
fibrosis and adipose tissue content were larger in the RVOT and RV lateral 
wall compared with LV and septal myocardium, whereby RVOT tissue was 
most severely affected.  
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3.6. Computer simulations 

Fig. 9 shows ECGs calculated with the ECGSIM program 23 under 2 
conditions: (1) localized epicardial conduction delay (left ECG panel, top 
activation map) and (2) total RV activation delay (right ECG panel, lower 
activation maps) for which RV activation times from Fig. 4 were used. The 
latter led to ECG changes similar to those in Fig. 1 (2001 ECG). When 
epicardial activation was delayed in 2 epicardial nodes only (left panel), an 
ECG emerged with a right precordial J-point elevation. The steplike 
morphology of the calculated ECGs resulted from the wide spacing of the 
nodes in the model.  

 

Fig. 8. Histology. Section of  RVOT myocardium, showing prominent fatty infiltration 
(hematoxylin/eosin stain, x20). B, Area of  RVOT myocardium, showing interstitial fibrosis 
(red) in addition to slight fatty infiltration (picrosirius red stain, x45). 

Table 2. Morphometric analysis of intramyocardial adipose tissue and fibrosis
RVOT RV free wall Septum LV

Adipose content (%) 16.87± 2.84 7.83 ± 1.98 2.07± 0.61 2.83 ± 0.13

Fibrosis (%) 2.83 ± 0.13 1.70 ± 0.12 0.30 ± 0.14 0.97 ± 0.35

n=6
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Fig. 9. Computer simulation. Left, Simulated precordial ECG leads (V1–V6, red) 
obtained from the 3-dimensional activation map shown at upper right. Activation delay was 
introduced in 2 nodes of  the RV epicardium. Blue tracing indicates a normal ECG. Middle, 
Simulated precordial leads (red) obtained from the 3-dimensional activation map shown at 
lower right, with generalized RV conduction delay (data from Fig. 4). Color-coded 
activation times are in ms. The upper right-hand map presents an anterior view of  the 
ventricles; the lower right-hand maps allow views of  the endocardium. Localized RVOT 
conduction delay resulted in a J-point elevation similar to that in the 1992 ECG, whereas 
generalized RV delay caused a pattern compatible with the 2001 ECG (Fig. 1). 
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4. Discussion 
This study describes the genetic, electrophysiological, and morphological 
cardiac characteristics of an explanted heart of a patient with right 
precordial ST-segment elevation and multiple episodes of VF without 
clinically demonstrable structural heart disease, matching the criteria of BrS 
10 years before transplantation 26. We have demonstrated a cardiac sodium 
channel mutation leading to enhanced slow inactivation and discrete 
interstitial changes in the RV. These changes were associated with overt 
conduction abnormalities leading to reentry and VF originating in the 
RVOT subendocardium. Abnormal restitution of propagation, which is 
associated with alterations in tissue architecture, 21, 27 was present in the RV 
but not the LV myocardium. Right bundle branch block was absent, and a 
transmural APD gradient in the RV wall was absent even at long cycle 
lengths. In a computer model, incorporation of RV conduction delays 
reproduced the patient’s ECG.  
 Although the patient was diagnosed with BrS, it might be argued 
that the patient is not truly representative of BrS because of the presence of 
structural abnormalities in the RV and the progressive ECG changes, which 
favor a diagnosis of ARVD. However, interstitial fibrosis was detected only 
after explantation of the heart, and progressive ECG changes have been 
described in BrS 3. So far, the scarce postmortem data available in BrS 
patients have demonstrated abnormal cardiac (micro)anatomy. 
Nevertheless, the response to procainamide is not specific for BrS but may 
occur in some cases of ARVD 28. 
 Not only BrS but also some cases of familial cardiomyopathy have 
been associated with cardiac sodium channel mutations, albeit in a minority 
of patients 8,29–31. The diagnosis of BrS is, however, not dependent on the 
presence of an SCN5A mutation.  
 The syndrome has been considered a subliminal form of ARVD3,8,32-

34. The histopathologic analysis of the heart in our study did show signs that 
are somewhat in agreement with ARVD, although overt transmural fatty 
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infiltration was absent, excluding classic ARVD. Moreover, features of 
myocyte degeneration and focal inflammatory infiltrates characteristic for 
ARVD were absent 22. Also, known mutations in the ARVD genes were not 
found. According to the differential diagnostic criteria, the patient fulfilled 
most of the criteria for BrS 26. The question is whether the early ECG 
changes compatible with BrS in this patient can be explained by a mild form 
of conduction delay. Our simulation study showed that localized epicardial 
conduction delay in the RVOT may reproduce these changes. This is in 
accordance with the study of Nagase et al. 7 Thus, at least some cases of BrS 
with clinically undetected structural changes (causing the Brugada sign, 
slowed conduction, and reentrant arrhythmias) resemble a form of ARVD, 
as has been suggested by Corrado et al. 3,34  
 Two hypotheses have been proposed for the explanation of the 
ECG signs and the pathophysiological consequences of BrS: (1) 
subepicardial reduction of the AP dome and (2) localized conduction 
delays7. Reduction of the sodium current is thought to critically reduce net 
inward currents (superimposed on the intrinsic transmural differences in the 
transient outward current) to provoke loss of the AP dome in the former 2 
and to amplify conduction delays in the latter hypothesis. A recent study 
from our institute indirectly supports both hypotheses 9. 
 In disagreement with hypothesis 1 were the following: (1) We found 
that the AP dome of RVOT cells persisted at slow heart rates (30/min), (2) 
the first beat of VF occurred subendocardially, not subepicardially, and (3) 
giant local T waves, occurring when large regional differences in APD 
existed at the site where AP is shortest,17 were not encountered in this 
study. In contrast, hypothesis 2 was supported by the observations that 
conduction slowing in the RVOT occurred, particularly at fast heart rates. 
These conduction abnormalities increased with shorter coupling intervals, 
leading to abnormal restitution of conduction in the RV but not the LV 
wall. Abnormal restitution of conduction is associated with altered tissue 
architecture21,27. This was confirmed in this study. Overall, the 
aforementioned observations support the activation-delay mechanism. 
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Irrespective of the diagnostic classification of this patient, our study 
accentuates that right precordial ST-segment elevation can be explained by 
localized conduction changes and do not necessitate transmural gradients in 
APD.  
 Enhanced slow inactivation of the mutated sodium channel extends 
into diastole and may lead to loss of sodium current during prolonged, rapid 
cardiac rhythms. Although we did not observe loss of the AP dome in the 
epicardium (Fig. 7), we did document abnormally increased conduction 
slowing at short coupling intervals in the RV but not in the LV. Activation 
delay was only observed at RV sites where loss of myocardium and 
increased fibrosis occurred. The sodium channel mutation found in this 
patient, therefore, may not have functional consequences in structurally 
normal myocardium with a high safety factor for propagation, but only in 
tissue with altered architecture, leading to load mismatch, in combination 
with prolonged, fast heart rates.  
 Sodium channel mutations may be causally involved in the changes 
in myocardial architecture. Cellular structural abnormalities and 
degenerative changes have been described35 in patients with an SCN5A 
mutation. Also, heterozygous SCN5A-knockout mice have increased 
myocardial fibrosis 36. Alternatively, the presence of subtle and clinically 
undetectable structural abnormalities may be unmasked by concurrent loss 
of sodium channel function (of either pharmacological or genetic origin). 
This concept gains support from the observation in our patient that the BrS 
ECG abnormalities were only unmasked after procainamide provocation at 
presentation. As the degenerative changes become more extensive, sodium 
channel blockade is no longer required to produce the ECG signature of 
BrS. This may be one of the explanations why the proportion of carriers of 
sodium channel mutations in the BrS population is low and why BrS 
manifests itself at middle age.  
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Strengths and Limitations 

It cannot be excluded that the presence of the ICD lead or the frequent 
defibrillation shocks may have influenced local tissue architecture. However, 
the lead was lodged in the RV apex, far from the site with the most evident 
structural changes. Because we studied the heart in the Langendorff mode, 
we may have underestimated the inducibility of arrhythmias occurring in the 
ejecting heart 37.  
 Demonstration of the absence of a transmural gradient in APD was 
done under conditions where clear ST-segment changes were lacking. 
However, we have shown that ST-segment elevation may be explained by 
localized conduction delay in the RVOT only.  
 Extrapolation of our findings to the physiopathology of BrS in 
general is not possible, based on the observations in a single patient. 
However, ours is the first study in which combined histopathologic, 
electrophysiological, and genetic analysis was performed in the same 
subject.  
 

Conclusions 

At least in some cases of BrS, subtle structural interstitial changes that are 
undetectable by routine diagnostic procedures may underlie both the ECG 
changes and the propensity for life-threatening arrhythmias. Our study 
provides evidence in support of the delayed-activation hypothesis for BrS. 
Localized conduction delay in the RVOT epicardium may provoke the 
Brugada sign. 
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Abstract  
 

Background: Voltage-gated sodium (Na+) channels are essential to the 
initiation and propagation of the action potential in excitable cells. Na+ 

channels associate with accessory β-subunits, which modulate Na+ channel 
expression and gating, and participate in cell adhesion and cytoskeleton 
anchoring. Recent studies suggest that cytoskeletal elements may modulate 
Na+ channel function. Treatment with the anti-tumour drug taxol, which 
causes polymerization of the cytoskeleton component tubulin, is often 
accompanied by cardiac conduction disorders and arrhythmias that are 
consistent with impaired cardiac Na+ channel function. This suggests an 
interaction between tubulin and the cardiac Na+ channel. Here, we 
investigated whether enhanced tubulin polymerization by taxol effects 
cardiac Na+ channel density and gating properties and whether these effects 
are β1-mediated.  
 

Methods: SCN5A, the gene encoding the α-subunit of the human cardiac 
Na+ channel (Nav1.5), was transfected in HEK293 cells alone, or together 
with the β1-subunit (Nav1.5+β). Transfected cells were incubated (4 hours, 

37°C) with 100 μM taxol (TXL), a microtubule stabilizer agent, and sodium 
current (INa) characteristics were studied using patch-clamp techniques. 
Nav1.5 membrane expression in HEK293 cells was determined by 
immunohistochemistry. 
 

Results: Pre-treatment with TXL reduced peak INa amplitude nearly 2-fold 
in both Nav1.5 and Nav1.5+β, as compared to untreated cells. Accordingly, 
HEK293 cells stained with anti-Nav1.5 antibody revealed a reduced 
membrane labelling intensity in the TXL-treated groups. Voltage 
dependence of activation and inactivation, and recovery from inactivation 
were unchanged after exposure to TXL in both Nav1.5 and Nav1.5+β. In 

contrast, TXL accelerated INa decay of Nav1.5+β, while INa decay of Nav1.5 
remained unaltered. In addition, TXL reduced the fraction of channels that 
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slow inactivated from 31% to 18%, and increased the time constant of slow 
inactivation by 2-fold in Nav1.5. Conversely, slow inactivation properties of 
Nav1.5+β were unchanged by TXL.  
 

Conclusion: Enhanced tubulin polymerization modulates Nav1.5 fast and 
slow inactivation and decreases INa amplitude, indicating an interaction 
between Nav1.5 and this cytoskeletal component. Whereas β1 is involved in 
tubulin modulation of Nav1.5 inactivation properties, the reduction of INa 
amplitude by increased tubulin polymerization appears β1-independent. We 
suggest that reduced Nav1.5 membrane expression may underlie conduction 
related cardiac arrhythmias in conditions of enhanced tubulin 
polymerization, such as e.g. taxol-treatment and heart failure. 
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1. Introduction  
 

Voltage-gated sodium (Na+) channels are essential to the initiation and 
propagation of the action potential (AP) in excitable cells. Impaired 
function of the cardiac Na+ channel reduces cardiac excitability and may 
evoke lethal arrhythmias. This applies both to inherited arrhythmia 
syndromes based on loss-of-function causing mutations in SCN5A, the 
gene which encodes the pore-forming α-subunit of the human cardiac Na+ 
channel (Nav1.5) and to acquired disease, e.g. heart failure (HF) 1. These 
insights have spawned recent studies aimed at elucidating the regulatory 
processes that govern cardiac Na+ channel function. Of note, Na+ channels 
in vivo are not isolated functional units in the lipid plasma membrane, but 
are associated with several other proteins that participate in cell adhesion, 
signal transduction, and cytoskeleton anchoring 2. The cytoskeleton with its 
network of fibrous proteins is not only essential for cell morphology, 
cellular motility, intracellular transport, and cell division, but it also 
modulates Na+ channel function. Exposure to agents that either destroy or 
stabilize its major components (actin microfilaments and microtubules) 
cause changes in Na+ current (INa) density and functional properties (gating) 
in several tissues 3-9. Accordingly, treatment with the anticancer drug taxol 
(TXL), which causes tubulin polymerization, is often attended by cardiac 
conduction disorders and arrhythmias which are consistent with INa 
reduction 10, 11. Yet, studies into the effects of tubulin polymerization by 
TXL on cardiac Na+ function are sparse 4. 
 The cardiac Na+ channel macromolecular complex also contains 
one or more small auxiliary β-subunits. Four genes that encode the subunits 

β1-β4 have been identified and are all expressed in the human heart 12. β1 

and β2 associate with Nav1.5 in ventricular cardiomyocytes, as demonstrated 

by coimmunoprecipitation 13. Na+ channel β-subunits regulate Na+ channel 
expression and gating, and also serve as cell adhesion molecules and 
scaffolds to bring other proteins to the channel 14, e.g., by interacting with 
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cytoskeletal proteins called ankyrins 15-17. We hypothesized that regulation of 
the cardiac Na+ channel function by the cytoskeleton may involve 
interactions with the β1-subunit. Thus, we studied whether microtubule 
polymerization alters INa density and gating, and whether these effects 
involve β1-subunits. 

