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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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Generall  Introduction. The voltage gated cardiac sodium channel 

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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Generall  Introduction. The voltage gated cardiac sodium channel 

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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Generall  Introduction. The voltage gated cardiac sodium channel 

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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Mechanismss of inherited cardiac conduction disease 

1.00 INTRODUCTIO N 

Cardiacc conduction disease (CCD) is a serious, and a potentially life threatening disorder of 

thee heart. In CCD, the integrity of the conduction system is impaired, such that impulse 

conductionn will be slowed or even blocked and life-threatening rhythm disturbances may 

ensue.. The pathophysiological mechanisms underlying CCD are diverse, but irrespective of 

itss cause, the ultimate treatment may be pacemaker implantation.1,2 Notwithstanding that, it is 

worthwhilee to consider the pathophysiological basis of CCD in more detail, since it may have 

implicationss for diagnostics, development of new treatment strategies, and prognosis. Also, if 

ann inherited form of CCD is suspected, this knowledge may have consequences for family 

memberss of the affected individual. 

Historically,, CCD was viewed purely as a structural disease of the heart in which macro- or 

microscopicall  structural abnormalities in the conduction system underlie disruption of normal 

impulsee propagation. In a substantial number of cases, however, conduction disturbances are 

foundd to occur in the absence of anatomical abnormalities. In these cases, functional rather 

thann structural alterations appear to underlie conduction disturbances (figure 1). Frequently 

functionall  CCD is found to be a so-called 'primary electrical disease' of the heart, a group of 

inheritedd diseases that result from functionally abnormal, or absent, proteins encoded by 

mutatedd genes. " The affected proteins are often cardiac ion channel proteins involved in 

cardiacc impulse formation. 

Itt can thus be hypothesised that patients with inherited structural or functional CCD suffer 

fromm fundamentally different diseases, although overlap between the two pathophysiological 

mechanismss may still exist. 

Inn this review we aim to categorise and discuss reports on congenital and inherited CCD to 

findd supportive evidence for these ideas. The questions we have attempted to answer while 

reviewingg these reports were: 1) is the reported disease congenital and if so, inherited or 

acquired?? 2) what is known about the pathophysiological mechanism of the reported disease? 

3)) can we relate reported clinical parameters to a particular pathophysiological mechanism? 

andd finally, 4) are structural and functional CCD indeed different diseases? 
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Figuree 1. 12-lead ECG of a patient with ICCD due to an SCN5A mutation. Note the widened PQ and QRS-

intervalss (paper speed 25mm/sec, calibration 10mm/mV). 

2.00 THE CARDIA C CONDUCTION SYSTEM 

2.11 Structural components 

Beforee we continue our considerations about fundamental differences between structural and 

functionall  CCD, we should consider the structures involved in conduction in the heart. The 

cardiacc conduction system enables fast and co-ordinated contraction of the heart. It is 

composedd of specialized cardiac structures that are responsible for impulse formation and 

propagation.. The cardiac impulse is generated by the sinus node in the right atrium, and is 

conductedd to the left atrium via the Bachmann bundle. From the atria, electrical activity is 

transmittedd to the ventricular myocardium through the atrioventricular node, the bundle of 

His,, the right and left bundle branches, and the Purkinje fibre network successively, to ensure 

synchronizedd contraction of the heart. 

Macro-- or microscopical structural abnormalities in CCD may occur at any level in the 

conductionn system and disrupt normal impulse propagation. These structural abnormalities 

mayy range from partial or total absence of structures, to gradual replacement of the normal 

tissuess by fatty and/or fibrous tissue and calcification. 

2.22 Functional components 

Thee cardiac impulse, or action potential, is generated in the sinoatrial node through the 

combinedd action of several different types of ion conducting proteins.3"6 Shortly, the main 

21 1 



Mechanismss of inherited cardiac conduction disease 

playerss in the upstroke and repolarization of the SA node action potential are the depolarizing 

L-- and T-type calcium currents and the repolarizing delayed rectifier potassium currents 

respectively.66 The repolarization of the action potential is followed by the diastolic 

depolarization,, a slow spontaneous depolarization towards the threshold for generating 

anotherr action potential. For fast propagation of the action potential through the atria, His-

Purkinjee system and the ventricles, the voltage gated sodium channel and gap junctions are of 

majorr importance.3"5 The speed of depolarization of the cells in these tissues, which is 

representedd by the upstroke velocity of the action potential, is dependent on the magnitude of 

thee sodium current and thus on sodium channel function and availability.4 The depolarizing 

currentt is transmitted from cell to cell through intercellular channels, the gap junction 

channels.. These channels are constructed of two hemi-channels, each composed of 6 protein 

subunits,, the connexins.9 

Developmentss in molecular biology and genetics have increased our understanding of the 

molecularr mechanisms of inherited cardiac conduction abnormalities and arrhythmia 

syndromess in general. We now know that these familial primary electrical diseases of the 

heart,, that occur in the absence of structural heart disease or systemic disease, result from 

mutationss in cardiac ion channel genes and associated or modifying proteins, such as 

cytoskeletall  proteins.3'10 

3.00 METHOD S 

Thee Medline/OVID literature database was searched for original reports using the search 

terms:: cardiac, conduction, congenital, genetics, heart, inherited, Lenegre, Lev, SCN5A and 

sodiumm channel. In addition, relevant references in this set of papers which were not identified 

byy the Medline/Ovid literature database, were also retrieved. To further complete our database 

wee checked for follow up reports on the original publications. We have limited our search to 

originall  reports on cardiac phenotypes. 

Reviewingg and comparing data from original reports (Tables 1-3) that span more than 50 

yearss of scientific progress, comes with some problems. Firstly, the earlier reports are mainly 

casee reports of small groups of patients, or individual patients. For the study of the inherited 

naturee of diseases and genetic screening, large patient-groups are needed. Such screening 

couldd not be performed in earlier times, since the techniques for genetic analysis have come 

availablee only very recently. Only in the more recent studies, the presence of mutations in the 

SCN5A,SCN5A, PRAKG2, NKX2-5 and LMNA genes was investigated. These genes were recently 
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foundd to be linked to cardiomyopathies, (isolated) conduction disease and (isolated) 

arrhythmiass (Tables 1, 2 and 3). Secondly, in most reports the presence of discrete structural, 

histologicall  abnormalities of the heart and the specialized conduction system cannot always 

bee excluded because of the limited diagnostic possibilities in those days or because they were 

nott looked for. Also, some individuals reported with CCD may have been suffering from 

otherr cardiac diseases associated with fainting spells and arrhythmias that have only recently 

beenn recognized, such as the Brugada syndrome. 
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Tablee 1. Patients with inherited cardiac conduction disease related to anatomical 
abnormalitiess of the heart and/ or the specialized conduction system 
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B B 

C C 

IU/C C 

c c 
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anatomy y 
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Reference e 
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Reference e 
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andd 66) 

1 1 
family y 
(n-12) ) 

5 5 
familie e 

s s 
<n=25) ) 

sex x 

;*/? ? 

'7 7 

.-<< = ̂  

''TT=i =i 

<?=? ? 

' ii  = +' 

agee of 
onset t 

?/A A 

AA A 

A A 

A A 

A A 

A A 

C/A A 

ECG G 

l-3 ,h h 

degreee AV 
block/AF F 

AA F and 
atrial l 

flutter,, high 
progressive e 
highh grade 
conduction n 

disease e 

Brady--
arrhythmia/ / 

SA,, AV 
block k 

progressive e 
// affected 

individuals s 
>> 30yrs 

76%% need 
pacing g 

SB,, 1-3"1 

degreee AV 
block// AF. 

PM M 

l-3 , h h 

degreee AV 
block, , 

LBBB,, AF, 
AFl,, VES, 
AES,, PM, 

SD D 

l-3 ,h h 

degreee AV 
block, , 

LBBB,, PM, 
AF,, AFl, 

AES,, VES, 
SD D 

SB,, l-3 lh 

degreee AV 
block,, PM 

abnormal l 
anatomy y 

heart t 

cardiac c 
septation n 
defects s 

N N 

N N 

DCM M 

DCM M 

DCM M 

DCM M 

abnormal l 
anatomy y 

conduction n 
system m 

assessory y 
bundle e 

asscssory y 
bundle, , 

hypertroph h 
y(n=3) ) 

T T 

histology y 
myocard d 

7 7 

F/H H 

7 7 

DCM M 

histology y 
conduction n 

system m 

9 9 

11 case F, 
fatty y 

infiltration n 
SA,, AV 
nodee and 

AVV bundle 

9 9 

inheritance e 

AD D 

AD D 

AD D 

AD D 

AD D 

AD D 

AD D 

proposed d 
mechanism m 

mutationn in 
homeobox x 

transcription n 
factorr gene 

NKX2-5 NKX2-5 
(deletion) ) 

mutationn in 
PRKAG2 PRKAG2 

gene e 
encodingg a 

proteinn kinase 
regulatory y 

subunit t 
(R53IG) ) 

mutationn in 
PRKAG2 PRKAG2 

gene e 
encodingg a 

proteinn kinase 
regulatory y 

subunit t 
(R302Q) ) 

mutationn in 
LMNALMNA gene 

encoding g 
laminn A/C 

(R60G, , 
L85R, , 

NI95K, , 
E203GG and 

R571S) ) 

mutationn in 
LMNALMNA gene 

encoding g 
laminn A/C 

(E203KK and 
R225X) ) 

mutationn in 
LMNALMNA gene 

encoding g 
laminn A/C 
(L2I5P) ) 

mutationn in 
LMNALMNA gene 

encoding g 
laminn A/C 

(K97E, , 
E l l l X , , 

R1900 Wand 
317K) ) 
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Reference e 

Sebillon*' ' 
20033 "" 

Charnoit t 
*320O33 "* 

Taylor*' ' 
20033 *" 

Noo of 
cases s 

1 1 
family y 
(n=5) ) 

1 1 
family y 
(n=12) ) 

2 2 
familie e 
ss (n=5) 

sex x 

.''  = + 

agee of 
onset t 

A A 

A A 

A A 

ECG G 

l-3 ,h h 

degreee AV 
block,, AF, 

PM.. SD 

I-3 th h 

degreee AV 
block, , 
LBBB. . 

(i)RBBB, , 
PM,, AF, 

SD D 

P'' degree 
AVV block. 
AF,, AES, 
VES,, VT, 

SD D 

abnormal l 
anatomy y 

heart t 

DCM M 

DCM M 

DCM M 

abnormal l 
anatomy y 

conduction n 
system m 

T T 

•> > 

histology y 
myocard d 

DCM M 

DCM// F/ 
H H 

ffy y 

histology y 
conduction n 

system m 

• • ) ) 

inheritance e 

AD(7) ) 

AD D 

AD D 

proposed d 
mechanism m 

mutationn in 
LMNALMNA gene 

encoding g 
laminn AC 

(E161Kand d 
R377H) ) 

mutationn in 
LMNALMNA gene 

encoding g 
laminn AC 
(R377H) ) 

mutationn in 
LMNALMNA gene 

encoding g 
laminn A/C 

(G266TT and 
C1718T) ) 

ABBREVIATIONSS (Table 1,2 and 3) 

Columnn age of onset: AA= all ages, A= adulthood, B= birth, C= congenital, ILHn utero. Column ECG 
characteristics:: AF= atrial fibrillation, AF1= atrial flutter, AV= atrio-ventricular, CCHB= congenital complete 
heartt block, CHB= complete heart block, IVF= idiopathic ventricular fibrillation, LAD= left axis deviation, 
LAF== left anterior fascicle, LAHB= left anterior hemiblock, LPF= left posterior fascicle, LPHB= left posterior 
hemiblock,, PB=parietal block, PM=artificial pacemaker, PVC= premature ventricular complex, RBBB= right 
bundlee branch block, SB= sinus bradycardia, SD= sudden death, TdP= Torsade des Pointes, VT= ventricular 
tachycardia,, VF= ventricular Fibrillation, WPW= Wolf-Parkinson-White syndrome. Columns abnormal 
anatomyy and histology heart, conduction system : A= atrium, ASD= atrial septum defect, C= calcification, 
CTD== connective tissue disease, DCM= dilated cardiomyopathy F= fibrosis, FE= fibroelastosis, H= 
hypertrophy, , 
1== inflammation, V= ventricle. Column inheritance: AD= autosomal dominant, C= case, CH= compound 
heterozygosity y 
*iadditionall 1 patient group with idiopathic 2nd or 3th degree AV block was studied for NKX2-5 mutations and a 
secondd group with Tetralogy of Fallot.*2 additional 16 individuals with a familial history of cardiomyopathies 
andd 34 isolated cases were studied. *3 cases of CD (AV) occur without structural disease 
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Tablee 2. Patients with inherited cardiac conduction disease related to an SCN5A mutation 

Reference e 

Probst t 
'*2003 3 

Tan n 
2001 1 

Shiraii ,4 

2001 1 

Schott12 2 

1999 9 

Schottt ' : 

1999. . 
Herfst4 : : 

2003 3 

Valdiviaa 41 

2002 2 

Bezzina a 
2003 3 

Noo of 
cases s 

6525 5 

10/5 5 

255 1VF 
cases s 

! ! 
patient t 

family y 
1 1 

>150/ / 
15 5 

family y 
22 6/3 

9/5 5 

11 case 

5/2 2 

sex x 

' << + 

'? ? 

9 9 

''  = -f 

agee of 
onset t 

C C 

1. . 
AA A 
22 B 

B B 

B B 

B B 

ECG G 

RBBBLPHB B 
iRBBB/LBB B 
B/LAHB/LP P 
HB/PBB /1M 

degreee AV 
block/CHB B 

bradycardia a 
AV-nodal l 
escape, , 
broadd P. 
longg PR, 

widee QRS 

1 JJ degree 
AV-block k 

Rate e 
dependent t 

RBBB// IVF 

RBBB, , 
LBBB,, left 

ant t 
posterior r 

hemiblock, , 
PR>2I0 0 

broadd p-
wave// Is' 

degreee AV 
block// BBB 

2:11 AV 
block k 
QTc c 

prolonged/ / 
TdP/SCD D 

broad d 
complex x 

tachycardia a 
// atrial and 
ventricular r 
conduction n 
delay// SCD 

abnormal l 
anatomy y 

heart t 

none e 

none e 

NA A 

none e 

none e 

NA A 

VHH + D 

abnormal l 
anatomy y 

conduction n 
system m 

NA A 

NA A 

NA A 

NA A 

NA A 

NA A 

Y Y 

histology y 
myocard d 

NA A 

NA A 

NA A 

NA A 

NA A 

NA A 

FE++ C+ 
N+l l 

histology y 
conduction n 

system m 

NA A 

NA A 

NA A 

NA A 

NA A 

NA A 

F F 

inheritance e 

AD D 

AD D 

AD D 

AD D 

dee novo 
mutation n 

CH H 

proposed d 
mechanism m 

SC\5A SC\5A 
mutation n 
exonn 22-

deletionn non-
fuctional l 
sodium m 
channel l 

SCN5A SCN5A 
mulation n 
G514C C 

febrilee illness 
induced d 

SCK5A SCK5A 
mutation n 
S17I0L L 

SCN5A SCN5A 
missence e 
mutation/ / 

progressive e 

missence e 
SCN5A SCN5A 

mutation n 
5280delG/ / 
trafficking g 
defectt no 

channelss on 
thee cell 

membrane e 

M1766L L 
SCWSA SCWSA 

mutation n 
reduced d 
channel l 

expression n 
persistentt INa 

W156X/ / 
R225W W 
SCN5A SCN5A 

mutations/sec c 
.. to prog. 

degenarative e 
process s 
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Reference e 

Wang ' ' ' 
2002 2 

Wangg " 
2002 2 

Viswanathan n 
44 4 

2003 3 

Groenewegc c 

2003 3 

Noo of 
cases s 

6/3 3 

11 case 

5/2 2 

44/10 0 

sex x 

both h 

'•' ' 

• > > 

agee of 
onset t 

C C 

C C 

C C 

A A 

ECG G 

1"" degree 
tocornplete e 
AVV blocb 

RBBB B 

2"d3 lhdgree e 
A VV block 

2,hh degree 
AV-block k 

AS// AV-
block k 

abnormal l 
anatomy y 

heart t 

NA A 

NA A 

NA A 

none e 

abnormal l 
anatomy y 

conduction n 
system m 

NA A 

NA A 

NA A 

NA A 

histology y 
myocard d 

NA A 

NA A 

NA A 

NA A 

histology y 
conduction n 

system m 

NA A 

NA A 

NA A 

NA A 

inheritance e 

• > > 

AD/? ? 

AD? ? 

AD D 

proposed d 
mechanism m 

SCN5A SCN5A 
mutation n 

D1595N/K, , 
reduced d 

SCN5A SCN5A 
mutation n 

G298S// ka 

reduced d 

SCN5A SCN5A 
mutation n 

T 5 I 2 J / U 1 1 
modification n 
byy SCN5A 

polymorphis s 
mH558R R 

SCN5A SCN5A 
mutation, , 
D1275N N 

isolatedd or 
combined d 

withh a 
connexinn 40 
polymorphis s 

m m 
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Tablee 3. Patients of inherited cardiac conduction disease of unknown origine 

Reference e 

Brinkk 1977, 
19955 ^ 
vann der 
Mcrwc c 
19866 4" 

Brinkk 4 ' 
1977 7 

Lynchh 1975 

Lynchh 1973 

Sarachckk l l u 

1972 2 

Stcphann l0S 

1978 8 
Mecuws s 

1995 5 

Stephann , 0 ! 

1979 9 

Gazess " 
1965 5 

Noo of 
cases s 

1 1 
family y 
55/31 1 
invest! ! 
gated d 

1 1 
family y 
24/10 0 
invest] ] 
gated d 

1 1 
family y 
255/40 0 

166/26 6 

43/15 5 

209/32 2 

1 1 
kindred d 

3 3 
familie e 

s s 

35/11 1 
(8 8 

docum m 
ented d 
with h 
ECG) ) 

sex x 

•• - i 

""  ~x 

? ? 

* * 

•_?>ï ï 

t-r t-r 

agee of 
onset t 

IU U 

C C 

A A 

C C 

1U/B B 

AA A 

IU/B B 

ECG G 

RBBB/ / 
LAHB' ' 

broadd QRS/ 
CHB// SCD 

SB// LPHB/ 
narrow w 

QRS/CHB, , 
SCD D 

1sll degree-
complete e 
AVV block/ 
SB// atrial 

or r 
ventricular r 
arrhythmia; ; 

SCD D 

SB/CHB/ / 
ls,&2"'' ' 

degreee AV 
block/ / 

RBBB+LA A 
HB// SCD 

duee to CHB 
andd eci. 

(ic)RBBB/ / 
LAD// RAD 
CHB.. still 

birth h 
CCHB/ / 

SCD D 

CHB/ / 
(ic)RBBB/ / 

LAHB/ / 
RBBB+LA A 

HB B 

SB B 
AV-blockk 1 

andd 2 
degree/ / 

complete e 
block k 

RBBB/ / 
SCD D 

abnormal l 
anatomy y 

heart t 

NA A 

NA A 

none e 

none e 

NA A 

none e 

abnormal l 
anatomy y 

conduction n 
system m 

NA A 

NA A 

none e 

NA A 

NA A 

NA A 

histology' ' 
myocard d 

NA A 

NA A 

none e 

NA A 

NA A 

NA A 

hypertrop p 
hyy and 

dilatation n 
11 case 

histology--
conduction n 

system m 

NA A 

NA A 

none e 

NA A 

NA A 

NA A 

inheritance e 

AD D 

AD D 

AD D 

AD D 

AD D 

AD D 

proposed d 
mechanism m 

diseasee linked 
to o 

chromosome e 
I9ql3.2-13.3/ / 
progressive e 

degeneration n 
off the 

conduction n 
paths s 

'.'/progressive e 

diseasee linked 
too locus 
19ql3.3 3 

mechanismm ? 

?// progressive 

unknown n 
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Reference e 

Simonsenn '** 
1970 0 

Jamess "'* 
1975 5 

Combrink k 
g*1962 2 

McCue e 
"1977 7 

Winkler"1 1 

1977 7 

Veracochca a 
1011 1967 

Esscherr "" 
1975 5 

Balderston n 
"-- 1989 

Noo of 
cases s 

30/5 5 

2 2 
sibling g 

s s 

100 6 

22 2 
(4)*' ' 

11/4 4 

S33 (3t 
eci.) ) 

91/20 0 

2 2 
individ d 
ualss in 

1 1 
family y 

sex x 

11 >•?' 

'' ~ + 

_ . -- i 

? ? 

'} '} 

agee of 
onset t 

C C 

B B 

B B 

C C 

A/C C 

B B 

B B 

C C 

ECG G 

SR. . 
bradycardia a 

l-2-3th h 
degreee AV-

block k 
LBBB/ / 
RBBB B 

CCHD D 

AV--
dissociation n 

CHB/ / 
RBBB/ / 

SCD D 

CCHB B 

bradycardia a 
,, AV block, 

CHB, , 
RBBB, , 
LBBB B 

complete e 
AVV block 

RBBB B 

AVV block/ 
CHB B 

/LBBB B 
pattern n 

abnormal l 
anatomy y 

heart t 

NA A 

11 case Y 

NA A 

++ CTD 
associated d 

cases s 

none e 

none e 

none e 

abnormal l 
anatomy y 

conduction n 
system m 

NA A 

11 case Y 

NA A 

NA A 

NA A 

NA A 

NA A 

histology y 
myocard d 

NA A 

1 1 

NA A 

1// C CTD 
associate e 
dd cases 

NA A 

NA A 

NA A 

histology y 
conduction n 

system m 

NA A 

1/N N 

NA A 

NA A 

NA A 

NA A 

NA A 

inheritance e 

AD D 

•) ) 

AD D 

7 7 

AD D 

AD D 

proposed d 
mechanism m 

'.'<< variable 
clinical l 
picture/ / 

progressivee '.' 

•) ) 

"structural l 
faultt in the 
conducting g 

bundle....orr a 
enzyme e 

derangement t 
inn fibers of 
thee RBB" 

14xx maternal 
CTD D 

associated,4x x 
'.',, non 

structural l 

genetic c 
(paternally y 

transmitted)) + 
maternal l 
CTDD (2 
cases) ) 

'.' ' 

7// congenital 

?? non
structural, , 

progressive e 
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4.00 HISTORY 

4.11 Historical description of cardiac conduction disease 

Withoutt actual electrical recordings we are left guessing at the mechanisms of what are the 

firstt descriptions of 'fainting spells'. It was not until the beginning of the 20th century that the 

developmentt of the electrocardiogram by Willem Einthoven (1860-1927) made electrical 

recordingss of impulse conduction through the heart possible. Giovanni Battista Morgagni 

(1682-1771),"" however, was probably the first to link recurring fainting episodes in a man to 

aa simultaneously observed slow pulse rate. In the 19l century first Robert Adams (1827)12 

andd later William Stokes (1854)13 made similar observations. The first known report of an 

Adams-Stokess attack combined with ECG recordings came from van den Heuvel14 who 

describedd a case of congenital heart block. Lenegre and Lev combined clinical observations, 

ECGG recordings and detailed post mortem studies of the heart, whereby they proved their 

directt relationship in the 1960's.15"18 The names Lenegre and Lev have since thenceforth 

becomee synonymous with (progressive) cardiac conduction disease. Electrocardiographically, 

bothh Lenegre and Lev disease are characterized by chronic conduction delay through the His-

Purkinjee system, resulting in partial or complete AV-block and right or left bundle branch 

block.15'188 In both diseases a sclerodegenerative process causes fibrosis of the His-Purkinje 

fibers.. The severity and extend of the fibrosis in either disease, however, is different.15"18 In 

Lenegree disease, a diffuse fibrotic degeneration is limited to the conduction fibers, while in 

Levv disease the scelerodegenerative abnormalities affect both the specialized conduction 

systemm and the fibrous skeleton of the heart. An inherited component may be involved in both 

diseases.. However, particularly Lev disease may be a variation of the normal aging process. 

4.22 Congenita] or  inherited abnormalities in cardiac conduction 

Thee recognition that CCD can be as well inherited as acquired, dates from the beginning of 

lastt century. In 1901 Morquio described, what was probably congenital complete 

atrioventricularr block in a family."0 The disease was evidenced by syncopal periods with slow 

pulsee rates. Congenital heart block was at that time already reported in new-borns from 

motherss suffering from connective tissue diseases. Other, early recognized causes for 

congenitall CCD are infectious diseases such as diphtheria, rheumatic fever and congenital 

syphilis.21'233 Due to the absence of electrocardiographical, or histological analysis, exact 

diagnosiss is difficult in these early cases of congenital CCD. 
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Thee discovery of gene mutations that are causally involved in inherited CCD are relatively 

recent.. Nowadays for example, mutations have been found in genes encoding (transcription) 

factorss that regulate cardiac morphogenesis. Such mutations cause inherited CCD due to, or in 

combinationn with, cardiac malformations." "" 

Similarly,, mutations have been found in inherited non-structural CCD, often encoding cardiac 

ionn channel proteins.32"14 Some genes involved in non structural inherited CCD, however, 

remainn to be identified. A good example are two reports from 1977 on two types of 

progressivee congenital or familial heart block (PFHB), type I and II, among families in South 

Africa.45466 In 1995, PFHB type I was linked to a gene located on chromosome 19ql3.2-

ql3.3.47'48Thiss discovery proved the inherited nature of the disease but the pathophysiological 

mechanism,, the affected protein and the genetic defect have not been identified yet. 

5.00 STRUCTURAL  CCD 

Inn case of structural CCD, anatomical abnormalities underly the impairment of normal 

impulsee propagation. This concerns macro- or microscopical structural abnormalities that may 

occurr at any level in the conduction system. The structural abnormalities, as mentioned, may 

rangee from partial or total absence of structures to gradual replacement by fatty and/or fibrous 

infiltrationn and calcification. In many reports, the term structural heart disease is reserved for 

overtt anatomical abnormalities of the heart and does often not include the specialized 

conductionn system, which is often not studied (Tables 1-3). Therefore, hearts that are 

consideredd to be structurally normal may still have histological abnormalities, such as focal 

myocarditiss or segmental cardiomyopathy. Structural CCD may be either congenital or 

inheritedd (Figure 2). 

5.11 Structural CCD of congenital nature 

Thee causes of congenital structural CCD are many, they can be part of a syndrome and be 

associatedd with abnormalities in other organ systems. For example, anatomical heart defects 

mayy occur in chromosomal disorders like Down, Edward's, Pateau or Turner syndrome. "'" 

Althoughh congenital anatomical heart defects frequently occur in these and other 

chromosomall disorders, still in the majority of cases no chromosomal abnormalities can be 

found.222ii Other causes for structural heart disease may be the intra-uterine exposure to 

infectiouss agents or toxic agents (e.g. nicotine, drugs).""" As mentioned before, infectious 

diseasess like diphteria, syphilis and rheumatic fever had a significant role in congenital CCD 
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inn the past. Although nowadays relatively less frequent, viral and bacterial infectious diseases 

stilll have a role in congenital CCD.2'"23 Finally, another important cause of congenital 

structurall CCD, is intra-uterine exposure to maternal auto-antibodies. Because the structural 

abnormalitiess in these cases may be very subtle or even absent, the underlying mechanism 

willl be considered separately below (5.1.1). 

structurall normal heart CONDUCTIONN DISEASE -> structural abnormal heart 

CONGENITAL L 

> > 

> > 

> > 

> > 

> > 

INHERITED D 

SCN5ASCN5A sodium 
channell mutations 
gapp j unction gene 
mutations s 
fattyy acid 
oxidation n 
disorders s 
[PRKAG2 [PRKAG2 
mutationss (protein 
kinasee subunit) 
LMNALMNA gene 
mutationss (Lamin 
A/C) ) 

ACQUIRED D 

>>  drugs 
>>  electrolyte 

abnormalities s 

4 4 

CONGENITAL L 
BUTT NOT 

INHERITED D 

maternall Anti 
Ro/SSA A 
antibodies s 
exposuree to toxic 
agents s 

> > 
> > 
> > 
> > 
> > 
> > 

ACQUIRED D 

ischemic c 
traumatic c 
autoimmune e 
infectious s 
neoplasmata a 
ageingg (Lev 
disease) ) 

* * 

> > 

> > 

> > 

> > 

> > 

INHERITED D 

NKX2-5NKX2-5 mutatoions 
(transcription n 
factors) ) 
PRKAG2PRKAG2 mutations 
(proteinn kinase 
subunit) ) 
LMNALMNA gene 
mutationss (Lamin 
A/C) ) 
somee muscular 
dystrophies s 
(SCNSA(SCNSA sodium 
channell mutations) 

CONGENITAL L 

> > 

• • 

> > 

> > 

> > 

CONGENITAL L 
BUTT NOT 

INHERITED D 

maternall Anti 
Ro/SSAA antibodies 
exposuree to toxic 
agents s 
exposuree to 
infectiouss agents 
chromosomal l 
abnormalities s 
Lenegre// Lev disease 

5.1.15.1.1 Autoimmune mechanisms 

Autoimmunee diseases can affect the whole cardiovascular system including the cardiac 

conductionn system. " CCD in autoimmune disease may be secondary to myocarditis 

34 4 



Chapterr 2.1 

becausee of inflammation and infiltration, as in Systemic Lupus Erythematosus (SLE), 

sclerodermaa and polymyositis.49"55 Vasculitis and obi iterative endarteritis are examples of 

autoimmunee diseases that indirectly affect the myocardium by causing ischaemia " Cardiac 

conductionn may be affected to a variable degree in the various autoimmune diseases. In HLA-

B277 associated diseases for instance, such as the seronegative spondylarthropathies, CCD is 

off frequent occurrence although structural abnormalities may be absent (see also paragraph 

6.2.2)5659Inn this latter group the conduction abnormalities usually consist of A-V block, sinus 

nodee disease and bradycardia. These abnormalities can be irreversible or intermittent. The 

latterr argues for a reversible, functional, inflammatory process rather than permanent 

fibrosis.(seee 6.2.2)" 

5.22 Structural CCD of inherited nature 

5.2.15.2.1 Septation defects 

Mutationss have been identified in familial forms of cardiac malformations. These mutations 

havee been found in genes encoding proteins that regulate septation of the heart, resulting in 

atriall septum defects (ASD) or ventricular septum defects (VSD).24"31 Mutations in TBX5, a 

T-boxx transcription factor, have been identified in patients suffering from Holt-Oram 

syndrome.244 This autosomal inherited syndrome is characterized by cardiac septation defects 

andd extra-cardiac abnormalities. Sometimes, mutation carriers have CCD and atrial 

fibrillationn in the absence of septation defects. 

Mutationss in NKX2.5, encoding a homeobox transcription factor, have been found in cases of 

familiall ASD without extracardiac abnormalities (Table l).2531 Although the initial 

descriptionn was in individuals with autosomal inherited ASD and progressive AV block, it 

noww seems that the clinical spectrum may be more diverse, including also VSD and tetralogy 

off Fallot. Finally, a number of familial cases of cardiac septation defects with progressive AV 

blockk have been diagnosed in which the involved proteins and genes still await identification. 

5.2.25.2.2 The cytoskeleton 

Mutationss in genes encoding cytoskeletal proteins and nuclear membrane proteins have been 

foundd to be causally involved in inherited cardiomyopathies and muscular dystrophies (Table 

l).60"688 An intact cytoskeleton is required for proper myocyte structure and is additionally 

involvedd in cell signalling processes. 

