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Generall  Introduction. The voltage gated cardiac sodium channel 

1.11 Introductio n 

Electricityy is a fast and effective way for signal transmission in the body.1"2 Many organs and 

tissuess rely on it, including the heart and its conduction system, skeletal muscle, and the 

nervouss system. ' The electrical signals in excitable cells are carried by transmembrane ionic 

currents,, resulting in changes in transmembrane voltage. The driving force for ion movement 

iss the concentration gradient across the cell membrane, which is established by the activity of 

ionn pumps and exchangers.2,3 Although the cell membrane itself is relatively impermeable for 

chargedd particles, ions can flow across the cell membrane through ion channels. These are 

membranee spanning glycoproteins with a central water-filled pore that control ion movement 

byy their ion selectivity and through regulation of their conductive state.1"7 The voltage gated 

sodiumm channel thus preferentially conducts sodium ions, and its gating, i.e. transitions from 

thee conductive state to the non-conductive state and v.v., is dependent on the transmembrane 

potential.. The time and voltage dependence of ion channel gating determine the cardiac action 

potentiall  configuration and couple excitation to contraction, thus enabling the heart to 

functionn in an orchestrated manner.2 

Inn this chapter the role of the voltage gated sodium channel in the cardiac action potential will 

bee discussed, as well as its structure, function and regulation. 

1.22 The role of the cardiac sodium channel in the ventricular  action potential 

Fourr phases can be distinguished in the cardiac action potential, phase 0 to 4, that correspond 

too the systole and diastole of the heart (Figure 1). 

PhasePhase 4 of the cardiac action potential corresponds with the diastole, during which the heart is 

bothh electrically and mechanically quiescent and atria and ventricles are filled with blood. In 

thiss phase, atrial and ventricular myocytes have a stable, negative resting membrane potential 

off  about -90 mV. This results from the difference in ionic composition of intra-and 

extracellularr fluid, and the fact that at negative membrane potentials the membrane is mainly 

permeablee to K+ ions due to the permeability of the inward rectifier channels. This increased 

permeabilityy will cause K+ ions to flow out of the cell along their concentration gradient. 

PhasePhase 0 of rapid depolarization is initiated when the myocyte is depolarized, which in the 

intactt heart occurs due to propagation of a stimulus originating from the sinus node (SA 

node).. The SA node cells spontaneously depolarize during phase 4.2 Phase 0 of the cardiac 

actionn potential is the trigger for the initiation of the contraction of the atria and ventricles. 

Thee rapid depolarization is carried by Na+ ions that flow into the cell following the Na+ 
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Figuree 1. Schematic representation of a 

ventricularr myocardial action potential and 

thee principal ion currents that control it. 

Phasess 0 to 4 of the action potential are 

marked,, and explained in the text. 

Depolarizingg currents are represented in 

blackk and by a downward deflection, 

repolarisingg currents are represented in 

greyy by an upward deflection. Ion currents 

aree drawn relating to their approximate 

presencee in the action potential. 

concentrationn gradient due to increased sodium channel permeability. The increase in sodium 

channell  permeability is transient, and within 0.5 to hundreds of milliseconds the permeability 

off  the channels decreases again. The process that regulates this transition from conductive to 

non-conductivee state and vice versa is referred to as 'gating' and shall be discussed in more 

detaill  later in this chapter (see 1.5). Thus, phase 0 initiates the action potential and is followed 

byy a cascade of changes in the permeability of other voltage dependent cardiac ion channel 

types. . 

Phasee 1 is the early repolarization phase, which results from the rapid activation and 

inactivationn of the outward, repolarizing, transient K+ current I10 against the background of a 

decreasee in sodium channel permeability and an increase in calcium channel permeability. 

Phasee 2, the plateau phase, allows optimal contraction of the ventricles and lasts hundreds of 

milliseconds.. It results from a delicate balance between depolarizing current carried by 

inwardd flow of Ca2+ ions, that couple excitation to contraction, and repolarizing currents 

carriedd by and outward flow of K+ and inward flow of CI" ions. 
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Generall  Introduction. The voltage gated cardiac sodium channel 

Phasee 3 is the phase of final repolarization that results from a decrease of inward positive 

current,, mainly Ca +, and activation of repolarizing K+ currents, resulting in a net (rapid) 

outwardd flow of positive charged ions. Activity of the Na-K pump, during phase 3 and 4, 

restoress the gradient in K+ and Na+ ions across the cell membrane by pumping 3 Na+ ions out 

off  the cell and 2 K+ ions into the cell. Thus, the Na-K pump builds up an electrochemical 

gradientt which is a process requiring energy." 