 

2. Methods 
 

2.1. Heterologous expression of cardiac Na+ channels 

SCN5A cDNA was cloned in the pCGI vector for bicistronic expression of 
Nav1.5 and green fluorescent protein (GFP), as described previously 18. 
Human embryonic kidney (HEK293) cells were transiently transfected with 
0.5 µg of SCN5A cDNA alone (Nav1.5), or together with 0.5 µg hβ1-subunit 

cDNA (Nav1.5+β, hβ1 was kindly provided by Dr. Jeff R. Balser, Vanderbilt 
University, Nashville TN, USA) using lipofectamine (Gibco BRL, Life 
Technologies). Transfected HEK293 cells were cultured in minimum 
essential medium (Earles salts and L-glutamine) supplemented with 
nonessential amino acid solution, 10% fetal bovine serum, 100 IU/mL 
penicillin, and 100 µg/mL streptomycin in a 5% CO2 incubator at 37°C for 
1 or 2 days. To study the effects of tubulin polymerization on cardiac Na+ 

channel function, and the role of the β1-subunit therein, Nav1.5 and 

Nav1.5+β where incubated with 100 μM TXL (Sigma Co), a microtubule 
stabilizer which enhances tubulin polymerization into stable 
microtubules19,20. After 4 hours incubation at 37 °C, cells exhibiting green 
fluorescence were selected for electrophysiological investigation. 
 

2.2. Electrophysiological measurements and data analysis  

INa was recorded in the whole-cell configuration of the patch-clamp 
technique. Experiments were performed at room temperature (RT) with the 
use of an Axopatch 200B amplifier (Axon Instruments). Series resistance 
was compensated for ≥80% and patch electrodes had a tip resistance of 2-
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2.5 MΩ. Currents were filtered at 5 kHz and digitized at 20 kHz. Voltage 
control, data acquisition, and analysis were performed with custom-made 
software. Voltage-dependence of activation and steady-state inactivation, 
recovery from inactivation and development of slow inactivation were 
determined using voltage-clamp protocols described in the relevant Figures. 
In all protocols, a holding potential of -120 mV and a cycle time of 5 
seconds was used. Voltage-dependence of activation and inactivation curves 
were fitted with a Boltzmann function (y=[1+exp{(V-V1/2)/k}]-1), where 
V1/2 is the half-maximal voltage of (in)activation and k is the slope factor. 
Recovery from inactivation was assessed with a double pulse protocol. Data 
were normalized to the current elicited by the first pulse (P1) and fitted with 
a bi-exponential function (y=y0+Af{1-exp[-t/τf]}+As{1-exp[-t/τs]}), where 
Af and As indicate the fractions of the fast and the slow components of 
recovery from inactivation, and τf and τs the time constants for recovery 
from fast and slow inactivation, respectively. INa decay was fitted with a two-
exponential function (y= y0+ Afexp[-t/τf]+Asexp[-t/τs]), where Af and As 
represent the amplitudes of the fast and the slow inactivating components, 
and τf and τs the fast and slow time constants of inactivation, respectively. 
Development of slow inactivation was fitted with a single exponential 
function (y=A+A0exp-t/τ) where τ is the time constant for the development 
of slow inactivation and A is the fraction of channels that enter the slow 
inactivated state after a 1000 ms depolarization step.   
 The bath solution contained (mmol/L): NaCl 140, KCl 4.7, CaCl2 
1.8, MgCl2 2.0, NaHCO3 4.3, Na2HPO4 1.4, glucose 11.0, HEPES 16.8, pH 
adjusted to 7.4 (NaOH).  Pipettes were filled with (mmol/L): CsCl 10, CsF 
110, NaF 10, EGTA 11, CaCl2 1, MgCl2 1, Na2ATP 2, HEPES 10, pH 7.2 
(CsOH). 
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2.3. Immunohistochemistry 
 

Antibodies 
The polyclonal anti-Nav1.5 antibody (Alomone Laboratories, ASC-005) and 
the monoclonal anti-calnexin antibody (Chemicon International, MAB3126) 
were used at a dilution of 1:300 and 1:1000, respectively. As secondary 
antibodies, Alexa 532 conjugated goat anti-mouse and Alexa 488 conjugated 
goat anti-rabbit antibodies were used (Molecular Probes, Invitrogen).  
 
Immunocytochemistry and confocal microscopy 
Transfected HEK293 cells were plated onto laminin-coated glass coverslips 
and incubated at 37°C for 4 hours in the presence or absence of TXL (see 
above). Cells were then washed with phosphate buffered saline (PBS) and 
fixed in 4% paraformaldehyde (PFA) for 15 minutes at RT. After washing 
with PBS twice, cells were incubated in 0.1% Triton X-100 in PBS for 30 
minutes at RT. Cells were then washed twice with PBS and blocked with 2% 
BSA (in PBS) for 30 minutes at RT. Primary antibody was added to each 
coverslip and incubated overnight at RT. After washing 3 times with PBS 
and blocking in 2% BSA for 30 minutes, cells were incubated with the 
secondary antibody for 90 minutes (both at RT). After 3 additional washes 
with PBS, the coverslips were embedded over glass slides using Vectashield. 
Confocal imaging was performed using a Leica SPE confocal laser scanning 
microscope (scanning enlargement 40x with additional 3x digital zoom). For 
double labeling experiments, dual-color red and green images were recorded.  
 

2.4. Statistical analysis  

Results are expressed as mean±SEM. To remove variations from multi-
session experiments due to day-to-day differences in Nav1.5 expression 
levels, a factor correction (calculated as previously described 21) was applied to 
maximal peak INa. The corrected data set was used for statistical analysis. 
Comparisons amongst groups were performed with Two-Way Analysis of 
Variance (ANOVA). When data were not normally distributed, Analysis of 
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Variance on Ranks was used. Two-way ANOVA with repetitive 
measurements followed by a Holm-Sidak test for post-hoc analysis was 
performed where appropriate. P<0.05 was considered statistically 
significant.  

 

3. Results 
 

3.1. Electrophysiology 
 

Effect of increased tubulin polymerization on cardiac Na+ current density. HEK293 
cells expressing the cardiac Na+ channel α-subunit alone (Nav1.5), or 

together with the β1-subunit (Nav1.5+β), were incubated for 4 hours with 
100 µM TXL to assess the consequence of increased tubulin polymerization 
on Nav1.5 electrophysiological properties, and the potential modulatory role 
of the β1-subunit therein. 
 Figs. 1A and 1B show representative examples of peak INa evoked by 
depolarizing steps from a holding potential of -120 mV for Nav1.5 (A) and 
Nav1.5+β (B) under control (CTRL) conditions and after exposure to TXL. 
Pre-treatment with TXL caused a 2-fold reduction in peak INa in both 

groups (p=0.006 for Nav1.5 and p=0.04 for Nav1.5+β, see Table), as can be 
appreciated from the current traces (Figs. 1A and 1B) and the average 
current-voltage relationships in Figs. 1C and 1D. Besides, peak INa was 
significantly increased for Nav1.5+β compared to Nav1.5 alone (p=0.03), 
which is in line with previous studies in heterologous expression systems, 
that showed enhanced INa in the presence of the β1-subunit. 22, 23 
 
Effect of increased tubulin polymerization on cardiac Na+ channel gating properties. The 
effect of TXL pre-treatment on fast inactivation properties was analysed by 
fitting the decay phase of macroscopic INa (Figs. 1A and 1B) at various test 
potentials with a bi-exponential function, yielding the time constants τf and 

τs. Pre-treatment with TXL did not affect the time course of current decay 
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when Nav1.5 was expressed alone (Fig. 2A): τf and τs were similar for CTRL 
and TXL groups at all voltages. However, TXL-treated Nav1.5 in the 
presence of the β1-subunit (Fig. 2B) exhibited significantly smaller τs values 

at voltages negative to -35 mV compared to CTRL, while τf values were 
similar, indicating that the final part of current inactivation proceeded with a 
faster time course. Comparison of the activation and steady-state 
inactivation parameters - the half-maximal voltage V1/2 of (in)activation and 
the slope factor k - between CTRL groups and TXL-treated groups (Figs. 
2C and 2D, Table), only revealed a small increase in voltage-sensitivity of 
inactivation by TXL in the Nav1.5 group, as indicated by a smaller slope 
factor k (p=0.045). Voltage-dependent characteristics of activation and 
inactivation in CTRL conditions were similar for Nav1.5+β and Nav1.5 
channels (Figs. 2C and 2D, Table).  

Fig 1. Human cardiac sodium channel currents (INa) recorded from HEK293 cells 
expressing the cardiac Na+ channel α-subunit alone (Nav1.5), or together with the 
β1-subunit (Nav1.5+β), before and after incubation with 100 μM taxol (TXL). A, B, 
Representative examples of  INa traces recorded in control (CTRL) conditions and after 
exposure to TXL in Nav1.5 (A) and Nav1.5+β (B). C, D, Average current-voltage relations 
of  Nav1.5 (C) and Nav1.5+β (D) in CTRL conditions and after incubation with TXL. 
Insets: voltage protocols. 
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Recovery from inactivation was not modified by pre-treatment with TXL, 
since the fast and slow time constants (τf and τs) of the recovery time course 

were similar to CTRL in both the Nav1.5 and Nav1.5+β groups (Figs. 3A 

and 3B, Table). However, the presence of the β1-subunit clearly accelerated 
the recovery time course of inactivation when comparing Nav1.5 with 
Nav1.5+β under CTRL conditions. This was exclusively due to a reduction 

of τf value in the Nav1.5+β channels (p=0.004), values for τs were 
comparable. 

Fig 2. Effect of  increased tubulin polymerization on time course of  sodium current 
(INa) decay and voltage-dependencies of  (in)activation in HEK293 cells expressing 
the cardiac Na+ channel α-subunit alone (Nav1.5) or together with the β1-subunit 
(Nav1.5+β). A, B, Fast (τf) and a slow (τs,) time constants of  current inactivation as a 
function of  membrane potential for Nav1.5 (A) and Nav1.5+β (B) under control (CTRL) 
conditions and after incubation with taxol (TXL). Asterisks indicate statistical significance 
(p<0.05, two-way ANOVA repetitive measurements). C, D, Voltage-dependence of  
activation and steady-state inactivation of  Nav1.5 (C) and Nav1.5+β (D) under CTRL 
conditions and after incubation with TXL. Insets: voltage protocols.  
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During sustained depolarization, Nav1.5 undergoes a slower inactivation 
process termed slow inactivation, a conformational state distinct from 
fast inactivation, which requires a prolonged period of hyperpolarization 
to recover from and influences channel availability at fast heart rates 18, 24. 
After exposure to TXL, the fraction of channels (A) that slow 
inactivated at the end of a 1000 ms depolarization step was significantly 

Fig 3. Effect of  increased tubulin polymerization on recovery from inactivation and 
development of  slow inactivation in HEK293 cells expressing the cardiac Na+ 
channel α-subunit alone (Nav1.5) or together with the β1-subunit (Nav1.5+β). A, B, 
Time course of  recovery from inactivation for Nav1.5 (A) and Nav1.5+β (B) under control 
(CTRL) conditions and after incubation with taxol (TXL). Peak sodium currents elicited by 
P2 were normalized (P2/P1) and plotted as a function of  the recovery interval Δt. Inset: 2-
pulse protocol. C, D, Development of  slow inactivation for Nav1.5 (C) and Nav1.5+β (D) 
under CTRL conditions and after incubation with taxol (TXL). Peak sodium currents 
elicited by P2 were normalized (P2/P1) and plotted as a function of  the duration of  the 
conditioning step (P1). Inset: 2-pulse protocol.  
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reduced (A=0.18, calculated as 1-INa) with respect to CTRL (A=0.31) in the 
Nav1.5 group (p=0.009, Fig. 3C, Table) and comparable with the degree of 
slow inactivation observed in the Nav1.5+β group (A=0.22) under CTRL 
conditions (Fig. 3D, Table). Besides, TXL-treatment was also responsible 
for a ∼2-fold decrease in the rate of development of slow inactivation (τ) 
(p=0.001, Fig. 3C, Table). These effects of TXL were abolished in the 
presence of β1, since both the amount and the rate of slow inactivation were 

similar under CTRL and TXL-treated conditions in Nav1.5+β (Fig. 3D, 

Table). Finally, A was significantly larger in Nav1.5 than in Nav1.5+β 
(p=0.03), while τ were similar for both groups (Figs. 3C and 3D, Table). 