Cardiacc arrhythmias and conduction disease are common in patients suffering from muscular 

dystrophiess and dilated cardiomyopathies (DCM).60"62 Mutations in the LMNA gene, encoding 

laminin,, have been described to be causally involved in autosomal dominant Emery-Dreifuss 
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muscularr dystrophy, as well as in families with DCM and severe cardiac conduction defects 

withoutt skeletal muscle involvement.60 In these latter families, however, some individuals had 

severee conduction abnormalities in the absence of DCM or other clinically identified 

structurall heart disease.60"63'65"68 In these patients CCD probably precedes the development of 

DCM. . 

5.2.35.2.3 Protein kinase disorders 

Recentlyy a mutation (R302Q) in the PRKAG2 gene, which encodes for a regulatory subunit 

(y-2)) of adenosine monophosphate-activated protein kinase (AMPK), has been described 

(Tablee l).69 This mutation was found in patients with the Wolff-Parkinson-White (WPW) 

syndrome,, a disease characterized by ventricular preexcitation, atrial fibrillation and 

conductionn defects. In 76% of the carriers of the R302Q mutation, in addition to preexitation, 

conductionn disease was found, such as SA- and AV-block. Hypertrophy was found in 26 

percentt of the mutation carriers. Mutations in the PRKAG2 gene thus cause structural heart 

disease,, such as accessory conduction pathways between the atrial and ventricular 

myocardium,, and cardiac hypertrophy.69 

6.00 FUNCTIONA L  CCD 

Functionall CCD we defined as CCD without any structural, anatomical or histological 

abnormalitiess of the myocardium and its conduction system. In these circumstances the 

detrimentall effects on cardiac conduction are usually due to altered function of cardiac ion 

channelss or associated proteins, similar to the primary electrical diseases of the heart among 

whichh inherited CCD. Like in structural CCD, we can distinguish acquired, congenital and 

inheritedd forms. Isolated CCD may precede other disease symptoms and in some cases 

functionall CCD may be the first symptom of a disease that eventually will result in structural 

damagee to the heart.63"68 

6.11 Acquired forms of functional CCD 

Acquiredd functional CCD may be induced by several drugs, especially antiarrhythmic and 

anaestheticc drugs, and their effects are reversible. Additionally, there are several naturally 

occuringg toxins, which may affect conduction. The working mechanism of these toxins on 

conductionn is often through a direct effect on ion channel function. Disturbances of ion 

concentrationss in intra- or extracellular fluids may additionally be a cause of CCD. 
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6.22 Functional CCD of congenital nature 

6.2.16.2.1 Autoimmune mechanisms 

Nextt to the inflammatory mechanism giving rise to structural forms of CCD in autoimmune 

diseases,, there may also be a functional component in neonates born from mothers suffering 

fromm SLE or other connective tissue diseases.56"59 Namely, in a number of cases, the 

congenitall heart block may be transient and regress when the maternal IgG antibodies are 

washedd out.56"59 Usually these individuals have a 1st degree A-V block combined with sinus 

bradycardia.. Maternal SSA/Ro and/or SSB/La (IgG) antibodies that cross the transplacental 

membranee and enter the foetal circulation underly this CCD. " In order to elucidate the 

mechanism,, Boutjdir et al. retrogradely perfused a human fetal heart on a Langendorff 

perfusionn system with purified IgG antibodies from a mother who gave birth to a child with 

CCDD and who was diagnosed with SLE. In this system they were able to induce a partially 

reversiblee but total A-V block.57 Similar results are obtained in different animal experimental 

models.566 It is postulated that the block is due to modification of the L-type calcium channels 

inn foetal A-V node myocytes by maternal IgG antibodies." Although the number of cases 

wheree functional CCD in these children is involved is limited, it is worthwhile to consider its 

rolee because it may present a pharmacological treatable form of CCD. 

6-33 Functional CCD of inherited nature 

6.3.16.3.1 Protein kinase disorders 

Recentlyy a missense mutation (R531G) and another constitutively active mutation (T172D) in 

thee PRKAG2 gene have been described in patients with WPW syndrome.70 In contrast to the 

R302QQ mutation in the PRKAG2 gene (paragraph 5.2.2.),69 carriers of these two mutations did 

nott have cardiac hypertrophy but did have sinoatrial or atrioventricular block.7 Because these 

mutationss occur in the gene encoding the y2 regulatory subunit of AMP-activated protein 

kinase,, they may have an effect on cardiac conduction by affecting the phosphorylation state 

off several cardiac ion channels,71 as has been shown for the T172D mutation. This mutation 

affectedd the inactivation properties of the human cardiac sodium channel in a cell expression 

model.. In addition, AMPK has been shown to be a modifier of other human ion channels 

besidess the cardiac sodium channel. 

6.3.26.3.2 Fatty acid oxidation disorders 

Fattyy acid oxidation disorders are inborn errors of metabolism that affect normal transport and 

metabolismm of fatty acids due to enzymatic defects. " The heart is one of the organs that may 

bee affected and cardiomyopathy with conduction and rhythm abnormalities may be one of the 
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presentingg symptoms. Fatty acid oxidation disorders can also present as conduction 

diseasee and atrial arrhythmias, without structural heart disease. Usually these patients have 

defectss in enzymes that regulate mitochondrial transport of long-chain fatty acids (carnitine 

palmitoyll transferase type II, carnitine-acylcarnitine translocase).72"74 

Thee pathophysiology of conduction disease and other clinical features in fatty acid oxidation 

disorders,, results from accumulation of fatty acid metabolites downstream from the enzyme 

defect.. The long chain fatty acid metabolites accumulating in these enzyme defects may be 

toxicc to myocytes, but additionally they may affect ion channel proteins. They have been 

shownn to reduce the inward rectifying Kf and depolarizing Na+ current, to activate Ca2+ 

channels,, and to impair gap-junction hemi-channel interaction.73 With the exception of the 

effectss on Ca + channels, these alterations negatively affect conduction in the heart. Since 

multiplee types of ion currents are simultaneously affected, they may deliver a substrate for 

cardiacc arrhythmias. These disorders are rare, and probably underestimated, but present a 

potentiallyy treatable cause of childhood arrhythmias and conduction disease. 

6.3.36.3.3 The cytoskeleton 

Sometimess the first and most prominent symptom of inherited cardiomyopathy or muscular 

dystrophyy is isolated CCD, without or before the development of detectable structural cardiac 

abnormalities.. ' " It may be speculated that in these cases, mutations in cytoskeletal 

proteinss directly or indirectly, alter ion channel function. Some recent studies that show the 

associationn of ion channel and cytoskeletal proteins, support this view. That is, the 

intracellularr located protein y-syntrophin, associates and interacts with the pore forming oc-

subunitt of the cardiac sodium channel, thereby regulating its membrane expression and gating 

behaviour.. As mentioned previously, this ion channel is vital for normal cardiac conduction. 

Syntrophinn additionally associates with the cell-membrane associated proteins dystrophin and 

ankyrin,, the latter are known to interact with the modulatory (3-subunits of rat brain voltage 

gatedd sodium channels. 5"78 p-Subunits are small transmembrane proteins that have 

extracellularr regions which interact with extracellular matrix proteins.77 Disruption of 

cytoskeletall organization may therefore be involved in abnormalities of cardiac conduction, as 

welll arising from structural as from functional malfunctioning.79"10 Inversely, these 

interactionss may additionally explain why in some cases of sodium channel mutations, 

exaggeratedd fibrosis is found, probably resulting from abnormal function or expression of 

sodiumm channels.36'37 The role of the cytoskeleton in electrical diseases of the heart was 
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additionallyy convincingly proven by the identification of a loss-of function mutation in 

ankyrinn in the long QT syndrome type 4.10 

6.3.46.3.4 Mutations in the SCN5A gene 

Thee first and as yet only gene that has been found to play a role in functional familial CCD is 

SCN5A,SCN5A, encoding the ot-subunit of the cardiac sodium channel (hHl).32"44 In 1999 in one 

familyy with progressive CCD and in another with non-progressive CCD, a causal relationship 

wass found with two different mutations in the SCN5A gene. 2 Both these mutations resulted in 

non-functionall human cardiac sodium channels. Carriers of these mutations are thus expected 

too have only 50% of the normally available sodium channels, namely those encoded by their 

normall allele. Consequently, a considerable reduction in depolarizing sodium current is to be 

anticipated,, which will give rise to a slowing of conduction. Other mutations in the SCN5A 

genee involved in CCD alter the function of sodium channels. These mutations usually reduce 

thee cardiac sodium current by reduction of their membrane expression, probably through 

actionss of the quality control system in the endoplasmatic reticulum of the cell, or by a 

changingg the gating properties of the channel. 

Presentlyy 11 SCN5A mutations have been published that are causally related to inherited 

cardiacc conduction disease.32"44 Combinations of SCN5A mutations and degenerative 

abnormalitiess have however also been reported and it is likely that such combinations will be 

presentt in ageing SCN5A mutation carriers as well (6.3.3).36 

6.3.56.3.5 Polymorphisms in the connex'm gene 

Connexinss are the building blocks of gap junction channels that functionally and electrically 

connectt cardiac myocytes.7'9 They are responsible for coupling and current conduction 

betweenn neighbour myocytes.7*9 Presently only one polymorphism in the atrial connexin40 

genee has been identified in familial atrial standstill and CCD. These patients additionally 

carriedd an SCN5A mutation (D1275N) that reduced Na-current.38 

7.00 RELATIONSHI P BETWEEN PATHOPHYSIOLOGICA L MECHANIS M 

UNDERLYIN GG CCD AND CLINICA L PHENOTYPE 

Comparisonn of the clinical symptoms that accompany structural or functional CCD 

respectively,, reveal some (small) differences that relate to the age of clinical manifestation, 

thee extent of the disease, and the incidence of arrhythmias. 
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7.11 Age of clinical manifestation 

Symptomss of structural congenital CCD due to anatomical defects of the heart and the 

conductionn system, such as those found in chromosomal disorders and septation defects due 

too mutations in transcription factor genes, may already be present in utero or at birth. 

However,, in the great majority of the reports where these defects were found to be causally 

relatedd to mutations in PRKAG2, NKX2-5 or LMNA, the disease is recognized at an adult age 

(Tablee 1)_-7-30-31-60-63-70 Presenting symptoms may therefore be due to the structural cardiac 

abnormalitiess (e.g. shunting) or due to conduction abnormalities. Symptoms of congenital 

CCDD caused by sclerodegenerative abnormalities, e.g. due to the autoimmune mechanism, are 

oftenn already present at an early age.49"51'57"' 

Functionall congenital CCD, on the other hand, may be incompatible with life or becomes 

evidentt early in life (Table 2).3"'" ' 5' 7-84-4 M However, in one report on CCD associated 

withh a reduction in INa due to a mutation in SCN5A, symptoms of CCD appeared only later in 

life.. ' On the basis of this report we may speculate that a reduction in available functional 

sodiumm channels, and the consequent reduction in lNa, can probably be tolerated to some 

extent.. The effects of a reduction in INa may therefore sometimes not become evident until a 

laterr age, when conduction in the heart becomes impaired because of the naturally occurring 

agingg process. Interestingly the normal ageing process usually involves sclerosis, although 

evidencee is emerging that sclerosis is enhanced in carriers of loss-of-function SCN5A 
.. .  36.37 

mutations. . 

7.22 Extent of the disease 

Inn structural CCD, the conduction abnormalities are often localized to a specific part of the 

specializedspecialized conduction system. Obviously, in CCD associated with chromosomal disorders or 

mutationss in transcription factor genes, conduction problems are limited to the part of the 

specializedd conduction system involved in the septation defect. Symptoms of congenital CCD 

causedd by sclerodegenerative abnormalities, e.g. due to the autoimmune mechanism, are 

mostlyy restricted to the AV-nodal region. 49-5K57~59 The only exception upon this, forms the 

groupp of DCM due to LMNA mutations, in which the atria, the bundle of His, the bundle 

branchess and the working myocardium are affected.60"6 

Iff we consider the group of purely functional CCD, without structural abnormalities, than this 

groupp is mainly represented by cases of CCD due to SCN5A mutations. Cardiac conduction 

seemss to be more generally impaired in reports where an SCN5A mutation is involved. This is 

too be expected in view of the fact that the cardiac sodium channel is present and functional 
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throughoutt all regions of the heart. A mouse model with a loss-of-function SCN5A mutation, 

nicelyy supports this view.s" Mice homozygous for the mutation display in vivo impaired 

atrioventricularr conduction and preparations of the isolated hearts show impaired 

atrioventricular,, delayed intramyocardial conduction and increased ventricular refractoriness. 

Besidess these abnormalities, ventricular tachycardia due to reentry occured in the isolated 

hearts.82 2 

7.33 Cardiac arrhythmia s 

Becausee of the limited information and the low number of patients in many of the clinical 

reports,, a statement about the incidence of arrhythmias with relation to structural or functional 

CCD,, is precarious. The occurrence of tachy-arrhythmias and sudden cardiac death (SCD), 

mayy be expected to be more frequent in patients with CCD that carry loss of function SCN5A 

mutations,, comparable to patients with SCN5A-associated idiopathic VF and Brugada 

syndrome.33 Evaluation of tables 1 to 3 shows that this difference is not as clear as expected. 

Inn the 26 reports on structural CCD (Table 1) SCD is reported 8 times and in 6 cases (dilating) 

cardiomyopathyy is involved. Atrial arrhythmias are reported 10, and ventricular arrhythmias 3 

timess (Table 1). In the 11 reports on CCD in the presence of an SCN5A mutation (Table 2) 

SCDD is reported 2 times and ventricular arrhythmias 3 times. Among the 16 reports of 

congenitall CDD of unknown cause (Table 3), SCD is reported 6 times, of which 5 times due 

too complete heart block. In this group atrial or ventricular arrhythmia (broad complex 

tachycardiaa of unknown origine) is reported once. Thus, from these numbers cardiac 

arrhythmiass do not seem to be more frequent among patients with functional CCD due to 

SCN5ASCN5A mutations. 

8.00 CONCLUSION 

Inn congenital CCD there are two pathophysiological pathways, a structural and a functional. 

Eachh pathway can be further divided in inherited, congenital or acquired pathophysiological 

mechanismss (Figure 2.). Structural and functional CCD are two mechanistically different 

diseasess which may however have some overlap. Reduced sodium current due to mutations in 

thee SCN5A gene, encoding the cardiac sodium channel, is the most important mechanism in 

congenitall CCD without structural abnormalities and may already be symptomatic at an early 

age.. Additionally, this mechanism may be involved in congenital CCD associated with 

abnormalitiess of the cytoskeleton of the heart.60'68 
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Moree detailed knowledge of the function of the cardiac sodium channel, by studying inherited 

electricall disorders like congenital CCD, may enable us to develop a pharmacological 

treatmentt for this form of congenital CCD. Additionally it may enable us to develop drugs to 

treatt other cardiac diseases that are caused by loss-of-function SCN5A mutations. Until than 

thee treatment for SCN5A related CCD is pacemaker implantation, as in other forms of CCD. 

Duee to the fact that the whole myocardium may be affected in SCN5A related CCD 

pacemakerr treatment may, however, be less successful in these circumstances.33 

Hencee for both treatment and scientific purposes, an accurate, genetic diagnosis in inherited 

CCDD is important. 
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ABSTRACT T 

Background:: Autosomal-dominant mutations in the SCN5A gene are responsible for several 

cardiacc electrical disorders, including the Long-QT syndrome type 3, Brugada syndrome, and 

inheritedd cardiac conduction disease (ICCD). Patients suffering from these disorders are at 

riskk of cardiac arrhythmias leading to syncope and sudden death. Here, we report two novel 

ICCDD SCN5A mutations. One led to an insertion of an isoleucine at amino acid position 1569-

15700 (I1569-1570ins) and the other was a missense mutation resulting in the substitution of 

ann arginine at position 367 by a cysteine (R367C). We report on the clinical, genetic, 

biophysicall characteristics and protein expression of these two new SCN5A mutations. 

Methodss and Results: Analysis of the biophysical properties of these mutations in HEK-293 

cellss showed a dramatic reduction in sodium current. Measurement of whole cell sodium 

currentss using the patch-clamp technique revealed peak sodium current amplitudes of 1.7

0.33 nA (n=15) for I1569-1570ins vs. 7.4  1.5 nA ((n=13) (PO.0005)) for wild-type control 

channelss in the presence of the (3-subunit at -20 mV. In case of R367C, there was a complete 

absencee of expressed sodium current. The reduction in current magnitude for 11569-1570ins 

couldd not be explained by changes in channel kinetics. The R367C current could not be 

rescuedd by using another cell expression system (tsA201), decreasing the incubation 

temperaturee or incubation of transfected cells with sodium channel blocking drugs. Assessing 

thee surface expression of both mutants and wild-type channels by GFP tagging showed that 

surfacee expression of the mutant channels was reduced. 

Conclusions:: The reduced/absent sodium current of these mutant channels is very likely a 

consequencee of a reduction in membrane channel expression. The conduction disease in 

carrierss of these mutations is explained by these findings. 
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INTRODUCTIO N N 

Thee SCN5A gene encodes the ct-subunit of the voltage gated cardiac Na+ channel, which 

exertss an essential role in the generation and propagation of the cardiac impulse. " 

Autosomal-dominantt mutations in the SCN5A gene are responsible for several cardiac 

electricall disorders, including the long QT syndrome type 3 (LQT3),3"5 Brugada syndrome 

(BS)2"4'6"8,, idiopathic ventricular fibrillation (IVF)9 and inherited cardiac conduction disease 

(ICCD).4'10-177 Distinct electrocardiographic (ECG) phenotypes and risks characterize these 

syndromes.. In none of these diseases underlying structural abnormalities of the heart are 

involved. . 

Thee LQT3 syndrome is characterized by a prolonged QT-interval on the ECG, as evidence of 

delayedd ventricular repolarization, due to gain-of-function SCN5A mutations." These 

patientss are at risk for developing ventricular tachyarrhythmias, specifically torsades de 

pointes,pointes, and ventricular fibrillation. 

Thee Brugada syndrome, on the other hand, is in approximately 15-30% of cases associated 

withh loss-of-function SCN5A mutations.18'19 The syndrome is characterized by J-point 

elevationn in leads VI-V3 appearing as (incomplete) right bundle branch block ((i)RBBB).'" 6" 
88 Brugada syndrome is associated with a high mortality resulting from (often nocturnal) 

ventricularr fibrillation. ' 

ICCDD is an inherited cardiac arrhythmia disorder characterized by prolongation of the 

conductionn parameter in the His-Purkinje conduction system. Like the Brugada syndrome, 

ICCDD is associated with loss-of-function SCN5A mutations.410"17 Patients suffering from 

ICCDD are at risk of developing complete atrioventricular block leading to syncope and sudden 

cardiacc death (SCD).4"10"17 

Inn both BS and ICCD, the mechanism of the reduction in sodium current (INa) can be either a 

reductionn in the expression and trafficking of the channels, or a gating defect. " When 

specificc gating defects are involved, it is often possible to explain the phenotype of the 

disease."" Sometimes, however, the phenotype is less readily explained. A number of SCN5A 

mutationss are even causally involved in both Brugada syndrome and ICCD. ' In carriers 

off the G1406R SCN5A mutation for example, 4 of 6 male carriers presented with a BS 

phenotype,, while all 6 female mutation carriers developed an ICCD phenotype. The 

identification,, and further characterization of ICCD and Brugada syndrome associated SCN5A 

mutations,, and genetic and environmental modifying factors, may be helpful in increasing our 

understandingg of these diseases and the phenotypical differences. 

51 1 



Cardiacc conduction disease by a reduction of membrane sodium channel expression 

Inn this paper, we report clinical, genetic, and biophysical characterizations of two new SCN5A 

mutationss causing ICCD in two non-related families. 

MATERIAL SS AND METHOD S 

GeneticGenetic analysis 

Geneticc studies were performed in accordance with the recommendations of the medical 

ethicss committee of the involved hospitals and by the agreement of the patients and their 

familyy members. Genomic DNA was prepared from peripheral blood lymphocytes by 

standardd methods. Haplotype analysis was done by genotyping of microsatellite markers 

aroundd the SCN5A gene and by genotyping of intragenic SCN5A polymorphisms. Mutation 

analysiss was done by SSCP analysis followed by direct sequencing (ABI 377 automated 

sequencer)) of the aberrant conformers. Genotyping of paraffin embedded sections from 

deceasedd individuals was done with the DNA isolated using the QIAmp DNA blood kit 

(Qiagen)) by allele-specific polymerase chain reaction using an allele specific oligonucleotide 

primer. . 

ClinicalClinical analysis 

Alll consenting family members were evaluated by medical history and 12-lead 

electrocardiogramss (ECG). Of the 12-lead ECG's, the following parameters were determined: 

heartt rate, P wave duration (leads II and VI), PQ-, QRS- and QTc-intervals. Because in 

familyy A (I1569-1570ins sodium channel mutation) initially the diagnosis Brugada syndrome 

wass considered based on the occurrence of sudden death (SD) and baseline ECG's 

abnormalities,, 11 family members (AIII-1, AIII-2, A1II-3, AIII-7, AIII-8, AIII-9, AIII-10, 

AIII-11,, AIII-13, AIII-14, AIII-17) were tested for this disease using the class I drugs 

flecainidee (6 patients), procainamide (4 patients) and propafenone (1 patient). With this test, 

patientss suspected of the BS can be identified. BS patients may have spontaneous J-point 

elevationn in leads VI and V2 of their ECG. Three ST-segment shapes, type 1 (coved), type 2 

andd type 3 (saddle) are recognized. While a type 1 ECG is considered diagnostic for the 

Brugadaa syndrome, a type 2 or 3 ECG is not necessarily so. In patients with a normal baseline 

ECG,, but who are suspected of Brugada syndrome, ST-segment elevations can sometimes be 

inducedd using this test. 
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Thee brothers and sisters (AIII-11, AIII-13, AIII-14, AIII-17) of the two index patients of 

familyy A and the index patient of family B (BII-3) underwent electrophysiological study 

(EPS),, to evaluate their risk for developing malignant ventricular arrhythmias. 

GenerationGeneration of expression vectors 

Mutantt sodium (Na+) channel cDNAs were prepared by mutagenesis on the pSP64T-hHl 

plasmidd (Makita et a!.), using the QuikChange™ (Stratagene) site-directed mutagenesis kit 

andd the following oligonucleotides: 

5'-TGTGGCCATCATCTTCACAGGCGAG-3'(sense)and d 

5'-CTCGCCTGTGAAGATGATGGCCACA-3'' (antisense) for the 11569-1570ins mutant; 

5'-TGCACTCTTCTGCCTGATGACGCAG-3'' (sense) and 

5'-CTGCGTCATCAGGCAGAAGAGTGCAA (antisense) for the R367C mutant. The 11569-

1570inss and R367C cDNAs were then subcloned into the Hiné\\\-Xba\ sites of the expresion 

vectorr pCGI (kindly provided by David Johns, Johns Hopkins University, Baltimore MD) for 

bicistronicc expression of the channel protein and GFP reporter in a Human Embryonic Kidney 

celll line (HEK-293). These constructs were used for biophysical studies. 

GFP-taggedd wild-type (WT) SCN5A (kindly provided by Dr. Sophie Demolombe, INSERM 

U533,, Nantes) was inserted in frame into a pEGFP-N3 plasmid (Clontech) for N-terminus 

taggingg of the channel protein. Hind III- BstE II fragment from hHl/R367C was swapped 

withh the same enzyme digested fragment from GFP tagged wild SCN5A in pEGFP-N3. For 

thee construction of GFP tagged I1569-1570ins, Bst EII- BsaM fragment from the hHl/ 

I1569-1570inss was exchanged with the same enzyme digested wild type in pEGFP-N3. 

TransfectionsTransfections of HEK-293 cell line for confocal laser microscopy 

HEK-2933 cells were seeded in a six well plate (Nunc, Nalge Nunc International, Denmark) at 

aa density of lO6 cells/well and cultured for 15-18h prior to transfection. Cells were grown in 

Dulbecco'ss Modified Eagle's Medium (DMEM) (Gibco-BRL, Rockville, MD,USA) 

supplementedd with 10% fetal calf serum (FCS) (Gibco-BRL). Lipofectamine (Gibco-BRL) 

wass used for transfection according to the manufacturer's instructions. 200 ng of DNA was 

usedd to transfect the cells in each well, and the cells were grown for a further 15h at 37°C in a 

5%% C02 incubator. Then the transfected cells were trypsinized and were seeded on a glass 

slidee and incubated in DMEM/10%FCS for a further 12h. A HEK-293 cell line constitutively 

expressingg prsubunit (SCNlb) (courteous contribution of Dr. Antoinette Groenewegen, 

Universityy of Utrecht, the Netherlands) was also transfected in the same way. 
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ElectrophysElectrophys iology 

II569-1570ins,, R367C or WT sodium channel a-subunit cDNA (1 ug) was tranfected into 

HEK-2933 cells with and without 1 ug hpl-subunit using lipofectamine. Cells displaying green 

fluoresencee 24-48 hours after transfection were used for electrophysiological experiments. 

Sodiumm currents were measured in the whole-cell configuration of the patch-clamp technique 

usingg an Axopatch 200B amplifier (Axon Instruments). Patch electrodes were pulled from 

borosilicatee glass. When filled with solution the pipettes had a tip resistance of 2-3 MQ. 80% 

off the series resistance was compensated. Whole-cell sodium currents were filtered at 5Hz 

andd digitized at 30kHz. 

Alll experiments were performed at room temperature (21°C). The bath (external) solution 

containedd (in mmol/1): NaCl 140, KC1 4.7, CaCl2 1.8, MgCl2 2.0, NaHC03 4.3, Na2HP04 1.4, 

glucosee 11.0, HEPES 16.8, pH adjusted to 7.4 (NaOH). The pipette (internal) solution 

containedd (in mmol/1): CsF 100, CsCl 40, EGTA 10, NaCl 10, MgCl2 2.0, HEPES 10, pH 

adjustedd to 7.3 (NaOH). 

VoltageVoltage protocols and data analysis 

Thee voltage dependence of activation, steady state inactivation and recovery from inactivation 

weree determined by using the voltage clamp protocols provided as insets with the relevant 

figures.. For all protocols, the pulse cycle time was 5 seconds and the holding potential was -

120mV.. The steady-state activation and inactivation curves were fitted using the Boltzmann 

equation:: I/Imax=^/{1.0+exp[(V,/2-V)/&]} to determine the membrane potential for the half 

maximall (in)activation (V//2) and the slope factor k. 

Thee time course of inactivation was determined by fitting current decay with a two-

exponentiall function: I/Imax =^/exp(-t/r/)+^,exp(-t/rT), where Af and As are fractions of fast 

andd slow inactivation components and r/ and zs are the time constants of the fast and slow 

inactivatingg components, respectively. 

Recoveryy from inactivation was analyzed by fitting the data with the function: 

I/Imaxx =,4[l-exp(-t/r)] where t is the recovery time interval and r is the time constant of 

recoveryy from inactivation. 

StatisticalStatistical analysis 

Thee results are expressed as mean+SEM and statistical comparisons were made using an 

unpairedd student's t-Test with PO.05 indicating statistical significance. 
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ConfocalConfocal laser microscopy 

Cellss adherent to the thin glass cover slips were rinsed with PBS, and the coverslip was then 

mountedd upside down on a slide glass with a drop of vectashield mounting medium (Vector 

Laboratories,, Inc. CA 94010). The localisation of GFP-tagged proteins was analysed by 

Confocall Laser Scanning Microscope (Bio-Rad MRC-1024) with a Krypton-argon laser beam 

andd Zeiss Axioplan HBO 100 microscope. Confocal images of GFP induced fluroscence were 

collectedd at a magnification of 252 using a 488 nm excitation light from the argon/krypton 

laserr and a 515-540 nm band pass filter. Digitalized image data obtained from the experiment 

weree prepared by using Adobe Photoshop. 

RESULTS S 

GeneticGenetic studies 

Inn family A (Figure 1, upper panel), affected individuals AIM, AII-6, AIII-1, AIII-3, AIII-5, 

AIII-7,, AIII-9, AIII-12, AIII-13, AIII-14, AIII-15, AIII-17, AIV-1, AIV-2 and AIV-4 were 

carrierss of a mutated SCN5A allele containing an in-frame insertion of 3 nucleotides leading 

too insertion of an isoleucine (I1569-1570ins) in the second transmembrane segment of domain 

IVV of the sodium channel protein (Figure 1, lower panel). The deceased brothers (AIII-12 and 

AIII-15)) were also carriers of this mutation, which was proven in stored heart specimens. 
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Figuree 1. Upper panel: Pedigree of family A. Open symbols depict unaffected members, filled symbols depict 

thee carriers of the ICCD phenotype (circles indicate females, squares indicate males). Bottom panel: Sequence 

analysiss of exon 27 of SCN5A in mutation carriers and non-mutation carriers, showing the insertion of ATC 

resultingg in the addition of an isoleucine between position 1569-1570 (11569-1570ins) of the SCN5A protein 

(arrow). . 

Inn family B (Figure 3, upper panel), an abnormal conformer was identified in exon 9 of 

SCN5ASCN5A in two affected sisters (BII-1 and B1I-3). DNA sequence analysis revealed a O T 

(1098thh nucleotide) substitution in exon 9 leading to the substitution of the uncharged polar 

argininee at position 367 by the charged polar cysteine (R367C) at domain DI-DII linker, of 

thee channel (Figure 3, lower panel). 

Bothh these mutations were absent in 150 control individuals (300 chromosomes) of Dutch 

descent. . 
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ClinicalClinical data family A 

Familyy A came to attention because of the sudden death (SD) of two males at the age of 21 

andd 28 years (pedigree AIII-12 and AIII-15). In both cases SD occurred immediately after 

stressfull conditions. In neither of the indexes post mortem examination revealed signs of 

structural,, macroscopic or microscopic, heart disease. Their previous clinical history was 

unremarkable.. No ECG is available of either patient. Clinical screening of the family 

memberss revealed a high incidence of cardiac conduction abnormalities characterised by 

prolongedd P-, PQ- and QRS-intervals on the 12 lead ECG of mutation carriers (Table 1, 

Figuree 2A). Carriers of the I1569-1570ins mutation had broadened P-waves, 114  6 ms 

(n=13)) vs. 87  6 ms (n=10) (p=0.002), compared to family members without the mutation. 

PQ-intervalss in mutation carriers were found to be significantly longer, 192  6 ms (n=13) in 

mutationn carriers vs. 164  8 ms (n=10, p=0.02) in non-affected family members. The QRS-

intervalss in mutation carriers were also longer than in non-mutation carriers, 112  9 ms 

(n=13)) vs. 102  6 ms (n=10) respectively. However, this difference did not reach statistical 

significancee (p=0.07). In 1 non-carrier the P wave was too low in amplitude for accurate 

measurement. . 

Familyy member AIV-4 is a 3 year old girl with recurrent fainting episodes at the age of 3 

years,, that resulted from broad complex tachycardia. The tachycardias were both atrial 

fibrillationn (AF) with aberrant ventricular conduction and ventricular tachycardia (VT), 

occurringg at different times. When in sinus rhythm she had prolonged PQ- and QRS-intervals 

andd sinus pauses. At present she is the only living family member with symptoms other than 

thosee of conduction delay. 