Thee time and voltage dependent properties of the various types of cardiac ion channels 

regulatee the action potential shape and duration. Differences in the expression patterns of ion 

channelss types are present in the various layers and regions of the heart and underly the 

differentt action potential configurations found in these areas.2'8,9 The sodium channel is 

especiallyy important where rapid AP propagation is required, such as in the conduction 

systemm and working myocardium. Disturbed sodium channel function in the heart has been 

associatedd with four inherited arrhythmia syndromes: cardiac conduction disease (Chapter 2 

off  this Thesis), the Brugada syndrome (Chapter 3 of this thesis), the Long QT syndrome type 

33 (Chapter 4 of this thesis) and idiopathic ventricular fibrillation. Additionally, class I sodium 

channell  blocking drugs have both important anti- and pro-arrhythmic effects. The arrhythmia 

syndromess associated with sodium channelopathies are genetic diseases in which mutations in 

thee SCN5A gene result in abnormal sodium channel proteins. The study of such diseases has 

initiatedd the investigation on the normal and abnormal structure and function of cardiac 

sodiumm channels. 

1.33 Genetics of the human cardiac sodium channel 

Thee human cardiac sodium channels consist of a pore forming a-subunit which is encoded by 

thee SCN5A gene located on the short arm of chromosome 3 (3p21). The a-subunit of the 

humann cardiac sodium channel was first cloned and sequenced by Gellens et al. in 1992.12"15 

Thee a-subunit of the cardiac sodium channel is expressed together with a modulatory (3-

subunit.. Two p-subunit genes have been identified, SCNBI on chromosome 19ql3.1-ql3.2 

andd SCNB2 on chromosome llq23.16'17 Whether only a pYsubunit is expressed or if an 

additionallyy pVsubunit is present remains subject of debate. 

1.44 Sodium channel structure 

Descriptionn of the function of specific parts of voltage gated ion channels often precedes 

knowledgee about their structure. Sodium currents were first recorded in the 1950s by Hodgkin 
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andd Huxley,18 followed by the identification of the sodium channel protein19 and the 

developmentt of mechanistic models of its function in the 1980s.20 Knowledge on the 

relationshipp between structure and function of cardiac voltage gated sodium channels partially 

stemss from the study of diseases that are related to mutations in the SCN5A gene and other 

voltagee gated cation channels.2'8,9 Different types of voltage gated ion channels often show 

structurall  and functional similarities which must stem from the fact that channels have 

evolvedd from one another or from (the same) earlier transmembrane structures, by 

multiplicationn and multimerisation and eventually by gene duplication.1,2'8'9 The 

phylogeniticallyy oldest ion channels are the inward recifier potassium channels, which consist 

off  two transmembrane segments. Voltage gated potassium channels like HERG, with 6 

transmembranee segments, have probably resulted from duplication of these structures. ' ,s' 

Thee six transmembrane segments of voltage gated potassium channels show similarity to the 

domainss of the voltge gated sodium channel, and four of them are needed to form a functional 

ionn channel.1,2,8,9 The pore forming a-subunit of the cardiac sodium channel, consistsing of a 

20166 amino acid polypeptide, can be thought of as an end product of these processes. 

Althoughh the a-subunit of the cardiac sodium channel contains all the structures to be a fully 

functionall  ion channel, it is found to be accompanied by an ancillary (3 subunit (Pi).16'17 

Inn Figure 2 the proposed transmembrane topology of the cardiac Na+ channel a-subunit is 

depicted.. It consists of four highly homologous domains, domains I-IV. Each domain contains 

sixx transmembrane a-helical segments, S1-S6, which are connected by intra- and extracellular 

loops.. In addition to these loops, there are the intracellular N and C-termini and three 

intracellularr loops connecting the four domains. The ion conducting pore is formed by 

segmentss S5 and S6 of all four domains and is thought to have an hourglass-like shape. " The 

S55 and S6 segments line the intracellular pore and are connected by extracellular loops (P 

loops)) that fold back into the pore and form the outer pore vestibule. While the outer pore 

vestibulee is estimated to measure 1.2nm in diameter, deeper into the pore where the four 

inwardd folded P loops approach each other, the diameter narrows to approximately 0.3-