 

 
 

Table. Effect of  increased tubulin polymerization on electrophysiological 
properties of  the α-subunit of  the human cardiac sodium channel expressed alone 
(Nav1.5) or together with the β1-subunit (Nav1.5+β). A, fraction of  channels that enter 
the slow inactivated state after a 1000 ms depolarizing step, k, slope factor of  voltage-
dependence of  (in)activation; τ, time constant for development of  slow inactivation; τf, fast 
time constant of  recovery from inactivation; τs, slow time constant of  recovery from 
inactivation; V1/2, voltage of  half-maximal (in)activation; TXL, taxol; #Nav1.5+TXL vs 
Nav1.5, **Nav1.5+β+TXL vs Nav1.5+β, $Nav1.5+TXL vs Nav1.5+β+TXL, *Nav1.5 vs 
Nav1.5+β, significance p<0.05, two-way ANOVA. 

 
Na v 1.5 n Na v 1.5+TXL n Na v 1.5+β n Na v 1.5+β+TXL n

Peak current
I Na  (nA) -6.2±0.9* 12 -3.4±0.6#,$ 13 -15.5±3.8 13 -8.8±1.9** 11

Activation 
V 1/2  (mV) -37.8±1.6 10 -36.7±2.0 13 -36.7±0.6 20 -38.7±1.5 13
k (mV) 8.2±0.3 8.3±0.3 8.2±0.4 7.6±0.4 

Steady-state inactivation 
V 1/2 (mV) -95.2±2.9 8 -91.6±2.1 10 -90.9±2.1 12 -92.2±3.1 9
k (mV) -7.3±0.4 -6.1±0.2# -6.6±0.5 -5.8±0.4

Development of slow inactivation 
A 0.31±0.03* 10 0.18±0.03# 7 0.22±0.02 11 0.23±0.05 8
τ  (ms ) 276.0±42.1 503.5±54.7#,$ 269.6±22.3 287.5±51.8

Recovery from inactivation
τ f  (ms) 13.5±1.5* 8 12.7±1.5$ 9 8.3±0.8 12 8.3±1.1 9
τ s  (ms) 75.2±10.4 78.0±12.1 69.5±4.9 75.5±4.7

Table.  Effect of increased tubulin polymerization on the electrophysiological properties of Nav1.5 and Nav1.5+β
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Modifications in fast inactivation properties, e.g. caused by mutations in the 
SCN5A gene  (Long QT syndrome type 3) or by pathologic conditions 
such as HF, can result in a persistent inward sodium current (INaL). To 
investigate whether microtubule derangement also induces this type of 
current, INaL was analysed as a tedrodotoxin (TTX)-sensitive current evoked 
by trains of ventricular action potentials (duration: 450 ms, 0.5 Hz), used as 
voltage clamp command (Fig. 4A). Average TTX-sensitive currents, 
obtained by subtraction of current in the presence of TTX from current 
before its application, for the Nav1.5 and Nav1.5+β groups are shown in 
Figs. 4B and 4C. In the voltage range of the action potential, incubation 
with TXL did not affect INaL, irrespective of the presence of the β1-subunit. 

In conclusion, the present data show that enhanced tubulin 
polymerization impairs Nav1.5 fast and slow inactivation and decreases INa 
amplitude.  
 

 

Fig 4. Effect of  increased tubulin 
polymerization on late sodium 
current (INaL) in HEK293 cells 
expressing the cardiac Na+ channel 
α-subunit alone (Nav1.5) or together 
with the β1-subunit (Nav1.5+β). A, 
Ventricular action potential (AP), used as 
command potential in voltage-clamp 
mode. B, Average tetrodotoxin (TTX)-
sensitive currents recorded in AP 
voltage-clamp mode in Nav1.5 during 
control condition (CTRL, black line, 
n=7) and after incubation with taxol 
(TXL, grey line, n= 8). C, Average TTX-
sensitive currents recorded in AP 
voltage-clamp mode in Nav1.5+β in 
CTRL conditions (black line, n=7), and 
after incubation with TXL (grey line, n= 
8). Peak sodium currents are out of  
scale.  
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3.2. Immunohistochemistry  
 

Effect of increased tubulin polymerization on cardiac Na+ channel membrane expression 
To establish whether the reduction in INa amplitude (Fig. 1) reflects a 
reduction in the number of channels in the plasma membrane or is due to 
the presence of a population of non functional channels, 
immunohistochemical analysis was performed.  

We investigated the effect of exposure to TXL on membrane 
trafficking of Nav1.5 in the presence and absence of the β1-subunit. 
Transfected HEK293 cells were stained with antibodies against Nav1.5 and 
the endoplasmic reticulum transmembrane protein calnexin. HEK293 cells 
transfected with SCN5A alone showed a faint but distinguishable rim of 
Nav1.5 staining surrounding the intracellular calnexin staining, indicating 
successful Nav1.5 surface expression (Fig. 5A). After treatment with TXL, 
cells transfected with SCN5A alone did not show any discernable 
membrane labelling, and only diffuse intracellular staining for Nav1.5 was 
observed (Fig. 5B). Co-transfection with SCN5A and the β1-subunit 
resulted in a more intense membrane labelling for Nav1.5 as compared to 
SCN5A alone (Figs. 5A and 5C), suggesting that the β1-subunit enhances 
INa amplitude through promoting membrane Nav1.5 expression. Pre-
treatment with TXL clearly reduced Nav1.5 membrane labelling intensity in 
co-transfected cells (Fig. 5D). However, faint cell surface expression was 
still observed in these cells, demonstrating that TXL did not completely 
inhibit Nav1.5 membrane expression.  
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Fig 5. Effect of  increased tubulin polymerization on sodium channel membrane 
expression. Confocal immunofluorescence of  the α-subunit of  the human cardiac 
sodium channel (Nav1.5) expressed in HEK293 cells in the presence or absence of  
the β1-subunit before and after incubation with 100 μM taxol (TXL). Large images 
show overlay of  red and green channels of  double staining with anti-Nav1.5 (green) and 
anti-calnexin (red) antibodies; insets show red and green channels separately. A, B, 
Representative examples of  HEK293 cells transfected with SCN5A alone, the gene 
encoding Nav1.5, under control conditions (CTRL, A) and after exposure to taxol (TXL, 
B). C, D, Representative examples of  HEK293 cells co-transfected with SCN5A and β1-
subunit under CTRL conditions (C) and after exposure to TXL (D). Membrane labeling 
for Nav1.5 is observed for untreated cells transfected with either SCN5A alone (A) or 
together with β1-subunit (C) as a green rim surrounding the intracellularly located calnexin 
(red). This membrane labeling is clearly reduced after exposure to TXL, either for cells 
transfected with SCN5A alone or together with β1-subunit (B, D). Scale bars indicate 25 
μm. 
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4. Discussion 
 

Although the importance of an intact cytoskeleton for correct functioning 
of voltage-gated Na+ channels is increasingly recognized 3-9, few studies 
report on how microtubule derangement 4, 9, in particular tubulin 
polymerization 4, impacts on cardiac Na+ channel activity. Our investigation 
revealed that enhanced tubulin polymerization by the anti-tumor agent 
TXL, both decreased Nav1.5 membrane expression (Fig. 5), leading to a ∼2-
fold reduction in INa amplitude (Fig. 1, Table), and modified its gating 
properties (Figs. 2 and 3, Table).  
 

4.1. Effect of increased tubulin polymerization on cardiac Na+ 

channel membrane expression 
Microtubules, which constitute a major component of the cytoskeleton, are 
cylindrical polymers formed by heterodimers of α- and β-tubulin, which 
can rapidly polymerize and depolymerize in a constant dynamic equilibrium. 
The energy for microtubule polymerization is derived from the hydrolysis 
of a guanosine triphosphate (GTP) molecule bound to β-tubulin 19. In 

myocytes, only ≈30% of tubulin exists in the polymerized form as 
microtubules, while the remainder exists as free tubulin dimers 25. Taxol is a 
microtubule-binding drug that suppresses this dynamic behaviour by 
increasing the polymerization rate and stabilizing microtubules against 
depolymerization at the expense of free tubulin 19, 20. 
 The main finding of this study is that increased tubulin 
polymerization markedly reduces peak INa amplitude. Although co-
expression with the β1-subunit increased INa, the TXL-induced current 

reduction was independent of the β1-subunit since INa amplitudes were 

decreased by 50% both in Nav1.5 and in Nav1.5+β (Fig. 1, Table). The 
alterations in inactivation kinetics caused by TXL treatment cannot account 
for the observed INa reduction. Instead, the reduced membrane labelling 
intensity in HEK293 cells stained with anti-Nav1.5 antibody (Fig. 5) strongly 



Tubulin polymerization modifies cardiac sodium channel expression and gating 

 139 

suggests a reduction in the number of functional Nav1.5 in the sarcolemma. 
To our knowledge, this is the first study to show that enhanced tubulin 
polymerization leads to reduced Nav1.5 membrane expression. 
 The mechanism underlying reduction in Nav1.5 membrane 
expression upon tubulin polymerization in this study remains unresolved. 
However, in a previous study where the opposite observation was made - 
increase in INa density upon exposure to colchicine, which depolymerizes 
microtubules and increases free tubulin - it was suggested that modulation 
of INa occurred through activation of stimulatory G-proteins (guanine 
nucleotide-binding proteins) by release of GTP from free tubulin dimers 9. 
Their view was supported by the observation that the drug vinblastine, 
which also inhibits tubulin polymerization but does not increase the free 
tubulin concentration, did not affect INa amplitude 9.  
 We reason, along the following line of thought, that a G protein-
coupled process may also be involved in our experiments. It has been 
shown that free tubulin dimers may directly transfer GTP to G proteins, 
preferentially stimulatory G proteins (GS) at high (physiological) 
temperatures 26, 27, which then dissociates into α and βγ subunits. Gαs, 
subsequently, can stimulate the basal activity of the intracellular effector 
adenylate cyclase (AC) 26, 27. AC, in turn, is able to transform AMP into 
cAMP which activates protein kinase A (PKA). The latter has been shown 
to increase INa amplitude 28-30 and was suggested to exert its effect through 
recruitment of Na+ channels from the endoplasmic reticulum (ER) and/or 
from caveolae, small invaginations of the plasma membrane which act as 
local storage of Nav1.5 29, 30. Thus, in our study, a reduction in free tubulin 
due to increased polymerization by pre-incubation with TXL (37°C), should 
eventually result in a reduced basal activity of PKA proteins, through a 
Gαs/AC/cAMP-pathway, that might impair Nav1.5 release from caveolae 

and/or ER. Alternatively, reduced Gαs may directly modulate Na+ channel 
density. Support for the last concept comes from the study of Yarbrough et 
al., 31 who showed that, in rat myocytes, increase in INa in response to β-
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adrenergic receptor stimulation was due to the opening of caveolae that 
contain Nav1.5. This occurred via a direct (PKA independent) Gαs pathway. 
Nevertheless, we cannot exclude the possibility that microtubule 
polymerization may accelerate Nav1.5 internalization, directly or through the 
modulation of other proteins.  
 

4.2. Effect of increased tubulin polymerization on cardiac Na+ 

channel gating properties 
Few studies report on the effects of microtubular derangement on Na+ 
channel gating properties. Alterations in channel inactivation were observed 
for the neuronal and skeletal muscle Na+ channel isoform upon exposure to 
agents that disrupt microtubule formation 7, 8. Moran et al. 8 reported a small 
increase in the time constant of inactivation and Shcherbatko et al. 7 showed 
an acceleration of the spontaneous transition from slow to fast inactivation 
kinetics as observed during recording of INa in the macropatch 
configuration. Tubulin polymerization by TXL was reported to enhance the 
spontaneous negative shift of voltage-dependence of activation observed in 
time in long-lasting whole-cell recordings of rat ventricular myocytes 4.  In 
our study, pre-incubation with TXL did not affect the voltage-dependencies 
of activation and inactivation, but altered the kinetics of both the fast and 
slow inactivation processes. We found that tubulin polymerization 
significantly accelerated the final phase (τs) of fast inactivation, an effect that 

was only observed in the presence of the β1-subunit (Figs. 2A and 2B). In 
contrast, modulation of slow inactivation was only revealed in the absence 
of the β1-subunit (Figs. 3C and 3D). In Nav1.5, slow inactivation developed 

with a time course similar to that of Nav1.5+β, however, the propensity of 
channels to reside in the slow inactivated state almost doubled, suggesting 
destabilization of the slow inactivation process by the β-subunit. Moreover, 
in Nav1.5, TXL treatment strongly slowed down the time course of slow 
inactivation, and reduced the fraction of channels that reside in the slow 
inactivated state to a level similar as that found in Nav1.5+β (Figs. 3C and 
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3D). In contrast, TXL had no effect on the Nav1.5+β group. Taken all 

together, our findings raise the intriguing idea that the β1-subunit modulates 
Nav1.5 inactivation gating via interaction with the microtubule cytoskeleton. 
Besides, they seem to confirm the concept that fast and slow inactivation 
are kinetically and structurally two different processes 32, 33.  The effects of 
the β1-subunit on Nav1.5 properties were extensively studied in the past in 
heterologous expression systems, albeit with contrasting results 2. Our study 
was not designed to add further information to this field, but aimed to 
assess whether the presence of β1 could mediate changes of Nav1.5 function 
following microtubule polymerization. 
 