Becausee of a family history with SD, the presence of an SCN5A mutation and the fact that 

mutationn carriers AIII-14 and AIII-17 displayed J-point elevation on their baseline ECG, the 

diagnosiss Brugada syndrome was considered. To further investigate this, eight mutation 

carriers:: AIM, AIII-1, AIII-3, AIII-7, AIII-9, AIII-13, A-III-14 and AIII-17 and three family 

memberss without the mutation: AIII-2, AIII-10, AIII-11 were tested for this disease using 

sodiumm channel blockers. During this test the spontaneous saddle back shaped ST-segment 

elevationn in the two mutation carriers (AIII-14 and AIII-17) changed into coved shape ST-

segmentt elevation. Also one family member without the mutation developed some ST-

segmentt elevation (<lmra) of a coved type during flecainide administration (AIII-11). This is 

howeverr not sufficient according to the present criteria to be diagnostic for a Brugada 

syndrome.88 The others did not develop ST-segment elevations. During drug testing the PQ-

intervall prolonged, both in mutation carriers (19  9 %) and in non-affected family members 
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(122  3 %) (ns). The QRS- interval, however, prolonged significantly more in mutation 

carrierss (30  6 %) than in non-affected family members (0.1  5.5 %) (p=0.008). 

Patientss AIII-11, AIII-13, AIII-14 and AII1-17 underwent EPS. Interestingly patient AIII-11, 

whoo does not carry the 11569-1570ins mutation, but developed some ST-segment elevation 

duringg flecainide challenge, developed ventricular fibrillation (VF) after 2 premature stimuli. 

PatientsPatients AIII-13 and AIII-14, both carriers of the 11569-1570ins mutation, developed 

ventricularventricular flutter (Figure 3B) and monomorphic ventricular tachycardia respectively, both 

afterr 3 premature stimuli. In patient AIII-17 no arrhythmias could be induced. 

I1569-1570ins s 

controls s 

p-value e 

age e 
(yrs) ) 

32+5 5 

6 6 

0.012 2 

gender r 
(m:f) ) 

3:10 0 

7:3 3 

n n 

13 3 

10 0 

HR R 
beats/min n 

6 6 

4 4 

ns s 

PP width 
leadd II (ms) 

114+6 6 

6 6 

0.002 2 

PQ Q 
(ms) ) 

192+6 6 

8 8 

0.015 5 

QRS S 
(ms) ) 

9 9 

102+6 6 

ns s 

QTc c 
(ms) ) 

435118 8 

411+9 9 

ns s 

Tablee 1. Averaged ECG parameters of 11569-1570ins mutation carriers compared to family members who did 

nott carry the mutation (controls). 

ClinicalClinical data family B 

Inn family B (Figure 3) the proband (BII-3) came to attention because of recurrent syncope.20 

Similarr symptoms were found in her sister (B1I-1). Both of them were found to be carriers of 

thee R367C mutation. The index patient was previously reported to have a Brugada syndrome 

becausee of a prolonged QRS interval of 160 ms, with a right bundle branch block (RBBB) 

morphologyy and type I (coved type) ST segment elevation in leads VI and V2 (Figure 4A).20 

Howeverr after re-evaluation of the ECG the QRS-interval was considered to be 200 ms in 

duration,, followed by a negative T-wave which would argue for ICCD rather than BS (Figure 

4A).. The conduction abnormalities were not limited to the right precordial leads but were 

presentt in all ECG leads. She had documented polymorphic and monomorphic VT, which 

couldd be terminated by administration of procainamide, after which the QRS-complex 

widenedd even more (Figure 4B). The monomorphic VT could be reproducibly initiated during 

EPS. . 
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Figuree 2. Electrocardiograms recorded from individuals from family A. A: Baseline 12 lead ECG recording of 

patientt AI1I-13 carrying the 11569-1570ins mutation. Note the prolonged PQ interval (240ms) and widened 

(100-120ms)) QRS interval. The paper-speed was 25mm/sec. B: Registration of patient AII1-13, carrying the 

11569-1570insll mutation, during electrophysiological study. Spontaneously terminating monomorphic 

ventricularr tachycardia, in this case ventricular flutter, developed after 3 premature stimuli. 
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Figuree 3. Upper panel: Pedigree of family B. Open symbols depict unaffected members, filled symbols depict 

thee carriers of the ICCD phenotype (circles indicate females, squares indicate males). Bottom panel: Sequence 

analysiss of exon 9 of SCN5A in mutation carriers and non-mutation carriers, showing the change of C nucleotide 

forr a T at 1098th nucleotide position resulting in the substitution of arginine to cysteine (R367C) of the SCN5A 

proteinn (arrow). 

ElectrophysiologicalElectrophysiological properties of the II569-1570ins mutation 

Too determine the functional consequences of the I1569-1570ins sodium channel mutation, 

electrophysiologicall characteristics of mutant and WT sodium currents were studied in HEK-

2933 cells. Figure 5 depicts examples of current traces (Figure 5A) and the averaged current-

voltagee (IV) relationships (Figure 5B, left panel) of the WT and I1569-1570ins channels, 

clearlyy showing that HEK-293 cells transfected with 11569-1570ins cDNA have a lower 

sodiumm current density. The difference was independent of co-expression of hp, (Figure 5B, 

rightt panel). Without h(3, co-expression, the maximum INa was 5.0  0.9 nA (n=20) for WT 

controll and 1.6  0.3 nA (n=16) (p=0.003) for I1569-1570ins channels at -25 mV (Figure 5B, 

leftt panel and Table 2.) Values obtained when the a-subunit and hp\ were co-expressed were 

7.44  1.5 nA (n=13) for WT control and 1.7  0.3 nA (n=15) (p=0.004) for I1569-1570ins 

60 0 



Chapterr 2.2 

channelss (Figure 5B, right panel and Table 2). Neither the fast (xfast) nor the slow time 

constantt of inactivation (xsiow) at the tested membrane potentials was different between mutant 

andd WT sodium channels either with or without hp\ co-expression (Figure 6). 

Figuree 4. A: Baseline electrocardiogram recorded from the index patient (BII-3) of family B, carrying the 

R367CC mutation. Leads I, aVF, VI and V6 are shown. Note the widened QRS complexes (200ms) in these leads. 

B:: The same ECG leads recorded after intravenous administration of 200mg procainamide, which succesfully 

terminatedd a spontaneously occuring monomorphic ventricular tachycardia. Note the further widening of the 

QRS-complex.. In all ECG recordings the paper-speed was 25mm/sec. 
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11569-1570ins+p p 

 WT (n=20) 

OO I1569-1570ins(n=16) 

 WT+P(n=13) 

OO I1569-1570ins+p(n=15) 

Figuree 5. Whole-cell sodium current measurements. A: Representative whole-cell sodium current traces 

recordedd from HEfC-293 cells transfected with either WT (left) or 11569-1570ins (right) sodium channel a-

subunitt cDNA in the presence of hp\ subunit cDNA. B: Average current-voltage relationship for WT and 11569-

1570inss sodium channels in the absence (left) or presence (right) of (31 subunit (for values see Table 2.). 
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Figuree 6. Time course of inactivation. Fast and slow time constants of current decay of WT and I1569-1570ins 

sodiumm channels. Values were acquired by fitting the current decay at each applied voltage with a bi-exponential 

function.. At none of the applied potentials there was a significant difference in time constants of inactivation. 

Exceptt for a difference in the slope factor of activation, in the presence of the pi-subunit no 

differencess were found in the properties of voltaged-dependence of activation and steady-state 

62 2 



Chapterr 2.2 

inactivationn and in recovery from inactivation between WT and 11569-1570ins channels, 

expressedd with or without h(3, (Figures 7 and 8, Table 2.). 

Figuree 7. Voltage dependence of 

activationn and steady-state 

inactivationn of WT and 11569-

1570inss sodium channels in the 

absencee (A) and presence of the 

pii subunit (B). Data points were 

fittedd with Boltzmann equations. 

Forr values see Table 2. 
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Figuree 8. Recovery from inactivation of 

WTT and 11569-1570ins sodium 

channelss in the absence (A) and 

presencee of the pi subunit (B) Time 

constantt of recovery from inactivation 

wass obtained by fitting the data with a 

mono-exponentiall function. For values 

seee Table 2. 
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II max ( n A ) 

V;; _•> activation 

k k 

V/.oo inactivation 

* * 

TT recovery (ms) 

WT T 
(n=20) ) 

9 9 

-42.U1.8 8 

7.11 5 

7 7 

3 3 

4 4 

1569-1570insl l 
(n=16) ) 

t t 

1 1 

4 4 

6 6 

3 3 

9 9 

WT+P P 
(n=13) ) 

5 5 

4 4 

7 7 

2 2 

2 2 

13.4Ü.9 9 

1569--
1570insl+p p 

(n=15) ) 

J J 

2 2 

* * 

5 5 

2 2 

15.Ü1.3 3 

*p<0.05,, | p < 0.005, % p< 0.0005 

Tablee 2. Cellular electrophysiological properties of the 11569-1570ins sodium channel when expressed in HEK-

2933 cells. The peak sodium current was found to be significantly larger in WT compared to the 11569-1570ins 

mutantt channels. The other characteristics were not found to be different. 

ElectrophysiologicalElectrophysiological properties of the R367C mutation 

Inn order to conduct biophysical analysis of the mutant R367C Na+ channels, we expressed 

R367CC in tsA201 and HEK-293 cells. In both cell types, no R367C Na' currents could be 

elicitedd (data not shown). Given that "rescue" of ER-trapped HERG channels was reported by 

incubationn at a reduced temperature (27° C),21 we incubated tsA201 and HEK-293 cells 

transfectedd with R367C cDNA at 27° C. This did not result in macroscopic Na+ current. 

Similarly,, incubation in the presence of Na+ channel blockers (lidocaine and flecainide) and 

butyricc acid failed to "rescue" the mutant Na+ channels. 

ConfocalConfocal Laser Microscopic Analysis of the R367C and 11569-157 Oins mutants 

Fluorescencee confocal microscopy was used to determine the subcellular localization of the 

GFPP tagged WT SCN5A and the ICCD causing mutants I1569-1570ins and R367C, 

respectively.. When p,-subunit expressing HEK.-293 cells were transfected with wild-type 

SCN5AGFPP these cells exhibited a surface membrane distribution pattern consistent with the 
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functionall electrophysiological recordings (Figure 9A). Similar type of surface membrane 

fluorescencee was also obtained in the absence of the p,-subunit (data not shown). 

Inn contrast, cells transfected with I1569-1570ins SCN5AÜFP and R367C SCN5AGFP revealed a 

predominantlyy perinuclear subcellular localization with a much less intense surface membrane 

distributionn pattern both in the absence (data not shown) and presence of p, (Figures 9B and 

9C).. This is consistent with the reduction or absence of Na+ current upon electrophysiological 

measurements. . 

A A 

B B 

C C 

Figuree 9. (Sub)cellular localization of GFP-tagged WT and mutant SCN5A in HEK-293 cells constitutively 

expressingg (5| subunit. Confocal microscopic images of HEK-293 cells expressing WT SCN5A in a cluster of 

cellss (A), I1569-1570ins SCN5A in a single cell (B), and R367C SCN5A also in a single cell (C). 
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DISCUSSION N 

Thee II 569-1570ins SCN5A mutation was found in a family with ICCD and clinical features of 

BSS in which two male family members died suddenly. When the mutant channel was 

expressedd in a cell expression model, its electrophysiological properties were similar to the 

WTWT channel except for a 75% reduction in peak sodium current. This is very likely due to the 

inabilityy of a great proportion of the mutant channel to reach the sarcolemmal membrane, as 

supportedd by findings from GFP-tagging experiments, in which we observed a pronounced 

perinuclearr or cytoplasmic localization of the channel protein, as compared to WT. One could 

speculatee that this mutation results in mis-folding of the protein leading to its retention inside 

thee cytosol. Nevertheless, since Na+ current could be measured, a proportion of mutant 

channelss must escape these quality control mechanisms. 

Inn the case of the R367C mutation, which was found in another family with ICCD and 

featuress of the BS, no Na+ current could be measured in a cell expression model. GFP-tagging 

experimentss of this mutant channel displayed cytosolic or perinuclear retention suggesting 

thatt this mutation is associated with a severe trafficking defect. 

ClinicalClinical phenotype of family A 

SDD in ICCD may result from complete heart block or ventricular tachyarrhythmias, due to 

functionall re-entry, developing into ventricular fibrillation (VF).4,22 In the case of both the 

I1569-1570inss mutation indexes (AIII-12 and AIII-15), the cause of SD is unknown. 

Interestingly,, the triggers for the events resulting in SD seem to have been stress or stress-

related.. This is remarkable since in both the Brugada syndrome (BS) and the long QT 

syndromee type 3 (LQT3),5'7,8'23 both associated with mutations in the SCN5A gene, 

arrhythmiass typically arise at rest and SD usually occurs during sleep. When SD in carriers of 

thee II569-1570ins mutation indeed is stress related, during higher heart rates, this may be due 

too frequency dependent effects that further reduce the Na+ current magnitude e.g. by increased 

sloww inactivation. 

Interestingly,, the only other symptomatic individual from this family (AIV-4) developed a 

tachyarrhythmiatachyarrhythmia episode, atrial and ventricular, while having a slight fever (38°C). Fever is 

knownn to aggravate and induce symptoms in both BS and ICCD.6"8" The other family 

memberss that carried the I1569-1570ins mutation were found to have conduction 

abnormalities.. When challenged with sodium channel blocking drugs, cardiac conduction in 

mutationn carriers became significantly more impaired. 
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Thee clinical, cellular electrophysiological and trafficking data suggest that individuals 

carryingg the 11569-1570ins mutation suffer from ICCD and possibly a combination of ICCD 

andd BS. 

ClinicalClinical phenotype of family B 

Thee index patient from family B (BII-3), was evaluated for recurrent syncope preceded by 

palpitationss and chest pain. During her hospital stay several episodes of both monomorphic 

andd polymorphic VT were documented. The monomorphic VT, but not the polymorphic VT, 

couldd be reproducible induced during programmed electrical stimulation. Because her 12-lead 

ECGG showed severe conduction abnormalities, including RBBB, and what appeared as coved 

typee ST-segment elevations, the diagnosis Brugada syndrome was initially made. The finding 

off the R367C loss-of-function SCN5A mutation seemed to confirm this diagnosis. 

Additionally,, the same mutation was identified in her sister who also suffered from episodes 

off recurrent syncope and presented with similar ECG abnormalities. 

Whatt appeared as ST-segment elevation in VI on her baseline ECG, in conjunction with a 

widenedd QRS complex of 160 ms with an elevated ST-segment (Figure 4A), 

is,, however, an extremely widened QRS complex of 200ms followed by a negative T wave. 

Similarr QRS widening is present in all 12 ECG leads (Figure 4A, only leads 1, aVF, VI and 

V66 are shown). The apparent (incomplete) RBBB often described in BS patients, is actually a 

J-pointt elevation due to an increased epicardial phase 1 repolarization resulting in a voltage 

gradientt between the epicardium and endocardium. In case of the index patient carrying the 

R367CC mutation, it may however be a true RBBB and thus evidence of ICCD rather than BS. 

Theoreticallyy a BS and/or an ICCD phenotype may result from loss-of-function SCN5A 

mutations.. In the case of the R367C mutation the conduction disease is, however, so elaborate 

thatt these patients probably suffer from conduction disease rather than Brugada syndrome. 

Additionally,, the occurrence of spontaneous and reproducible inducible monomorphic VT, 

wouldd also argue against Brugada syndrome, in which polymorphic VT is more common. BS 

orr an overlap syndrome of BS and ICCD rather than ICCD can, however, at present not be 

excluded. . 

Pathogenesis Pathogenesis 

Abnormall trafficking of mutant protein is increasingly recognized as a mechanism for 

inheritedd human diseases.21'24"27 Mutations in several membrane proteins also have been 

reportedd to cause defective trafficking, including the ion channels HERG,2,KCNQ1, 6 and 
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SCN5A:SCN5A: This is thought to involve misfolding or improper assembly of the protein 

structure,, leading to its retention in the endoplasmic reticulum by the "quality control" 

system."" " Baroudi et al. first described trafficking abnormality as one of the mechanisms of 

Brugadaa syndrome in SCN5A mutants,27 where they showed cytoplasmic accumulation of 

mutantt sodium channel proteins. 

Severall studies suggest that ion channel surface membrane expression can be rescued in vitro 

byy a reduction in incubation temperature,30"32 incubation with butyric acid33"35 or incubation 

withh specific channel blocking drugs.31'35 For a LQT3 mutation in the SCN5A gene, 

M1766L,, it has been shown that the peak current magnitude could be rescued by incubation 

off the transfected cells with mexiletine. None of the above mentioned interventions proved 

successfull in restoring the sodium current in 

HEK-2933 nor tsA201 cells, expressing the R367C sodium channel. 

Thee mechanisms by which the above mentioned interventions rescue mutant sodium channel 

expressionn are unclear. Possibly they act through a chaperone mechanism, whereby mutant 

sodiumm channels are able to escape from the quality control mechanism.3334 Although these 

interventionss have been suggested as possible therapeutic options in diseases resulting from 

proteinn trafficking defects, the applicability may be limited to only a few mutations. This is 

illustratedd by the lack of effectiveness for rescue of the R367C mutation. Additionally it is 

questionablee if a larger functional expression of mutant SCN5A channels would be 

desirable.. 5 Finally, the long-term prescription of such drugs in patients with overt ICCD 

wouldd be questionable. This is illustrated by the larger QRS-interval prolongation in 11569-

1570inss mutation carriers when they received sodium channel blocking drugs for diagnostic 

purposes. . 

CONCLUSION N 

ICCDD in both families is explained by a reduction in sodium current. Loss of function SCN5A 

mutationss are a commonly observed mechanism in inherited ICCD. Although fibrosis in the 

heartt has been reported to occur in association with several loss of function SCN5A 

mutations,14'166 the I1569-1570ins and R367C mutations illustrate that an isolated reduction in 

iNaa remains an important mechanism in ICCD. 

Thee II569-1570ins and R367C SCN5A mutations would bring the number of SCN5A 

mutationss that cause ICCD as a true primary electrical disease of the heart to seven. Both 

mutationss additionally show the diagnostic difficulties in SCN5A mutation related diseases, 

sincee in neither of the two families BS or an overlap syndrome of ICCD and BS can be 
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excluded.. Differentiation between pure BS, ICCD and overlap syndromes remains a 

diagnosticc challenge. 
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THEBRUGAD AA SYNDROME 



Thee Brugada Syndrome 

3.1.11 Introductio n 

Thee Brugada syndrome is an important cause for malignant ventricular tachyarrhythmias and 

suddenn cardiac death (SCD) in patients without any evidence of structural heart disease or 

systemicc disease affecting the heart.1"4 The syndrome is characterized by J-wave and ST 

segmentt elevation in the right precordial leads (VI to V3). The J-wave elevation may give the 

QRSS complex the appearance of a right bundle branch block (Figure 1). Brugada et al. were 

nott the first to describe this abnormal ECG5 they were however the first to recognize that 

individualss with this ECG are at increased risk for SCD.1"4 

Thee Brugada syndrome is an inherited disease; this was already recognized in the original 

reportt of Joseph and Pedro Brugada et al. in 1992 and has since then been convincingly 

establishedd and proven in 1998 by linking the syndrome to mutations in the SCN5A gene.6 

Thee SCN5A gene on chromosome 3p21 encodes the pore forming a-subunit of the cardiac 

sodiumm channel (hHl). ' Brugada syndrome causing mutations on this gene have consistently 

shownn to reduce cardiac sodium current.8 The fact that SCN5A encodes a cardiac ion channel 

andd that the resulting reduction in depolarising sodium current can theoretically explain the 

Brugadaa syndrome have led to the theory that the Brugada syndrome is an ion channel 

disease.68 8 

Iff this is true for all Brugada syndrome cases remains to be proven because in only 15-30% of 

Brugadaa syndrome cases and families a mutation in the SCN5A gene is identified.9'10 In one 

familyy the syndrome has been linked to another locus on chromosome 3, 3p22-25,n but the 

affectedd gene that is encoded by this region awaits identification. In the remaining cases of 

Brugadaa syndrome no responsible gene or chromosome has been identified yet although many 

off them are familial.4 

3.1.22 Clinical characteristics and diagnostic criteri a 

Thee Brugada syndrome as a clinical entity is 10 years old and diagnostic criteria still need 

fine-tuning.fine-tuning. Recently a consensus report from a special Arrhythmia Working Group of the 

Europeann Society of Cardiology was published attempting to establish consensus on 

diagnosticc criteria.12 With better understanding of the pathophysiology of the disease and 

developmentt of new and better diagnostic techniques these criteria may change over time. 

3.1.2.11 Diagnosis and risk stratification 

Severall diagnostic tools are important in the Brugada syndrome. Besides a diagnostic purpose 

somee tools have an additional role in risk stratification. In the following section we will 

discusss the diagnostic process in patients suspected to have Brugada syndrome 
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Figuree 1. (A) ECG of a patient diagnosed with the Brugada syndrome who was found to carry a mutation in the 

SCN5ASCN5A gene. Note the prominent J-wave in lead V2. In this lead the ST segment has a saddle shaped, type II, 

appearance.. (B) ECG of a patient diagnosed with the Brugada syndrome who was found to carry a mutation in 

thee SCN5A gene. In this ECG the J-wave and ST-segment in leads VI and V2 have a coved shaped, type I, 

appearance. . 

3.1.2.22 Patient and family history 

Thee history of a suspected Brugada syndrome patient may reveal symptoms from cardiac 

arrhythmiass such as syncope. Similar symptoms and SCD may have been present in the 

patientss family and have to be asked for. A complete list of drugs used by the patient should 

bee recorded. Thorough physical and laboratory examination of a suspected Brugada syndrome 

patientt should exclude the presence of cardiac and systemic diseases or electrolyte disorders 

thatt may alternatively explain the Brugada syndrome features. 

Thee 12 lead ECG is usually the first indication for the diagnosis and shall therefore be 

discussedd separately. The typical ECG may be transient and from time to time be completely 

normal.9'122 Therefore suspected patients should be challenged using class Ic antiarhythmic 

drugs,, as shall also be discussed seperately.12"17 Further diagnostic tests required are a normal 

chestt radiograph, echocardiography, blood electrolytes, glucose and other standard laboratory 

tests.. Additional investigations that may be helpful are a stress test, nuclear magnetic 

resonancee imaging (MRI), clinical electrophysiological testing (EPS) and tissue biopsy of the 

heart.. Coronary angiography may be usefull in patients when myocardial ischemia is 
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suspected.. Other diseases that must be excluded if clinical suspicion exists can be both 

cardiacc and non-cardiac (Table 1). 

Tablee 1. Cardiac and non-cardiac abnormalities that can cause ST-Segment elevation in the right precordial 

leads s 

Cardiac c 
Rightt or left bundle branch block, left ventricular hypertrophy 
Acutee myocardial ischemia or infarction 

Acutee myocarditis 
Rightt ventricular ischemia or infarction 
Mediastinall tumor compressing RVOT 
Arrhythmogenicc right ventricular dysplasia/cardiomyopathy 
Long-QTT syndrome, type 3 
EarlyEarly repolarization syndromeOther normal variants (particularly in men) 

Non-cardiac c 
Dissectingg aortic aneurysm 
Acutee pulmonary thromboemboli 
Variouss central and autonomic nervous system abnormalities 
Heterocyclicc antidepressant overdose 
Duchennee muscular dystrophy 
Friedreich'ss ataxia 
Thiaminee deficiency 
Hypercalcemia a 
Hyperkalemia a 
Cocainee intoxication 

Adaptedd from: Wilde AA, Antzelevitch C, Borggrefe M, et al. Proposed diagnostic criteria for the Brugada 
syndrome:: consensus report. Circulation. 2002;106:2514-9 and Eur Heart J. 2002;23:1648-54. 

3.1.2.33 The electrocardiogram 

Thee electrocardiogram (ECG) is an important diagnostic tool in Brugada syndrome. As 

mentionedd previously the typical Brugada ECG is characterized by J wave elevation and ST 

segmentt elevation in the right precordial leads (V1-V3). The J wave elevation may give the 

QRSS complex in the right precordial leads the appearance of an R' in RBBB.1,412 In addition 

theree may be signs of conduction slowing such as prolongation of PQ, QRS and His-ventricle 

intervalss and leftward deviation of the frontal QRS axis.''412(Figure 1.). 

Threee different ST-segment shapes, type 1 to 3, are recognized.12 In type 1 the ST-segment in 

thee right precordial leads has a prominent J-wave (>2mm or 0.2mV) after which it gradually 

slopess down to the iso-electric line, giving the segment a coved appearance, after which a 

negativee T-wave may follow.1 Type 2 shows a less prominent J-wave, but still at least 2mm 

orr 0.2mV, that slopes down but remains above the iso-electric line (> 1mm) and is followed 

byy a positive or biphasic T-wave, giving the ST-segement a saddle type appearance.12 Type 3 
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mayy be saddle or coved shaped as described previously but with less ST-segment elevation of 

<< 1mm.1" Although not specific for the Brugada syndrome, a subset of patients may be found 

too have slightly prolonged QT intervals.'Kl9 All these ECG features may be transient, which 

mayy complicate diagnosis. 

Iff ventricular tachycardia occurs and is recorded, the ECG typically shows rapid self-

terminatingg polymorphic tachycardia although monomorphic tachycardia has also been 

reported.12 2 

3.1.2.44 Drug challenge 

Becausee the ECG features in Brugada syndrome may be transient or in case of a type 2 or 3 

ECGG not conclusive, patients can be tested by intravenous administration of sodium channel 

blockingg drugs.12"17 The rationale for this test is that if indeed a imbalance between 

depolarizingg and repolarizing cardiac ion currents is at the basis of both ST segment elevation 

andd the arrhythmias sodium current blockade may unmask or aggravate these (Figure 2).13 

Accordingg to the latest consensus report the drug challenge is to be considered positive in the 

followingg cirumstances.1" When the baseline ECG shows no abnormalities the development 

off of a J-wave amplitude of >2mm in leads VI and/or VT and/or V3 with or without a RBBB 

iss considered positive. When the baseline ECG is a type 2 or 3 the conversion to a type 1 or 

ann increase in J-wave amplitude of more than 2mm without development of a type 1 ECG is 

consideredd a positive test. Patients with a type 1 ECG should not be tested as the test has no 

addedd value and may put these patients at risk for arrhythmias. Drugs in use for the test are 

procainamide,, flecainide and ajmaline of which the latter two are most potent. 

Thee value of drug challenge is still disputed; sensitivity, specificity and reproducibility of the 

testt still need to be established.12"17 An important issue that complicates this results from the 

factt that reports on these issues often have tested non-uniform patient groups. 

Duringg drug challenge patients are at risk for developing ventricular arrhythmias.14'15 

Thereforee the test should always be performed in a hospital setting with ACLS facilities 

available.. In adittion to monitoring the patient during the test for development of ventricular 

arrhythmiass or ventricular premature complexes the QRS width should be monitored and the 

testt should be stopped when a QRS widening of > 30% occurs. The maximum flecainide 

dosiss to be administered is 150mg.' 
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Figuree 2. The flecainide challenge. ECG's are of the same patient as in Figure IB. (A) ECG before 

administrationn of flecainide. (B) ECG after administration of flecainide intravenously, note the increase in ST-

segmentt elevation in leads V1-V3. 

3.1.2.55 Clinical electrophysiological investigation (EPS) 

Thee value of EPS in Brugada syndrome patients is like that of flecainide challenge the subject 

off an ongoing debate and investigation. Sensitivity, specificity and reproducibility of this 

diagnosticc tool in Brugada syndrome are unclear.1 ' ' °'21 

EPSS testing in Brugada syndrome may however serve two purposes. It may have a role in 

diagnosticss but its most important role may be expected in the assessment of the risk for a 

patientt to development malignant arrhythmias. 

Thee indication for EPS and the consequences of the test are depends on whether patients with 

aa spontaneous or induced Brugada syndrome ECG are symptomatic or not. 

Itt can be argued that symptomatic Brugada syndrome patients who have had documented VF 

doo not need EPS testing at all because the test has neither diagnostic nor prognostic value in 

thesee patients. Testing these patients may however help gain more insight in the value of EPS 

andd is therefore recommended. Asymptomatic patients should be tested for similar reasons. 

Butt in these patients it may additionally have a diagnostic and prognostic value. Inducibility 

off arrhythmias may identify a high-risk group of patients that is not symptomatic yet and 

probablyy need treatment. It is known that arrhythmias cannot always be induced in 

symptomaticc patients.20'21 Therefore the negative predictive value of EPS needs to be clarified 
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andd until that matter has been clarified asymptomatic non-induceable patients probably need 

clinicall follow up. 

3.1.33 Risk stratification 

Amongg individuals diagnosed with Brugada syndrome many clinical subdivisions are 

possible.9'200 In the previous paragraph we have already mentioned differences between 

symptomaticc and asymptomtic individuals that are relevant in risk stratification. Further risk 

stratificationn may become possible with the longer follow up of patients. Questions in risk 

stratificationn that will need to be addressed are; is the risk to become symptomatic dependent 

onn the genetic background of the disease and what is the role of variable penetrance? Before 

thesee questions can be answered the genetic background of the disease itself needs further 

clarificationn and what the responsible factors or genes for the variation in expression of the 

diseasee are. Thus whether the different groups, symptomatic or asymptomatic, represent 

differentt manifestations of the same disease with variability in penetrance of mutations in one 

genee or whether they are the manifestation of different pathophysiological mechanism(s). The 

clinicall follow up of families and genetic screening may be helpful in answering these 

questions. . 

3.1.44 Family screening 

Whenn a positive family history is obtained from a patient all family members should be 

offeredd screening for the disease. Screening should consist of a baseline 12 lead ECG and/ or 

onee after flecainide challenge. 

Geneticc screening may be indicated for several reasons. First, if the disease in a family is 

causallyy linked to a gene, presently the only candidate is SCN5A, this may be the ultimate test 

too identify family members who are at risk. Second, there is a scientific indication. Genetic 

screeningg may identify novel mutations in the SCN5A gene. When it involves large families it 

mayy help identify other in Brugada syndrome involved genes using linkage analysis. This 

mayy ultimately enable esthablisment of a phenotype-genotype relationship in Brugada 

syndromee and facilitate future genetic screening which is the subject of the next chapter. 

3.1.55 Therapy 

Presentlyy no adequate treatment for the Brugada syndrome excists. Treatment of the 

tachyarrhythmiass in the Brugada syndrome is limited to the implantation of an ICD to 

terminatee them when they occur. Prevention of the tachyarrhythmias by antiarrhythmic drugs 

iss not possible although there is experimental and clinical evidence that this should be 

possible. . 
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Theoretically,, pharmacologic treatment of Brugada syndrome would require drugs that would 

increasee IN3 orr ICa or reduce Ito. Experimental in vitro studies using myocardial wedge 

preparationss support this idea.22,23 

Casee reports give in vivo support to these observations. These case reports concern 

Cilostazoll 4 and Quinidine.25,26 Cilostazol is a phosphodiesterase inhibitor and has clinical use 

ass an antiplatelet drug. It has been reported to prevent ventricular fibrillation in one patient 

diagnosedd with Brugada syndrome2 4 The effects are probably due to the reported effects of 

Cilostazoll increasing Ica and decreasing It0. Whether the drug is able to normalise the 

Brugadaa syndrome ECG features is not known. A drug that has been reported to do so, both in 

vitroo and in vivo, is Quinidine.25,26 This type la antiarrhythmic vagolytic drug, that blocks I,0, 

hass been shown to have a beneficial effect in patients with idiopathic VF among which a 

subsett with Brugada syndrome. 

Thee use of these drugs in clinical practice needs further evaluation. Their use and 

developmentt of other drugs depend on a greater insight in the pathophysiology of Brugada 

syndrome.. Drug treatment may eventually become dependent on the genetic background of 

thee Brugada syndrome in individual patients. 

3.1.66 Theoretical pathophysiological basis of the Brugada syndrome 

Thee theoretical basis of the Brugada syndrome comes from experimental evidence on action 

potentiall differences between the endo- mid- and epicardial layers of the heart.22,23 In 

arteriallyy perfused wedge preparations of canine hearts such differences have been observed 

andd the role of contributing ion currents have been studied. 