0.5nm.211 At this point in the outer vestibule, the selectivity filter of the channel is located, 

whichh enables the channel to discriminate between different types of ions and favor the 

passagee of Na+ ions over others.22"32 The four amino acids aspartic acid, glycine, lysine and 

alanin,, one in each P loop, form this selectivity filter and are referred to as the DEKA ring.22" 
322 To the more extracellular side of the pore, another set of four amino acids is found, 
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consistingg of two glutamic acids, methionin and aspartic acid. These amino acids are also 

thoughtt to be involved in selectivity and toxin binding to the channel.22"32 

p-loop p 
NH22 of domain I NH2 

off domain I inactivation gate ^ 
withh IFM motive COOH 

Figuree 2. Schematic representation of the pore forming a-subunit of the voltage gated cardiac sodium channel. 

Thee channel has four homologous domains (DI-D1V) each consisting of six transmembrane segments (S1-S6). 

Thee S4 segments of each domain contain positively charged amino acids (arginine or lysine) at every third 

position,, these charges are involved in its role as the voltage sensor of the channel. P loops are the extracellular 

loopss that connect the S5-S6 segments of each domain. These P loops line the outer vestibule of the channel 

pore,, contain the selectivity filter of the channel, are involved in the slow inactivation process and contain the 

bindingg site for the channel blocking toxins TTX and STX. The intracellular linker between domain III and IV 

(DIII-I VV linker) contains three amino acids Isoleucine, Phenylalanine and Methione at position 1484-1486 that 

aree reffered to as the IFM motive and which are thought to form the inactivation gate. The intracellular S4-S5 

linkerss of domains III and IV probably form the docking site for the DIII-DI V linker inactivation particle. 

Thee voltage sensor of the cardiac sodium channel is formed by the S4 segments of each 

domain.. " These S4 segments contain a positive charge, due to the presence of the amino 

acidss arginine or a lysine at every third position.2'6'38"42 At a negative V~m when cells are 

hyperpolarized,, the positive charges in the S4 segments are probably kept in a stable position. 

Uponn depolarization, this stable position is disturbed and the S4 segments will actually move 

outward.. '6' " The outward movement of the S4 segments can be measured by the outward 

movementmovement of positive charges (gating charges) and is functionally described by the sliding 

helixx or helical screw models.2'6'38"42 Changes in membrane voltage will affect the position of 

thee S4 segments and result in a conformational change of the channel. In these models, the 

positivee charges in the S4 segments interact with negative charges in, as yet, undefined 
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structuress within the protein molecule. The resulting conformational change of the channel is 

thoughtt to result in an increase in the permeability of the channel, a process called activation. 

Onlyy during this state, the sodium channel is able to conduct sodium ions, as we shall discuss 

laterr in further detail. 

Thiss increase in channel conductivity is only short lived due to deactivation, and fast and slow 

inactivation.. Fast inactivation is functionally coupled to, and a direct result of the activation 

processs and occurs within milliseconds after activation.38 The inactivation gate, responsible 

forr fast inactivation, is formed by the intracellular DIII-I V linker.43,44 In this linker three 

hydrophobicc aminoacids isoleucine, phenylalanine and methione at position 1484-1486 (IFM 

motive)) are especially involved in fast inactivation.43,44 Fast inactivation probably occurs 

whenn the IFM motive interacts with a docking site that is formed by the intracellular linkers 

betweenn DIIIS4-S5 and DIVS4-S5. Fast inactivation is thought to be linked to activation by 

conformationall  changes of the docking site, due to the movements of the S4 segments.45'46 

Thiss conformational change may expose a region with high affinity for the DIIIS4-S5 

linker.45'466 Recovery from the fast process of inactivation is thought to result from the 

restorationn of the original conformational state. 

Thee P loops that line the channel pore are not only involved in ion channel selectivity but 

probablyy also in the slow inactivation process, which is independent of the fast inactivation 

processs and occurs only after tens to thousands of milliseconds after activation. This process 

iss thought to be the result of conformational changes of the pore due to rearrangement of the P 

loops.47"50 0 

Ancillaryy P-subunits co-assemble with the pore forming a-subunit. Presently two p-subunits 

havee been identified in human heart, J31 and p2; co-assembly of the a-subunit with the latter is 

debated.2"99 The (3-subunit consists of a single transmembrane segment, a large glycosylated 

extracellularr domain, and a small intracellular domain. Its structure shows some similarities 

withh immunoglobuline like motifs as found in cell-adhesion molecules.2"9 Studies of the 

effectss of the presence of Pi have shown that its co-expression with the a-subunit increases 

thee amplitude of the sodium current by increasing the expression of channels, and makes the 

channelss recover faster from inactivation.2"9 The fact that the (3-subunits have structural 

similaritiess to cell adhesion molecules and that pi increases current expression, suggests a role 

inn the expression of the cardiac sodium channel protein.2"9 Also, interaction between the p-

subunitss and extracellular proteins has been described, suggesting a role for P-subunits in 

targettingg the sodium channel to specific locations in the membrane.2'9 
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1.55 Sodium channel function 