4.3. Clinical implications 

TXL, an alkaloid contained in yew plants (Taxus species), is used in the 
treatment of ovarian and breast cancers11. Various cardiac disturbances have 
been reported either after TXL administration for cancer treatment 10,11 or 
in cases, some lethal, of yew poisoning due to ingestion of yew leaves34-36. 
Sudden death was also reported in a patient after TXL treatment 37. The 
most commonly observed cardiac arrhythmias are ventricular tachycardia, 
bradycardia, atrioventricular conduction block, and bundle branch block. 
All are consistent with conduction slowing, which can be caused by INa 
reduction consequent to tubulin polymerization, as presented in this study. 
 Decreased INa was also found in different canine HF models, 38-40 

and in human ventricular failing cells 38. Although reduced INa in human 
failing hearts may be caused by the more abundant presence of three splice 
variants of the cardiac Na+ channel that produce truncated nonfunctional 
proteins 41, post-transcriptional mechanisms might also be involved. An 
increase in tubulin content and/or degree of tubulin polymerization are 
indeed often observed in HF animal models and in explanted human failing 
hearts 25. Here, we show that enhanced microtubule polymerization, as 
observed in HF, may contribute to a reduction in INa, thereby slowing 
myocardial conduction and contributing to re-entrant arrhythmias. 
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Abstract 

 

Background: Cardiac voltage-gated sodium channels control action 
potential (AP) upstroke and cell excitability. Intracellular calcium (Cai

2+) 
regulates AP properties by modulating various ion channels. Whether Cai

2+ 
modulates sodium channels in ventricular myocytes, is unresolved. We 
studied whether Cai

2+ modulates sodium channels in ventricular myocytes at 
Cai

2+ concentrations ([Cai
2+]) present during the cardiac AP (0-500 nM), and 

how this modulation affects sodium channel properties in heart failure 
(HF), a condition in which Cai

2+ homeostasis is disturbed.  
 

Methods and Results: Sodium current (INa) and maximal AP upstroke 
velocity (dV/dtmax), a measure of  INa, were studied at 20ºC and 37ºC, 
respectively, in freshly isolated mid-myocardial left ventricular myocytes of  
control and HF rabbits, using whole-cell patch-clamp methodology. [Cai

2+] 
was varied using different pipette solutions, the Cai

2+ buffer BAPTA, and 
caffeine administration. Elevated [Cai

2+] reduced INa density and dV/dtmax, 
but caused no INa gating changes. Reductions in INa density occurred 
simultaneously with increases in [Cai

2+], suggesting that these effects were 
due to permeation block. Accordingly, unitary sodium current amplitudes 
were reduced at higher [Cai

2+]. While INa density and gating at fixed [Cai
2+] 

were not different between HF and control, reductions in dV/dtmax upon 
increases in stimulation rate were larger in HF than in control; these 
differences were abolished by BAPTA.  
 

Conclusion: Cai
2+ exerts acute modulation of  INa density in ventricular 

myocytes, but does not modify INa gating. These effects, occurring rapidly 
and in the [Cai

2+] range observed physiologically, may contribute to beat-to-
beat regulation of  cardiac excitability in health and disease. 
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1. Introduction 

 

Voltage-gated sodium (Na+) channels control excitability in the heart and 
other excitable tissues by generating the action potential (AP) upstroke. Na+ 

channel dysfunction in various conditions may cause life-threatening cardiac 
arrhythmias by reducing cardiac excitability 1. Intracellular calcium (Cai

2+) 
participates in the regulation of  numerous key physiological processes. Its 
tight homeostasis supports strong and acute changes in Cai

2+ concentrations 
([Cai

2+]) through Cai
2+ release from Cai

2+ stores (e.g., the sarcoplasmic 
reticulum) during systole and reuptake into these stores during diastole 2. 
This renders Cai

2+ a potential regulator of  cardiac excitability, as heart rates 
must vary strongly and acutely (beat-to-beat) to meet metabolic demands. In 
many common diseases associated with impaired excitability and life-
threatening arrhythmias, Cai

2+ homeostasis is disturbed. For instance, in 
heart failure (HF), diastolic [Cai

2+] is increased as Cai
2+ reuptake into the 

sarcoplasmic reticulum is delayed and incomplete. This is particularly 
prominent at fast heart rates, because diastolic intervals are shorter 3. Yet, 
while Cai

2+ is known to regulate various ion channels which control the AP 
4-6, it is unresolved whether Cai

2+ directly modulates Na+ channel function 
and which mechanisms are involved. 
  We hypothesized that Cai

2+ modulates sodium current (INa), and 
that this modulation underlies beat-to-beat variations in INa magnitude, e.g., 
those occurring upon changes in heart rate. We aimed to establish how Cai

2+ 
modulates Na+ channels under physiological conditions and during HF. 

 
2. Methods 
 

2.1. Cell preparation 

The experimental protocol complied with the Guide for the Care and Use of  
Laboratory Animals published by the US National Institutes of  Health (NIH 
publication 85-23, revised 1985) and was approved by the institutional 
animal experiments committee. HF was induced by combined volume 
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overload (aortic regurgitation) and pressure overload (aortic banding) in 
New Zealand White rabbits 7. Mid-myocardial left ventricular myocytes 
were isolated from healthy (control) and HF animals as described previously 
8. HEK293 cells were cotransfected with 1 µg of  the cardiac Na+ channel α-
subunit cDNA and 1 µg hß1-subunit cDNA with the use of  lipofectamine 
(Gibco BRL, Life Technologies). Transfected HEK293 cells were cultured 
in minimum essential medium (Earles salts and L-glutamine) supplemented 
with nonessential amino acid solution, 10% fetal bovine serum, 100 IU/mL 
penicillin, and 100 µg/mL streptomycin in a 5% CO2 incubator at 37°C for 
1 or 2 days. Only cells exhibiting green fluorescence were selected for 
electrophysiological experiments. 
 
2.2. Electrophysiology 

Data acquisition. Membrane currents and potentials were recorded in the 
whole-cell configuration of  the patch-clamp technique using patch pipettes 
with a tip resistance of  1.5-2 MΩ. INa signals were low-pass filtered with a 
cut-off  frequency of  5 kHz and digitized at 20 kHz. Series resistance (Rs) 
was compensated by ≥80%. AP measurements were filtered and digitized at 
10 kHz and 40-50 kHz, respectively. Voltage control, data acquisition, and 
analysis of  INa and AP recordings were performed with 
pClamp8.0/Clampfit (Axon Instruments) and custom-made software, 
respectively. 
 

Sodium current properties. In myocytes, INa was analyzed at room temperature 
(20ºC); at 37ºC, AP upstroke velocity was analyzed as a measure of  INa (see 
below). At 20ºC, activation, inactivation, recovery from inactivation, and 
slow inactivation parameters were determined using protocols as indicated 
in Fig. 1, with a holding potential of  -140 mV (Axopatch 200B amplifier, 
Axon Instruments). INa was recorded using intracellular solutions to which 
CaCl2 was added to obtain a free [Cai

2+]=0, 100 and 500 nM as calculated 
using WEBMAX Standard software (http://www.stanford.edu/ 
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~cpatton/webmaxcS.htm). Pipettes were filled with (mM): NaCl 3, BAPTA 
10, Mg-ATP 2, CsOH 140, HEPES 10, pH 7.2 (HCl). The bath solution 
contained (mM): NaCl 7, CaCl2 1.8, MgCl2 1.2, HEPES 10, glucose 11, CsCl 
125, nifedipine 0.005, pH 7.3 (CsOH). BAPTA was used as Cai

2+ buffer, 
because it provides stringent control over [Cai

2+], thanks to its fast Cai
2+ 

buffering kinetics 9. 
 Data for voltage-dependence of  activation and inactivation were 
fitted with a Boltzmann function (y=[1+exp{(V-V1/2)/k}]-1), where V1/2 is 
the half-maximal voltage of  (in)activation and k the slope factor. Current 
density was calculated by dividing whole-cell current amplitude by the cell 
capacitance (Cm). To determine the time course of  inactivation, INa decay 
was fitted with a two-exponential function (y=y0+Afexp[-t/τf]+Asexp[-
t/τs]), where Af and As are the amplitudes of  the fast and the slow 
component of  inactivation, and τf and τs their time constants. Data for 
recovery from inactivation were fitted with a two-exponential function 
(y=y0+Af{1-exp[-t/τf]}+As{1-exp[-t/τs]}), where Af and As are the 
fractions of  channels that recovered from fast and slow inactivation, and τf 
and τs their respective time constants.  
   In HEK293 cells, experiments were conducted at room 
temperature and INa was elicited by depolarizing steps from a holding 
potential of  -140 mV. Acute effects of  Cai

2+ on INa were studied with a 
modified dialyzable pipette 10. Briefly, we used a custom-made pipette 
holder which was adapted for the Axopatch 200B amplifier. A perfusion 
capillary was connected to a plastic tube that had been threaded through a 
second port in the pipette holder. The end of  the plastic tube was 
connected to a syringe used to push the intracapillary solution to be 
perfused into the patch pipette. The pipette solutions were identical to those 
used for INa measurements in myocytes at 20 C°(described above, Ca0 and 
Ca500), while the bath solution was the following: (mM): NaCl 10, Na-
gluconate 130, HEPES 10, glucose 5.5, CaCl2 1.8, MgCl2 1.2, pH 7.4 
(CsOH). Finally, to study possible effects of  caffeine on INa, 10 mM caffeine 
was washed into the bath which contained (mM): NaCl 140, KCl 4.7, CaCl2 
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1.8, MgCl2 2.0, NaHCO3 4.3, Na2HPO4 1.4, glucose 11.0, HEPES 16.8, pH 
7.4 (NaOH). Pipettes were filled with (mM): CsF 110, CsCl 1.0 , EGTA 11, 
NaF 10, CaCl2 1.0, MgCl2 1.0, Na2ATP 2.0, HEPES 10, pH 7.3 (CsOH). 
 
Upstroke velocity measurements. To investigate INa characteristics at 37ºC and 
physiological Na+ concentrations, we recorded AP upstroke velocities and 
expressed them as the maximum value of  the first derivative of  AP 
upstroke (dV/dtmax). dV/dtmax is a convenient index for INa. Although it 
slightly overestimates Na+ channel availability, the discrepancies between INa 
and dV/dtmax are reduced at high temperatures (26-27ºC) 11. dV/dtmax was 
measured using an alternate voltage/current-clamp mode with a custom-
made amplifier, as described previously 12. Using dV/dtmax as a measure of  
Na+ channel availability, steady-state inactivation, recovery from inactivation, 
and slow inactivation were analyzed with the protocols indicated in Fig. 2. 
Current density was expressed as the maximum dV/dtmax of  the Na+ 

channel availability curve. Bath solution contained (mM): NaCl 140, KCl 
5.4, CaCl2 1.8, MgCl2 1.0, glucose 5.5, and HEPES 5.0, pH 7.4 (NaOH). 
Pipette solution contained (mM): NMDG-OH 140, BAPTA 10, K-
gluconate 125, KCl 20, NaCl 5, Mg-ATP 5, and HEPES 10, pH 7.2 (HCl). 
CaCl2 was added to obtain free [Cai

2+]=0 or 500 nM. Data for voltage-
dependence of  inactivation and recovery from inactivation were fitted as 
described above.  
 To investigate INa availability at various stimulus frequencies and, 
consequently, at various [Cai

2+] 3, dV/dtmax were measured in control and HF 
myocytes at 0.2-4 Hz in the presence or absence of  10 mM intracellular 
BAPTA. Experiments were conducted at 37ºC. The use of  BAPTA 
eliminates calcium (Ca2+) transients and Ca2+ dependent L-type Ca2+ channel 
inactivation, causing modification of  several parameters in the cell, 
including the normal regulation of  the cardiac AP. Consequently, AP 
duration is prolonged, especially in HF 13, 14. To control the duration of  
diastolic intervals, we used the combined current/voltage-clamp method 
(voltage-clamp pulse 200 ms at -20 mV, Fig. 6 inset). Bath solution 
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contained (mM): NaCl 140, KCl 5.4, CaCl2 1.8, MgCl2 1.0, glucose 5.5, and 
HEPES 5.0, pH 7.4 (NaOH). Pipette solution without BAPTA contained 
(mM): K-gluconate 125, KCl 20, NaCl 5, Mg-ATP 5, and HEPES 10, pH 
7.2 (KOH). Pipette solution with BAPTA contained (mM) BAPTA 10, 
KOH 40, gluconic acid 20, NaCl 5, Mg-ATP 5, HEPES 10, K-gluconate 85, 
KCl 20, pH 7.2 (KOH). 
 To study acute effects of  changing [Cai

2+] on Na+ channel availability 
in the range of  [Cai

2+] as observed during the cardiac cycle, we created acute 
increases in Cai

2+ by inducing Cai
2+ release from the sarcoplasmic reticulum 

(SR) with 10 mM caffeine. [Cai
2+] and dV/dtmax were simultaneously 

measured at 37 °C using the alternate voltage/current-clamp mode (voltage-
clamp pulse 100 ms at +20 mV, Fig. 5A inset). For each cell, dV/dtmax 
represents the average of  10 consecutive values recorded at steady-state. 
Bath solution contained (mM): NaCl 140, KCl 5.4, CaCl2 1.8, MgCl2 1.0, 
glucose 5.5, and HEPES 5.0, pH 7.4 (NaOH). Pipette solution contained 
(mM): K-gluconate 125, KCl 20, NaCl 5, Mg-ATP 5, HEPES 10, pH 7.2 
(KOH).  
 