Underr normal conditions the epicardial action potential in these preparations is shorter than 

thee endocardial and shows a prominent "notch" during phase 1 of the action potential 

resultingg from the greater presence of It0 in this layer (Figure 3.). The shorter epicardial AP 

resultss in a voltage gradient between the epi- and endocardium responsible for inscription of 

thee T wave on the ECG. The greater phase 1 repolarization between epi- and endocardium 

mayy be visible on the normal ECG as a J wave or an Osborn wave in case of exaggeration of 

phasee 1 (Figure 3). 

Underr pathological conditions when INa is reduced, as in the Brugada syndrome this will 

causee a reduction in action potential upstroke and overshoot in both the endo- and epicardial 

layer.. Because the epicardium has more Ito a reduction in inward depolarizing INa may cause 

ann outward, repolarizing, shift in current during this phase of the action potential. The result 

willl be accentuation of the action potential "notch" and in early repolarization of the 

epicardiumm that may be partial or complete. 
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Onn the 12-lead ECG these changes will be visible in the shape of the ST-segment. The type 2 

andd 3 or saddle shaped ST segment results from a more pronounced J wave that appears as a 

R'' and because the epicardial action potential remains intact and shorter than the endocardial 

actionn potential there is a positive T wave. The type 1 or coved type ST-segment shows J 

wavee elevation and a negative T wave because the epicardial action potential becomes longer 

thann the endocardial resulting from delayed opening of calcium channels. 

Inn summary the typical Brugada syndrome ECG ST shape results from the increase in 

transmurall dispersion in repolarization. 

Becausee of the dispersion in repolarization action potentials from sites where it is maintained 

cann move to sites where early repolarization has occured. Reactivation of ion channels may 

occurr at these sites leading to the development of an extrasystole due to phase 2 reentry. 

Whenn phase 2 reentry occurs a mechanism for development of arrhythmias is present. Phase 2 

reentryy may trigger a circus movement reentry which becomes apparent on the ECG as 

polymorphicc ventricular tachycardia (VT) or ventricular fibrillation (VF). 

3.1.77 Ionic mechanisms 

Anyy reduction in depolarising ion current, IN3 or ICa, or increase in repolarising ion current, It0, 

Ijtr,, IKS, or IK-ATP can be at the basis of the Brugada syndrome ECG. These changes could 

theoreticallyy result from mutations in the genes encoding these ion channels or from 

mutationss in genes encoding interacting proteins.7 Thusfar only mutations in the SCN5A gene 

affectingg INa have been found to be involved6. These mutations have consistently shown to 

reducee available cardiac sodium current as mentioned previously8. The mechanism by which 

mutationss are found to do so have been elucidated by expressing the mutated sodium channels 

inn cellular expression models, usually mammalian HEK, cos or tsA cells or frog oocytes, and 

studyingg them using the patch clamp technique8. In these studies a reduction in sodium 

currentt has been shown to result from the reduction or complete absence of sodium channel 

expressionn or from changes in the kinetics of sodium channel gating that change channel 

conductance.8 8 
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Figuree 3. (A) Shown is a schematic representation of the normal ECG in relationship to the endo-, mid- and 

epicardiall action potentials. Note the difference in phase 1 between the action potentials which results from the 

differencess in ITo in the layers of the heart. (B) Shown is a schematic representation of the effects of a lower 

actionn potential upstroke during phase 0, due to a reduction in sodium current. The differences in repolarization 

betweenn the epi- and endoacardial layers may result in the ST-segment elevation and a postive or a negative T-

wave.. (adapted from: C. Antzelevitch, J. Fish. Electrical heterogeneity within the ventricular wall. Basic Res. 

Cardiol.. 2001;96:517-527 
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INTRODUCTIO N N 

Inn their initial report in 1992, on the disease that is now known as the Brugada syndrome, 

Pedroo and Joseph Brugada mentioned concerning its etiology that "a hereditary factor could 

bee suspected from the occurrence of the syndrome in two siblings and the family history of 

unexplainedd sudden death in two other patients" . 

Sincee then, the inherited nature of the Brugada syndrome has been convincingly established 

andd was proven in 1998 by linking the syndrome to mutations in the SCN5A gene on 

chromosomee 3p21 (table l)2. However, in only 15-30% of Brugada syndrome cases and 

familiess a mutation in the SCN5A gene has been found3. In one family, the syndrome has been 

linkedd to a locus on chromosome 3, 3p22-25, however, the affected gene awaits identification 

(tablee 3) 4. In the remaining cases of Brugada syndrome, although many of them familial, no 

responsiblee gene or chromosome has been identified yet . 

Becausee the SCN5A gene encodes the pore forming a-subunit of the cardiac sodium channel 

(hHl),, and the fact that the resulting reduction in depolarising sodium current theoretically 

explainss the Brugada syndrome phenotype, the syndrome is considered an ion channel disease 
2,5.. Whether this is true for all Brugada syndrome cases, remains to be established, but it is our 

currentt working hypothesis. 

Knowingg that other genes have to be involved, we may wonder if a genotype-phenotype 

relationshipp in Brugada syndrome exists, as in the inherited Long QT syndrome 67. If such a 

relationshipp exists, knowledge of it may speed up a clinical and genetic diagnosis. 

Additionally,, it may have consequences for mutation specific prognosis, treatment and 

possiblyy of identification of pro-arrhythmic effects of drugs and/or environmental triggers. 

However,, before such possibilities might become available, we will first have to identify 

thosee other genes. Isolation of those genes may be possible if we carefully look at Brugada 

syndromee patients and families and search for what may be minute phenotypical differences 

betweenn them. What these phenotypical differences may be, considering the theoretical basis 

forr the Brugada syndrome, the involved genes and proteins, will be discussed in the following 

sections. . 

86 6 



Chapterr 3.2 

FACTORSS THAT ARE THEORETICALL Y INVOLVE D IN THE BRUGADA 

SYNDROME E 

IonIon currents 

Thee cardiac action potential is shaped by balanced and strictly regulated depolarising and 

repolarizingg ion currents traversing through and controlled by ion selective transmembrane 

channels.. In general, ion channels consist of a transmembrane, pore forming, a-subunit which 

mayy co-express with one or more modulator p-subunit(s)8. 

Thee action potential (AP) shape in different regions of the heart and myocardium depends on 

thee ion currents that are present and reflects differences in functional requirements8. Changes 

inn ion currents and AP shape may underlie changes of the ECG and abnormalities in cardiac 

conductionn and rhythm. The proposed pathophysiological basis for the Brugada syndrome is a 

rebalancingg of the currents that contribute to phase 1, leading to an accentuation of the action 

potentiall notch in right ventricular epicardium 5. The presence of a prominent IJO in this 

tissuee makes it more sensitive to a reduction in depolarising currents, such as IN3 during 

phasee 0 (the rapid upstroke) or ICa-L during phase 2 (the plateau phase). Thus, reduction of 

depolarisingg ion currents, INa and ICa-L, or increase in early repolarising ion current, ITo, 

duringg the early phase of the cardiac action potential due to abnormal expression or function, 

mayy give rise to the Brugada syndrome phenotype. In table 1, the genes and the chromosomal 

locationss of the a- and p-subunits of depolarising and repolarising ion currents involved in 

rapidd depolarisation, early repolarisation and the plateau phase of the cardiac action potential, 

aree summarized. 

Presently,, all SCN5A mutations in Brugada syndrome have been found to encode non-

expressingg or totally or partially dysfunctional sodium channels, resulting in a reduction in 

iNa--

ModulatoryModulatory subunits 

Modulatoryy subunits of cardiac ion channels may importantly affect the function of the pore 

formingg subunit of the ion channel (table 1). The presence of modulatory subunits may be 

neededd for channel assembly, trafficking and membrane expression 8. Finally, p-subunits may 

associatee with the pore forming a-subunit in the cell membrane and modulate its function. In 

thee Brugada syndrome, no mutations have been found in genes that encode p-subunits. 

AA potential role for the Na+ channel p-subunit is, however, evidenced by the fact that the pi-

subunitt of the cardiac sodium channel modifies the effects of mutations in the a-subunit, and 

itt possibly has a role as a chaperone protein for the Na+ channel a-subunit 9I0. 
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Tablee 1. Ion currents, their subunits, encoding genes and chromosome location 

Curren t t 

Is, , 

a-subunit t 

p-subunit t 

Icvi . . 

a-subunit t 

P-subuml l 

ITO O 

a-subunil l 

P-subunit t 

Gene e 

SCN5A SCN5A 

P,, (SCMB) 

P;; (SC\2B) 

a^iCACNLl.41) a^iCACNLl.41) 

P,, ICACS-Bl) 

$$22(CAC\B2) (CAC\B2) 

a:\MCACNA2DI) a:\MCACNA2DI) 

Kv4.33 (KCND3) 

kChip22 (KCNIP2) 

Chromosome e 

3p21 1 

19ql3.l-ql3.2 2 

l lq23 3 

12pter-pl3.2 2 

17q21-q22 2 

10ql2 2 

7q21-22 2 

lpl3.2 2 

10q24 4 

IonIon channel expression 

Expressionn of hHl in the surface membrane of the myocyte is not a random process, but is 

guidedd by intracellular proteins l0. The C-terminus of Na" channels from several different 

tissuess interacts with the PDZ domain of syntrophin, a protein in the dystrophin-associated 

proteinn complex, directing Na+ channels to specific sites on the membrane". Mutations in 

PDZZ domains may therefore be expected to disrupt this interaction and proper channel 

expression.. The recently resolved mechanism of the long QT syndrome type 4 illustrates the 

rolee of the cytoskeleton in ion channel expression. In a family suffering from LQT4, a loss of 

functionn mutation in the gene encoding ankyrin B was found12. Through ankyrin, the spectrin-

actinn cytoskeleton of cells connects with ion channels, and other ion transporting proteins, 

anchoringg it to the cell membrane. 

Inn a heterozygous mouse model of this mutation, several cardiac ion pumps were affected, 

duee to abnormal protein localization and reduced expression levels13. Mutations in proteins 

regulatingg ion channel expression, which may be a role for (3-subunits, would therefore be a 
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possiblee cause for reduced expression of Na channels, and other ion channels in Brugada 

syndrome. . 

IonIon channel modification 

Whilee in the ER, and when expressed in the cell membrane, ion channel function will be 

affectedd by processes such as (de)glycolysation14, (de)phosphorylation14,15. These processes 

mayy affect sodium channel expression, and also channel gating properties1 . 

Directt modification of ion channel function by protein-protein interaction has recently been 

shownn for hHl, by binding of calmodulin (CaM)16 to it in a Ca2+ dependent manner17. Due to 

thee binding of CaM, gating properties of hHI changed, enhancing slow inactivation. Because 

CaMM is an intracellular Ca2+ -sensing protein, the intracellular Ca"+ concentration therefore 

affectss sodium channel function17. This and similar mechanisms may be very well involved in 

Brugadaa syndrome. 

PotentialPotential parameters that may reflect a genotype-phenotype relationship in Brugada 

syndrome syndrome 

Parameterss that may reflect a genotype-phenotype relationship may be similar to those in the 

longg QT syndrome. In the long QT syndrome, these parameters are: the presenting symptoms, 

thee age at which the first symptoms occur, the triggering event, and the ECG morphology ' . 

Alll these parameters are easily available. 

Presently,, the only known parameters, discriminating two genotypically different groups in 

Brugadaa syndrome, are those related to cardiac conduction ' . 

DemographicDemographic characteristics 

Althoughh Brugada syndrome is an autosomal inherited disease, it affects males 8-10 times 

moree than females3. The male predominance probably reflects the gender differences in 

expressionn of ITO and Ica-L19'20- An increase in IJO or a reduction in Ica-L
 m ay theoretically alter 

thee normal AP, similarly to a reduction in INa. When such alterations occur, for example due 

too mutations in the genes encoding ITO and Ica-L, this must have a different effect on male or 

femalee carriers. The observation that surgical castration in males alleviates ST-segment 

elevationn suggests that male hormones also play a role21. 

Inn the long QT syndrome age-related, genotypical differences have been well established6,7. 

Thee mean age for a first arrhythmic event to occur in the Brugada syndrome is approximately 

400 years (range: 1 to 77 years)3. Presently, neither gender nor age at the moment of the first 

arrhythmicc event has been found to distinguish a specific group of Brugada syndrome patients 

fromm each other. 
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ClinicalClinical characteristics 

Triggerin gg events 

Similarlyy to the congenital long QT syndrome, differences in the genes underlying the disease 

mayy theoretically result in different arrhythmia triggers. 

Presently,, two triggers are known to unmask the typical ECG and induce arrhythmias: these 

aree sleep and fever. Whether the rise in body temperature, the changes in the (humoral) 

immunee system, or both, trigger symptoms, is not known. Until now, no remarkable 

differencess in triggers between Brugada syndrome patients or families have been established. 

ECGG characteristics 

Inn the inherited long QT syndrome, the morphology of the T-wave and QTc-duration are 

genotype-specific6'7.. A similar relationship for the Brugada syndrome is possible, because the 

shapee of the ST-segment is critically dependent on the magnitude and timing of the balance of 

ionn currents . Two different shapes of the ST-segment are recognised, the coved and the 

saddlee back type. The magnitude and shape of the ST-segment shows considerable intra- and 

inter-individuall variation. Patients may show spontaneous ST-segment changes in time, the 

abnormalitiess may become aggravated or may normalize. Inter-individual variation in the ST-

segmentt abnormalities can frequently be observed between family members who carry the 

samee SCN5A mutation. Both the intra- and inter-individual ST-segment variation may reflect 

normall and abnormal modification of ion channels. These spontaneous variations will make 

thee establishment of a genotype-specific ST-segment unlikely. In a recent report, the 

magnitudee of the spontaneous ST-segment elevation was not found to be different between 

carrierss of SCN5A mutations as compared to non-mutation carriers18. 

Abnormalitiess in ion channel function or expression will not only affect the morphology of 

thee ST-segment, but also other electrical properties of the heart, for example conduction. 

Losss of function mutations in the SCN5A gene, as in the Brugada syndrome (table 2)23'34, 

havee been identified in patients suffering from inherited cardiac conduction disease (ICCD) 

(tablee 4)25'29- ' "39. SCN5A mutations in ICCD reduce the sodium current due to trafficking 

orr gating defects of the channel. The functional differences between sodium channel 

dysfunctionn in Brugada syndrome and ICCD is often not easy to understand. Two SCN5A 

mutations,, G1406R25 and S1710L29'30, have been reported to result in both an ICCD and a 

Brugadaa syndrome phenotype. The phenotype of carriers of the G1406R mutation was 

gender-dependent.. All Brugada syndrome patients were male, and all but one (6 out of 7) 

ICCDD patients were female25. In addition to these two mutations, conduction abnormalities 

aree often reported in Brugada syndrome patients. 
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Thee first report on a phenotype-genotype relationship in the Brugada syndrome stems from 

thiss observation. In this report, 23 Brugada syndrome patients, with 19 different SCN5A 

mutations,, were compared to 54 Brugada syndrome patients in whom an SCN5A mutation 

hadd been excluded. The SCN5A mutation carriers were found to have significantly longer 

PQ-intervalss on their 12-lead ECG and longer His-to-Ventricle (HV) intervals during EPS 

(Figuree 1). Therefore, it was concluded that the presence of impaired conduction in a Brugada 

syndromee patient points to an underlying SCN5A mutation and is genotype-specific18. Other 

ECGG parameters, such as the QRS interval, the QTc interval and the magnitude of ST-

segmentt elevations were not found to be different. 

FlecainideFlecainide challenge 

Ann important test in the diagnosis of the Brugada syndrome is a pharmacologic challenge 

withh class I antiarrhythmic drugs, preferably flecainide or ajmaline ' . Class I sodium 

channell blocking drugs will reduce the sodium current during phase 0 of the cardiac action 

potential,, thereby, theoretically, disturbing the balance between depolarising ion currents and 

repolarizingg ITO. If this balance is already disturbed, because of a loss of function SCN5A 

mutation,, the ST-segment may become elevated or its shape may change . Hence the effect of 

flecainidee challenge might be expected to be ion channel-specific and probably mutation-

specific.. However, the change in ST-segment shape or elevation, due to flecainide challenge, 

wass not found to be different between carriers of an SCN5A mutation and Brugada syndrome 

patientss without a mutation18. Ion channel, or INa, specific effects have been shown in the 

longerr QRS-prolongation in carriers of an SCN5A mutation as compared to non-carriers 

(Figuree l)18. Another interesting finding is that flecainide testing preferentially puts Brugada 

syndromee patients, who carry an SCN5A mutation, at risk to develop ventricular 

tachyarrhythmiass . 

Mechanisticc proof for this ion channel specific effect, and for the effects on the ST- segment 

inn Brugada syndrome, comes from a study of the effects of flecainide on the 1795InsD . The 

1795InsDD mutant channels were found to be more sensitive to the blocking effects of 

flecainidee compared to wild-type channels. Thus, when cardiac conduction is already 

compromisedd by a reduction in INa due to an SCN5A mutation, flecainide may be expected to 

furtherr aggravate this. Mutation specific effects of the flecainide challenge may result from 

thee fact that, depending on the amino-acid substitution in the cardiac sodium channel, the 

effectt of flecainide may be different . 

Synopsis Synopsis 
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Brugadaa syndrome is a genetically heterogeneous inherited disease. Therefore genotype-

specificc differences may be present in Brugada syndrome patients and families. The variable 

penetrancee of the disease complicates the establishment of a phenotype-genotype relationship. 

Withoutt knowledge of possibly the majority of involved genes and proteins, and without full 

understandingg of its pathophysiology, this search is even more complicated. A first step has 

beenn made by recognizing that there is one patient group carrying an SCN5A mutation, and 

anotherr very large one that does not, and that these groups are indeed phenotypically 

different. . 

Additionally,, we know that there is one family with a non-malignant disease course, in which 

thee disease has been linked to an as yet unidentified gene on chromosome 3p22-234 (table 3.). 

Brugadaa syndrome SCN5A mutations, identified and investigated in cellular expression 

models,, have consistently shown that INa is reduced42. This finding is consistent with the 

proposedd pathophysiological mechanism for the disease5. Between the Brugada syndrome and 

twoo other sodium channel associated arrhythmia syndromes, the long QT syndrome type3 and 

cardiacc conduction disease, phenotypical overlap exists25,29"33-42. There are several reports of 

losss of function SCN5A mutations, that are causally related to both Brugada syndrome and 

cardiacc conduction disease25'2930. In Brugada syndrome patients with an SCN5A mutation, 

compromisedd conduction is therefore not surprising. Indeed, these differences in cardiac 

conductionn are presently the only known differences that can discern between the group of 

SCN5A-related,, and non-related Brugada syndrome patients18. Matters, however, are 

complicatedd already by the fact that the Brugada syndrome patients, in whom the disease was 

linkedd to a site on chromosome 3 (3p22-25), also have conduction abnormalities4. A possible 

explanationn in this case, and others, may be that mutations in other proteins, also affecting the 

sodiumm current, may be involved. 
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Tablee 2. Clinical data from Brugada syndrome mutations that have been studied in heterologous expression 
systemss predicting a reduction in sodium current. 

Mutatio nn Index Family ECG 
eventt  history* 
proband proband 

conductionn flecaïnide EPS HV 
diseasee challenge arrhythmi a (ms) 

induceable? ? 

L567Q Q 
(rcf.. 22, 23 ) 

SCD D STT T nd. . 

G752R R 
(rcf.. 23) 

GI406R R 
(ICCD+Brugada) ) 
(ref.. 25) 

R1432G G 
(ref.. 26,27) 

R1512W W 
(ref.(ref. 2X) 

S1710L L 
(ICCDTVF'BS) ) 
(Ref.. 29.30) 

l795InsD D 
(LQT33 +Brugada) 
(rcf.. 31.32.33) 

Yll 79511 
(ref.34) ) 

A1924T T 
(ref.(ref. 28) 

nonee + 

palp.. + 
dizziness s 

syncopee ? 

STT T 

syncope e 

syncope e 
VF F 

SCDD t 

none e 

none e 

STT T 
atypical l 

"typical" " 

RBBB B 
pattern n 
pattern n 

RBBB B 
pattern n 
STt t 
c c 

+ + 

RBBB B 
STt t 
QTT T 

(i)RBBB B 
pattern n 
STTT c/s 

"typical" " 
RBBB B 
pattern n 

PRT T 

PRT T 
RBBB.LAHB B 

PRR 240ms 
RBBB B 

PRR 220ms 
RBBB B 
pattern n 

11 st degree 
AVV block 
Q R S t t 
nonn typical STt 
att increased HR 

P R t t 
QRSt t 

RBBB B 
pattern n 

no o 

+ + 

PRTT T 
QRStt t 

STt t 

STt t 

11 st degree 
AVV block 
Q R S t t 
nonn typical STt 
att increased HR 

STt t 

STt t 
c c 

no o 

nd. . 

non n 
sustained d 
VT T 

nd. . 

nd. . 

SCDD sudden cardiac death, palp, palpitations, ICCD inherited cardiac conduction disease, (c )RBBB (complete) right bundle branch block, 

LAHBB left anterior hemi block, c coved. VT ventricular tachycardia, PVT polymorphic ventricular tachycardia 
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Tablee 3. The only non SCN5A related Brugada syndrome mutation. Clinical characteristics. 

Mutatio nn Index event Family ECG conduction INa 
probandd history disease challenge 

EPSS HV 
arrhythmia ss (ms) 
induceable e 

3p22-25 5 
(ref.(ref. 4) 

1stt degree AV block 
RBBB,, left axis 
STT Vl -V3c 

STTT T 

RBBBB right bundle branch block. , c coved, VF ventricular fibrillation 

Tablee 4. Cardiac conduction disease mutations that have been studied in heterologous expression systems 
predictingg a reduction in sodium current INa. Clinical characteristics. 

Mutatio n n Indexx event 
proband d 

Familyy ECG 
history y 

conduction n 
disease e 

INa a 
challenge e 

EPS S 
arrhythmia s s 
induceable e 

HV V 
(ms) ) 

W156X+R225Wff broad complex 
(ref.(ref. 35) tachycardia 

G298S S 
(ref.(ref. 36) 

T512I+H558R| | 
(ref.(ref. 37) 

G514C C 
(Ref.. 38) 

IVS22+2 2 
(ref.. 29) 

G1406R R 

(ICCD+Brugada) ) 
(ref.. 25) 

D1595N N 
(reff 36) 

7// 2nd degree 
AVV block 
Att age 6 yrs 

irr.. heart beat 

bradycardia a 

syncope e 

palp--
dizziness s 

2ndd degree 
AVV block 

progressivee conduction 
diseasee in both 
atriumm and ventricle 

2ndd degree 
AVV block 
progressivee to 
3rdd degree 

2ndd degree 
AV-block k 

broadd P wave 

PRT.QRST T 

RBBB B 
completee AV block 
LBBB.. LAHB.LPHB 

•'typical"" PRT 
RBBB.LAHB B 

PR? ? 
RBBB B 

2ndd degree 
AVV block 
progressivee to 
3rdd degree 

broadd P wave 
PRR T, QRS T 

PRTT T 
QRSTT T 

PRT T 
70ms s 

nd d 

nd. . nd. . 

S1710L L 
(ICCD/IVF/BS) ) 
(ref.. 29.30) 

syncope e 
VF F 

11 st degree 
AVV block 
QRSt t 
nonn typical STT 
att increased HR 

11 st degree 
AVV block 
QRST T 

nonn typical STT 
att increased HR 

S1710+75X X 
(ref.. 39) 

1s'' degree 
AV-block k 

1"" degree AV-block 
RBBB B 

tcompoundd heterozygosity. +T512I mutation, H558R polymorphism, SCD sudden cardiac death, palp, palpitations, ICCD inherited cardiac 
conductionn disease, (c )RBBB (complete) right bundle branch block, LAHB left anterior hemi block, , LPHB left posterior hemi block, c 
coved.. VT ventricular tachycardia, PVT polymorphic ventricular tachycardia 
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P<0.0001 1 

250 250 

200 200 

1500 -

100 0 

II SCN5A mutation carriers 

"~II Non-mutation carriers 

PQQ interval QRS interval HV interval 

Figuree 1 

P<0.05 5 

QRSS interval 

Figuree 1. Conduction abnormalities are a discriminating phenotypical parameter, as evidenced by prolonged 

PQ-- and HV-intervals, between Brugada syndrome patients with and without an SCN5A mutation. After 

administrationn of class I sodium channel blocking drugs, the QRS interval prolonged significantly more in 

Brugadaa syndrome patients carrying an SCN5A mutation. 

CONCLUSION N 

Establishmentt of a phenotype-genotype relationship in the Brugada syndrome is important for 

understandingg of the pathophysiology of the disease. When we understand the basis of the 

disease,, we may be able to develop an ion channel-, or protein mechanism-specific 

pharmacologicc treatment. When indeed Brugada syndrome is caused by mutations in different 

genes,, this could mean that in the future we can divide Brugada syndrome into different types. 

Likee in the long QT syndrome, this may lead to finding Brugada syndrome types. These 

differentt types may each have a different epidemiology, different clinical characteristics and 

requiringg different, preferably pharmacologic, treatment ' . 

Att present, only conduction parameters seem to discriminate between Brugada syndrome 

patientss with and without a mutation in the SCN5A gene . 

Furtherr phenotype-genotype relations may be established, if we are able to identify Brugada 

syndromee patients, or preferably families, who are phenotypically different from other 
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Brugadaa syndrome patients. In such patients, an educated guess, for example based on some 

remarkablee ECG recording, might lead to the identification of the causally involved gene. 
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3.3.11 Abstract 

Objectives::  We have tested whether a genotype-phenotype relationship exists in Brugada 

syndromee (BS) by trying to distinguish BS patients with (carriers) and those without (non-

carriers)) a mutation in the gene encoding the cardiac sodium channel (SCN5A) using clinical 

parameters. . 

Background::  Brugada syndrome is an inherited cardiac disease characterized by a varying 

degreee of ST-segment elevation in the right precordial leads and (non)specific conduction 

disorders.. In a minority of patients, SCN5A mutations can be found. Genetic heterogeneity 

hass been demonstrated, but other causally related genes await identification. If a genotype-

phenotypee relationship exists, this might facilitate screening. 

Methods::  In a multi-center study, we have collected data on demographics, clinical history, 

familyy history, electrocardiogram (ECG) parameters, His to ventricle interval (HV), and ECG 

parameterss after pharmacologic challenge with INa blocking drugs for BS patients with (n = 

23),, or those without (n = 54), an identified SCN5A mutation. 

Results::  No differences were found in demographics, clinical history, or family history. 

Carrierss had a significantly longer PQ interval on the baseline ECG and a significantly longer 

HVV time. A PQ interval of 210 ms and an HV interval 60 ms seem to be predictive for the 

presencee of an SCN5 A mutation. After INa blocking drugs, carriers had significantly longer 

PQQ and QRS intervals and more increase in QRS duration. 

Conclusions::  We observed significantly longer conduction intervals on baseline ECG in 

patientss with established SCN5A mutations (PQ and HV interval and, upon class I drugs, 

moree QRS increase). These results concur with the observed loss of function of mutated BS-

relatedd sodium channels. Brugada syndrome patients with, and those without, an SCN5A 

mutationn can be differentiated by phenotypical differences. 

Abbreviations::  AUC; area under the curve; BS; Brugada syndrome; ECG; 

electrocardiogram/electrocardiographic;; EPS; electrophysiologic studies; HR; heart rate; HV; 

Hiss to ventricle interval; Na+; sodium; SCN5A; pore-forming region (alpha-subunit) of the 

humann cardiac sodium channel; SSCP; single-strand conformation polymorphism 
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3.3.22 Introductio n 

Brugadaa syndrome (BS) presents with malignant ventricular arrhythmias occurring in the 

structurallyy normal heart, leading to (aborted) sudden death. The hallmark 

electrocardiographicc (ECG) feature of the disorder is ST-segment elevation in the right 

precordiall leads.1" This ECG feature may not, however, be consistently present, and transient 

normalizationn of the ST segment is commonly observed.3'4 Other characteristic ECG features 

includee a terminal negative T-wave in the right precordial leads and specific (i.e., left anterior 

hemiblock,, right bundle branch block) or non-specific (QRS widening) conduction disorders. 

Thiss phenotype is increasingly recognized as an inherited trait and is classified among the 

familiall primary electrical disorders.5 

Mutationss in the gene encoding the pore-forming subunit of the cardiac sodium channel, 

SCN5A,, have been causally linked in patients and families with BS.6'7 In an effort to clarify 

thee underlying pathophysiology, several mutated sodium channels associated with the 

disorderr have been studied in heterologous expression systems. In all cases, a reduction in 

sodiumm (Na+)-current amplitude (iNa)» either by a reduction in Naf channel expression or 

throughh alterations in channel gating properties,7 is predicted. Clinically, a reduced Na+ 

currentt is expected to impact on conduction properties. 

Ann SCN5A mutation, however, is found only in a minority (-15%) of patients.8 Genetic 

heterogeneityy is also evidenced by linkage to a region on chromosome 3 (3p22-25), other than 

thee SCN5A locus (3p21), in a family with the disorder. 

Geneticc heterogeneity also underlies the different sub-types of the inherited long QT 

syndrome,, in which the various forms are associated with mutations in multiple cardiac ion 

channell genes. In this disorder, clinical and ECG features display genotype-specific 

characteristics.. Apart from shedding light on the pathophysiologic mechanisms of the various 

sub-types,, this facilitates genetic screening,10 permits faster genetic testing, and thereby 

providess opportunities for earlier initiation of optimal patient management. It is unclear 

whetherr such a genotype-phenotype relationship exists in BS. In this study, we have tested 

whetherr it is possible to distinguish between SCN5A-mutation carriers and patients without a 

sodiumm channel mutation on the basis of clinical and ECG criteria. 

3.3.33 Methods 

Patientt  population 

Patientss diagnosed with BS at the following three university hospitals were included: 

Academicc Medical Center, Amsterdam (The Netherlands); the University of Munster, 
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Munsterr (Germany) and Höpital Hötel-Dieu, Nantes (France). All tests that were performed 

weree approved by the medical ethical review committees of the hospitals involved. Informed 

consentt was obtained from all patients. 

Clinicall data, including age at diagnosis, gender, (non)pharmacologic therapy and family 

history,, were obtained retrospectively from patient records from the respective hospitals. 

Patientss without a suspected index event but with a malignant family history were diagnosed 

withh BS based on the presence of ECG characteristics consisting of at least 2-mm ST-segment 

elevationn in leads VI to V3 and (in)complete right bundle branch block morphology. In 

patientss with aborted cardiac arrest, 1 mm was sufficient. Underlying (structural) heart disease 

wass excluded by echocardiography, cardiac catheterization, chest roentgenograms, and 

exercisee testing. In addition, laboratory tests to exclude (acute) ischemia and metabolic or 

electrolytee disturbances were performed. In total, 77 patients were studied, all of whom were 

geneticallyy tested for the presence of an SCN5A mutation. In order to avoid the predominant 

effectt of any single mutation, only index patients from each family (and no other affected 

familyy members) were included. 

ECG,, electrophysiologic measurements, and sodium channel blocking drugs 

Thee first 12-lead ECG available in the absence of drugs was analyzed. Heart rate (HR), PQ, 

QRSS and QT intervals were measured. The QT interval was corrected using Bazett's formula 

(QTcc = QT/RR). The maximal ST-segment elevation in leads VI to V3 was measured. 