IonIon channel selectivity 

Ionn channels are selectively permeable for specific ions and are usually named after the ion 

theyy are highly selective for. Ion selectivity is probably due to differences in the charge, size, 

andd hydration of ions that interact with protein structures in the outer vestibule of the 

channel.2"9'22"322 Selectivity may not always be complete. Ion channels may permit a relatively 

smalll  number of other ions to pass, with similarities in charge and size. The lysine in the P 

loopp of Dil i of the DEKA ring is thought to be crucial for the discrimination of monovalent 

overr divalent ions and between Na over K . ' 

RegulationRegulation of sodium channel permeability 

Sodiumm channel permeability is governed by processes which are time and voltage 

dependent,2"9,56~633 the so called 'gating', i.e. the transitions from the non-conductive state to 

conductivee state and vice versa. The voltage- and time-dependence of these kinetic properties 

cann be determined using the voltage clamp technique, with which membrane voltage can be 

controlledd and current can be measured simultaneously. In the whole cell configuration of the 

patch-clampp technique, macroscopic currents and the properties of the ion channels present in 

thee cell-membrane are measured. Figure 3 shows recordings of whole-cell sodium currents, 

typicallyy illustrating its time- and voltage dependent properties. At potentials negative to -60 

mV,, sodium channels are in a non-conductive state, the closed state. In response to a 

depolarization,, the channels become activated, i.e. they enter the open state. This is clearly 

illustratedd by the increase in inward current upon depolarization to 50 mV in Figure 3. 

Duringg maintained depolarization the sodium channels enter again a non-conductive state, 

calledd the inactivated state, which is reflected by the subsequent decrease in inward current 

(Figuree 3). The time- and voltage-dependence of these processes are clearly illustrated by the 

sodiumm currents elicited by depolarizations to various potentials. Firstly, the open probability 

off  the channel increases with more positive potentials, which can be appreciated by the 

increasee in peak current amplitude upon further depolarization. Secondly, the time courses of 

currentt activation and inactivation also increase with increasing depolarization, as can be 

appreciatedd from the increase in speed of rise and decay of the current. In Figure 4, a 

simplifiedd schematic representation of the different states of the gating process of voltage-

gatedd sodium channel is depicted. Apart from the processes of activation (1) and inactivation 

(3),, other processes can be distinguished. Upon depolarization, channels may also directly 

enterr the inactivated state by a process called closed-state inactivation (5). From the activated 

statee channels may not only inactivate (3), but also deactivate (2). Sodium channels may 
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recoverr from the inactivated state by repolarization or reactivate again (4) (by depolarization 

orr repolarization). During prolongonged depolarizations (hundreds of milliseconds to 

seconds),, channels may enter very stable inactivated states by processes called intermediate 

andd slow inactivation (6). Recovery from these states into the closed state may be either 

directlyy or go through additional states. The transitions between states may thus occur in 

differentt orders of events and are bi-directional, although deactivation and reactivation are the 

leastt likely to occur. 

+50 0 

Figuree 3. Examples of sodium current traces as measured from Tsa-201 cells transiently transfected with sodium 

channelchannel a- and p-subunit cDNA. The currents were measured using the voltage clamp technique in the whole 

celll  configuration. When increasingly positive potentials are applied to the cell using a patch clamp amplifier, a 

sodiumm current can be measured that will gradually increase due to the increased open probability of the sodium 

channelss present. Although the open probability wil l increase when the cell is increasingly depolarized, the 

measuredd sodium current will not continue to increase and wil l even gradually become smaller, due to the 

increasee in electrochemical driving force. By convention, an inward cationic current is represented as a negative 

deflectionn and an outward by a positive deflection. 

Ionn channel gating may be under the control of chemical signals, mechanical stimuli, or 

changess in transmembrane voltage, such as in voltage gated sodium channels. 