Cai

2+ measurements. [Cai
2+] was measured in Indo1-loaded myocytes 

stimulated at 1 Hz. Dye-loaded myocytes were excited through a 100x oil-
immersion objective at 340 nm (75 W Xenon arc lamp). Intensities of  the 
emitted light at 405 nm (I405) and 505 nm (I505) were recorded, subsequently 
digitized at 1 kHz, and filtered at 100 Hz. A rectangular adjustable slit was 
used to select a single myocyte and reduce background fluorescence, which 
was subtracted offline before the ratio values were calculated (I405/I505). 
Fluorescent ratio was translated as [Cai

2+]=β∗Kd(R-Rmin)/(Rmax-R). After 

calibration of  the setup, β (ratio of  maximum to minimum I505) was 2.2, 

maximal ratio (Rmax) 2.21±0.24, minimal ratio (Rmin) 0.31±0.04, and Kd 250 
nM (Data sheet Indo-1, Molecular Probes, Eugene OR, USA).  
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Single-channel measurements. Single Na+ channel currents were recorded at 
20°C from inside-out patches of  ventricular myocytes isolated from control 
rabbits, in the presence of  veratridine (30 µM). Veratridine reduces peak INa, 
but also induces a noninactivating current due to long-lasting channel 
openings 15. Therefore, the use of  veratridine provides a more reliable 
analysis of  unitary INa amplitude compared to unmodified Na+ channels 16. 
Voltage steps of  900 ms were applied at various test potentials (-80 mV to -
40 mV), at a holding potential of  -140 mV and a cycle time of  5 s. Pipettes 
were fire polished and signals were filtered and digitized at 1 and 10 KHz, 
respectively. Bath solutions were identical to those used as pipette solutions 
for INa measurements in myocytes at 20°C (Ca0 and Ca500). Pipette solution 
contained (mM): NaCl 10, Na-gluconate 130, HEPES 10, glucose 5.5, CaCl2 
1.8, MgCl2 1.2, nifedipine 0.005, pH 7.4 (CsOH). Unitary current 
amplitudes were estimated from sweeps exhibiting well-resolved closings as 
determined by fitting Gaussian distributions. 
 

2.3. Statistical analysis  
Results are expressed as mean±SEM. Unpaired Student’s t-test was used to 
study the effects of  Cai

2+ on Na+ channel properties, and to compare INa 

gating and current densities between control and HF. When data were not 
normally distributed, a Mann-Whitney test was performed. Paired Student’s 
t-test was performed to compare [Cai

2+] and dV/dtmax in control myocytes 
before/after addition of  caffeine, and INa amplitudes in HEK293 cells 
before/after addition of  caffeine or increases in [Cai

2+]. To analyze INa decay 
and the development of  slow inactivation, and to study whether the 
relationships between dV/dtmax and heart rate were different in control and 
HF, we conducted two-way ANOVA with repetitive measurements followed 
by a Holm-Sidak test for post-hoc analysis. P<0.05 indicates statistical 
significance. 
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3. Results 
 

3.1. Effects of  Cai
2+

 on Na+ channel properties 

We first studied the effects of  Cai
2+ at 20ºC on INa properties in myocytes 

isolated from control rabbits (Table, Fig. 1). We used pipette solutions 
buffered at 0, 100, or 500 nM free [Cai

2+] (Ca0, Ca100, Ca500) to cover the 
[Cai

2+] range found in myocytes during the cardiac cycle. Fig. 1A shows 
representative examples of  INa traces recorded from control myocytes at 
different [Cai

2+].  INa density was significantly smaller at Ca500 than at Ca0, 
while values at Ca100 were intermediate (Table, Fig. 1B). This reduction was 
not due to changes in gating properties. V1/2 and k of  activation and 
inactivation were not different between Ca0, Ca100, and Ca500 (Table, Fig. 
1C). The rates of  current decay (Fig. 1D) and recovery from inactivation 
(Fig. 1E) were similar between groups. Finally, slow inactivation, a 
conformational state that partly determines INa availability at fast heart rates 
because of  its slow kinetics (τ=hundreds of  milliseconds) 17, did not differ 
between Ca0, Ca100, and Ca500 (Table, Fig. 1F).  
 To study whether these findings also apply to physiological 
temperatures, we repeated these experiments at 37ºC, using dV/dtmax as an 
index of  INa magnitude 12. Results were similar to the voltage-clamp studies 
at 20ºC, with dV/dtmax being smaller at Ca500 than at Ca0, and gating 
properties similar at Ca0 and Ca500 (Table, Fig. 2). 
 As we found no evidence that Cai

2+ modulates sodium channel 
gating, we hypothesized that its effect to reduce INa magnitude results from 
impediment of  sodium channel permeation. To test this hypothesis, we 
conducted paired experiments on human cardiac sodium channels 
expressed in HEK293 cells. We measured INa at different [Cai

2+] in the same 
cell by varying [Cai

2+] with a dialyzable pipette 10. We observed a similar 
reduction (~30%) in peak INa amplitude as in myocytes at 20°C when [Cai

2+] 
was increased from 0 to 500 nM (Fig. 3).  
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Fig. 1. Sodium current densities and gating properties in control myocytes at 
various [Cai2+]. A, Typical examples of  whole-cell sodium current (INa) traces recorded at 
20°C from control myocytes at [Cai2+]=0 nM (Ca0), 100 nM (Ca100), and 500 nM (Ca500) 
in response to depolarizing voltage steps (protocol in panel C). B, Average INa densities. C, 
Average voltage dependence of  activation and steady-state inactivation. D, Average fast (τf) 
and slow (τs) time constants of  current decay. E, Average time course of  recovery from 
inactivation. F, Average development of slow inactivation. Insets: voltage protocols. 
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Table. A at 1000 ms, fraction of  channels that enter the slow inactivated state at 
the end of  a 1000 ms step, calculated as 1-(P2/P1); dV/dtmax, maximal action 
potential upstroke velocity; INa, sodium current density; k, slope factor of  voltage-
dependence of  (in)activation; τf, fast time constant of  recovery from inactivation; 
τs, slow time constant of  recovery from inactivation; V1/2, voltage of  half-maximal 
(in)activation; *p<0.05 vs Ca0,  #p< 0.05 vs control Ca500.  

Table. Cai 2+ modulation of sodium channel properties  
Control myocytes, 20 °C           
 Ca0 n Ca100 n Ca500 n 
Peak Current       
INa (pA/pF) -50.4±3.8 12 -44.5±3.9 5 -36.5±3.5* 10 
Activation        
V1/2 (mV) -36.8±1.1 12 -36.1±1.2 5 -36.5±1.0 10 
k (mV) 4.9±0.2  5.0±0.4  5.2±0.2  
Inactivation       
V1/2 (mV) -78.0±1.4 10 -77.9±1.2 5 -78.7±1.2 6 
k (mV) -5.1±0.1  -5.2±0.3  -5.2±0.2  
Recovery       
τf (ms) 3.5±0.6 9 3.8±0.9 3 4.1±0.4 8 
τs(ms) 30.3±4.3  31.4±6.5  45.4±8.8  
Slow inactivation       
A at 1000 ms  0.27±0.02 12 0.26±0.03 5 0.30±0.02 12 

 HF myocytes, 20 °C           
 Ca0 n Ca500 n   
Peak Current       
INa (pA/pF) -52.9±5.0 17 -37.6±3.5* 11   
Activation        
V1/2 (mV) -38.0±0.9 17 -38.5±0.8 11   
k (mV) 4.9±0.2  4.5±0.2#    
Inactivation       
V1/2 (mV) -76.6±1.0 11 -76.4±0.6 8   
k (mV) -5.3±0.1  -5.6±0.1    
Recovery       
τf (ms) 4.4±0.4 9 4.9±0.5 6   
τs (ms) 32.6±2.9  31.7±3.7    
Slow inactivation       
A at 1000 ms  0.27±0.02 15 0.26±0.02 14   
 
Control myocytes, 37 °C           
 Ca0 n Ca500 n  
Peak Current       
dV/dtmax (V/s) 435.0±19.5 17 394.1±7.7* 10   
Inactivation       
V1/2  (mV) -74.9±0.8 17 -74.7±1.7 10   
k (mV) -4.4±0.1  -4.2±0.1    
Recovery       
τf (ms) 10.6±2.3 7 8.6±2.1 7   
τs(ms) 36.5±5.4  26.3±5.8    
Slow inactivation       
A at 1000 ms  0.11±0.02 14 0.14±0.01 6   

HF myocytes, 37 °C           
 Ca0 n Ca500    n  
Peak Current       
dV/dtmax (V/s) 438.1±24.2 12 387.3±15.7* 13   
Inactivation       
V1/2  (mV) -74.7±1.5 12 -74.1±0.6 13   
k (mV) 4.4±0.2  4.1±0.07    
Recovery       
τf (ms) 9.7±0.9 8 7.6±1.2 9   
τs(ms) 48.0±7.4  46.6±9.2    
Slow inactivation       
A at 1000 ms  0.11±0.02 7 0.12±0.01 8     
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3.2. Effects of  Cai
2+

 on unitary Na+ channel amplitude   

To provide direct evidence for permeation block, we next performed inside-
out patch-clamp studies in control myocytes to test the effects of  Cai

2+ on 
veratridine-modified single Na+ channel amplitudes. The effect of  
veratridine was first tested on whole-cell INa (Fig. 4A). Consistent with 
previous findings 15, veratridine reduced peak INa amplitudes and induced a 
noninactivating current due to long-lasting channel openings. Moreover, 
activation of  veratridine-modified Na+ channels occurred already at 
relatively negative potentials (Fig. 4A). 

Fig. 2. Action potential upstroke velocity as a measure of  sodium current densities 
and gating properties in control myocytes at various [Cai2+]. A, Typical examples of  
action potential (AP) upstroke velocities recorded at 37°C from control myocytes at 
[Cai2+]=0 nM (Ca0) and 500 nM (Ca500). B, Average maximum AP upstroke velocities 
(dV/dtmax) of  the sodium current (INa) availability curve, as a measure of  INa densities. C, 
Average voltage dependence of  inactivation. D, Average time course of  recovery from 
inactivation. E, Average development of  slow inactivation. Insets: combined 
current/voltage-clamp protocols. CC, current-clamp.  
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 In inside-out patches, unitary currents were observed only in a 
minority of  recorded traces, which may be due to the relatively slow current 
inactivation. Nevertheless, two distinct single-channel amplitudes were 
observed (Fig. 4B), as previously reported for Na+ channel activity in the 
presence of  veratridine 15. Fig. 4C, left panel, shows typical examples of  the 
amplitudes of  the two Na+ channel conductances with 0 and 500 nM Cai

2+. 
When Cai

2+ was increased from 0 to 500 nM in paired experiments, the 
single channel current amplitude decreased to 82.2±2.5% (n=6 patches). 
The slopes fitted to the pooled data showed a decrease from 0.64 pS to 0.54 
pS for the small conductance, and a decrease from 1.22 pS to 1.02 pS for 
the large conductance (Fig. 4C, right). 
 