Baselinee electrophysiologic studies (EPS) were performed in 46 (eight SCN5A-related and 38 

non-SCN5A-related)) of 77 patients. The His to ventricle interval (HV) and inducibility of 

ventricularr arrhythmias, using up to two extra stimuli, were registered. 

Thee effect of Na+ channel blocking drugs was tested in 53 (11 SCN5A-related and 42 non-

SCN5A-related)) of 77 patients. In three patients, pre-existing ECG abnormalities were 

consideredd too severe for safe testing of these drugs. Two patients refused the test. 

Thee choice of drug was determined by the availability of the drug in the hospitals concerned. 

Inn 28 patients, ajmaline (1 mg/kg body weight intravenous at a rate of 10 mg/min) was used; 

inn 23 patients, flecainide (2 mg/kg body weight intravenous in 10 min with a maximum of 

1500 mg) was used; and in two patients, procainamide (10 mg/kg intravenous at a rate of 100 

mg/min)) was used. The same ECG measurements as before were performed after 

administrationn of the sodium channel blocking drugs. 

Mutatio nn analysis of SCN5A 

Inn all patients, all 28 exons of SCN5A were amplified by polymerase chain reaction from 

DNAA isolated from peripheral leukocytes, utilizing intronic primers. Polymerase chain 
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reactionn products were subjected to single-strand conformation polymorphism (SSCP) 

analysiss followed by direct sequence analysis of aberrant conformers.11 In order to increase 

thee probability of detecting the presence of any sequence change, SSCP was carried out at two 

differentt temperatures for each exon, and the size of fragments for SSCP was kept around 300 

basee pairs. ' 

Statisticall  analysis 

Thee Student / test or Mann-Whitney test was performed, where appropriate, to test for 

statisticall differences between two mean values. A paired t test was used for the evaluation of 

changess in ECG parameters before and after sodium channel blocking drugs, with p values of 

<0.055 considered statistically significant. Proportional differences between groups were 

analyzedd using the Fisher exact test. Sensitivity, specificity, and receiver-operator curves were 

computedd to select possible cut points in the measured values and test for the diagnostic 

utilityy of these. 

3.3.44 Results 

Patientt  population and mutation analysis of SCN5A 

Thee population consisted of a total of 77 patients, 23 SCN5A-related (Table 1) and 54 non-

SCN5A-relatedd patients, respectively. Patient characteristics are summarized in Table 2. The 

male:femalee ratio was not significantly different between the two groups. Within the whole 

group,, the age at diagnosis was on average eight years younger in males compared with 

females:: 45.1  11.2 years versus 53.0  11.7 years (p < 0.05). Among SCN5A-mutation 

carriers,, males were on average 13 years younger than females: 40.9  9 years versus 53.6  6 

yearss (p < 0.05). Because no further significant differences between males and females 

regardingg index event and ECG parameters could be found, these groups were not studied 

separatelyy in subsequent analyses. No significant differences in age, family history, and index 

eventt were observed between mutation carriers and non-carriers (Table 2). 

ECGG parameters and electrophysiologic measurements 

Thee SCN5A-related patients showed a longer PQ interval on their baseline 12-lead ECG 

comparedd with non-SCN5A-related patients (209  51 ms vs. 163  23 ms [p < 0.0001]; 

Tablee 2; Fig. 1A). No significant differences were observed in HR, QRS duration, QTc 

intervall and ST-segment elevation (Table 2). 

Patientss with a mutation in SCN5A were found to have a significantly longer HV interval, as 

measuredd during EPS (66  13 ms), than patients without an SCN5A mutation (48  9 ms [p 

<< 0.001]) (Table 2; Fig. IB). Ventricular fibrillation or polymorphic ventricular tachycardia 
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wass induced during programmed electrophysiologic stimulation in the majority of both 

SCN5A-relatedd (6 of 8, 75%) and non-SCN5A-related patients (27 of 38; 71%) who 

underwentt EPS (p = NS). No difference between the HV interval of symptomatic and 

asymptomaticc patients was observed (data not shown). 

E161K K 

951X X 

R367C C 

M369K K 

1479delK K 

R535X X 

G752R R 

L867X X 

E1225K K 

delG3816 6 

G1319V V 

S1382I I 

V1405L L 

G1406R R 

G1502S S 

R1512W W 

IVS21+1G>A A 

G1743E E 

A1924T T 

Tablee 1. Included SCN5A Mutations 

Fromm two families two symptomatic index persons were included. Two other mutations were identified in two 

unrelatedd families (proven by haplotype analysis). 

Totall (n) 
Genderr (m/f) 
Agee (yrs) 
Familyy history -f 
Indexx event 
VF/VT T 
Syncope e 
Asymptomatic c 
Others* * 
Baselinee ECG 

<»> > 
Heartt rate (beats/min ') 
PQQ interval (ms) 
QRSS duration (ins) 
QTcc interval (msm) 
ST-segmentt elevation(nim) 
Electrophysiologicc testing 

(n> > 
VT/VFF inducible 
HVV time 

Brugadaa Patients 
SCN5ASCN5A Mutation 
23 3 
15/8 8 
455  15 
11/23(48%) ) 

6/233 (26%) 
8/233 (35%) 
7/233 (30%) 
2/233 (9%) 

23 3 
677  15 
2099 + 51 
1100  24 
4055  31 
2,55  1.3 

S S 
6/88 (75%) 

666  13 

Withh Brugada Patients Without 
SCN5ASCN5A Mutation 
54 4 
44/10 0 
488  11 
24/544 (44%) 

15/544 (28%) 
19/544 (35%) 
15/54(28%) ) 
5/544 (9%) 

54 4 
711  12 
1633 + 24 
1022  22 
4000 + 35 
1.99  1.3 

38 8 
27/388 (71%) 

488  9 

pp Value 

— — 
NS S 
NS S 
NS S 

NS S 
NS S 
NS S 
NS S 

— — 
NS S 

<0.0001 1 
NS S 
NS S 
NS S 

— — 
NS S 

<< 0.001 

Tablee 2. Characteristics of Patients With or Without SCN5A Mutation 

ECGG = electrocardiogram; HV = His to ventricle interval; SCN5A = pore-forming region of the human cardiac 

sodiumm channel; VF = ventricular fibrillation; VT = ventricular tachycardia. 

Sodiumm channel blocking drugs 

Bothh within the total tested patient population (n = 51 [excluding the 2 patients who were 

testedd using procainamide]) as within the non-SCN5A-related patient group (n = 41), no 
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significantt differences between ajmaline and flecainide could be observed. Within the 

SCN5A-relatedd patient group, six patients received flecainide, and four received ajmaline. 

Also,, no difference could be observed. Procainamide was used in one SCN5A-related and one 

non-SCN5A-relatedd patient. Because previous authors have also reported that they could not 

findd significant differences in effects of these drugs on ECG parameters,14 we did not 

distinguishh between the different drugs in our analysis. No differences in basic patient 

characteristicss (ECG, index event, and so forth) were observed between patients challenged 

andd patients not challenged. 

Inn SCN5A-related patients, Na+ channel blocking drugs elicited a significant increase in PQ-

interval,, QRS-duration, and ST-segment elevation (Table 3). Similarly, in non-SCN5A-

relatedd patients, administration of Na+ channel blocking drugs caused a significant increase in 

PQQ interval, QRS duration, and ST-segment elevation (Table 3). In addition, in these patients, 

HRR and QTc interval were also found to be increased ( Table 3). 

Afterr administration of Na+ channel blocking drugs, the difference in PQ interval between 

SCN5A-relatedd and non-SCN5A-related patients was maintained; SCN5A-related patients 

hadd a significantly longer PQ interval than non-SCN5A-related patients (222  37 ms vs. 195 

 33 ms [p < 0.05]). In addition, a difference in QRS duration became evident between 

SCN5A-relatedd and non SCN5A-related patients after drug administration; SCN5A-related 

patientss had a significantly longer QRS interval than non SCN5A-related patients (142  31 

mss vs. 118  21 ms [p < 0.05]) (Table 3). No significant differences between the two groups 

weree observed regarding changes in HR, QTc-interval, and ST-segment elevation ( Table 3). 

Interestingly,, when comparing the effects of Na+ channel blockade between SCN5A-related 

andd non-SCN5A-related patients, a significantly larger increase in QRS duration in the 

formerr group was observed (38 1 ms vs. 18  18 ms [p < 0.05]) (Table 3). 

3.3.55 Discussion 

Inn this study we investigated whether a genotype-phenotype relationship exists in BS. Probing 

thiss issue is of interest because, if such a correlation exists, it might facilitate future genetic 

screeningg in patients with the disorder. 

Severall mutations linked to BS have been described in SCN5A, the only gene hitherto linked 

too the disorder.7 In vitro studies on implicated mutations have consistently shown a reduction 

inn Na+ current either by a decrease in cell-surface expression or by a reduction of unitary 

currentt secondary to altered biophysical properties.7 This points toward the likely 

involvementt of altered Na-current characteristics in the generation of both the ST-segment 
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elevationn and ventricular arrhythmias.14 Decreased net inward (or an increased net outward) 

currentt at the end of phase 1 of the cardiac action potential is thought to underlie epicardial 

actionn potential shortening by aggravating the natural difference in repolarization 

characteristicss of endocardium and epicardium, with resultant ST-segment elevation in the 

leadss overlying the respective area."'14 The resultant electrical heterogeneity in action 

potentiall between epicardial and endocardial layers is expected to be arrhythmogenic. ' 

ECGG before class I antiar
rhythmicc drug 
(n) ) 
HRR (beats/min !) 
PQPQ interval (ms) 
QRSS duration (nis) 
QTcc interval (ms1/2) 
ST-segmentt elevation (nun) 
ECGG after class 1 antiar 
rhythmicc drug 
(n) ) 
HRR (beats/min *) 
PQQ interval (ms) 
QRSS duration (ms) 
QTcc interval (msw ) 
ST-segmentt elevation (nun) 
Differencee in ECG param
eterss after class I antiar
rhythmicc drug 
(n) ) 
AHRR (beats/min-!) 
APQQ interval (ms) 
AQRSS duralion (ms) 
AQTee interval (nis]/2> 
AST-segmentt elevation 
(mm) ) 

Brugadaa Patients 
SCN5ASCN5A Mutation 

11 1 
655  16 

1955  40* 
1044  26f 
4022  28 

2.33

11 1 
722  17 

2222 * 
1422  31t 
4266  60 

4.55

11 1 
100  15 
266  28 
388  31 
233  64 

ii  ">  -+-

With h 

1.6| | 

Li t t 

1.4 4 

Brugadaa Patients 
SCN5ASCN5A Mutation 

42 2 
722 -+- 12* 

1644  27* 
1000  17* 
4055  34* 

1.88

42 2 
766  13* 
1955  33* 
1188  21* 
4311  40* 

3.99

42 2 
4 + 1 2 2 

322  21 
188  18 
277  40 

2.11

Without t 

1.0* * 

12* * 

1.3 3 

pp Value 

NS S 
<< 0.005 
NS NS 
NS NS 
NS NS 

-— — 
NS S 

<< 0.05 
<< 0.05 
NS NS 
NS NS 

NS S 
NS NS 
<<  0 05 
NS NS 
NS NS 

Tablee 3. ECG Before and After Class I Antiarrhythmic Drug Challenge 

ECGG = electrocardiogram; HR = heart rate; SCN5A = pore-forming region (alpha-subunit) of the human cardiac 

sodiumm channel. 

Thee sodium current, however, not only impacts on action potential duration but also plays an 

importantt role in propagating the action potential. Hence, a reduction in Na+ current is also 

expectedd to negatively affect conduction within the heart. As a matter of fact, SCN5A 

mutationss have also been shown to underlie familial conduction disease. ' It is therefore not 

unexpectedd that conduction disorders are found in BS patients with an SCN5A mutation. 

Indeed,, the prolonged PQ interval at the baseline ECG observed in our SCN5A-mutation 
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carrierss (likely partially due to the significantly prolonged HV interval in these individuals) 

supportss the role for Na channel in conduction.5 Also, though not statistically significant, 

QRSS duration tended to be longer in SCN5A mutation carriers. 

Moreover,, these ECG parameters are predictive for the presence or absence of an SCN5A 

mutationn in BS patients (Figs. 1 and 2). When a PQ interval of 210 ms or more is considered 

too predict the presence of an SCN5A-related defect, a sensitivity of 48% and specificity of 

98%% is reached (Fig. 1A). In parallel, when an HV interval of 60 ms or more is considered to 

predictt the presence of an SCN5A mutation, a sensitivity of 88% and a specificity of 82% are 

attainedd ( Fig. IB), with an area under the curve (AUC) of 0.788 for the baseline PQ duration 

(( Fig. 2A) and 0.875 for the HV interval ( Fig. 2B). These two parameters have a fair-to-good 

accuracyy as a test for predicting the presence or absence of an SCN5A mutation within the 

patientt group diagnosed with BS. 

Administrationn of Na+ channel blocking drugs to BS patients in general (i.e., whether they are 

SCN5A-relatedd or non SCN5A-related patients) is expected to interfere with the ion current 

underlyingg phase 1 of the cardiac action potential, thereby exacerbating the ST-segment 

elevation.. Patients without mutation in SCN5A may also develop conduction delay after 

challengee with Na+ channel blocking agents, as has been shown both for individuals with and 

individualss without BS.17"18 However, patients with an SCN5A mutation and, thus, preëxistent 

reducedd sodium current are expected to be the most susceptible to development (or further 

development)) of conduction delay. Our finding, that SCN5A-mutation carriers show a larger 

increasee in QRS duration after Na-channel blockade than non-SCN5A-related patients, 

confirmss this hypothesis. 

Inn addition to the PQ interval at baseline, the PQ and QRS intervals after Na-channel 

blockadee are predictive of the presence or absence of an SCN5A mutation: both a PQ-interval 

off 225 ms and a QRS interval of 140 ms (abnormal prolongation in both cases) predict the 

presencee of an SCN5 A mutation. The PQ and QRS interval after Na+ blocking drugs are less 

accuratee predictors for the presence or absence of an SCN5A mutation (parameters with AUC 

== 0.716 [0.543 to 0.889] [p < 0.01] and 0.733 [0.549 to 0.916] [p < 0.01], respectively [not 

shown]).. It has been noted before '7 that patients with longer baseline QRS intervals 

developedd more QRS prolongation upon flecainide exposure than patients with normal 

baselinee QRS intervals: a difference in underlying genotype was suggested. Na-channel 

blockingg drugs, however, do not seem to differentiate between the two groups of patients 

whenn only the magnitude of the ST-segment elevation is considered (not shown). 
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Wee were also not able to distinguish the two groups on the basis of other characteristics such 

ass gender, age, family history, or index event; nor was the inducibility of ventricular 

fibrillation/ventricularr tachycardia different between the two groups. 

Thee SCN5A mutation is reported to be found in only 15% of BS patients, and other gene(s) 

associatedd with the disorder have yet to be identified.8 Based on the proposed mechanism, 

involvingg exacerbation of transmural heterogeneity in action potential duration, both for ST-

segmentt elevation and for the genesis of arrhythmias, likely candidate genes for the disorder 

aree those encoding components (pore-forming or ancillary) of ion channels active around 

phasee 1 of the action potential. In particular, this applies to genes displaying a transmural 

gradientt in expression. Potential candidates include the modulatory subunits of the sodium 

channel,, the pore-forming and modulatory components of the transient outward current, and 

thee L-type calcium current. However, the disorder may be more complex. The region on 

chromosomee 3 (3p22-25) linked to BS appears to contain none of these candidates, nor ion 

channell components that could represent homologues of these proteins9 Furthermore, our 

studyy indicates that BS patients without an SCN5A mutation are expected to have normal or 

near-normall cardiac conduction. This suggests that the as-yet-unidentified causative gene(s) 

inn these patients (most probably a heterogeneous group) have no impact (or a smaller impact) 

onn conduction. 
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Figuree 1. (A) PQ interval (ms) on baseline ECG for individual patients. Patients with a pore-forming region 

(alpha-subunit)) of the human cardiac sodium channel (SCN5A) mutation were found to have a significantly 

longerr PQ interval than patients without an SCN5A mutation. Solid circle = Brugada syndrome patients with 

knownn SCN5A mutation; open circle = mean  SEM; open square = Brugada syndrome patients without 

knownn SCN5A mutation; solid square = mean  SEM. (B) His to ventricle interval (HV) time (ms) for 

individuall patients. Patients with an SCN5A mutation were found to have a significantly longer HV interval than 

patientss without an SCN5A mutation. Solid circle = Brugada syndrome patients with known SCN5A mutation; 

openn circle = mean  SEM; open square = Brugada syndrome patients without known SCN5A mutation; solid 

squaree = mean  SEM. 
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Figuree 2. (A) Receiver operating characteristic curve comparing sensitivity and specificity of the baseline PQ 

intervall and the presence of an SCN5A-mutation. Select PQ intervals are indicated. Below are positive 

predictivee value and negative predictive value of various cut points of PQ interval. (B) Receiver operating curve 

comparingg sensitivity and specificity of the His to ventricle interval (HV) and the presence of an SCN5A 

mutation.. Select HV intervals are indicated. Below are positive predictive value and negative predictive value of 

variouss cut points of HV interval. AUC = area under the curve. 
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3.3.66 Study limitation s 

Althoughh SSCP conditions for enhanced detection of mutations were used, the SSCP analysis 

techniquee is known to be less than 100% sensitive and varies between 70% and 95%.I213 

Moreover,, we analyzed the coding regions of SCN5A for mutations. One cannot exclude the 

possibilityy of mutations occurring in regions of the gene other than coding regions. The 

functionall impact has not been studied for all identified SCN5A mutations; therefore, a causal 

relationshipp in individual patients has not been proved. 

3.2.66 Conclusions 

Inn this study we show that the presence of conduction defects, as evidenced by a prolonged 

HVV interval and PQ interval at baseline, and excessive QRS interval prolongation after Na+-

channell blockade are more likely to be found in BS patients who are carriers of an SCN5 A 

mutation.. This represents the first step toward the identification of genotype-specific sub

typess in BS that, although other responsible gene(s) have yet to be identified, will eventually 

facilitatee genetic screening and earlier initiation of optimal therapeutic strategies. 
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ABSTRACT T 

Background::  Mutations in the gene encoding the human cardiac sodium channel (SCN5A) 

havee been associated with three distinct cardiac arrhythmia disorders: the long QT syndrome, 

thee Brugada syndrome and cardiac conduction disease. Here we report the biophysical 

featuress of a novel sodium channel mutation, El6IK, which we identified in individuals of 

twoo non-related families with symptoms of bradycardia, sinus node dysfunction, generalised 

conductionn disease and Brugada syndrome, or combinations thereof. 

Methodss and Results: Wild-type (WT) or El6IK sodium channel a-subunit and [3-subunit 

weree cotransfected into tsA201 cells to study the functional consequences of mutant sodium 

channels.. Characterization of whole-cell sodium currents (1N3) using the patch-clamp 

technique,, revealed that the E161K mutation caused an almost threefold reduction in current 

densityy (WT: -740 pA/pF, (n=9) vs. E161K: -280 pA/pF, (n=13), p<0.001, at 20 mV). 

Moreover,, an 11.9 mV (p<0.0001) positive shift of the voltage-dependence of activation was 

alsoo observed. The inactivation properties of mutant and WT sodium channels were similar. 

Thesee results suggest an overall reduction of E161K INa. Implementation of the reduced 

currentt density and positive shift of activation in a sinoatrial node action potential model, 

predictedd a reduction in sinus rate by slowing of the diastolic depolarization rate and upstroke 

velocity.. This effect was aggravated by application of acetylcholine, simulating the dominant 

vagall tone during night. 

Conclusion::  Our experimental and computational analysis of the E161K mutation suggest 

thatt a loss of sodium channel function is not only associated with Brugada syndrome and 

conductionn disease, but may also cause sinus node dysfunction in carriers of this mutation. 
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INTRODUCTIO N N 

Cardiacc arrhythmias in the absence of structural abnormalities form an extending group of 

cardiacc diseases. These so-called 'primary electrical diseases1 of the heart are of a hereditary 

naturee and can be associated with specific mutations in genes mostly encoding ion channel 

proteins.122 The functional consequences of such mutations are alterations in the biophysical 

featuress of ion channel proteins, which may affect normal cardiac electrophysiology and 

renderr the heart susceptible to the development of life-threatening arrhythmias.'2 

Mutationss in the gene encoding the pore forming a-subunit of the human cardiac sodium 

channell (SCN5A) have been associated with a variety of cardiac rhythm disorders. The 

majorityy of sodium channel (hHl) mutations identified thus far, produce the long QT 

syndromee type 3 (LQT3), Brugada syndrome (BS) and cardiac conduction disease (CD).1 

Albeitt more rarely, other forms of arrhythmia syndromes have also been linked to mutations 

inn this gene,1"7 including acquired LQTS." idiopathic ventricular fibrillation ' sick sinus 

syndrome5,66 and atrial standstill.7 Sinus node dysfunction has also been evidenced in patients 

withh a sodium channel mutation that causally associated with LQT3. " Sinus node 

dysfunctionn in combination with LQT4 has been reported due to a mutation in the gene 

ANK2,ANK2,1010''1212 encoding ankyrin-B and as an isolated case due to a de novo mutation in the HCN4 

genee encoding the pacemaker current If. 

Thee results of various clinical investigations, combined with functional expression and 

computationall studies, have greatly increased our understanding of the pathophysiological 

mechanismm underlying the clinical phenotype of these various types of cardiac rhythm 

disorders.. A general concept emerged that linked gain-of-function sodium channel mutations 

too LQT3 and loss-of-function mutations to BS or CD.' In this study we present a novel 

SCN5ASCN5A mutation, El6IK, which was identified in individuals from two non-related families 

withh sinus node dysfunction, along with features of conduction disease and Brugada 

syndrome.. In this SCN5A mutation, a glutamic acid in the second transmembrane segment of 

channell domain I (D1S2) was replaced by a lysine. By characterization of the clinical 

phenotypee and the basic electrophysiological properties of E161K mutant Na+ channels, along 

withh computer simulations, we provide insight into the mechanisms underlying the complex 

clinicall phenotype. 
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METHOD S S 

ClinicalClinical data 

Informedd consent was obtained from study participants according to the guidelines of the 

medicall ethics committee of the hospital. Subjects were evaluated by medical history, cardiac 

catheterization,, magnetic resonance imaging (MRI) and echocardiograms. On a 12-lead 

electrocardiogramm (ECG) the following ECG parameters were determined: heart rate, P wave 

durationduration (leads II and VI), PQ-, QRS-, and QTc-intervals. J-point elevation was measured in 

leadss VI and V2 of the ECG. A flecainide test was performed in 2 members of family A and 

inn 8 of family B. This test is applied when patients are suspected of having Brugada syndrome 

becausee of J-point elevation on their baseline ECG, or because of suspicious family history. It 

consistss of a challenge with flecainide administered intravenously (2mg/kg maximum dose 

t50mg).. Also, 24 hours Holter recordings were obtained for 10 mutation carriers. For each 

mutationn carrier, Holter recordings from 2-3 patients matched for age and gender were 

obtainedd from hospital records to serve as controls. In this control group, there was no 

evidencee for the presence of structural heart disease or medication that would affect heart rate. 

Additionally,, the two index patients underwent a clinical electrophysiological study (EPS), 

testingg the inducibility of ventricular arrhythmias, using up to 2 premature stimuli. 

Sinuss node dysfunction was considered if one of the following conditions was recorded 

duringg one or different occasions when inappropriate for the physiological circumstances, (1) 

sinuss bradycardia, (2) sinus arrest or exit block, (3) combinations of SA-, and AV-conduction 

disturbancess and (4) paroxysmal atrial tachycardias.15 

SequenceSequence analysis and mutagenesis 

Genomicc DNA was extracted from blood of study participants to screen the coding region of 

thee SCN5A gene by single-stranded conformational polymorphism (SSCP) and sequence 

analysiss as previously described.8 Mutant sodium channel complementary DNA (cDNA) was 

preparedd by site-directed mutagenesis on the pSP64T-hHl plasmid.16 The full length cDNA 

wass then subcloned into the Hindlll-Xbal site of the vector pGFPIRS16,17 for bicistronic 

expressionn of the channel protein and GFP reporter. 

HeterologousHeterologous expression of the mutant and wild type sodium channels 

E161KK or wild type (WT) sodium channel a-subunit cDNA (1 ug) was tranfected into tsA201 

cellss together with 1 ug hpl-subunit (provided by AL George, Vanderbilt University, 
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Nashville,, TN) using lipofectamine (Gibco BRL, Life Technologies). Cells displaying green 

fluoresencee 24-48 hours after transfection were used for electrophysiological experiments. 

Electrophysiology Electrophysiology 

Sodiumm currents were measured in the whole-cell configuration of the patch-clamp technique 

usingg an Axopatch 200B amplifier (Axon Instruments Inc.). Currents were sampled at 20 kHz 

usingg a Digidata 1200 analog to digital board (Axon Instruments Inc.) and low-pass filtered at 

22 kHz. Data acquisition was performed using pClamp 8.0.1 (Axon Instruments Inc.) and data 

weree analyzed using Clampfit (Axon Instruments Inc.). Series resistance was compensated by 

80%. . 

Alll experiments were performed at room temperature (21 °C). The bath (external) solution 

containedd (in mmol/1): NaCl 140, KC1 4.7, CaCl2 1.8, MgCl2 2.0, NaHC03 4.3, Na2HP04 1.4, 

glucosee 11.0, HEPES 16.8, pH adjusted to 7.4 (NaOH). The pipette (internal) solution 

containedd (in mmol/1): CsF 100, CsCl 40, EGTA 10, NaCl 10, MgCl2 2.0, HEPES 10, pH 

adjustedd to 7.3 (NaOH). 

VoltageVoltage protocols and data analysis 

Thee voltage protocols used to determine voltage dependence of activation, steady-state 

inactivation,, recovery from inactivation and development of slow inactivation are provided as 

insetss in the relevant figures. Cycle time for each voltage protocol was 5 seconds. 

Steady-statee activation and inactivation curves were fit using the Boltzmann equation: 

I/Imax=A/{1.0+exp[(V//2-V)//r]}} to determine the membrane potential for half maximal 

(in)activationn V//2 and the slope factor k. Recovery from inactivation was analyzed by fitting 

thee data with a bi-exponential equation: 

I/Imax== y0+^/ [l-exp(-t/r/is,)]+ A2 [l-exp(-t/r5/(m )], where t is the recovery time interval and 

Tfas,Tfas, and Tsiow are the fast and slow time constants of recovery from inactivation. Development 

off slow inactivation was analyzed by fitting the data with a mono-exponential function y=Ae" 
t/T.. The time course of inactivation was determined by fitting current decay with a two-

exponentiall function: 

I/Imaxx =^/exp(-t/r/)+/i,rexp(-t/w), where A f and As are fractions of fast and slow inactivating 

componentss and r̂  and z> are the time constants of the fast and slow inactivating components, 

respectively. . 
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ComputerComputer simulations 

Thee effects of the altered biophysical features of the mutant sodium channel on SA node 

activityy were tested by computer simulations using the peripheral SA nodal cell model by 

Zhangg et al.lx In the model, 100% normal sodium channels were allocated in the WT situation 

andd 20% mutant channels and 50% WT channels (20% E161K + 50%WT) were allocated in 

thee E161K mutant situation to account for the observed reduced current density by a factor of 

2.5.. The activation curve of the E161K mutant channels was shifted by +11.9 mV, to account 

forr the observed positive shift in voltage-dependence of activation. Computer simulations 

weree also carried out with simulated application of acetylcholine to investigate the effect of 

thee para-sympathetic nervous system.Iiu9 All simulations were run for sufficiently long time 

too reach steady-state behaviour. 

StatisticalStatistical analysis 

Dataa are expressed as . Statistical analysis of ECG and electrophysiological data 

wass done using the unpaired Student's t test for comparison of 2 means. For analysis of the 24 

hourr ECG data a Wilcoxon test was used. A two-tailed probability value <0.05 was 

consideredd statistically significant. 

RESULTS S 

GenotypeGenotype and clinical phenotype 

Thee index patients which, as evidenced by analysis of SCN5A haplotypes, originated from 

non-relatedd families, (referred to as family A and B, Figure 1) consulted their physician 

becausee of palpitations. Due to the fact that they had abnormal ECG's (Figure 2) and 

suspiciouss family histories, an inherited primary electrical disease of the heart was suspected. 

Affectedd patients had a complex clinical phenotype of conduction disease, Brugada syndrome 

andd sick sinus syndrome. In both index patients, and their family members, the SCN5A gene 

wass screened. A 481 g>a substitution in exon 4 of the SCN5A gene was found, resulting in a 

substitutionn of glutamic acid for lysine in hHl (E161K.). The mutation in these families, was 

foundd to be associated with the complex clinical phenotype of conduction disease, Brugada 

syndromee and sick sinus syndrome. 
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Figuree 1. Pedigrees of two non-related families in which the E161K sodium channel mutation was identified. 

Individualss marked with a plus sign are carriers of the E161K mutation. Individuals marked with a minus sign 

weree tested for the presence of the El 61K mutation and were found not to carry the E161K. mutation. 

Familyy A 

Thee index patient (Figure 1 A, A-II-4) is a 67 year old female who presented with palpitations 

duee to sinus arrhythmia and occasional SA-exit block. Examination of the ECG revealed a 

broadd P-wave (120 ms), prolonged QRS duration (130 ms), and a coved type elevated ST-

segmentt in leads VI (2 mm) and V2 (3 mm) (Figure 2A). The coved type ST-segment 

elevationss in leads VI and V2 increased in magnitude (>2mm) after challenge with 

intravenouss flecainide (Figure 2B). These ST segment abnormalities fulfil the current criteria 

forr Brugada syndrome (type I).14 During electrophysiological testing, non-sustained 

polymorphicc ventricular tachycardia (VT) could be induced by two premature stimuli. 

Additionall electrocardiographical investigation, by 24 hr Holter recordings, revealed the 

occurencee of SA exit block and sinus arrhythmia. Echocardiographic investigation and 

cardiacc cathetherization did not reveal any structural cardiac abnormalities. When the first-

degreee family members of the index patient were screened, her 62 year old asymptomatic 

sisterr (B-II-9) was also observed to have coved type ST-segment elevation on her ECG in 

leadd VI (1 mm). When challenged with intravenous flecainide, her ST-segment elevations 

alsoo fulfilled the criteria for Brugada syndrome (2 mm coved-type ST-elevation in V2). 
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Figuree 2. ECG data from the index patients. A, B: Right precordial leads, VI to V3, of the index patient of 

familyy A (A-II-4), recorded during baseline conditions (A) and after flecainide challenge during which ST 

segmentt elevation increased (B). C, D: Right precordial leads VI to V3 of the index patient of family B (B-III-

23),, recorded during baseline conditions (C) holter recording of the same patient showing a sinus exit block (D). 

Off the 24 living family members of the index patient, a total of 8 individuals agreed to 

geneticc and electrocardiographical examination. Besides the index patient, and her sister, 

anotherr family member was found to be a carrier of the E16 IK mutation and also showed the 

clinicall features of conduction disease, Brugada syndrome and sinus node dysfunction 

(Familyy A). No cases of sudden cardiac death (SCD) occurred in this family, the sister of the 

indexx patient (A-1I-5) died of a malignancy. 