Thee conductivity of a voltage-gated channel will depend on the voltage sensed by the channel. 

Modelss have been developed to describe ion channel gating. In the sodium channel model by 

Hodgkinn and Huxley, the conductive state of the channel depends on four independent gates: 

threee identical activation gates (the m gates) and one inactivation gate (the h gate).2'3 Each 

gatee can move independently from a closed state into an open state. However, the channel is 

onlyy conductive when the three activation gates and the inactivation gate are simultaneously 
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depolarization n 

Closed d 
Open n 
Inactivatedd fast 
Inactivatedd slow 

repolarization n 

Figuree 4. a simplified schematic representation of the different states of the gating process of the voltage-gated 

sodiumm channel 

inn the open position (Figure 5, situation n^hi)3 ( Adapted from Hill e B: Ionic channels of 

Excitablee Membranes, Sunderland, MA, Sinauer Associates, 1992.). The state each of the 

gatess resides in, depends on the rate constants which are voltage dependent. Each gate can be 

thoughtt to have an open probability, m for the three activation gates, and h for the inactivation 

gatee (Figure 5). The probability of a particular channel to be in a conducting state, Popcn, thus 

iss represented by the function: Popen
= m3h.2'3 

1.66 Sodium channel modification 

Glycosylationn and phosphorylation of voltage gated sodium channels are known to modify 

theirr gating properties. Glycosylation probably affects channel gating due to an effect on the 

locall  membrane charge sensed by the S4 segments.52'53 Both the a and (3 subunits of voltage 

gatedd sodium channels are heavily glycosylated and approximately up to 30% of their mass is 

carbohydrate.. " The human cardiac sodium channel has up to 14 glycosylation sites on its 

extracellularr side. " ' ' Negatively charged sialic acid is abundantly present and 

experimentall  evidence suggests that it is the localized presence of charged molecules that 

Phosphorylationn by protein kinases regulates 

'' " Protein kinase function on its turn is 

affectt locally sensed membrane voltages.2"9'52' 

thee activity of plasma membrane proteins.2 
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regulatedd by factors such as neurotransmitters and hormones (e.g. a- or p-receptor agonists). 

Thee cardiac sodium channel has eight possible phosphorylation sites on its intracellular DI-II 

linker.. Phosphorylation of these sites by protein kinase A, increases IN3
+ by increasing the 

surfacee membrane expression of the channel. Additionally, phosphorylation of a serine at 

positionn 1503 in the DIII-DI V linker by protein kinase C gives rise to a reduction of IN3
+, by 

affectingg channel gating.' 

inact ivated d 

m 0 h 0 0 

ah h 

m 0 h 1 1 

3an n 

ah h 

mA A 

3a„ „ 

m 1 h 1 1 

2a„ „ 

m 2 h 0 0 

2Pm m 

Phh a h 

2 a m m 

a„ „ 

m 2 h 1 1 

3(3 3 

m 3 h 0 0 

m m 

a m m 

m 3 h 1 1 

closedd m closed m closed m 
open n 

Figuree 5. Scheme representing the different states that govern the different states of voltage gated sodium 

channels.. For details see text. 

1.77 Sodium channel pharmacology 

Drugg modification of voltage gated sodium channels has been proven to be useful in studying 

theirr structure and function, and may additionally be clinically relevant. Many naturally 

occuringg toxins are known that affect sodium channels. " ' Tetrodotoxin (TTX) is a 

naturallyy occurring poison harvested from the puffer (fugu) fish that potently blocks sodium 

channels.. TTX is only one of many toxins, but is, probably the most widely used in sodium 

channell  research. TTX and related toxins, such as saxitoxin (STX), have their binding site in 

thee outer vestibule of the channel. Because there is partial overlap in the amino acids that are 

involvedd in the binding and the effects of these drugs, they have been used to investigate the 
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outerr vestibule of the voltage gated sodium channel. Several amino acids are involved in TTX 

bindingg but a glutamic acid at position 387 in the P loop of domain I is crucial. Its deletion 

resultss in removal of the possibility of TTX block. Other amino acids that are involved in 

TTXX block, are those that form the DEKA ring of the selectivity filter.7-29"32-2526 Interestingly, 

thee sensitivity of voltage gated sodium channels differs between tissues, due to differences in 

aminoo acid composition at and near the binding site. Compared to the brain and skeletal 

musclee sodium channel, the cardiac voltage gated sodium channel is relativity insensitive to 

TTX.. Because it requires higher concentrations for blockade, such that it is referred to as the 