 

 

 

 

 

 

Fig. 3. Sodium current 
amplitudes in HEK293 
cells at various [Cai2+]. 
 A, Typical examples of  
sodium current (INa) traces 
recorded at 20°C from 
human cardiac sodium 
channels expressed in 
HEK293 cells at [Cai2+]=0 
nM (Ca0) and after dialysis 
of  500 nM Cai2+ (Ca500). 
B, Average peak INa (n=4) 
normalized in each cell to 
the highest INa value 
obtained with Ca0. 
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Fig. 4. Unitary sodium currents in inside-out patches at various [Cai2+] in control 
myocytes. A, Typical examples of  the effect of  veratridine on whole-cell sodium current 
(INa) recorded at 20°C from control myocytes (left) and current-voltage (I-V) relationships 
of  INa (right) in the presence (open circle) and absence (closed circle) of  veratridine. B, 
Typical examples of  unitary INa amplitudes (left) and their corresponding Gaussian 
distributions (right) at -65 mV in presence of  veratridine. Note two different conductances. 
C, closed channels: O, open channels. C, Left: typical examples of  unitary INa amplitudes 
recorded in the presence of  0 and 500 nM calcium (Ca2+) in the bath solution (top: large 
conductance, measured at -65 mV; bottom: smaller conductance, measured at -60 mV). 
Right: I-V relationships of  pooled data (n=6) of  unitary INa amplitudes at [Cai2+]=0 nM 
(Ca0) and 500 nM (Ca500); circle: small conductance, square: large conductance. Lines: best 
fit curves to the equation y=A×[exp(-0.015×Vm)-0.1054×exp(0.01×Vm)], assuming 
Goldman-Hodgkin-Katz behavior and a reversal potential of  +90 mV. 
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3.3. Effects of  Cai
2+ on AP upstroke velocity 

Having established that steady-state increases in [Cai
2+] reduce INa density in 

freshly isolated myocytes by impeding ion permeation, we next investigated 
whether this interaction may be relevant to beat-to-beat modulation of  the  
cardiac AP. 
  

Fig. 5. Relationship between [Cai2+] and action potential upstroke velocity in 
control myocytes. A, Typical example of  simultaneous recording at 37°C of  [Cai2+] and 
maximal action potential upstroke velocity (dV/dtmax) in the absence and presence of  10 
mM caffeine in control myocytes. Inset: combined current/voltage-clamp protocol. CC, 
current-clamp B, Average relationship between increase in [Cai2+] and decrease in dV/dtmax 
(n=7-18). C, Average dV/dtmax at baseline (430.6±22.6 V/s, n=22) and after addition of  10 
mM caffeine (356.1±20.7 V/s, n=22). D, Average diastolic [Cai2+] at baseline (86.4±4.0 nM, 
n=22) and after addition of  10 mM caffeine (177.1±10.1 nM, n=22). E, Average current 
density of  cardiac Na+ channels expressed in HEK293 cells at baseline (-857.4±211.5 
pA/pF, n=6) and after the addition of  10 mM caffeine (-897.1± 199.2 pA/pF, n=6). 
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 To study how changes in [Cai
2+], which occurred acutely and in the 

range of  [Cai
2+] as observed during the cardiac cycle, impacted on dV/dtmax 

at 37ºC, we conducted simultaneous recordings of  dV/dtmax and [Cai
2+]. 

Adding 10 mM caffeine to the bath solution caused Cai
2+ release from the 

SR, and resulted in an increase in [Cai
2+]. This was associated with a 

reciprocal reduction in dV/dtmax, which occurred instantaneously upon 
changes in [Cai

2+] (Fig. 5A). Of  note, dV/dtmax reduction occurred over the 
whole range of  [Cai

2+], following depletion of  the SR, indicating that [Cai
2+] 

acutely reduces INa density in a dose-dependent fashion (Fig. 5B). Average 
dV/dtmax before and after 30 seconds of  caffeine exposure is shown in Fig. 
5C, and corresponding average [Cai

2+] in Fig. 5D. [Cai
2+] significantly 

increased, while dV/dtmax significantly decreased, with respect to their initial 
values. To rule out that these effects were due to a direct action of  caffeine 
on Na+ channels, we studied the effect of  the drug on INa densities of  
cardiac Na+ channels expressed in HEK293 cells. In these cells, caffeine 
does not induce Ca2+ release from intracellular Ca2+ stores 18.  Addition of  
10 mM caffeine to the bath solution did not change INa density (Fig. 5E). 
 

3.4. Effects of  Cai
2+ on Na+ channel properties in HF 

To further explore whether this acute modulation of  INa properties by Cai
2+ 

may have pathophysiological relevance, we studied the effects of  Cai
2+ on 

INa properties in a rabbit model of  HF. As reported in earlier studies from 
our laboratory 3, Cai

2+ handling is disturbed in this model. In particular, 
diastolic [Cai

2+] is significantly increased. 
 First, to study whether the nature of  INa modulation by Cai

2+, as 
observed in control, is also present in HF, we conducted experiments in 
myocytes isolated from HF rabbits using pipette solutions with the same 
steady-state [Cai

2+] as in control (0 and 500 nM) at 20°C (INa) and 37°C 
(dV/dtmax). INa density and gating were similar in control and HF at both 
temperatures (Table). Cai

2+ exerted similar acute modifications of  INa density 
in HF as in control. Thus, also in HF, INa density and dV/dtmax were 
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significantly smaller at [Cai
2+]=500 nM than at [Cai

2+]=0 nM, while gating 
properties were unaltered (Table). 
 To study whether acute [Cai

2+]-mediated changes in INa density may 
translate into differences in excitability between control and HF under 
physiological conditions, we studied dV/dtmax at different stimulation rates. 
We made use of  previous findings from our laboratory 3, that, in our model, 
diastolic [Cai

2+] increases in parallel with the stimulation rate, and that this 
increase is larger in HF than in control. For instance, when pacing rate is 
increased from 0.2 to 3 Hz, diastolic [Cai

2+] increases by 40 nM (from 50 to 
90 nM) in control, but by 80 nM (from 145 to 225 nM) in HF.  
 

Fig. 6. Relationship between heart rate and action potential upstroke velocity in 
control and heart failure myocytes. Average relationship between stimulus frequency 
and maximal action potential upstroke velocity (dV/dtmax) in control and heart failure (HF) 
myocytes, in the presence or absence of  10 mM BAPTA. Values were normalized to the 
highest dV/dtmax in each myocyte. Without BAPTA, the reduction in dV/dtmax in response 
to heart rate increase was larger in HF (n=13) than in control (n=11). These differences 
were abolished by the addition of  BAPTA (HF+BAPTA, n=12; control +BAPTA, n=13). 
Asterisk: p<0.05 between control and HF. Inset: combined current/voltage-clamp 
protocol. CC, current-clamp. 
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Thus, dV/dtmax was expected to decline at fast heart rates, and this 
reduction was expected to be more prominent in HF than in control. To 
better appreciate the changes in dV/dtmax in response to different 
stimulation rates, values were normalized to the highest dV/dtmax in each 
myocyte. When stimulation rates were increased in the absence of  Ca2+ 
chelators in the pipette solution, dV/dtmax decreased more in HF than in 
control.  

Thus, normalized dV/dtmax was significantly smaller in HF than 
control at 3 and 4 Hz. Yet, when BAPTA was added to the pipette solution 
to maintain [Cai

2+] at virtually zero levels 9, the differences between control 
and HF in the dV/dtmax-heart rate relationships were abolished (Fig. 6).  
 

4. Discussion 
 

We demonstrated that Cai
2+ modulates Na+ channel density without 

changing its kinetic properties in freshly isolated ventricular myocytes. 
[Cai

2+]-mediated changes in INa density were acute and occurred at 
physiological [Cai

2+]. INa reduction was due to decreased Na+ channel 
conductance. Cai

2+-mediated permeation block of  the Na+ 
 channel may 

contribute to beat-to-beat modulation of  INa properties observed in the 
physiological state, and in various disease conditions in which [Cai

2+] is 
altered, e.g., HF. 
 

4.1. Cai
2+-dependent modulation of  Na+ channel 

Previous single-channel experiments in cardiac myocytes have shown that 
extracellular Ca2+ reduces Na+ channel unitary current amplitude 15, 16, 19. 
Reduction of  single-channel conductance was explained by a very fast open 
channel block, due to a rapid movement of  Ca2+ ions into and out of  a 
binding site within the Na+ channel, rather than to changes in the surface 
charges 19. In contrast, the effects of  Cai

2+ on Na+ channels were not 
resolved. 
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 It was proposed that Cai
2+ regulates Na+ channel biosynthesis in rat 

cardiac myocytes 20. Accordingly, the decrease in INa density observed in 
cultured rat neonatal myocytes exposed for 24 hours to culture medium 
containing 10 mM Ca2+ and 10 mM K+ (in order to raise [Cai

2+]) was 
attributed to reduced sarcolemmal Na+ channel expression rather than to 
changes in single-channel conductance or gating 21. 

While these studies revealed long-term modulation of  Na+ channel 
expression and current density by Cai

2+,  the findings that single Na+ channel 
conductance in cells exposed to high [Cai

2+], was not different from that in 
control cells 21 contrasted with a study by French et al., in which rat brain-
type Na+ channels were inserted into lipid bilayers. In these experiments, 
either external or internal application of  10 mM Ca2+ reduced single-channel 
conductance 22. These experimental findings were reproduced in a computer 
model of  Na+ channels 23. Using the same lipid bilayer system as French et 
al., Zamponi et al. showed that, in the skeletal-muscle isoform of  the rat 
Na+ channel, internally applied millimolar Ca2+ concentrations caused a 
dose-dependent reduction of  single-channel INa. A block of  the pore 
involving multiple sites together with a surface charge effect were suggested 
as mechanisms 24. 

Finally, Wingo and co-authors showed that in tsA201 cells 
transiently transfected with the cardiac Na+ channel an increase in [Cai

2+] 
from 0 to 10 μM (with the effect saturating at 1 μM) caused a positive shift 
of  the INa availability curve 9. A putative EF hand motif  located in the C-
terminus of   the channel, was proposed as a Ca2+ binding site and regulator 
of  the Cai

2+-dependent effects 9, 25. However, a separate study failed to 
detect any Ca2+ binding to that region 26. 
 To complement these previous studies, we now provide evidence 
for a direct modulation of  INa by physiological [Cai

2+] in freshly isolated 
cardiomyocytes. We showed that Cai

2+ modulates INa density without 
affecting Na+ channel gating properties. The latter finding contrasts with the 
report of  Wingo et al. This discrepancy may be explained by the differences 
in the cell types studied. Moreover, it emphasizes that findings obtained in 
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heterologous expression systems may not always be applicable to native 
myocytes. Further evidence that it is relevant to consider the cell type 
studied comes from the observation that increases in Cai

2+ did cause Na+ 

channel gating changes in rabbit ventricular myocytes which were cultured 
for 24 hours 27.  

Our findings that changes in INa magnitude and dV/dtmax in 
response to changes in [Cai

2+] (following Ca2+ dialysis with a perfused 
pipette, and caffeine administration and its cessation, respectively) occurred 
instantaneously, argued against a Cai

2+ effect on expression and subsequent 
sarcolemmal insertion of  Na+ channels. It is believed that expression of  
plasma membrane proteins that must traverse the Golgi apparatus before 
membrane insertion would require a significantly longer time. However, our 
single-channel experiments indicated that Cai

2+ acts on INa density by 
modulating Na+ channel permeation. Indeed, Na+ channel conductance was 
reduced in the presence of  Ca500. Finally, in our study, the use of  the 
inside-out configuration of  the patch-clamp technique allowed INa recording 
from patches detached from myocyte cell membranes. Consequently, INa 
reduction through activation of  the Ca2+-dependent protein kinase C 28-31 
was unlikely.  
 