122 2 



Chapterr 3,4 

Familyy B 

Thee index patient (Figure IB, B-III-23) is a 37 years old male who presented with 

palpitations.. Examination of his ECG revealed features suggestive of Brugada syndrome 

(Figuree 2C) and SA node dysfunction (Figure 2D), and conduction abnormalities. That is, SA 

nodee exit block (Figure 2D), 1st degree A-V block with a PQ interval of 240 ms, incomplete 

rightt bundle branch block and saddle-back type J-point elevations in leads VI (1 mm) and V2 

(22 mm) (Figure 2C). The J-point elevation increased during challenge with flecainide. During 

electrophysiologicall investigation, abnormal sinus node function with a prolonged sinus node 

recoveryy time was observed and self-terminating polymorphic ventricular tachycardia could 

bee induced. No relevant structural cardiac abnormalities could be found using 

echocardiographyy or MRI. The patient was treated with an implantable cardioverter-

defibrillatorr (ICD) with pacing mode. Two other family members (B-II-11 and B-II-13) had 

pacemakerss implanted. No cases of sudden cardiac death (SCD) occurred in this family, 

patientt B-II-2 died of a malignancy, patient B-III-5 of meningitis and the cause of death of 

individualss B-II-4 and B-II-19, at age 64, are unknown. 

Thee family pedigree in Figure 1 shows that family B comprised 39 living family members of 

whichh 28 individuals were genetically and electrocardiographicly analyzed (Table 1). In 11 

familyy members the El61K mutation was identified (Figure 1, Family B). 

AA veraged ECG characteristics 

Thee baseline electrocardiographic data of the 36 genotyped individuals of families A and B 

weree pooled and averaged to enable a comparison between mutation carriers and non-

mutationn carriers (Table 1). Carriers of the E161K mutation have ECG features typical for 

conductionn disease, Brugada syndrome and sick sinus syndrome in various combinations and 

too variable degrees. 

Onn average, E161K carriers were found to have longer P-wave, PQ- and QRS-intervals, 

indicativee for conduction abnormalities. Average P-wave duration was s in mutation-

carrierss and s (p<0.0005) in family members without the El6IK mutation. PQ 

intervalss were prolonged (>200 ms) in 4 out of 14 mutation carriers. On average, mutation 

carrierss had a PQ-interval of 181  9 ms while that of family members without the E161K 

mutationn was 156  6 ms (p=0.015). Widening of QRS-intervals (> 100ms) was observed in 7 

outt of 14 E16IK carriers, giving rise to an average value of 106  4 ms for mutation carrier 

vs.. 88  2 ms for family members without the E161K mutation (p=0.00015). Sinus node 
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dysfunction,, was observed in 6 out of 14 mutation carriers. Average heart rate (HR), obtained 

fromm baseline ECG's, was not significantly different between mutation carriers and family 

memberss without the E161K mutation (66  4 beats/min vs. 65  3 beats/min). In neither of 

thee two families were spontaneous ventricular tachyarrhythmias documented. Spontaneous 

ST-segmentt elevation was observed in 7 out of 14 mutation carriers. The J-segment elevation 

inn lead VI was 0.6  0.2 mm for mutation carriers vs. 0.1 +0.1 mm for non-mutation carriers 

(p=0.0017). . 

Itt should be noted that individual B-1I-6, who does not carry the E161K mutation, did have 

spontaneouss saddle-back type ST segment elevation that increased during flecainide 

challenge,, type II response (Figure 3).14 In addition, this patient also showed sinus 

bradycardiaa and sinus pauses, although less frequent than in E16IK carriers. 

Tablee 1. Averaged baseline ECG parameters from E161K mutation carriers and their unaffected family 
members. . 

controls s 

E161K K 

p-value e 

age e 

(yrs) ) 

4 4 

4 4 

ns s 

gender r 

(m:f) ) 

12:10 0 

8:6 6 

n n 

22 2 

14 4 

HR R 

beats/min n 

65+3 3 

4 4 

ns s 

PP width 

leadd II 
(ms) ) 

3 3 

121+6 6 

0.00049 9 

PQ Q 

interval l 
(ms) ) 

6 6 

181+9 9 

0.015 5 

QRS S 

interval l 
(ms) ) 

2 2 

4 4 

0.0015 5 

QTc c 

interval l 
(ms) ) 

6 6 

8 8 

ns s 

ST T 
elevation n 
Vl(mm) ) 

0.11 1 

2 2 

0.0017 0.0017 

2424 hour Holier recordings 

Althoughh mean heart rate obtained from baseline ECG's was not significantly different 

betweenn mutation carriers and family members without the El6IK mutation, analysis of 24 hr 

Holterr recordings did show differences in heart rate. Of 7 mutation carriers, complete 24 hour 

Holterr recordings were available from which maximum, minimum and mean heart rate during 

sinuss rhythm were determined. Figure 4A shows that the averaged mean heart rate of El61K 

mutationn carriers differed from that of 20 age and gender matched controls. With the 

exceptionn of the time interval between 8am and 1pm this difference was statistically 

significantt (p<0.05). The absolute minimum heart rate, not necessarily during sinus rhythm, 

wass additionally significantly lower in E161K mutation carriers (39  1 beats/min) compared 
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too controls (51  0.6 beats/min (p<0.001) (Figure 4B, left panel). The maximum heart rate 

wass not different, 133  1.3 beats/min for E161K mutation carriers and 134  0.8 beats/min 

(ns)) for controls (Figure 4C, right panel). 

V3RR ""Ij 
S S 

B B 

Figuree 3. A: Leads V3R and V4R of individual B-II-6 who does not carry the E161K mutation but did have 

spontaneouss type 1, coved type J-point elevation in the right precordial leads. B: J-point elevation increased by 

moree than 2mm after administration of 150mg flecainide, which is considered a positive flecainide test. 

Electrophysiology Electrophysiology 

Too determine the functional consequences of the E161K sodium channel mutation, 

electrophysiologicall characteristics of mutant and WT sodium currents were studied in 

tsA2011 cells. Figure 5 depicts examples of current traces (Figure 5A) and the averaged 

current-voltagee (IV) relationships (Figure 5B) of the WT and E161K channels, clearly 

showingg that tsA201-cells transfected with E16IK cDNA have a lower sodium current 

density.. Peak IN3 for E161K sodium channels at -20mV was reduced by a factor 2.5 

comparedd to WT channels (p<0.001). Fitting current decay with a bi-exponential function, 

showedd that the time constants of the fast and slow components were similar for WT and 

mutantt channels (Figure 5C). 
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Figuree 4.A: Mean heart-rate during 24 hour holter monitoring of 7 E16IK carriers from whom complete Holter 

recordingss were available compared to 20 control individuals (non-family members). Except for the time interval 

betweenn 8am and 1pm E161K carriers had a significantly lower average heart rate. B: Averaged absolute 

minimumm and maximum heart for 10 E161K carriers and 28 control individuals (non-family members) as 

measuredd during Holter registration. For three E161K. mutation carriers, the complete 24 hour holter registrations 

weree no longer available, only the final analysis reports were documented. 

Investigationn of the voltage-dependence of activation and inactivation (Figure 6) revealed an 

11.9mVV positive shift of the half maximal activation potential (V1/2) for E161K sodium 

channelss (WT: V,/,= -42.6  1.4 mV; E161K: -30.7  0.8 mV). Also the slope of the 

activationn curve was steeper (WT: k= 6.7  0.4; El6IK: h= 7.9  0.3 (p<0.05)). Voltage 

dependencee of steady state inactivation was not different (WT :V' y2- -89.4  1.2 mV, k= -4.9 

 0.3 vs. E161K :V,/7= -88.5  0.9 mV (ns), fc= -4.4  0.1 (ns)). 
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Figuree 5. A: Representative examples of WT and E161K sodium current traces at various membrane potentials 

recordedd from tsA201 cells. B: Average current-voltage relationships for WT and E161K sodium channels. Peak 

currentt amplitudes were significantly smaller for the El6IK mutant as compared to WT. C: Fast and slow time 

constantss of inactivation ( Tf̂  ad TS]0%V), obtained by fitting the sodium current decay with a two exponential 

function.. No statistically significant differences were found. 
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Figuree 6. Voltage dependence of activation and inactivation of WT (n=9) and E161K. (n=13) channels. Data 

pointss were fit with Boltzmann equations where V,,_; is the half-maximal voltage and k is the slope factor. Values 

forr activation were WT: V,,,= -42.6  1.4 mV / k= 6.7  0.4 vs. E161K: V,,,= -30.7  0.8 mV (p<0.0001) / *= 

7.99  0.3 (p<0.05). Values for inactivation were WT: Vl/2=  -89.4  1.2mV / h= -4.9  0.3 vs. E161K: V M = -

88.55  0.9 mV(ns)/£= -4.4 1 (ns). 

127 7 



Ann SCN5A mutation associates with sick sinus syndrome, conduction disease and Brugada syndrome 

Recoveryy from inactivation (Figure 7A) and development of slow inactivation (Figure 7B) 

weree not found to be different between E161K Na+ channels compared to WT sodium 

channelss (for values see legend). 
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Figuree 7.A: Recovery from inactivation for WT and E161K mutant channels. Data points were fitted with a two 

exponentiall function yielding the following amplitudes and recovery time constants: WT: Afas, = 0.95  0.02 / 

tfas,, 2 vs. E161K: Afast= 1.01  0.03 / xfast = 1.8 1 (ns), :slow = 0.18 1 / xstow = 40.2  3.6 vs. 

E161KK : Aslow = 0.14  0.01 / xslow = 38.0  7.1 (ns) B. Development of slow inactivation for WT and E161K 

mutantt channels. Data points were fitted using a single exponential function giving time constants (x) of 361.8

75.88 for WT (n=8) vs. x= 411.5  132.9 for E161K (n=4) (ns). 

ComputerComputer simulations 

Too study the effect of the E161K. mutation on the peripheral SA node, and the effects of 

subsequentt vagal stimulation, we used the SA nodal cell model as designed by Zhang et 

al.. ' In this model one can test the autonomic control of the node by simulated application 

off acetylcholine. We have compared action potential simulations in the presence of 100% 

normall sodium channels to simulations with 20% abnormal (E161K) and 50% normal sodium 

channels.. In addition to the reduction in sodium current density, activation kinetics of the 

E161KK channels were shifted by +11.9mV to account for the altered activation properties. 

Implementationn of these altered properties gave rise to a reduction in sodium current during 

thee upstroke of the action potential and during the diastolic depolarization phase (Figure 8, 

leftt panel and Figure 9, upper panel). The resultant decrease in diastolic depolarization rate 

(DDR)(DDR) and reduction in action potential upstroke velocity, gave rise to a slight slowing of 

sinuss rate (Figure 8, upper panel). Simulated application of acetylcholine, to mimic vagal 
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dominancee during nightly hours, amplified the effects of the altered properties of the E161K. 

mutationn on sinus rate. Although acetylcholine gave rise to a slowing in sinus rate (SR) in 

bothh the 100%WT and 20% E161K + 50%WT condition, this effect was far more pronounced 

inn the latter (Figure 8, right panel). Firstly, this effect is due to the more pronounced reduction 

inn upstroke velocity for the 20% E161K + 50%WT condition in the presence of acetylcholine 

comparedd to baseline (no ACh). Secondly, although the absolute reduction in diastolic 

depolarizationn rate (DDR) for the 20% E161K + 50%WT condition is the same in the 

presencee of ACh, the relative reduction in DDR is highly increased (Figure 8). 

baselinee (no ACh) B B 1000 nM ACh 

Vm(mV) ) 

10000 1500 
timee (ms) 

100%% WT 50%WT+20%E161K K 

Figuree 8. Simulated effects of E161K mutant biophysical properties on membrane voltage Vm (top), sodium 

currentt INa, (middle), and total membrane current Itota], (bottom), during SA node spontaneous electrical activity. 

Solidd line represents wild type control (100% WT channels), dashed lines represents E161K mutant (20% 

E161KK + 50% WT). A: During baseline conditions (noACh). B: After simulated application of lOOnM ACh. 
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noo ACh 

B B 
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Figuree 9. Simulated effects of the E161K mutant biophysical properties on sinoatrial node action potential 

parameters.. Open bars represent wild type control (100%WT) dashed bars represent E161K mutant (20% E161K 

++ 50% WT). 

SR=sinuss rate, -MDP= maximal diastolic potential, DDR= diastolic depolarization rate, Vmax= action potential 

upstrokee velocity, APA= action potential amplitude, APD=Action potential duration A: During baseline (no 

ACh).. B: After simulated application of ACh. The computer model of the peripheral sinus node predicts a 

slightlyy slower sinus rhythm in carriers of the E161K mutation (A). This becomes more pronounced when 

acetylcholinee application is simulated (B). 
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DISCUSSION N 

Inn two non-related families, we have identified a novel SCN5A mutation, E161K, that causes 

cardiacc conduction disease, Brugada syndrome and sick sinus syndrome. The clinical 

phenotypee was highly variable as illustrated by the variation in the combinations of the three 

diseasess (Figure 1). 

Thee electrophysiological consequence of the El 61K mutation, as measured in tsA201 cells, is 

aa reduction in cardiac sodium current. This results from both the reduced current density 

(Figuree 5) and the positive shift in voltage dependence of activation (Figure 6). As a 

consequence,, E161K channels will provide less INa during the upstroke and phase 1 of the 

actionn potential. This will reduce the action potential upstroke velocity and impulse 

propagation,, and will also affect the epi- and endocardial action potential configuration and 

thee resulting surface ECG. 

CardiacCardiac conduction disease 

Cardiacc conduction disease was indicated by broader P waves and prolonged PQ and QRS-

intervalss in E161K mutation carriers compared to their non-affected family members. The 

presencee of conduction disease in carriers of the E161K mutation can be explained by the 

describedd biophysical properties of the channel, which will result in a reduced upstroke 

velocityy of the cardiac action potential. 

Thee reduction in upstroke velocity of the cardiac action potential and the consequent slowing 

off conduction, due to loss-of-function SCN5 A mutations, is not an uncommon mechanism in 

inheritedd cardiac conduction disease.1 For example, in a computational cardiac model fibre, 

Tann et al. have shown that an isolated, positive shift in voltage dependence of activation 

causedd a reduction in action potential upstroke resulting in conduction delay. A positive 

shiftt in activation, and thus in voltage of channel opening threshold, requires a greater voltage 

stimuluss to depolarize the cells and will slow AP propagation. This, in combination with the 

reductionn in INa, can explain the abnormally widened P-wave and the longer PQ- and QRS-

intervalss in carriers of the El 61K mutation. 

TheThe Brugada syndrome 

Twoo hypotheses have presently emerged to explain the BS ECG features and arrhythmias and 

bothh can result from reduction in IN8. 

Inn the first hypothesis it is assumed that a reduction in INa during phase 0 of the action 

potentiall causes a shortening of the action potential because during the next phase of early 
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repolarizationn (phase 1) the presence of Ito gives rise to 'all or none repolarization'.21421 

Becausee the epicardial layers of the heart have more It0 than endocardial cells, the epicardial 

actionn potential will shorten to a greater extent. The resultant voltage gradient between epi-

andd endocardial layers of the heart may then give rise to ST-segment elevation.2'14"21 The 

secondd hypotheses ascribes the BS features to preferential conduction delay in the right 

ventricularr outflow tract (RVOT), for example due to a reduction in INa.
22 The sodium current 

reducingg effects of the E161K mutation may explain the Brugada syndrome phenotype in the 

mutationn carriers by either of these mechanisms. 

TheThe sick sinus syndrome 

Thee sick sinus syndrome was evidenced by sinus bradycardia, SA exit block, complete heart 

blockk and paroxysmal atrial tachycardias. In addition, lower absolute heart rates and lower 

averagee heart rates in mutation carriers as compared to healthy gender-and-age matched 

controls,, were observed in 24 hour Holter recordings. The lower averaged heart rates were 

especiallyy apparent during the night, while this difference disappeared in the early morning 

hours.. This is probably due to the change in posture and the circadian variation in the 

autonomicc nervous system that shows radical physiological changes during the time period 

directlyy after wakening, i.e. increase in catecholamine release.23 Two different mechanisms 

mayy underlie the sick sinus syndrome: 1) a hampered conduction between the SA-node and 

thee atria, due to an increased stimulus threshold in the atrial myocardium, or 2) disorder of the 

SA-nodee itself, as established for patient B-III-23 of family 2 during EPS. Although the role 

off INa in the SA-node has been controversial, it is now well established that sodium channels 

contributee to SA node pacemaking in mammals.24"2" To test for the effect of the reduced INaon 

intrinsicc SA-node activity, we used computer simulations that additionally allowed to test for 

effectss of the parasympathetic nervous system. It was found that reduced INa in the condition 

off 20% El 6 IK. + 50%WT gave rise to a slight reduction in upstroke velocity and DDR with 

consequentt slowing of sinus rate. These effects were much more pronounced in the presence 

off ACh, simulating vagal dominance. This is in accordance with the observations that 

significantlyy lower heart rates occurred at night and during the day except for the time interval 

fromm 8am to 1pm, when the sympathetic tone is dominant. The fact that maximum heart rates 

weree indistinguishable between mutation carriers and non-mutation carriers further supports 

this. . 

Onee individual in family 2 (B-II-6) did have saddle type ST-segment elevations and a positive 

flecainidee test in the absence of the El 61K. mutation in the SCN5A gene. This is unusual, and 
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onlyy recently the first registration of two false positive flecainide tests (a positive flecainide 

testt in an individual without a loss of function SCN5A mutation) has been reported. This 

occurredd in two sisters form a large family in which carriers of the R367H SCN5A mutation 

weree diagnosed with Brugada syndrome. The two sisters themselves were not considered to 

bee affected by the disease. The investigators suggested four mechanisms that could be 

responsiblee for a false positive flecainide test. These were (1) the 'genetically determined 

pharmacogenetic'' background of individuals determines susceptible to flecainide, (2) a 

mutationn in another gene than SCN5A was present, (3) the R367H SCN5A mutation was not 

responsiblee for the Brugada syndrome in that family, (4) a true positive response, inherent to 

thee test, was involved and (5) a mixture of 1 to 4. If these mechanisms are truly responsible 

forr the false positive flecainide tests is a matter of speculation. The observation of a false 

positivee flecainide test in the family with the E161K mutation can therefore be speculated to 

havee occurred due to any of these mechanisms and, additionally by a possible de novo 

mutationn since it is an isolated case. But since the clinical phenotype of E161K mutation 

carrierss is very heterogeneous, the presence of another mutation in SCN5A or another gene 

seemss likely. Isolated SSS has previously been reported to occur due to compound 

heterozygosityy of recessive SCN5A mutations. Thus the observation indicates that besides the 

E16IKK mutation in the SCN5A gene some other "factor" may be involved. We suggest that 

thiss "factor" is an important modifier of Na+ channel function since individual B-II-6 has very 

seriouss clinical manifestations. Interestingly, it is known that in only «30% of patients with 

thee Brugada syndrome, a mutation in the SCN5A gene is identified that is causally involved. 

Inn the remaining patients, the disease is often also inherited, which suggests the involvement 

off other genes.1,2 

Too conclude, the E161K mutation in the SCN5A gene is related to a clinical phenotype of 

cardiacc conduction disease, sick sinus syndrome and Brugada syndrome with a variable 

clinicall presentation. Modifiers of the cardiac sodium current may contribute to this 

variability.. The involvement of the SCN5A gene has been reported often in association with 

thee Brugada syndrome and cardiac conduction disease. This is however the first report of an 

SCN5ASCN5A mutation in which the clinical phenotype is that of sick sinus syndrome and Brugada 

syndromee and in which the biophysical properties of the mutant channel have been 

characterized. . 

Thiss study supports the new finding that loss of function SCN5A mutations can affect normal 

SAA node function causing sick sinus syndrome and overlap syndromes with other SCN5A 
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relatedd primary electrical diseases of the heart.5'6 In this study, we have additionally provided 

evidence,, by using a computer model of SA nodal electrical activity, what the underlying 

mechanismm of sick sinus syndrome due to loss of function SCN5A mutations may be. 
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4.1.11 INTRODUCTION 

Thee congenital form of the long QT syndrome is a primary electrical disease of the heart, like 

thee Brugada syndrome (BS) and inherited cardiac conduction disease (ICCD).1'2,3 Similar to 

thesee two diseases one form of the congenital long QT syndrome, LQT3, has been causally 

associatedd with mutations in the SCN5A gene." An important difference with BS and ICCD is 

thatt for long QT syndrome an acquired form exists, next to the congenital inherited form, as a 

clinicallyy important disease.4'5,6 

Ass the name suggests the long QT syndrome is characterized by a prolonged QT interval on 

thee 12 lead electrocardiogram (figure l).6'7'8 The QT interval is an indicator of the duration of 

thee ventricular action potential." If the repolarization process of the action potential is 

abnormallyy delayed, beyond its normal duration, this will show as prolongation of the QT 

interval.9100 When repolarization is delayed inhomogeneously in the different regions of the 

heartt this will, in addition to QT prolongation result in an abnormally shaped T-wave. 91° 

Thiss inhomogeneity, or transmural dispersion of repolarization (TDR), can induce and 

maintainn a life threatening ventricular tachyarrhythmia called torsades de pointes (TdP).2'9'10 

Therefore,, QT prolongation, or as we shall discuss later QTc prolongation, the QT interval 

correctedd for heart rate, should always be considered a warning sign for a potentially life 

threateningg cardiac disease. 

Congenitall long QT syndrome was first described in 1957 by Jervell and Lange-Nielsen as an 

autosomall recessive disease in patients that additionally suffered from congenital deafness.11 

Afterr this discovery autosomal dominant inherited forms of the long QT syndrome were 

describedd by Romano in 1963 and Ward in 1964.1213 These patients, suffering from Romano-

Wardd syndrome, do not have congenital deafness.12'13 

Thee inherited nature of some forms of the long QT syndrome was thus already recognised at 

thatt time, but it was not until 1995 that mutations in ion channel genes, 'LQT genes' (Table 

5.1),, were found to be involved.14'15 The Jervell-Lange-Nielsen syndrome is caused by 

homozygouss loss of function mutations in KVLQT1 or in MinK, reducing the repolarizing 

potassiumpotassium current.1'2'16 Patients suffering from the Romano-Ward syndrome can have a 

mutationn in one of seven different genes.1'8 

Acquiredd long QT syndrome is caused by QT-prolonging cardiac and non-cardiac drugs. In 

somee patients with acquired long QT syndrome, mutations or polymorphisms in LQT genes 

cann be found that do not give a long QT phenotype unless repolarization is further delayed by 

QTT prolonging drugs (www.qtdrugs.org/medical-pros/drug-lists/drug-lists.htm). ' ' 
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Figuree 1. 12-lead ECG of a LQT3 patient. Note the delayed onset of the peaked T-wave. (paperspeed 25mm/s, 

calibrationn 10mm/mV). 

Thee LQT genes encode for several different ion channels and accessory subunits and, in one 

LQTT type (LQT4) for a structural cell protein (Table 4.1).17 Ion currents that have been found 

too be affected by mutations are the sodium current, INa, and the potassium currents, IKS, IKT and 

kir-''9'10''66 The ECG, clinical phenotype and prognosis have been shown to be different 

dependingg on the affected ion current. Presentlyy 7 genetic forms of the Romano-Ward 

typee inherited long QT syndrome have been identified and subsequently named LQT 1-7. ' 

Eachh LQT subtype is linked to mutations in a specific gene. The autosomal dominant 

inheritancee of LQT 1 to 7 means that if patients are heterozygous for the mutation they will 

alsoo have 1 normal allele.'16 

Exceptt for LQT3 and LQT4, genes encoding cardiac potassium channels are involved. 

Potassiumm channels are formed by co-assembly of four a-subunits (either KvLQTl or HERG) 

andd therefore several combinations of normal and abnormal subunits, forming a functional 

channell are possible, resulting in functionally different ion channels.1'6 Additionally the a-

subunitss associate with modulating P-subunits (minK and MiRPl) which may affect current 

characteristics.. The action potential prolonging mechanism in these forms of LQT is a 

reductionn in repolarizing potassium currents, IKS, IKF and IKU-. ' ' ' 
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Tablee 4.1 

LQTSS type 

LQT1 1 

LQT2 2 

LQT3 3 

LQT4 4 

LQT5 5 

LQT6 6 

LQT7 7 

Gene e 

KCNQ1 1 
(KVLQT1) ) 

KCNH2 2 
(HERG) ) 

SCN5A A 

Ankyrinn B 

KCNEl l 
(minK) ) 

KCNE2 2 
(MiRPl) ) 

KCNJ2 2 

Chromosomal l 
Locus s 

llpl5.5 5 

7q35-36 6 

3p21-24 4 

4q25-27 7 

22 Iq22.1-22.2 

22 lq22.1-22.2 

17q23 3 

Affectedd Ion 
current t 

IKss i (slow activating 
delayedd rectifier) 

IKrr 1 (rapid activating 
delayedd rectifier) 

INaa t (increased or 
prolongedd INa) 

TT late INa (possibly) 

IKss -l (slow activating 
delayedd rectifier) 

IKrr 1 (rapid activating 
delayedd rectifier) 

lKir2.11 1 (inward 
rectifier) ) 

Inn LQT3, the simultaneous expression of normal and abnormal sodium channel a-subunits 

willl occur. The mutations in the SCN5A gene in LQT3 are gain-of function mutations (Figure 

2),, increasing the depolarizing sodium current, as shall be discussed. 

Thee effects of many mutations in LQT genes have been studied using cellular expression 

modelss such as HEK, tsA, COS-cells or Xenopus oocytes. By doing so the QT prolonging 

effectt of the majority of mutations can be explained and the effect of mutations in the same 

genee predicted. Some mutations and their effects on channel gating may additionally enable 

uss to gain insight in structure function relationships of the ion channel and interacting, 

subunit,, proteins. Elucidating such relationships and mechanisms has increased our 

understandingg of the function of ion channels and their role in the normal and abnormal 

cellularr electrophysiology of the heart. 

Becausee LQT1, 2 and 3 make up approximately 95% of all inherited long QT syndromes, the 

presentt knowledge on the pathophysiology and treatment of the long QT syndrome is based 

onn these three forms of the disease. Therefore this introductory chapter will only deal with 

thesee three forms of the Romano-Ward syndrome and especially the long QT syndrome type 

3. . 
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Effectss of LQT3 SCN5A mutations on sodium channel kinetics when studied in cell expression models 

4.1.2.. Clinical characteristics and diagnostic criteri a 

Thee hallmark of the long QT syndrome is the prolonged QT interval on the body surface 

ECG.6'7'' However, the ECG and the clinical presentation may not always be typical and 
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directlyy lead to the diagnosis long QT syndrome. Not infrequently patients suffering from 

longg QT syndrome have first been (mis-)diagnosed with other diseases, among which 

epilepsia,, that were thought to explain their symptoms of (recurrent) fainting. Because of this, 

inn 1992, Schwarz et al. have proposed diagnostic criteria for the long QT syndrome based on 

electrocardiographic,, clinical data and the family history.6'7 By assigning points to several 

criteriaa the probability of the diagnosis long QT syndrome can be esthablished (Table 4.2). In 

aa patient with a score less than 1 the diagnosis is very unlikely while a score of more than 4 

(thee maximum score is 9) the probability of the diagnosis long QT syndrome is very likely. 

Inn patients with a score between 1 and 4 the probability of the diagnosis is intermediate and 

furtherr diagnostics, follow up and screening of more ECG's, and in familial long QT 

syndromee screening of family members is helpful. 

Tablee 4.2 

Diagnosticc criteria in the long QT syndrome 

Electrocardiographicc findings 

QTc c 

>480mss 3 

460-470mss 2 

450-460mss (men) 1 

Torsadee de pointes* 2 

TT wave alternans 1 

Notchedd T wave in three leads 1 

Loww heart rate for agef 0.5 

Clinicall history 

Syncope e 

withh stress 2 

withoutt stress 1 

Congenitall deafness 

Familyy history 

Familyy members with esthablished LQTS% 1 

Unexplainedd SCD age <30 y among 

immediatee family members 0.5 

*nott in the presence of QT prolonging drugs, t resting heart rate below the second percentile for age , J the same 
familyy member cannot be counted twice (from Schwartz PJ et al. Circulation. 1993; 88:782-4) 
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Afterr the diagnosis is made a further evaluation of the patient is needed for several reasons. 

Firstt it should be established if the disease is acquired or familial in nature. If the disease is 

familiall in nature, a genetic diagnosis may be possible in 70% of cases and family screening 

forr the disease should be offered.22 If the disease is acquired a provocative drug may be 

identified.. Furthermore the study of long QT syndrome in individual patients and families is 

off scientific interest because it may increase our knowledge of the pathophysiological basis of 

thee disease. 

4.1.2.11 Index event and arrhythmi a triggers 

Thee long QT syndrome patient may present with (recurrent) syncope or aborted sudden 

cardiacc death (SCD).6'7'8 If ECG recordings of the event are available they may show torsade 

dee pointes or ventricular fibrillation (VF). Torsade de pointes is usually self terminating and 

iss only lethal when it develops into VF.1'2 

Forr the congenital long QT syndrome types 1,2 and 3 gene-specific triggers have been 

identifiedd (Table 4.3). Arrhythmias in LQT1 are triggered by physical or emotional stress and 

swimming,, in LQT2 stress also plays a role and especially (loud) acoustic stimuli. In LQT3 

arrhythmiass mainly occur at rest.1,21 

Thee age at which the first symptoms occur shows a gene specific-pattern. The first event in 

LQT11 occurs at a median age of 9 years while this is 12 and 16 years for LQT2 and LQT3 

respectively.1'211 The limitation of these observations is already evidenced by the A1330P 

LQT33 mutation that presented as sudden infant death syndrome.24Chapter42th,sThesis 

Tablee 4.3 

affectedd gene 

== prevalence (%) 

arrhythmiaa trigger 

ECGG morphology 

mediann age at first event (yr) 

lethalityy (%) 

LQT1 1 

KCNQ1 1 

42 2 

physicall stress 

broadd T wave 

9 9 

4 4 

LQT2 2 

HERG G 

45 5 

auditoryy stimuli 

smalll or notched T wave 

12 2 

4 4 

LQT3 3 

SCN5A A 

8 8 

rest t 

delayedd T wave onset 

16 6 

20 0 

Adaptedd from Chiang and Roden. JACC 2000;36:1-12, Wilde, Roden. Circulation 2000;102:2796-98 
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4.1.2.11 Patient and family history 

Thee history of a long QT patient may reveal symptoms of cardiac arrhythmias such as 

syncope.. Similar events, and especially an unusually high incidence of SCD may be present in 

thee patient's family. When acquired long QT syndrome is suspected a complete list of drugs, 

prescriptionn and over the counter drugs, used by the patient should be recorded. 

Physicall examination of the patient and laboratory tests, excluding other cardiac and systemic 

diseasess and especially electrolyte abnormalities, which may cause syncope and/or 

arrhythmiass and QT prolongation, should be performed. 

4.1.2.22 The electrocardiogram 

Thee ECG is the most important diagnostic tool in the long QT syndrome.6'7'8 Heart rate, 

conductionn parameters, and the QT interval should be measured. Using the latter the heart rate 

correctedd QT interval can also be calculated. The QT interval is measured in the ECG lead in 

whichh the T-wave and especially the terminal part of the T-wave can be evaluated most 

accurately.. Amplification of the ECG recording and the drawing of a tangent can be useful in 

definingg the T wave end. The QTc interval can be calculated by using the Bazett formula 

(QTc=QT/VRR).. The QTc interval should be <440 milliseconds in male adults and <450 

millisecondss in adult females and children. The Bazett formula is most accurate at heart rates 

betweenn 50-90 beats/min. The T-wave shape in the long QT syndrome has been shown to 

havee genotype-specific characteristics.18'19'21 LQT1 patients have a broad T-wave, LQT2 

patientss have a low amplitude and sometimes notched T-wave while LQT3 patients have a 

peakedd T-wave with a delayed onset (Figure i)1*819-22 Sometimes T-wave alternans may be 

observed.. During T-wave alternans the T-wave shows transient beat-to-beat changes in its 

shape,, amplitude and polarity during sinus rhythm. T-wave alternans is a sign of electrical 

instabilityy and thus a sign of increased risk for the development of arrhythmias.25 

Inn addition to prolonged QT intervals, long QT syndrome patients often have a lower heart 

rate,, both during rest and during exercise. Bradycardia may be particularly present in LQT3. 