TTXX insensitive sodium channel. The relative insensitivity is probably due to the fact that it 

hass a cystein at position 374 in the channel, which differs from brain or skeletal muscle 

channels.. When at the analogous position in brain or skeletal muscle sodium channels a 

cysteinee was engineered (replacing respectively a phenylalanine or a tyrosine) these channels 

becamee less sensitive to TTX. Additionally, these engineered mutations induced also other 

cardiacc type characterstics, such as increased sensitivity to Zn~+ and Cd~\ While TTX and 

relatedd toxins are useful tools for studying sodium channels structure-function relationships 

theyy are not clinically relevant drugs like the class I antiarrhythmics flecainide and lidocaine 

andd local anesthetics. These drugs also reduce cardiac or neuronal sodium current, but by 

otherr mechanism than TTX does.7'50*59"61 Class I antiarrhythmics have a binding site in S6 of 

domainn IV in the intracellular channel pore. The drugs bind to two aminoacids, phenyl alanine 

att position 1764 and tyrosine at position 1771 in this structure. Importantly, this site is located 

intracellularr which has two important consequences for drug binding and has resulted in the 

descriptionn of two different blocking mechanisms related to gating of the channel. 

Tonicc block, by class I antiarrhythmics or local anesthetics occurs when voltage gated 

sodiumm channels are in the closed state (hyperpolarized) and binding of the drug prevents 

channelss to open. Tonic block is only possible with drugs that are uncharged at physiological 

pHH and which are lipid soluble, like the class I antiarrhythmics and local anesthetics. Tonic 

blockk only slightly reduces peak sodium current after drug binding to the binding site in the 

intracellularr channel mouth.7-5059"61 

Usee dependent block, on the other hand, by class I antiarrhythmics and local anesthetics 

occurss when sodium channels are in the open state during depolarization. During 

depolarization,, the drug-binding site in the intracellular mouth becomes accessible for drugs 

thatt are present extracellularly, due to changes in the pore during gating. This suggests that 

thee binding site is shielded by amino acid residues from the DEKA ring and related structures 

whilee the channel is closed. This idea is called the guarded receptor hypothesis. 
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Interestingly,, another amino acid in the outer pore affects the dissociation of drugs from the 

bindingg site by blocking their exit. This amino acid is an isoleucine at position 1760 that 

probablyy prevents drugs from rapid leaving the pore by its bulk.59 

1.88 Inherited cardiac sodium channelopathies 

Fourr distinct inherited cardiac arrhythmia syndromes have been related to mutations in the 

SCN5ASCN5A gene. These diseases, as mentioned previously, are cardiac conduction disease (CCD), 

thee Brugada syndrome (BS), idiopathic ventricular fibrillation (IVF) and the Long QT 

syndromee type 3 (LQT3). Mutations which are causally related with CCD, BS and IVF have 

alll  been found to reduce available sodium current. This reduction mainly affects phases 0 and 

11 of the cardiac action potential. The LQT3 mutations increase sodium current availability 

andd their pathologic effects are most pronounced during phase 2 and 3 of the cardiac action 

potential. . 

1.99 Conclusion 

Thee flux of Naf ions through voltage gated sodium channels is an effective and fast method 

forr signal transduction in several organs and tissues. In heart IN3
+ is responsible for the rapid 

upstrokee of the action potential and propagation. Voltage gated sodium channels consist of a 

fullyy functional pore forming a-subunit but are probably accompanied and functionally 

modifiedd by, additional p-subunit(s). Structure and function of sodium channels have been 

elucidatedd by studying spontaneously mutated sodium channels, related to human disease, and 

engineeredd mutated channels. Additionally pharmacological experiments using TTX, local 

anaestheticss and class 1 antiarrhythmics have provided insight in both channel structure and 

function. . 

Improvedd knowledge about cardiac sodium channel structure and function has helped explain 

thee mechanisms of inherited primary electrical diseases of the heart such as CCD, BS and 

LQT33 associated with sodium channel mutations." The study of these three primary inherited 

diseasess of the heart, in relation to the function of the cardiac sodium channel is the subject of 

thiss thesis. 

Aimm of this thesis: 

Thee aims of this thesis are: (1) To study the clinical phenotypes and basic electrophysiological 

characteristicss of cardiac sodium channel proteins encoded by mutated SCN5A genes. (2) To 
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esthablishh how these mutations jeopardize normal action potential generation and 

propagation. . 
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