4.2. Na+ channel modulation in HF 
In HF, disturbed Cai

2+ handling (in particular, increased diastolic [Cai
2+]), 

ranks among the most consistent changes, found in ventricular myocytes 
isolated from various animal HF models, and in myocytes from failing 
human hearts. Previous studies have addressed the chronic effects of  HF 
on INa density, but these results were not consistent. Downregulation of  INa 
was found in different canine HF models 32-34 and in human ventricular 
cells33. Decrease in INa density may reduce excitability, thereby slowing 
myocardial conduction and contributing to re-entrant arrhythmias. 
However, Wiegerinck et al. 35 provided no evidence for reduced INa in the 
volume/pressure overload HF rabbit model as used by us, in line with the 
present study and other findings which did not reveal changes in INa in dogs 
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with pacing-induced HF 36. The contrasting results might be due to 
species/model differences. 
 To complement these studies, we demonstrated that acute reduction 
in INa density following increases in Cai

2+, as observed at fast heart rates, is 
more prominent in HF. This finding agrees with observations that HF 
patients are particularly susceptible to reductions in cardiac excitability at 
fast heart rates 37. Several studies have shown that increased 
electrocardiographic QRS width, a clinically useful marker of  cardiac 
excitability, is an independent predictor of  sudden (arrhythmia-induced) 
death in HF patients 38, 39. Future studies aimed at preventing arrhythmias 
and sudden death in HF may target the regulation mechanism revealed here. 
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Summary 
 

While the spectrum of  diseases associated with mutations in SCN5A, the 
gene encoding the  α-subunit of  the cardiac Na+ channel (Nav1.5), is still 
expanding, it is becoming increasingly clear that even subtle changes in 
Nav1.5 gating can dramatically affect cardiac rhythm, especially if  
exacerbated by environmental factors that act on the electrical activity of  
the heart. Biophysical studies have revealed that defects in Nav1.5 
expression and gating can, in many cases, explain the phenotype associated 
with the rhythm disorder. However, recent reports have highlighted the fact 
that Nav1.5 does not exist in isolation, but in association with other 
proteins, such as β-subunits, cytoskeleton proteins, extracellular matrix 
proteins, and adhesion molecules. While we have just started to elucidate the 
correlations between all the parts that constitute the so-called cardiac Na+ 
channel macromolecular complex, new evidence is emerging that mutations 
in individual components of  the complex (e.g., caveolin-3, β4-subunit) or 
alterations in their interactions, can cause diseases such as Long QT 
syndrome type 3 (LQT3), sudden infant death syndrome (SIDS), or 
Brugada syndrome (BrS), in the past exclusively associated with mutations 
in Nav1.5. 

To further complicate this matter, several studies have also shown 
significant overlap between aberrant rhythm phenotypes, and single 
mutations have been found to evoke different rhythm disorders. It is now 
evident that the correlation between a mutation and the clinical phenotype 
is not always straightforward. Many factors such as the presence of  
common gene variants (polymorphisms), humoral regulation, auxiliary 
protein subunits, and transcriptional regulation may play a role. Moreover, it 
is becoming clear that Na+ channel related diseases not only involve 
derangements in cardiac excitability, but also structural cardiac 
derangements, that may not be detectable using current clinical imaging 
modalities, but that nevertheless may act in concert with reductions in 
cardiac excitability to facilitate reentrant arrhythmias. With the discovery of  
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novel disease entities associated with SCN5A variants, and the elucidation 
of  the biophysical ways in which these variants impact on Na+ current (INa), 
we are now beginning to obtain the insights to apply the concepts derived 
from studies into these rare inherited SCN5A associated diseases to 
common acquired diseases. 

In the first part of  Chapter 1, we present a general introduction in 
which the structure and the functioning of  the cardiac Na+ channel 
macromolecular complex are described. In the second part, a description of  
the inherited primary electrical cardiac diseases and acquired structural 
diseases involving Na+ channel derangements is given. 
 In Chapter 2, we investigated the functional consequence of  the 
SCN5A mutation G1319V, found in a BrS patient. The G1319V mutation is 
located in the loop connecting transmembrane segments 4 and 5 in domain 
III (DIIIS4-S5), a region so far considered to be exclusively involved in fast 
inactivation. Consequently, previously described mutations located in this 
linker segment were associated with LQT3. G1319V mutant and wild-type 
channels were transiently expressed in HEK293 cells together with the β1-
subunit. Patch-clamp experiments, conducted at room temperature, revealed 
no changes in peak INa and persistent INa (INaL), while Nav1.5 gating 
properties were modified, exhibiting, in particular, altered inactivation. This 
involved a negative shift in voltage-dependence of  inactivation, exclusively 
due to a negative shift of  voltage-dependence of  slow inactivation, slowing 
of  the recovery from inactivation, and enhanced slow inactivation. All these 
gating changes contribute to a reduction in INa, in line with the proposed 
mechanism underlying BrS. Yet, reduction in INa peak amplitude on 
repetitive depolarizations at short interpulse intervals (40 ms) was 
significantly more pronounced in G1319V compared to wild-type. 
Accordingly, carriers of  the G1319V mutation showed marked QRS 
widening upon increases in heart rate during exercise. Finally, a three-
dimensional model of  the structure of  the DIIIS4 segment and the DIIIS4-
S5 linker indicated that the presence of  the large aromatic ring of  
phenylalanine at position 1317 at the end of  the DIIIS4 segment could be 
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presumably only accommodated by the presence of  a small amino acid at 
position 1319. A valine, rather than a glycine, at position 1319 will 
potentially create a steric hindrance to the movement of  the DIIIS4-S5 
linker, thus destabilizing the inactivation properties of  the channel. 
Surprisingly, the G1319V mutation affected particularly slow inactivation, 
with minor changes in fast inactivation, thus this study identified a new 
region involved in slow inactivation.  

In Chapter 3, we described the clinical, genetic, 
electrophysiological, histological, characteristics of  a heart of  a BrS patient 
without clinically detected cardiac structural abnormalities, who underwent 
heart transplantation because of  an excessive number of  episodes of  
ventricular fibrillation (VF). Genetic screening revealed a SCN5A mutation, 
G1935S, located in the C-terminus of  the cardiac Na+ channel. Subsequent 
electrophysiological characterization of  the mutant channel in an 
heterologous expression system (HEK293 cells) at room temperature did 
not reveal substantial changes in Nav1.5 properties, while, at 37°C, slow 
inactivation was enhanced. Activation mapping revealed slow conduction in 
the right ventricle (RV), in particular, the right ventricle outflow tract 
(RVOT). Of  note, this region was the origin of  VF, but had no appreciable 
transmural differences in action potential duration. Abnormal restitution of  
propagation, which is associated with alteration in tissue architecture, was 
present in the RV but not in the left ventricle myocardium. Indeed, 
histological analysis showed fibrosis and fatty infiltration in the RV, 
especially in the RVOT. A computer simulation study demonstrated that 
localized conduction delay in the RVOT might have been the cause of  the 
observed ECG changes. In conclusion, at least in some cases of  BrS, subtle 
structural changes, not detectable by routine diagnosis, may underlie the 
ECG phenotype. Cardiac Na+ channel mutations might be causally involved 
in the changes in myocardial structure. On the other hand, it is also possible 
that the electrophysiological effects of  subtle structural abnormalities might 
be exacerbated by concurrent loss of  Na+ channel function. 

In Chapter 4, we studied how cardiac Na+ channel function may be 
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regulated by the cytoskeletal component tubulin. This study was provoked 
by the clinical observation that the use of  the anti-tumor drug taxol (TXL), 
which causes tubulin polymerization, can cause various arrhythmias in 
patients, which suggest derangement of  Na+ channel function. Besides, an 
increased degree of  tubulin polymerization was observed in heart failure 
(HF), a condition where Na+ channel function is often compromised. 
HEK293 cells were transfected with Nav1.5 alone or together with the β1-

subunit (Nav1.5+β).  The reason to assess whether the presence of  the β1-
subunit may influence the interaction between Nav1.5 and the cytoskeleton 
lies in the observation that β-subunits not only modulate Nav1.5 expression 
and gating, but also participate in cell adhesion and cytoskeleton anchoring. 
Transfected cells were incubated with TXL, and INa characteristics were 
studied with the patch-clamp technique. Nav1.5 membrane expression was 
determined by immunohistochemistry. Pre-treatment with TXL reduced 
peak INa amplitude almost 2-fold in both Nav1.5 and Nav1.5+β, as 
compared to untreated cells. Accordingly, immunohistochemistry assays 
revealed a reduced channel expression at the cell surface in the TXL-treated 
groups. Voltage-dependence of  (in)activation and recovery from activation 
were unchanged after exposure to TXL in both Nav1.5 and Nav1.5+β. In 

contrast, TXL accelerated INa decay of  Nav1.5+β, while INa decay of  Nav1.5 
remained unaltered. Finally, TXL reduced the fraction of  channels that slow 
inactivated and increased the time constant of  slow inactivation by 2-fold in 
Nav1.5. Slow inactivation properties of  Nav1.5+β were unchanged by TXL. 
Thus, enhanced tubulin polymerization modulates Nav1.5 fast and slow 
inactivation and decreases INa amplitude. Whereas β1 seems to be involved 
in tubulin modulation of  Nav1.5 inactivation properties, the reduction of  INa 
amplitude was β1-independent. In conclusion, tubulin-mediated reduction 
of  Nav1.5 membrane expression may account both for the observed rhythm 
disturbances in patients treated with TXL and the reduced INa density in HF. 
 In Chapter 5, we investigated whether calcium modulates Na+ 
channels in ventricular myocytes at intracellular calcium concentrations 
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([Cai
2+]) present during the cardiac action potential (0-500 nM), and how 

this modulation affects Na+ channel properties in HF, a condition in which 
calcium homeostasis is disturbed. Mid-myocardial myocytes were isolated 
from control and HF rabbits. Subsequently, whole cell-configuration patch-
clamp experiments were performed in HF and control myocytes at room 
temperature, to evaluate INa characteristics in the presence of  various [Cai

2+], 
as obtained using different buffered pipette solutions (0-500 nM). Then, 
using an alternate voltage/current-clamp mode, maximal action potential 
upstroke velocities (dV/dtmax), a measure of  INa,  were recorded  in HF and 
control myocytes at 37°C (0-500 nM [Cai

2+]). At both temperatures, elevated 

[Cai
2+] reduced INa density and dV/dtmax without changing gating properties. 

Moreover, in control myocytes, reductions in dV/dtmax occurred 
simultaneously with increases in [Cai

2+], following caffeine administration. 
Overall, these data suggested that INa reduction in the presence of  elevated 
calcium was due to Na+ channel permeation block. Accordingly, unitary 
sodium current amplitudes were reduced at higher [Cai

2+]. While INa density 
and gating at fixed [Cai

2+] were not different between HF and control, 
reductions in dV/dtmax upon increases in stimulation rate were larger in HF 
than in control; these differences were abolished by the calcium chelator 
BAPTA. In conclusion, intracellular calcium exerted acute modulation of  
INa density in ventricular myocytes, but does not modify INa gating. These 
effects, occurring rapidly and in the [Cai

2+] range observed physiologically, 
may contribute to beat-to-beat regulation under physiological conditions 
and during HF. 

 
Conclusion 

The studies presented in this thesis aim to contribute to a further 
understanding of  the cardiac Na+ channel functioning and regulation, both 
in inherited arrhythmia syndromes and in common acquired diseases. 
Further investigation is necessary to elucidate the role of  Na+ channel 
dysfunction in inherited and acquired cardiac diseases in order to relate 



Chapter 6 

 180 

these findings to the involved arrhythmias and phenotype. This would help 
the future development of  investigation tools and drugs for the 
management of  these patients. 

 

Samenvatting 
 

Het spectrum van ziekten die zijn geassocieerd met mutaties in SCN5A, het 
gen dat codeert voor de α-subunit van het cardiale Na+ kanaal (Nav1.5), is 
nog steeds breder aan het worden. Desalniettemin is het nu reeds duidelijk 
dat geringe veranderingen in de functie van Nav1.5 grote gevolgen kunnen 
hebben voor het hartritme, vooral als zij worden verergerd door 
omgevingsfactoren die een invloed uitoefenen op de electrische activiteit 
van het hart. Biofysische studies hebben aangetoond dat defecten in de 
expressie en functie van Nav1.5 vaak het fenotype kunnen verklaren, dat is 
geassocieerd met de ritmestoornis. Recente publicaties hebben de nadruk 
gevestigd op het feit dat Nav1.5 niet een op zichzelf  staand eiwit is, maar is 
geassocieerd met andere eiwitten, bijvoorbeeld β-subunits, 
cytoskeleteiwitten, extracellulaire matrix eiwitten, en adhesiemoleculen. De 
samenhang tussen de onderdelen waaruit het zogenaamde cardiale Na+ 
kanaal macromoleculaire complex bestaat, is geleidelijk duidelijk aan het 
worden. Tegelijkertijd verschijnen aanwijzingen dat mutaties in de 
verschillende onderdelen van dit complex (bijvoorbeeld caveolin-3, β4-
subunit), of  een veranderde samenhang tussen deze onderdelen, ziekten 
kunnen veroorzaken zoals bijvoorbeeld Lang QT syndroom type 3 (LQT3), 
wiegedood (SIDS) of  Brugada syndroom (BrS). Deze ziekten waren tot 
voor kort uitsluitend geassocieerd met mutaties in Nav1.5. 