Inn addition to bradycardia, sinus node dysfunction, sinus pauses and atrioventricular and 

intraventricularr conduction disturbances have been reported.29"32'3'6 

4.1.2.33 Genetic screening 

Whenn a case of familial long QT syndrome is suspected several screening approaches are 

possible.. All seven LQT genes can be screened in a random fashion or they can be screened 
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inn the order of the gene that is most often involved (HERG a 45%, KCNQ1 * 42% and 

SCN5AA a 8%). Both these options are labour intensive and expensive." The most efficient 

screeningg option is to make an educated guess of the gene involved based upon the 

phenotypicall characteristics of the patient. Family screening should be offered to all family 

memberss at risk and not only to those with suspect ECG's as the abnormalities may appear 

andd disappear in time. 

4.1.33 Therapy 

Thee necessity of treatment of asymptomatic patients, without syncope or TdP, is a matter of 

debate.. Life-style advice about eliminating arrhythmia triggers must be given in both 

symptomaticc and asymptomatic patients. Therapy for symptomatic congenital long QT 

syndrome,, especially pharmacological therapy, should be genotype-specific.26"31 Arrhythmias 

inn long QT syndrome type 1 and 2, are triggered by adrenergic stimuli.1'20'21 In accordance 

withh this observation the number of arrhythmic events can be reduced by beta-blocker 

therapy.26"288 Significant reductions in the incidence of arrhythmias and mortality rates have 

beenn reported in symptomatic patients after the start of beta-blocker therapy, however, in long 

QTT syndrome type 3 beta-blockers are not effective." 

Sodiumm channel blockers, eg. mexiletine, lidocaine and tocainide (class lb anti-arrhythmic 

drugs),, would theoretically be helpful in long QT syndrome type 3, in shortening the action 

potential,, and have been shown to do so in experimental models.' " Because beta-blockers 

aree not effective and the long-term efficacy of sodium channel blockers is unknown, 

implantationn of an implantable cardioverter defibrillator (ICD) may be warranted." "" The 

initiationn of TdP is often preceded by a pauze and LQT patients often have relatively low 

heartt rates, and may require additional beta-blocker therapy. In these cases the implantation of 

ann artificial pacemaker may be a necessity.14'38 In some families pacemaker therapy has been 

shownn to be effective. Pacemaker implantation may additionally prevent SCD due to 

completee heart block. 

4.1.55 The molecular  mechanism of QT prolongation in the long QT syndrome type 3 

QTT prolongation may result from increased depolarizing or reduced repolarizing current. 

Accordingly,, LQT3 associated SCN5A mutants produce increased Na+ current. The exact 

biophysicall changes identified by patch-clamp studies of SCN5A mutants in LQT3 is 

summarizedd in Figure 2.39"62'64'65'71'72 Their almost universal pathophysiological mechanism is 
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enhancedd persistent Na+ current. 39-45-47-62-64-65 while normal Na+ channels have virtually 

completee fast inactivation shortly following opening, these mutant channels exhibit a 

resistancee to inactivation. An enhanced propensity for reopening from the inactivated state 

causess a persistent current during the action potential plateau.4757 The first biophysically 

characterizedd LQT3-related SCN5A mutant, AKPQ,39 provides a plausible explanation for this 

gatingg change: the three residue deletion in the linker between domains III and IV, the 

putativee fast inactivation lid, may destabilize its binding to its receptor at the inner vestibule 

off the channel pore. Similarly, the next reported LQT3 associated mutants are located in the 

S4-S55 linkers and in close proximity to the docking site for the fast inactivation lid.66 Regions 

off the C terminus may also be involved in fast inactivation, as engineered mutations here 

disruptt fast inactivation67 and enhance persistent Na+ current,68 and some LQT3 associated 

mutantss are clustered here. While the persistent current is relatively small (not exceeding 5% 

off peak Na+ current), it may cause significant action potential prolongation, 

afterdepolarizations,, and torsade de pointes, because it occurs during a phase of the cardiac 

cyclee when the membrane potential is governed by a delicate balance of depolarizing and 

repolarizingg forces, and the membrane resistance is high. Thus, small disruptions of this 

balancee may profoundly affect membrane potential.69 

Clinicall studies in LQT3 patients indicate that QT prolongation is most severe and 

arrhythmiass most prevalent at slow heart rates, and that there is abnormally strong QT 

shorteningg upon heart rate increases.29Accordingly, the persistent Na+ current is prominent at 

sloww heart rates ' ' and reduced at fast rates, because, in some SCN5A mutants, its recovery 

fromm inactivation is slow and therefore incomplete at fast rates.352451 Conversely, many 

LQT33 patients (30^0%) experience cardiac arrest during exercise or emotional stress.18'21 

Enhancedd adrenergic tone during these circumstances may facilitate the early 

afterdepolarizationss that trigger their tachyarrhythmias. Accordingly, these patients may have 

QTT prolongation at fast heart rates, because their SCN5A mutants do not cause QT 

prolongationn by enhancing persistent Na+ current with a slow recovery from inactivation, but 

byy other mechanisms. Challenging this view, however, is a study in transgenic mice (knock-in 

off AKPQ, a mutant with pronounced persistent Na+ current), where sudden pacing-induced 

heartt rate increases caused paradoxical QT prolongation.42 While this observation is of 

obviousobvious clinical relevance, its underlying mechanism is unclear. Functional AV block was 

alsoo reported. Here, repolarization delay is so excessive that the action potential duration 

exceedss the beat-to-beat interval of the underlying rhythm. Thus, cardiac excitability is not 
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restoredd when the wavefront of the following beat arrives. The site of AV block is the 

ventricularr working myocardium or the specialized conduction system (Purkinje fibers, 

bundlee branches), but not the AV node.60 Some mutants do not exhibit enhanced Na+ current 

inn patch-clamp studies, but seem to exert electrophysiological effects only in conjunction with 

environmentall factors (acquired LQT syndrome). 
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Dee novo mutation in the SCN5A gene associates with early onset of sudden infant death 

ABSTRACT T 

Background::  Congenital long QT syndrome (LQTS), a cardiac ion channel disease, is an 

importantt cause of sudden cardiac death. Prolongation of the QT interval has recently been 

associatedd with sudden infant death syndrome, which is the leading cause of death among 

infantss between 1 week and 1 year of age. Available data suggest that early onset of 

congenitall LQTS may contribute to premature sudden cardiac death in otherwise healthy 

infants. . 

Methodss and Results: In an infant who died suddenly at the age of 9 weeks, we performed 

mutationn screening in all known LQTS genes. In the surface ECG soon after birth, a 

prolongedd QTc interval (600 ms12) and polymorphic ventricular tachyarrhythmias were 

documented.. Mutational analysis identified a missense mutation (Alal330Pro) in the cardiac 

sodiumm channel gene SCN5A, which was absent in both parents. Subsequent genetic testing 

confirmedd paternity, thus suggesting a de novo origin. Voltage-clamp recordings of 

recombinantt A1330P mutant channel expressed in HEK-293 cells showed a positive shift in 

voltagee dependence of inactivation, a slowing of the time course of inactivation, and a faster 

recoveryy from inactivation. 

Conclusions::  In this study, we report a de novo mutation in the sodium channel gene SCN5A, 

whichh is associated with sudden infant death. The altered functional characteristics of the 

mutantt channel was different from previously reported LQTS3 mutants and caused a delay in 

finall repolarization. Even in families without a history of LQTS, de novo mutations in cardiac 

ionn channel genes may lead to sudden cardiac death in very young infants. 

154 4 



Chapterr 4.2 

INTRODUCTIO N N 

Thee congenital long-QT syndrome (LQTS) is a familial disorder that is characterized by 

prolongationn of the QT interval on the surface ECG and episodes of syncope and/or life-

threateningg cardiac arrhythmias, specifically of polymorphic ventricular tachycardia (torsade 

dee pointes, TdP) and sudden cardiac death. Six LQTS loci are known (LQTS 1 to 6), and 5 

cardiacc ion channel genes have been identified. The genes at the LQTS1 (KCNQl), LQTS2 

{HERG),{HERG), LQTS5 (KCNE1), and the LQTS6 (KCNE2) loci encode for potassium ion channel 

subunits,, whereas the LQTS3 gene (SCN5A) encodes for an a-subunit of the cardiac sodium 

channel.1 1 

Cardiacc arrhythmias as the cause for syncope and sudden death in children and young adults 

aree well known. A special role for the LQTS associated with sudden cardiac death in infants 

hass been reported,2,3 and 3 recent reports also support the theory by identifying cardiac ion 

channell gene mutations in infants with aborted or experienced 

suddenn infant death syndrome (SIDS).4,6 SIDS is defined as a sudden death, unexpected by 

clinicall history, of an otherwise healthy infant in whom a thorough postmortem examination 

failss to detect an adequate cause of death. After the decline in infectious diseases, SIDS is the 

leadingg cause of death in the postneonatal period.7 The pathogenesis of SIDS is multifactorial, 

butt the cardiorespiratory system and the central nervous system play a major role. 

Investigationn of the LQTS genes in infants with SIDS or infants with premature sudden death 

hass not been conducted systematically so far because tissue samples often are not available. 

Thee genetic information obtained from such infants may provide us with new clues of the 

pathogenicc background in SIDS cases and will also address the question of the heritable 

factorss as a cause for sudden infant death. 

Too date, more than 130 mutations in the LQTS genes have been identified; the majority of 

themm are localized in the two cardiac potassium channels genes, KCNQl (LQTS1) and HERG 

(LQTS2).. Mutations in the SCN5A gene (LQTS3) account for only 10% to 15% of all yet 

identifiedd mutations in LQTS.8,9 Genotype-phenotype correlations suggest that patients with 

LQTS33 mutations have significantly more severe clinical events because the overall number 

off cardiac deaths in the LQTS 1 to 3 subgroups are similar, but the frequency of events in 

LQTS33 is lower.10 

Inn this article, we report a case of a sudden cardiac death in the third month of life caused by 

malignantt tachycardia. We identified a de novo mutation in the SCN5A gene, and the 

electrophysiologicall data of the mutation suggest a possible new mechanism of affecting 

channell activity that leads to QT prolongation. 
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METHOD S S 

Geneticc Analysis 

Genomicc DNA was isolated from venous EDTA blood of the infant and the family members 

byy means of standard procedures.11 Genetic studies were performed in concordance with the 

recommendationss of the ethics committee of the university and by the agreement of the 

parents.. PCR primers were used as previously reported to amplify the entire coding regions of 

thee 5 known LQTS genes.12"13 For both single-stranded conformational polymorphism (SSCP) 

andd sequencing, a touchdown PCR was used with the "hot start" technique.14 

Mutatio nn Analysis With Fluorescent SSCP 

SSCPP analysis was performed according to the recommendations of the manufacturer 

(Amershamm Pharmacia Biotech). Fluorescence-labeled PCR primers were used to amplify all 

codingg exons and exon/intron boundaries of KCNQ] HERG, SCN5A, KCNE1, and KCNE2. 

PCRR products were analyzed with the A.L.F. Express DNA Sequencer (Amersham Pharmacia 

Biotech)) connected to an external temperature control device; 3 uL of the PCR product was 

addedd to 1.5 \iL of 50-bp/300-bp sizer and 4.5 uL of denaturing solution (formamide and 

0.01%% bromophenol blue). This mixture was incubated for 3 minutes at 98°C; 4 uL was 

appliedd to a 6% polyacrylamide gel (acrylamide/bisacrylamide, 99:1). Each exon was 

analyzedd at 12°C and 18°C, and mutations were detected by differences in migration patterns 

comparedd with the wild type. 

Mutatio nn Analysis by Gene Sequencing 

Sequencee analysis was done with the use of a solid-phase template preparation procedure, 

whichh requires that one of the primers used for PCR is biotinylated. To prepare single-

strandedd DNA, streptavidine-covered paramagnetic particles (Dynabeads M-280, Dynal) were 

usedd as recommended by the supplier. The immobilized template was sequenced with nested 

fluorescence-labeledd primers, following the instructions of the AutoRead T7 Sequencing Kit 

(Amershamm Pharmacia Biotech). DNA electrophoresis and sequence analysis were performed 

onn the A.L.F. DNA-sequencer. 

Confirmatio nn of Paternity 

Inn the index patient, paternity was proved by means of 10 highly polymorphic microsatellite 

markersmarkers (AmpFlSTR Profiler Amplification Kit; Applied Biosystems). Fragment analysis was 

performedd on an ABI Prism 310 Genetic Analyzer (Applied Biosystems) with internal length 

standards. . 
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Site-Directedd Mutagenesis 

Mutantt Na+ channel cDNA was prepared by mutagenesis on the pSP64T-hHl plasmid.15 

Primerss used for the site-directed mutagenesis were 

5'-CAATGCCCTGGTGGGCCCCATCCCGTCCATC-3'and d 

5'-CATGATGGACGGGATGGGGCCCACCAGGGCA-3'.. An Accl-Kpnl fragment was 

subclonedd into wild-type pSP64T-hHl, and the mutant insert and ligation regions were 

completelyy analyzed by sequencing. The A1330P cDNA was then subcloned into the HindlU-

Xba\Xba\ sites of the expression vector pCGI (kindly provided by David Johns and Eduardo 

Marban,, Johns Hopkins University, Baltimore, Md) for bicistronic expression of the channel 

proteinn and GFP reporter in a Human Embryonic Kidney cell line (HEK 293). 

Heterologouss Expression of the Mutant Sodium Channel 

Too express mutant (A1330P) and wild-type (WT) hHl, HEK 293 cells were cotransfected 

withh 2 |Lig of Na+ channel a-subunit cDNA (WT or mutant, respectively) and 2 \ig hlil-

subunitt cDNA with the use of lipofectamine (Gibco BRL, Life Technologies). Transfected 

HEKK 293 cells were cultured in minimum essential medium (Earles salts and L-glutamine) 

supplementedd with nonessential amino acid solution, 10% fetal bovine serum, 100 IU/mL 

penicillin,, and 100 (ig/mL streptomycin in a 5% C02 incubator at 37°C for 1 or 2 days. Only 

cellss exhibiting green fluorescence were selected for further electrophysiological experiments. 

Electrophysiology y 

Sodiumm currents were measured in the whole-cell configuration of the patch-clamp technique 

withh the use of an Axopatch 200B amplifier (Axon Instruments) with 70% to 80% of the 

seriess resistance compensated and the following solutions (mmol/L): bath (external) solution: 

NaCll 140, KC1 4.7, CaCl2 1.8, MgCl2 2.0, NaHC03 4.3, Na2HP04 1.4, glucose 11.0, HEPES 

16.8,, pH adjusted to 7.4 (25 mmol/L NaOH); pipette (internal) solution: CsF 100, CsCl 40, 

EGTAA 10, NaCl 10, MgCl2 2.0, HEPES 10, pH adjusted to 7.3 (25 mmol/L NaOH). 

Electrophysiologicall experiments were carried out at a room temperature of 21°C. Patch 

electrodess were pulled from borosilicate glass, heat-polished, and had a tip resistance of 2 to 3 

MQQ when filled with pipette solution. Whole-cell currents were filtered at 5 kHz and digitized 

att 30 kHz. Voltage control, data acquisition, and analysis were accomplished by use of 

customm software. 

Thee presence of a persistent inward sodium current was determined from the tetrodotoxin 

(Alomonee Labs, Israel) (TTX)-sensitive current, by taking the average current amplitude 

duringg the last 50 ms of a 300-ms depolarization to -20 mV, relative to the holding current at -
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1200 mV. Only those experiments were analyzed in which no shift in holding current was 

observedd during wash-in of TTX. 

Thee voltage dependence of the relative Na+ conductance activation, steady-state inactivation, 

andd recovery from inactivation were determined by means of the voltage protocols as 

depictedd in the figures. For all protocols, the holding potential was -120 mV and the pulse 

protocoll cycle time was 5 seconds. Steady-state activation and inactivation curves were fit 

usingg the Boltzman equation: I/Imax
=^/{1.0+exp[(V//2-V)/£]} to determine Via (membrane 

potentiall for the half maximal (in)activation) and the slope factor k. Recovery from 

inactivationn was analyzed by fitting the data with a monoexponential equation: I/lmax=̂ 4[ 1 -

exp(-t/r)],, where t is the recovery time interval and T is the time constant of recovery. The 

timee course of inactivation was fitted by a 2-exponential equation: I/Imax=^1.0-exp(-

t/Tf)]+{At/Tf)]+{A xx[\.0-exp(-t/r[\.0-exp(-t/rss)]},)]},  where Af and As are fractions of fast and slow inactivation 

componentss and f and s are the time constants of fast and slow inactivating components, 

respectively.. The results are expressed as mean  SEM; statistical analysis was done with the 

usee of a Student's t test for comparison of 2 means. 

RESULTS S 

Clinicall  Presentation 

Thee male infant was born after 39 weeks of gestation, with a body weight of 3910 g. He was 

thee full-term product of a normal pregnancy, labor, and delivery. Apgar score was 9 at 5 and 

100 minutes. The initial physical cardiovascular examination in the nursery was normal. The 

pulsee was 130 to 160 bpm, blood pressure was 90/50 mm Hg, and body temperature was 

36.9°C.. At the first day of life, the newborn had recurrent episodes of sudden cyanosis and 

unconsciousness.. Loud screams proceeded each episode. At the neonatal intensive care unit, 

ECGG monitoring showed nonsustained runs of a ventricular tachycardia with a heart rate of 

3000 bpm. The routine standard ECG taken at that time showed sinus rhythm, normal 

atrioventricularr and intraventricular conduction time without QTc prolongation (Figure 1A); 

inn subsequent ECG recordings, a prolonged QTc interval of 600 ms12 calculated according to 

Bazett'ss formula16 (Figure IB) was found that persisted. Furthermore, an apparent T-wave 

alternanss and an increased QT dispersion was documented in the Holter monitoring (not 

shown).. Conduction disturbances were not detected. There was no evidence for underlying 

heartt disease. Physical examination including auditory evaluation was within regular limits. 

Serumm levels of sodium, potassium, magnesium, and calcium were in the normal range. 
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Thee nonsustained tachycardias resembled typical TdP; therefore, oral propanolol therapy was 

initiatedd with a dosage of 5 mg/kg per day. Heart rates were 127 bpm on day 1 and 107 bpm 

underr B-blocker therapy on day 5, respectively. 

Withinn the next 7 weeks in the hospital, the infant remained asymptomatic in stable sinus 

rhythm;; the minimal heart rate was 80 bpm. The tachycardia did not reappear, and the boy 

wass discharged at 7 weeks with oral propanolol therapy (5 mg/kg per day) and a 

recommendationn of home monitoring. 

Att 9 weeks the patient had a lethal tachyarrhythmia that was recorded by the home monitor 

(Figuree 2). Cardiopulmonary resuscitation was performed by both parents and by medical 

emergencyy service but was finally unsuccessful. In the preregistered monitor recordings, 

recurrentt bradycardias with a heart rate of 60 bpm were also documented (data not shown), 

whichh finally set up into TdP. The clinical examination of the family (parents and brother) 

wass completely inconspicuous. The history revealed no episode of tachycardias, syncopes, or 

suddenn unexpected deaths. The 12-lead ECG with measurement of the QT interval corrected 

forr heart rate (QTc) was within normal range (Figure 3). 

Geneticc Analysis and Paternity Confirmation 

Alll exons of the LQTS genes (KCNQ1, HERG, SCN5A, KCNE1, and KCNE2) were first 

screenedd by SSCP analysis. In exon 23 of the SCN5A gene, an abnormal migration pattern 

couldd be identified (Figure 4A). Subsequent sequencing of the corresponding amplicon 

identifiedd a heterozygous nucleotide exchange at codon 1330 of the gene. The G-to-C 

transversionn leads to an amino acid exchange from alanine to proline (Alal330Pro) (Figure 

4B).. To exclude a possible polymorphism at this position, we tested the general population as 

determinedd by SSCP analysis in 150 unrelated healthy individuals (data not shown) in whom 

thee abnormal pattern was absent. 

Subsequentt SSCP and sequence analysis of the parents' and the brother's DNA failed to 

identifyy the mutation (Figure 4A). Paternity analysis showed that the proband shared all 

alleless from each of his parents (data not shown) and thus confirmed paternity. The Essen-

Möllerr value of paternity confirmation was determined to be 6.299 (paternity index of 5000), 

whichh corresponds to a 99.98% probability of paternity. Taken together, A1330P represented 

aa de novo mutation in the infant. 

159 9 



Dee novo mutation in the SCN5A gene associates with early onset of sudden infant death 

B B 

Figuree 1. Standard ECG recordings taken on first (A) and fifth (B) days of life. Paper speed 50 mm/s; 10 mm/1 

mV.. On day 1, sinus rhythm with heart rate of 128 bpm and normal atrioventricular conduction time is shown. 

Althoughh T-wave morphology with its convex-shaped progression was abnormal, QTc interval measured at this 

timee was 410 ms"2 within normal limits. In contrast, ECG taken on day 5 showed marked QTc prolongation of 

6000 ms with late-onset peaked T-wave. Heart rate under newly initiated B-blocker therapy was 107 bpm. 

160 0 



Chapterr 4.2 

!^0M«^ ^ ^ 
Trace"" ECG jDuring Alarm) 

11 :46:21A M 

Date ll  H \ 

ALARMS S 

5/16 ||  4 5 | 

11 4 6 I 
11 4 7 i 
11 4 5 i 

11 4 9 | 
11 5 0 | 

11 5 1 I 
II  5 2 I 
II  5 3 I 
II  5 4 I 
II  5 5 I 
II  5 6 | 
II  5 7 I 
II  5 8 I 
II  5 9 I 
II  6 0 I 

II  6 1 I 
EVENTS S 

Trac ee 1 

s tt  n d 

244 I 
244 I 
244 1 

244 i 
24 4 
24 4 
244 1 
244 1 
24 4 
244 1 
24 4 
244 I 
24 4 
244 | 

244 I 

244 | 

244 I 

Typ e e 

T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 

Star tt  I  Lengt h 
Tim e e 

1:46:2 6 6 
1:46:2 7 7 
1:46:3 3 3 
1:46:3 4 4 
1:46:3 6 6 
1:46:3 7 7 

1:46:4 1 1 
1:46:4 6 6 

1:46:5 9 9 
1:47:0 5 5 
1:47:0 9 9 

1:47:1 1 1 
1:47:1 4 4 
1:47:1 5 5 

1:47:1 6 6 
1:47:1 8 8 
1:47:1 9 9 

IN N 

AM| | 
AM] ] 
AM; ; 
AM! ! 
AMI I 
AM| | 
AMI I 
AMI I 
AMI I 
AMI I 
AMI I 
AMI I 
AMI I 
AMI I 
AMI I 
AMI I 
AM! ! 

ii  a:Sec 

0:0 6 6 

0:0 6 6 
0:0 6 6 
0:0 7 7 

0:0 6 6 
0:0 6 6 
0:0 6 6 
0:0 6 6 
0:0 8 8 

0:0 6 6 
0:0 6 6 

0:0 8 8 
0:0 6 6 
0:0 6 6 
0:0 6 6 
0:0 6 6 

0:0 6 6 

Hear t t 
HI I 

300 0 
300 0 
303 3 

..  30 3 
306 6 
306 6 
303 3 
283 3 
303 3 
301 1 
303 3 
285 5 
301 1 
301 1 
301 1 
301 1 
301 1 

f f 

Durin gg Alar m 
Rat e e 

LO O 

121 1 
76 6 

106 6 
106 6 
147 7 
132 2 

77 7 
119 9 
86 6 
91 1 

120 0 
133 3 
133 3 
115 5 
115 5 
126 6 
71 1 

Breat h h 

HI I 

87 7 
87 7 
71 1 
68 8 
59 9 

100 0 
104 4 
66 6 
87 7 
55 5 

106 6 
106 6 
42 2 
42 2 
42 2 
52 2 
64 4 

1:46 : : 

orr  Even t 
Rat e e 

LO O 

64 4 
41 1 
37 7 
37 7 
40 0 

100 0 
87 7 
19 9 
30 0 
55 5 
54 4 
25 5 
41 1 
28 8 
18 8 
52. . 
37 7 

36AM' ' 

02* * 
HI I 

* * 
* * 
« « 
* * 
* * 
* * 
* * 
* * 
* * 
« « 
• • 
+ + 

--
» » 
* * 
* * 
* * 

LO O 

• • 
* * 
* * 
* * 
* * 
* * 
* * 
» » 
* * 
* * 
* * 
* * 
* * 
« « 
* * 
* * 
* * 

Figuree 2. Home-monitor strip during sleep with fatal nonterminating TdP episode at age 9 weeks. Heart rate was 

3000 bpm. Tachycardia, breathing, and cardiovascular parameters are documented. 
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Figuree 3. Pedigree of family with sudden infant death. Patient who died is indicated by solid square. Both 

parentss and older brother had normal QTc intervals; whereas patient affected by sudden cardiac death in third 

monthh of life had prolonged QTc interval. 

161 1 



Dee novo mutation in the SCN5A gene associates with early onset of sudden infant death 

Electrophysiologicall  data 

Firstt we tested whether the A1330P mutation also promotes a persistent inward sodium 

current,, as observed for most LQTS3 mutations identified to date. WT (Figure 5A) and 

A1330PP (Figure 5B) sodium currents (1N3) were recorded at -20 mV, from a holding potential 

of-1200 mV during control condition and in the presence of 30 umol/L TTX. Neither WT nor 

A1330PP IN3 showed a substantial persistent inward component at the end of a 300 ms 

depolarizationn (see TTX-sensitive current, inset in Figure 5). The IN3 amplitude at the end of 

thee 300 ms depolarization was 0.38  0.15% (n=3) of the peak inward current for WT 

channelss and 0.13  0.02% (n=3) for A1330P mutant channels. 

Nextt we investigated the activation and inactivation kinetics for both channel types. Figure 6 

showss the current-voltage relation and the conductance-voltage and steady-state inactivation 

curvess for WT and mutant channels. For both channel types, the threshold of activation was -

600 mV and maximum peak inward current was observed at -25 mV (Figure 6A, B). There was 

noo statistical difference between peak current amplitude of WT and the mutant at any voltage. 

Figuree 6C shows that the potential for half-maximal activation and slope factor were similar 

forr WT and A1330P mutant channels (WT: V//2= -42.8  2.9 mV, k= 6.8  0.8 (n=7); 

A1330P:: Vy/2= -44.3  1.5 mV (P=0.66), k= 7.3  0.5 (P=0.57), (n=7)). In contrast, the V//2 

forr inactivation of A1330P mutant channels was significantly shifted to more positive 

potentialss compared with WT channels, from -98.1  1.9 mV (WT, n=7) to -89.8  2.2 mV 

(n=7,, PO.05). The slope factors, k, were similar: k= -5.8  0.3 and -6.1  0.13 for WT and 

A1330P,, respectively. The positive shift in steady-state inactivation produced a greater 

overlapp of activation and inactivation relations, the so-called "window current." This is 

illustratedd in an enlargement of the window region (see inset Figure 6D). This region for WT 

channelss ranged from -80 mV to -60 mV, with a maximum of 2%, whereas that of A1330P 

mutantt channels ranged between -80 mV and -50 mV, with a maximum of 4%. 

Too compare the time course of inactivation for both channel types, current decay was fitted 

withh a double exponential function. Figure 7 shows that the time constants of both fast and 

sloww inactivation were found to be slower in the A1330P mutant, although only significant at 

voltagess positive to -20 mV, for example, WT: T/= 0.7  0.1 ms, rs=  4.9  0.8; A1330P: rf = 

1.11  0.1, Ts=  8.5  0.6 (PO.05) at +10 mV (Figure 7). 
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Figuree 5. Whole-cell Na" currents for wild-type (A) and A1330P mutant (B) during 300 ms depolarization from 

holdingg potential of -l20mV before and after addition of 30 umol/L TTX. Insets, TTX-sensitive current 

obtainedd by subtraction. 
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Wee also investigated the recovery from inactivation by using a 2-pulse protocol. Figure 8 

showss the fraction of channels that had recovered from inactivation after various time 

intervalss at -120 mV. A1330P mutant showed significantly faster recovery from WT channels 

(WT:: r= 17.2  2.0 ms versus z= 10.0  1.7 ms for A1330P, P<0.05). 
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Figuree 6. A: Whole-cell sodium current traces from both WT and mutant. B: Average current-voltage relation 

forr WT and A1330P mutant. C: Voltage-dependent properties of activation and inactivation for WT and A1330P 

sodiumm channels. Voltage-clamp protocols are shown as inset. Data were fitted by Boltzman function. For 
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DISCUSSION N 

Inn this report, we describe the sudden cardiac death of an infant at 9 weeks of age who died of 

documentedd TdP degenerating into ventricular fibrillation. The clinical diagnosis of LQTS 

wass already made on day 2 after birth because of a prolonged QTc of 600 ms12 and recurrent 

TdPP tachycardias for which the boy was immediately treated with oral propanolol. In 

addition,, the infant had a number of other ECG characteristics that have been associated with 

SCN5A-linkedd forms of congenital LQTS, including delayed T-waves at rest after a long 

isoelectricc ST-segment, exercise-induced QT interval shortening and TdP during sleep 

concomitantt with bradycardia.'7~19 

Inn most newborns and infants who had ventricular tachycardia with poor outcome, preexisting 

clinicall or subclinical heart disease has been identified.20 Besides conditions such as 

myocarditis,, cardiomyopathy, and congenital heart disease, the LQTS has also been described 

ass the underlying cause for death. ' ' ' The majority of cardiac deaths caused by LQTS still 

occurr in teenagers and adults. Deaths during the first months of life are uncommon.22 Our 

casee demonstrates such a rare form as a cause for sudden infant death. 

Wee identified a missense mutation (A1330P) in the DIIIS4-S5 region of the human cardiac 

sodiumm channel oc-subunit gene SCN5A. The mutation causes a substitution from alanine to 

proline,, which is well recognized for its ability to disrupt protein secondary structure 

(particularlyy within a-helices). Unlike other amino acids, its side chain is covalently bound to 

thee carbon, generating a rigid ring.23 At present, 16 SCN5A mutations have been identified 

andd linked to the LQTS. Of these, 7 mutations (N1325S, KPQ, R1623Q, R1644H, E1784K, 

D1790GG and 1795insD) have been characterized in heterologous expression systems and were 
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alll found to cause a late component of sodium current by multiple mechanisms involving the 

inactivationn process.1""4- It has been predicted that such a sustained sodium current during 

plateauu phase of the action potential will prolong repolarization and thus accounts for the long 

QTT interval. For the D1790G LQTS3 mutation, the mechanism of QT prolongation is 

debated.255 Besides a persistent inward sodium current, it displays a negative shift in voltage 

dependencee of inactivation and may prolong the action potential through a calcium-dependent 

mechanism.33 3 

Thus,, together with its localization in the DIIIS4-S5 domain close to the proposed docking 

sitee mediating inactivation, one would expect the A1330P mutant to have similar alterations 

inn electrophysiological properties as previously published LQTS3 mutants. Nevertheless, the 

A1330PP mutant did not exhibit a detectable persistent inward current. Instead we observed an 

8.33 mV shift in the voltage dependence of steady-state inactivation toward more positive 

values,, whereas voltage dependence of activation was unaffected. This shift in inactivation 

predictss an increased channel availability at the resting membrane potential of ventricular 

cellss but more importantly, an increase in the amplitude and voltage range of the so-called 

sodiumm "window current," that is, the maintained inward sodium current caused by an overlap 

inn activation and inactivation relations. Besides, we found alterations in the inactivation 

kineticss and the recovery from inactivation. Mutant channels exhibited a significantly slowed 

ratee of current inactivation at potentials positive to -20 mV, whereas recovery from 

inactivationn (at -120 mV) was accelerated. These results suggest that the A1330P mutation 

prolongss ventricular repolarization by an increase in sodium current during the plateau of the 

actionn potential caused by a slowing of the rate of inactivation and by an increase in the 

windoww sodium current during the final phase of repolarization. In summary, the A1330P 

mutantt is distinguished from previous LQTS3 mutants by the absence of a persistent inward 

currentt at depolarized potentials and a positive shift in the voltage dependence of inactivation. 