Bovendien hebben verschillende studies aangetoond dat de 
eigenschappen van de verschillende ritmestoornissyndromen elkaar 
belangrijk kunnen overlappen. Daartegenover staat dat bepaalde mutaties 
verschillende ritmestoornissyndromen kunnen veroorzaken. Het is dus 
duidelijk dat de samenhang tussen mutatie en klinisch fenotype niet altijd 
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eenduidig is. Meerdere factoren kunnen hierbij een rol spelen, bijvoorbeeld 
de aan- of  afwezigheid van vaak voorkomende genvarianten 
(polymorfismen), hormonale regulatie, eiwit subunits, en regulatie van 
transcriptie. Het is bovendien duidelijk aan het worden dat Na+ kanaal 
gerelateerde ziekten niet alleen veranderingen van cardiale prikkelbaarheid 
omvatten, maar ook structurele veranderingen in het hart, die met de 
huidige klinisch toegepaste beeldvormende methoden niet aantoonbaar zijn, 
maar desondanks samen met reductie van cardiale prikkelbaarheid 
aanleiding kunnen geven tot ritmestoornissen die zijn gebaseerd op reentry. 
De ontdekking van ziekten die zijn geassocieerd met SCN5A varianten, en 
de opheldering van de biofysische mechanismen waarop deze varianten de 
Na+ stroom (INa) beïnvloeden, verschaft ons de inzichten die ons thans in 
staat stellen om de concepten, die voortvloeien uit studies van deze 
zeldzame aangeboren SCN5A geassocieerde ziekten, toe te passen voor 
vaak voorkomende verworven ziekten. 

In het eerste deel van Hoofdtuk 1 verschaffen wij een algemene 
inleiding, waarin de structuur en de functie van het cardiale Na+ kanaal 
macromoleculaire complex worden uiteengezet. In het tweede deel wordt 
een overzicht gegeven van de aangeboren primaire electrische hartziekten 
en verworven structurele ziekten, waarbij afwijkingen van het Na+ kanaal 
zijn betrokken. 
 In Hoofdstuk 2 onderzoeken wij de functionele gevolgen van de 
G1319V mutatie in SCN5A, die is aangetoond in een BrS patiënt. De 
G1319V mutatie bevindt zich in de lus die de transmembraan segmenten 4 
en 5 in domein III (DIIIS4-S5) verbindt, een regio die tot dusver werd 
verondersteld uitsluitend betrokken te zijn bij snelle inactivatie. Eerder 
gepubliceerde mutaties die zich bevinden in dit segment, zijn dan ook 
geassocieerd met LQT3. G1319V mutante en wild-type kanalen werden 
samen met de β1-subunit tot expressie gebracht in HEK293 cellen. Patch-
clamp experimenten, verricht bij kamertemperatuur, vertoonden geen 
veranderingen van piek INa en persisterende INa (INaL). Echter, Nav1.5 functie 
was veranderd, met name de inactivatie. Dit betrof  een negatieve 
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verschuiving van de spannings-afhankelijkheid van inactivatie die uitsluitend 
het gevolg was van een negative verschuiving van de spannings-
afhankelijkheid van trage inactivatie, een vertraging van herstel van 
inactivatie, en een toegenomen trage inactivatie. Deze veranderingen 
droegen allen bij tot vermindering van INa, in overeenstemming met het 
veronderstelde mechanisme van BrS. Vermindering van INa piek amplitude 
tijdens herhaaldelijke depolarisatie met korte interpuls intervallen (40 ms) 
was significant meer uitgesproken in G1319V dan in wild-type. Patiënten 
die drager waren van de G1319V mutatie, hadden dan ook uitgesproken 
QRS verbreding bij toename van de hartfrequentie tijdens inspanning. 
Tenslotte werd in een drie-dimensionaal model van de structuur van het 
DIIIS4 segment en de DIIIS4-S5 linker aangetoond dat de grote 
aromatische ring van fenylalanine op positie 1317 aan het einde van het 
DIIIS4 segment waarschijnlijk slechts voldoende ruimte zou hebben indien 
zich op positie 1319 een klein aminozuur bevindt. Een valine in plaats van 
een  glycine op positie 1319 zal de beweeglijkheid van de DIIIS4-S5 linker 
kunnen beperken, waardoor de inactivatie van het kanaal wordt 
gedestabiliseerd. De G1319V mutatie had vooral invloed op trage 
inactivatie, en veroorzaakte slechts geringe veranderingen van snelle 
inactivatie. Deze studie heeft derhalve een nieuwe regio geïdentificeerd, die 
betrokken is bij trage inactivatie.  

In Hoofdstuk 3 beschrijven wij de klinische, genetische, 
electrofysiologische, en histologische eigenschappen van een hart van een 
BrS patiënt. Deze patiënt had geen klinisch aangetoonde structurele 
afwijkingen aan het hart en onderging harttransplantatie omdat hij een zeer 
groot aantal episoden van ventrikelfibrilleren (VF) had. Genetisch 
onderzoek toonde een SCN5A mutatie aan, G1935S, die zich bevond in de 
C-terminus van het cardiale Na+ kanaal. Electrofysiologische analyse van het 
gemuteerde kanaal in een heteroloog expressie-systeem (HEK293 cellen) bij 
kamertemperatuur toonde geen substantiële veranderingen in de functie van 
Nav1.5. Echter, metingen bij 37°C gaven een toegenomen trage inactivatie 
te zien. Activatie mapping toonde trage prikkelgeleiding in de rechter 



Summary/Samenvatting 

 183 

ventrikel (RV), in het bijzonder in de rechter ventrikel outflow tract 
(RVOT). In dit gebied lag de oorsprong van VF, hoewel het geen 
belangrijke transmurale verschillen van actiepotentiaalduur had. Abnormale 
restitutie van prikkelvoortgeleiding, die is geassocieerd met veranderingen 
van weefselarchitectuur, werden in de RV gevonden, maar niet in het linker 
ventrikel myocard. Histologische analyse toonde fibrose en vet infiltratie in 
de RV aan, vooral in de RVOT. Een computer simulatie studie toonde aan 
dat plaatselijke vertraging in prikkelgeleiding in de RVOT de oorzaak kon 
zijn van de aanwezige ECG veranderingen. Wij hebben hieruit 
geconcludeerd dat subtiele structurele veranderingen, die niet detecteerbaar 
zijn met routine diagnostische methoden, aan de basis kunnen liggen van 
het ECG fenotype, tenminste bij sommige BrS patiënten. Mutaties in het 
cardiale Na+ kanaal zouden kunnen bijdragen tot de veranderingen in de 
structuur van het myocard. Aan de andere kant is het ook mogelijk dat de 
electrofysiologische gevolgen van  subtiele structurele veranderingen 
worden verergerd door de gelijktijdige afname van Na+ kanaal functie. 

In Hoofdstuk 4 bestuderen we op welke wijze de functie van het 
cardiale Na+ kanaal gereguleerd wordt door tubuline, een component van 
het cytoskelet. Deze studie werd ingegeven door het feit dat behandeling 
met de anti-tumor drug taxol (TXL), die polymerisatie veroorzaakt van 
tubuline, aanleiding kan geven tot ritmestoornissen die duiden op 
stoornissen in het functioneren van het Na+ kanaal. Bovendien wordt een 
toename in de mate van tubuline-polimerisatie ook waargenomen in 
patienten met hartfalen (HF), een toestand waarbij eveneens vaak het 
functioneren van het Na+ kanaal is aangedaan. In deze studie werden 
HEK293 cellen getransfecteerd met Nav1.5 alleen, of  tesamen met de β1-

subunit (Nav1.5+β). De reden om te bepalen of  de β1-subunit de interactie 
tussen Nav1.5 en het cytoskelet beinvloed, vloeit voort uit de wetenschap 
dat β-subunits niet alleen de expressie en kinetiek van Nav1.5 moduleren, 
maar ook deelnemen in celadhesie en verankering van het cytoskelet. 
Getransfecteerde cellen werden geincubeerd met TXL en de 
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karakteristieken van INa werden bestudeerd met de patch-clamp techniek. 
Nav1.5 expressie in de celmembraan werd bepaald middels 
immunohistochemische methoden. Voorbehandeling met TXL deed de 
amplitude van de INa piekstroom met een factor 2 afnemen, zowel in Nav1.5 
en Nav1.5+β, wanneer vergeleken met onbehandelde cellen. De afname in 
expressie van kanalen in de celmembraan in de TXL-behandelde groep, 
zoals vastgesteld middels immunohistochemische methoden, was daarmee 
in overeenstemming. Spannings-afhankelijkheid van (in)aktivatie en herstel 
van inaktivatie waren onveranderd na blootstelling aan TXL, zowel in 
Nav1.5 als in Nav1.5+β. Het tijdsverloop van inaktivatie in Nav1.5+β 
daarentegen, werd versneld door TXL, terwijl dit tijdsverloop onveranderd 
bleef  in Nav1.5. Ten slotte, behandeling met TXL gaf  een afname te zien in 
de fractie van kanalen die traag inaktiveren en deed het tijdsverloop van 
trage inaktivatie met een factor 2 toenemen in Nav1.5. De eigenschappen 
van het trage inaktivatieproces in Nav1.5+β waren onveranderd. Dus, een 
toegenomen polymerisatie van tubuline moduleert zowel het snelle als het 
trage inaktivatieproces van Nav1.5, en vermindert de INa amplitude. Terwijl 
β1 betrokken lijkt te zijn bij de modulatie van de inaktivatieprocessen door 

tubuline, zo lijkt de afname in INa amplitude onafhankelijk van de β1-
subunit. Tot besluit, de door tubuline gemedieerde afname in Nav1.5 
membraanexpressie zou zeer wel verantwoordelijk kunnen zijn voor zowel 
de waargenomen ritmestoornissen in patienten die een behandeling 
ondergaan met TXL, als wel voor de afname in INa in HF.  
 In Hoofdstuk 5 onderzochten we of  Na+ kanalen in 
ventrikelmyocyten gemoduleerd worden door calcium, uitgaande van 
intracellulaire calciumconcentraties [Cai

2+] zoals die heersen tijdens de 
cardiale actiepotentiaal (0-500 nM). Daarbij werd ook gekeken naar de 
invloed van [Cai

2+] op de eigenschappen van het Na+-kanaal in HF, een 
toestand waarin de calciumhomeostase verstoord is.  Myocyten van het mid-
myocard werden geisoleerd uit harten van controlekonijnen en van konijnen 
met hartfalen. Vervolgens werden de electrofysiologische eigenschappen 
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van INa in deze twee groepen myocyten vastgesteld in de ‘whole-cell’ 
configuratie van de ‘patch-clamp’ techniek bij kamertemperatuur, tijdens 
blootstelling aan verschillende [Cai

2+] verkregen door verschillende 
gebufferde pipetoplossingen (0-500 nM). Eveneens werd in controle- en 
hartfaalmyocyten bij 37°C (0-500 nM [Cai

2+]) de maximale stijgsnelheid van 
de actiepotentiaal (dV/dtmax) gemeten als maat voor INa, daarbij gebruik 
makend van een beurtelings ‘voltage/current-clamp’ protocol. Zowel bij 
kamertemperatuur als bij 37 oC veroorzaakte een stijging in [Cai

2+], een 
afname in INa dichtheid en dV/dtmax zonder de kinetische eigenschappen van 
het kanaal te veranderen. Bovendien werd in myocyten van controleharten 
vastgesteld dat de afname in dV/dtmax simultaan optrad met een toename in 
[Cai

2+], welke opgewekt werd door toediening van caffeine. De resultaten 
van deze experimenten tesamen suggereerden dat de afname in INa onder 
invloed van verhoogd [Cai

2+] het gevolg was van een verminderde 
permeabiliteit van het Na+ channel. Deze hypothese werd verder 
ondersteund door de waarneming dat de stroomamplitude door een 
enkelvoudig kanaal was afgenomen bij verhoogd [Cai

2+].  
Ondanks de afwezigheid van verschillen in stroomdichtheid en 

kinetiek van het Na+ kanaal bij een vaste [Cai
2+] tussen HF en controle, was 

de afname in dV/dtmax bij een toename in stimulatiesnelheid toch groter in 
HF dan in controle; deze verschillen konden worden opgeheven door de 
calcium-chelator BAPTA. Concluderend kunnen we stellen dat intracellulair 
calcium een acuut modulerende werking heeft op de INa dichtheid, maar niet 
de kinetiek van het Na+ kanaal modificeert. Deze effecten, die snel optreden 
en zich afspelen bij fysiologische [Cai

2+] waarden, kunnen bijdragen aan een 
slag-op-slag regulatie onder fysiologische omstandigheden, maar ook tijdens 
hartfalen. 

 
Conclusie 

De studies beschreven in dit proefschrift hebben tot doel bij te dragen aan 
een beter begrip van het functioneren en de regulatie van het cardiale Na+ 
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kanaal, zowel in erfelijke ritmestoornissyndromen als in de meer algemene 
verworven hartziekten. Verder onderzoek is nodig om de rol van een 
veranderde Na+ kanaalfunctie in erfelijke en verworven hartziekten op te 
helderen, zodat deze bevindingen kunnen worden gerelateerd aan de 
betrokken ritmestoornissen en klinisch fenotype. Dit zou ten goede kunnen 
komen aan de toekomstige ontwikkeling van onderzoeksmethoden en 
geneesmiddelen voor de behandeling van deze patienten. 
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