(soo far, shifts in inactivation reported for LQTS3 mutants were negatively directed). 

Zarebaa and coworkers10 showed that patients with mutations in the SCN5A gene are 

associatedd with more lethal cardiac events compared with the overall number of cardiac 

eventss (20%) than patients with mutations in the LQTS1 and LQTS2 gene (4%). At the age of 

400 years, mortality rates did not appear to be different in all 3 groups. The first death that 

occurredd in this LQTS3 group was documented at the age of 8 years. Before this age, only 

LQTS11 mutation carriers had lethal events. In the present case, sudden arrhythmogenic death 

occurredd at the age of 9 weeks, which raises the possibility that deaths associated with SCN5A 

mutationss may be more frequent than recently estimated by Zareba and coworkers because 
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off the exclusion for premature death of those cases from follow-up studies. This might lead to 

underestimationn of the real incidence of LQTS3 patients in this age group. Early diagnosis 

andd treatment of infants with LQTS is important because sudden cardiac death is more likely 

too occur as the initial and final event in children than in adults.34 Genetic analysis of the LQTS 

geness in neonates is therefore recommended in those cases in whom the suspicion of LQTS is 

madee by family history or ECG findings including QTc at birth >500 ms'a or prenatal sinus 

bradycardia.35'366 Sporadic cases escape early diagnosis and treatment until the infant has the 

firstt symptoms or is discovered by other medical investigations by chance. 

Inn summary, we identified a novel de novo mutation in the SCN5A gene in an infant with 

cardiacc death in the third month of life. The electrophysiological data suggest a possible new 

mechanismm of affecting channel activity that leads to QT prolongation. Thus, the clinical 

presentationn and the genetic and electrophysiological findings make this mutant very likely to 

causee the disease. Even in families without a history of LQTS, de novo mutations in cardiac 

ionn channel genes may cause sudden infant death and, in extrapolation, the role of sporadic 

casess in SIDS must be further evaluated. 

AKNOWLEDGEMENT S S 

Thiss work was supported by grants from the IMF (Innovative Medizinische Forschung, We-1 

too 2-II/97 to 17), University of Munster, Germany; the Dr Adolf Schilling Foundation, 

Munster,, Germany; the Deutsche Forschungsgemeinschaft (Schu 1082/2-2, SFB-556-A1), 

Bonn,, Germany; Fondation Leducq, Paris, France; Alfred Krupp von Bohlen und Halbach-

Stiftung,, Essen, Germany; and NWO (Netherlands Organization for Scientific Research) 

grantt 902-16-193. The authors thank members of the family for their willing participation in 

thiss study. 

167 7 



Dee novo mutation in the SCN5A gene associates with early onset of sudden infant death 

REFERENCES S 

1.. Chiang CE, Roden DM. The long QT syndromes: genetic basis and clinical implications. J Am Coll 

Cardiol.. 2000;36:1-12 

2.. Garson A Jr, Dick M II, Foumier A, et al. The long QT syndrome in children: an international study of 

2877 patients. Circulation. 1993;87:1866-1872 

3.. Schwartz PJ, Stramba-Badiale M, Segantini A, et al. Prolongation of the QT interval and the sudden 

infantt death syndrome. N Engl J Med. 1998;338:1709-1714 

4.. Schwartz PJ, Priori SG, Dumaine R, et al. A molecular link between the sudden infant death syndrome 

andd the long-QT syndrome. N Engl J Med. 2000;343:262-267 

5.. Priori SG, Napolitano C, Giordano U, et al. Brugada syndrome and sudden cardiac death in children. 

Lancet.. 2000;355:808-809 

6.. Schwartz PJ, Priori SG, Bloise R, et al. Molecular diagnosis in victims of sudden infant death 

syndrome.. Lancet. 2001;358:1342-1343 

7.. Dwyer T, Ponsonby AL. SIDS epidemiology and incidence. Pediatr Ann. 1995;24:350-352 

8.. Schulze-Bahr E, Wedekind H, Haverkamp W, et al. The long-QT syndrome: current status of molecular 

mechanisms.. Z Kardiol. 1999;88:245-254 

9.. Splawski I, Shen J, Timothy K.W, et al. Spectrum of mutation in long-QT syndrome genes: KVLQT1, 

HERG,, SCN5A, KCNEI, and KCNE2. Circulation. 2000; 102:1178-1185 

10.. Zareba W, Moss AJ, Schwartz PJ, et al. Influence of the genotype on the clinical course of the long-QT 

syndrome:: International Long-QT Syndrome Registry Research Group. N Engl J Med. 1998;339:960-

965 5 

11.11. Higuchi R. Simple and rapid preparation of samples for PCR.In: Erlich HA, ed. PCR-Technology: 

Principalss and Applications for DNA Amplification. New York: Stockton Press NY; 1989:31-38. 

12.. Wang Q, Zhizhong L, Jiaxiang S, et al. Genomic organization of the human SCN5A gene encoding the 

cardiacc sodium channel. Genomics. 1996;34:9-16 

13.. Splawski I, Shen J, Timothy K.W, et al. Genomic structure of three long QT syndrome genes: KVLQT1, 

HERG,, and KCNEI. Genomics. 1998;51:86-97 

14.. Don RH, Cox PT, Wainwright BJ, et al. "Touchdown" PCR to circumvent spurious probing during gene 

amplification.. Nucleic Acids Res. 199I;19:4008 

15.. Makita N, Bennett PB Jr, George AL Jr. Multiple domains contribute to the distinct inactivation 

propertiess of human heart and skeletal muscle Na* channels. Circ Res. 1996;78:244-252 

16.. Bazett AM. An analysis of the time-relations of electrocardiograms. Heart. 1920;7:353-369 

17.. Moss AJ, Zareba W, Benhorin J, et al. ECG T-wave patterns in genetically distinct forms of the 

hereditaryy long QT syndrome. Circulation. 1995;92:2929-2934 

18.. Roden DM, Lazzara R, Rosen M, et al. Multiple mechanisms in the long QT syndrome: current 

knowledge,, gaps, and future directions: the SADS Foundation Task Force on LQTS. Circulation. 

1996;94:1996^2012 2 

168 8 



Chapterr 4.2 

19.. Schwartz PJ, Priori SG, Spazzolini C, et al. Genotype-phenotype correlation in the long-QT syndrome: 

gene-specificc triggers for life-threatening arrhythmias. Circulation. 2001;103:89-95 

20.. Pedersen DH, Zipes DP, Foster PR, et al. Ventricular tachycardia and ventricular fibrillation in a young 

population.. Circulation. 1979;60:988-997 

21.. Southall DP, Arrowsmith WA, Oakley JR., et al. Prolonged QT interval and cardiac arrhythmias in two 

neonates:: sudden infant death syndrome on one case. Arch Dis Child. 1979;54:776-779 

22.. Klitzner TS. Sudden cardiac death in children. Circulation, 1990;82:629-632 

23.. Yang N, George ALJ. Horn R, Molecular basis of charge movement in voltage-gated sodium channels. 

Neuron.. 1996;165:113-122 

24.. An R, Wang X, Kerem B, et al. Novel LQT-3 mutation affects Na+ channel activity through 

interactionss between a and B-subunits. Circ Res. 1998;83:141-146 

25.. Baroudi G, Chahine M. Biophysical phenotypes of SCN5A mutations causing long QT and Brugada 

syndromes.. FEBS Lett. 2000;24451:1-5 

26.. Veldkamp M, Viswanathan P, Bezzina C, et al. Two distinct congenital arrhythmias evoked by a 

multidysfunctionall Na+ channel. Circ Res. 2000;86:E9I-E97 

27.. Kambouris N, Bradley Nuss H, Johns D, et al. Phenotypic characterization of a novel Long-QT 

syndromee mutation (R1623Q) in the cardiac sodium channel. Circulation. 1998;97:640-644 

28.. Makita N, Shirai N, Nagashima M, et al. A de novo missense mutation of human cardiac Na" channel 

exhibitingg novel molecular mechanism of long QT syndrome. FEBS Lett. 1998;423:5-9 

29.. Bennet PB, Yazawa K, Makita N, et al. Molecular mechanism for an inherited cardiac arrhythmia. 

Nature.. 1995;376:683-685 

30.. Dumaine R, Wang Q, Keating MT, et al. Multiple mechanism of Na4 channel-linked long-QT 

syndrome.. Circ Res. 1996;78:916-924 

31.. Wei J, Wang DW, Alings M, et al. Congenital long-QT syndrome caused by a novel mutation in a 

conservedd acidic domain of the cardiac Na+ channel. Circulation. 1999;99:3165-3171 

32.. Wang Q, Shen J, Li Z, et al. Cardiac sodium channel mutations in patients with long QT syndrome, an 

inheritedd cardiac arrhythmia. Hum Mol Genet. 1995;4:1603-1607 

33.. Wehrens XHT, Abriel H, Cabo C, et al. Arrhythmogenic mechanism of an LQT-3 mutation of the 

humann heart Na channel a-subunit: a computational analysis. Circulation. 2000;102:584-590 

34.. Gillette PC, Garson A, In: Electrophysiology and Pacing. Philadelphia, Pa: WB Saunders; 1990;468-

472 2 

35.. Villain E, Levy M, Kachaner J, et al. Prolonged QT interval in neonates: benign, transient, or prolonged 

riskk of sudden death. Am Heart J. 1992;124:194-197 

36.. Hofbeck M, Ulmer H, Beinder E, et al. Prenatal findings in patients with prolonged QT interval in the 

neonatall period. Heart. 1997;77:198-204 

169 9 



Dee novo mutation in the SCN5A gene associates with early onset of sudden infant death 

170 0 



Chapterr 4.3 

CHAPTERR 4.3 

SUBSTITUTIO NN OF A CONSERVED ALANIN E IN THE 

DOMAI NN IIIS4-S5 LINKE R OF THE HUMA N CARDIAC 

SODIUMM  CHANNEL CAUSES LONG QT SYNDROME 

J.. P. P. Smits' 

M.W.. Veldkamp' 

C.. R. Bezzina' 

Z.A.. Bhuiyan1'2 

H.. Wedekind34 

E.. Schulze-Bahr34 

A.A.M.. Wilde1 

ExperimentalExperimental and Molecular Cardiology Group, Academic Medical Center, University of 

Amsterdam,Amsterdam, Amsterdam, The Netherlands "Department of Clinical Genetics, Academic 

MedicalMedical Center, University of Amsterdam, Amsterdam, The Netherlands 

'' Department ofCardiology and Angiology, University of Munster, Munster, Germany, 
44 Department of Molecular Cardiology, Institute for Arteriosclerosis Research of the 

UniversityUniversity of Munster, Munster, Germany 

submittedd to Cardiovascular  Research 

171 1 



Substitutionn of a conserved alanine in the domain IIIS4-S5 linker causes long QT syndrome 

ABSTRACT T 

Objective::  Congenital long QT syndrome type 3 (LQT3) is an inherited cardiac arrhythmia 

syndromee caused by defects in the SCN5A gene encoding the a-subunit of the cardiac sodium 

channel.. Although the majority of these LQT3 mutations cause a persistent inward sodium 

current,, an increasing number of studies show heterogeneity in the disease mechanism. Here 

wee present the electrophysiological properties of a novel sodium channel mutation A1330T 

(DIIIS4-S55 linker). This mutation as the A1330P mutation, on which we have reported earlier, 

wass identified in individuals with the LQT3 phenotype. Both mutations cause QT-

prolongationn in the absence of a persistent inward current. 

Methods::  A1330T, A1330P, and wild-type channels were expressed in HEK-293 cells and 

characterizedd using the whole-cell configuration of the patch-clamp technique. 

Results::  We found that the A1330T Na+ channel mutation causes positive shifts of both 

voltage-dependencee of activation (+6.6 mV) and inactivation (+7.9 mV), and accelerates 

recoveryy from inactivation. With that, the A1330T mutant differs from the LQT3 mutation we 

previouslyy characterized, A1330P, which lacks the positive shift in activation. Measurements 

off sodium window currents (INa, window) showed that a positive shift of inactivation alone 

(A1330P)) broadened the voltage range and increased the magnitude of INa. window, whereas the 

combinedd positive shifts of inactivation and activation (A1330T) merely shifted the voltage 

rangee of iNa. window towards more positive potentials. 

Conclusions::  Our findings indicate that the alanine at position 1330 in the DIII-DI V linker of 

thee cardiac sodium channel plays an important role in channel fast inactivation. Substitution 

byy a threonine causes the voltage range of lNa, window activity to shift to more positive 

potentials,, where the counter-acting effect of outward potassium current is reduced. Thus, the 

alteredd functional characteristics may delay action potential repolarization, and explain the 

LQT33 phenotype. 
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INTRODUCTIO N N 

Thee congenital long QT syndrome is a cardiac rhythm disorder that is caused by mutations in 

specificc ion channel genes1'2 and by a mutation encoding a cytoskeletal protein, ankyrin B.3 

Thiss syndrome is clinically characterized by prolonged QT-intervals on the body surface 

ECG.. Patients are at risk for syncope and sudden cardiac death due to the development of life-

threateningg ventricular arrhythmias such as torsades de pointes.2 The prolongation of the QT-

intervall reflects an increased action potential (AP) duration, which results from an increase in 

nett inward current. LQT variant type 3 (LQT3) arises from mutations in the SCN5A gene 

encodingg the a-subunit of the cardiac sodium channel. The majority of these mutations 

producee a persistent inward sodium current (Ipst) by affecting the inactivation properties.1 The 

presencee of Ipst in the voltage range of the AP plateau, underlies delayed repolarization and 

prolongationn of AP duration. However LQT3 sodium channel mutations are increasingly 

beingg identified that lack Ipst and produce QT-interval prolongation through alternative 

mechanisms.. Presently, 3 LQT3 mutations have been identified that lack Ipst: E1295K,4 

A1330P,55 and 11768V.6,7 For the D1790G sodium channel mutation, the absence of Ipst is 

debated.8'99 These findings demonstrate the existence of mutation-specific consequences on 

sodiumm channel properties and the consequent heterogeneity in the LQT3 disease mechanism. 

Inn this study we present a novel sodium channel mutation (A1330T), which we identified in a 

familyy with LQT3 phenotype. In this mutation a highly conserved alanine in the intracellular 

DIIIS4-S55 linker of the human cardiac sodium channel is substituted by a threonine (Figure 

1).. We have previously described the occurrence and biophysical characteristics of a de novo 

mutationn at this same position (A1330P).5 Interestingly, as for the A1330P mutation, A1330T 

lackss persistent inward sodium current. Using the patch-clamp technique we characterized the 

electrophysiologicall properties of the A1330T mutation to get insight in the mechanism 

underlyingg QT-prolongation in carriers of this mutation. 
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Figuree 1. Schemetic drawing of the ct-subunit of the cardiac sodium channel depicting the position of the 

A1330TT amino acid substitution in the intracellular S4-S5 linker of domain III. Below, the amino acid 

compositionn of the D1IIS4-S5 linker from different voltage gated sodium channel isoforms and species 

emphasizingg the conserved nature of the linker, including the alanine. 

METHOD S S 

Geneticc analysis 

Genomicc DNA was isolated from peripheral lymphocytes following standard procedures. 

Geneticc studies were performed in concordance with the recommendations of the Medical 

Ethicss Committee of the AMC and with the consent of the parents and family members 

involved.. The coding region of the SCN5A gene was amplified by PCR using previously 

publishedd primers10 and screened for the presence of mutations by single-strand conformation 

polymorphismm (SSCP) analysis. 

Site-directedd mutagenesis 

Mutantt Na+ channel cDNA was prepared by mutagenesis on the pSP64T-hHl plasmid. 

Primerss used for the site directed mutagenesis were 

5'' -CAATGCCCTGGTGGGCACCATCCCGTCCATC-3' and 

5'-CATGATGGACGGGATGGTGCCCACCAGGGCA-3'.. An Accl-Kpnl fragment was 

subclonedd into wild-type pSP64T-hHl and the mutant insert and ligation regions were 
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completelyy analyzed by sequencing. The A1330T cDNA was then subcloned into the Hindlll-

Xba\Xba\ sites of the expression vector pCGI (kindly provided by David Johns and Eduardo 

Marban,, Johns Hopkins University, Baltimore, MD) for bicistronic expression of the channel 

proteinn and GFP reporter in a Human Embryonic Kidney cell line (HEK-293). The pCGI 

A1330PP construct was produced as described previously.10 

Heterologouss expression of mutant and wild-type sodium channels 

Too express mutant A1330T and wild type cardiac sodium channels (hHl), HEK-293 cells 

weree cotransfected with 2 ug of Na+ channel ct-subunit cDNA (WT or mutant, respectively) 

andd 2 \ig h|31-subunit cDNA using lipofectamine (Gibco BRL, Life Technologies, Scotland). 

Forr the experiments to determine sodium window current or persisent inward current, HEK-

2933 cells were co-transfected with 4 \xg of Na+ channel a-subunit cDNA (WT, A1330P or 

A1330TT mutant, respectively) and 4 ug hpM-subunit cDNA. Transfected cells were cultured in 

Minimumm Essential Medium MEM (Earles salts & L-glutamine) supplemented with non

essentiall amino acid solution, fetal bovine serum (10%), penicillin (100IU/ml) and 

streptomycinn (100 ug/ml) for 1 to 2 days in a 5% CO2 incubator at 37° C. Only cells 

exhibitingg green fluorescence were selected for electrophysiological experiments. 

Electrophysiology y 

Sodiumm currents were measured in the whole-cell configuration of the patch-clamp technique 

usingg an Axopatch 200B amplifier (Axon Instruments) and the following solutions (mmol/1). 

Bathh (external) solution: NaCl 140, KC1 4.7, CaCl2 1.8, MgCl2 2.0, NaHC03 4.3, Na2HP04 

1.4,, glucose 11.0, HEPES 16.8, pH adjusted to 7.4 (NaOH). Pipette (internal) solution: CsF 

100,, CsCl 40, EGTA, NaCl 10, MgCl2 1.2, HEPES 10, pH adjusted to 7.3 (NaOH). 

Electrophysiologicall experiments were carried out at a room temperature of 21 °C. Patch 

electrodess were pulled from borosilicate glass and had a tip resistance of 2-3 MQ when filled 

withh pipette solution. Series resistance was compensated to values of 80%. Whole-cell peak 

sodiumm currents were low-pass filtered at 5 kHz and digitized at 30 kHz. Sodium window 

currentss were filtered at 1 kHz. 

Voltagee protocols and data analysis 

Voltagee protocols for voltage-dependence of activation/inactivation and recovery from 

inactivationn are provided as insets in the relevant figures. The pulse protocol cycle time was 5 
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secondss for all three protocols. The steady-state activation and inactivation curves were fitted 

usingg the Boltzmann equation: I/Imax=A/{1.0+exp[(V//2-V)/£]} to determine the membrane 

potentiall for the half maximal (in)activation (V1/2) and the slope factor k. The time course of 

inactivationn was determined by fitting current decay with a two-exponential function: 

I/Imaxx =^/exp(-t/r/)+^iexp(-t/rJ), where A f and As are fractions of fast and slow inactivating 

componentss and Tf and rs are the time constants of the fast and slow inactivating components, 

respectively. . 

Thee time constant (x) of recovery from inactivation was obtained by fitting the data with the 

functionn I/Imax=A[l-exp(-t/r)] where t is the recovery time interval. 

Thee presence of a persistent inward sodium current was determined from the tetrodotoxin 

(TTX)-sensitivee current (30 uM, Alomone Labs, Israel) by taking the average current 

amplitudee during the last 50 ms of a 300 ms depolarization to 20 mV, relative to the holding 

currentt at -120 mV. Sodium window currents were measured as TTX-sensitive currents 

duringg a depolarizing ramp protocol from -120 mV to +50 mV at a rate of 0.1 mV/ms. The 

resultss are expressed as mean  SEM and statistical comparisons were made using an 

unpairedd Student's t-Test with P<0.05 indicating statistical significance. 

RESULTS S 

Clinicall  characteristics and genetic analysis 

Thee index patient (Figure 2A, subject III-2) was a 14 years old girl who died suddenly at rest. 

Investigationn of the ECG obtained during her stay in the intensive care unit revealed a 

prolongedd QT interval. Her previous medical history was unremarkable. Clinical examination 

off the parents, brother and two sisters (Figure 2A) revealed a prolonged QT interval in all the 

siblingss and the mother (Figure 2B). The clinical history of all family members was 

inconspicuouss and they were all asymptomatic. Echocardiographic investigations revealed no 

structurall cardiac abnormalities. 

Withh SSCP analysis of SCN5'A on DNA from the proband, an aberrant conformer in exon 23 

wass identified. Sequence analysis revealed the presence of a g>a substitution (gcc>acc) 

leadingg to the replacement of the hydrophobic, non-polar residue alanine at position 1330 by 

thee hydrophilic, polar residue threonine (A1330T). This nucleotide change could not be 

identifiedd in 100 control individuals. The mother, the brother and the two sisters of the index 

patientt were also heterozygous for this mutation (Figure 2A). 
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Figuree 2. A: Pedigree of the A1330T family. Solid symbols represent affected individuals. B: ECG recording of 

A1330TT carrier III-4 at the age of 11 years. 

Functionall  properties of the A1330T sodium channel mutation 

Too determine the functional consequences of the A1330T mutation on activation and 

inactivationn properties, wild-type (WT) and mutant sodium channels were expressed in HEK-

2933 cells. Because the majority of LQT3 sodium channel mutations prolong the action 

potentiall by inducing a persistent inward current, we first investigated whether A1330T 

mutantt channels also exhibit this property. TTX-sensitive currents recorded during prolonged 

depolarizationss (Figure 3, inset) show that A1330T sodium channels lack such a Ipst. The 

amplitudee of Ipst as a percentage of peak inward current during the last 50 ms of the 300 ms 

depolarizationn was 0.10  0.14% (n=5) for A1330T mutant channels and 0.010  0.02% (n=4, 

ns)) in wild type controls. 
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Figuree 3. WT (A) and A1330P (B) sodium currents recorded during 300 ms depolarizations to -20 mV from -

1200 mV in the absence and presence of 30 uM TTX. TTX-sensitive currents obtained by subtraction are shown 

inn insets. No significant differences in TTX-sensitive current amplitude were found between WT and A1330T 

sodiumm channels. For values see text. 

Comparisonn of wild-type and A1330T mutant peak sodium currents recorded during 

depolarizationss (Figure 4A), and the corresponding current-voltage (I-V) relationships (Figure 

4B),, reveals no apparent difference in peak current amplitudes over the whole voltage-range 

tested.. The average amplitude of the maximum peak sodium current was 5.7  0.9 nA (n=13) 

forr WT and 4.5  0.5 nA (n=15, ns) for Al 330T mutant channels (Figure 4B). Quantification 

off the time course of inactivation by fitting current decay with a bi-exponential function, 

confirmedd that time constants of fast and slow inactivation were not significantly different for 

WTT and mutant sodium channels (Figure 4C). 

Thee recovery from inactivation was investigated using a double pulse protocol. Figure 5 

showss the normalized peak currents as a function of the recovery time interval. Measurement 

off the time course of recovery from inactivation revealed that A1330T mutant channels 

recoveredd significantly faster from inactivation than WT channels. The time constant (T) of 

recoveryy was 9.5  0.84 ms (n=14) for A1330T mutant channels compared to 13.4  0.13 ms 

(n=9,, p<0.005), for WT channels. 

Nextt we studied the effect of the A1330T mutation on the voltage-dependence of activation 

andd steady-state inactivation. Figure 6A shows that the A1330T mutation causes a positive 

shiftt of both the activation curve (+ 6.6 mV) and the inactivation curve (+ 6.9 mV). The half-

178 8 



Chapterr 4.3 

maximall voltage (V//2) of activation was -47.5 1 mV (n=13) and -40.9  2.2 mV (n=15, 

p<0.05)) for WT and A1330T mutant channels respectively. 

WT T 

B B 

100 0 
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0.1 1 

WT(n=13) ) 

A1330TT (n=15) 

DD WT (n=7) T open symbols (n=7) 

-40 0 -200 0 
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Figuree 4. A: Whole cell Na* currents recorded from HEK-293 cells expressing WT (upper panel) and the 

A1330TT (lower panel) mutant sodium channels. Sodium currents were recorded during depolarizing steps (5 

mVV increments) from a holding potential of-120 mV. B: Average current-voltage (I-V) relationship for WT and 

A1330TT channels. C: Fast and slow time constants of current decay as a function of membrane potential. There 

wass no significant differences between WT and the A1330T mutant channels. 
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Figuree 5. Recovery from inactivation for WT and A1330P sodium channels. Relative current is plotted as a 

functionn of the recovery time interval. See text for values of time constants of inactivation. 

Thee V//2 of steady-state inactivation was -98.8  2.1 mV (n=13) and -91.9  1.2 mV (n=13, 

p<0.005)) for WT and A1330T channels respectively. The slope factors (A') of voltage-

dependencee of activation and inactivation were similar for wild type and A1330T mutant 

channelss (activation: WT, k= 5.9  0.5 (n=13), A1330T, k= 7.1  0.6 (n=15, ns); inactivation: 

WT,, A- -5.0  0.2 (n=13), A1330T, k= 5.1  0.2 (n=13, ns). 

Thee positive shift in both activation and inactivation properties observed in the A1330T 

mutantt channels is expected to cause a positive shift of the voltage range of the INa window 

current,, where activation and inactivation curves overlap. This can be appreciated from Figure 

6B,, where the overlap of (in)activation curves is depicted on an enlarged scale. To test this 

hypothesis,, sodium window currents were measured using a ramp protocol. In addition to the 

A1330TT mutation, we also studied the window current of another LQT3 sodium channel 

mutation,, A1330P, which we previously characterized.5 Like the A1330T mutation, A1330P 

alsoo lacks Ipsl and shifts the voltage dependence of steady state inactivation towards more 

depolarisedd potentials. Its activation properties, however, are unaffected. Figure 7 shows that 

aa gradual depolarization from -120 mV to +20 mV induces a small inward sodium window 

currentt between -80 and -40 mV (maximum amplitude at about -55 mV) for WT sodium 

channels.. For A1330T sodium channels, the voltage range of the sodium window current was 

shiftedd towards more positive potentials (maximum amplitude at about -65 mV), while its 

amplitudee was unaffected. The largest alterations in sodium window current were observed 
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forr the A1330P mutation. The positive shift in voltage-dependence of inactivation alone, gave 

risee to a broadening of the voltage range of sodium window current activity (maximum 

amplitudee at about -60 mV and resulted in a threefold increase in its amplitude. 
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Figuree 6. A: Voltage-dependent properties of activation and steady-state inactivation for WT and AI330T 

mutantt sodium channels. Voltage clamp protocols are shown as insets. See text for values of potential of half-

maximall (in)activation (V,/2) and slope factor (k). B: Enlarged reproduction of the lower part of Figure 6A, 

depictingg the overlap of activation and inactivation curves for WT and A1330P mutant sodium channels. 

DISCUSSION N 

Mechanismm of action potential prolongation of the A1330T sodium channel mutation 

Inn this study we have investigated the functional consequences of a novel sodium channel 

mutation,, A1330T, identified in an LQT family. The main findings are that the A1330T 

mutationn induces a positive shift in the voltage dependence of activation and steady state 
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inactivation,, and accelerates recovery from inactivation. In contrast to the majority of LQT 

sodiumm channel mutations, A1330T did not display a persistent inward current. A similar 

0.1mV/ms s 

20 0 20 0 -600 -40 

Vm(mV) ) 

Figuree 7. Averaged WT (n=4), A1330T (n=4) and A1330P (n=5) sodium window currents measured as TTX-

sensitivee currents during a slow ramp protocol as shown in inset. 

observationn was made for the A1330P mutation.5 It was further demonstrated that the 

combinedd positive shift of the activation and inactivation curves resulted in a shift of the 

voltagee range of the sodium window current towards more positive potentials. As a 

consequence,, the activity of the sodium window current will be shifted to the voltage range 

wheree the rectifying properties of the inward rectifier potassium currents are more 

pronouncedd and the counterbalancing effect of outward potassium current is reduced. The 

resultantt increase in net inward current in this phase of the action potential, is thus likely to 

causee a delay in repolarization.4 Thus far, 3 other LQT3 sodium channel mutations have been 

identifiedd that cause QT-prolongation through mechanisms other than persistent inward 

current.. The E1295K (DIIIS4) 4 and the 11768V (DIVS6) 6'7 SCN5A mutations, have both 

beenn shown to shift the voltage range of the window current towards more positive potentials, 

andd to recover faster from inactivation. The 11768V has additionally been shown to have less 

sloww inactivation.6 Also the A1330P (DIIIS4-S5), 5'(this study) displays similar characteristics. 

Thesee data suggest that action potential prolongation due to changes in sodium window 

current,, is at present not a rare mechanism in LQT3. 
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Thee alanine at position 1330 in DIIIS4-S5 and its role in sodium channel fast 

inactivation n 

Thee fact that both the A1330T and A1330P mutations affect the inactivation properties of the 

cardiacc sodium channel in a similar way, i.e. positive shift of voltage-dependence of 

inactivationn and faster recovery from inactivation, suggests that alanine at this position has an 

importantt role in sodium channel fast inactivation. 

Theree is ample evidence that the amino-acid sequence of the DIIIS4-S5 linker, including the 

alanine,, is highly conserved and forms part of the docking site for the inactivation particle 

(DIII-DIVV linker) in voltage gated sodium channels in several tissues and species.14 For 

example,, the A1156T mutation in the DIIIS4-S5 linker of the SCN4A gene, encoding the 

humann skeletal muscle sodium channel, affects channel inactivation properties in a way 

similarr to the A1330T mutation in the SCN5A gene.15 That is, it shifts the Vi 2 of inactivation 

positive,, slows the inactivation process and makes channels recover faster from incativation. 

Thee latter mutation was found to be causally involved in the muscle disease Paramyotonia 

Congenita,, an autosomal dominant inherited disease characterized by muscle stiffness or 

myotoniaa due to sarcolemmal hyperexcitability.15 Further evidence for the role of the DIIIS4-

S55 linker in fast inactivation comes from site-directed mutagenesis studies involving several 

voltagee gated sodium channels isoforms. These experiments demonstrate that fast inactivation 

requiress hydrophobic interactions between the proposed sodium channel inactivation particle, 

thee DIII-DIV linker, and the proposed docking site, the DI1IS4-S5 linker. 14~21 These 

hydrophobicc interactions require the presence of the three hydrophobic amino acids 

isoleucine,, phenylalanine and methionine (IFM) in DIII-DIV, and an alanine in the DIIIS4-S5 

linker.188 Miyamoto et al21 showed that the alanine at position 1329 in DII1S4-S5 of the human 

brainn sodium channel, equivalent to position 1326 in human cardiac sodium channel, directly 

interactss with the phenylalanine (F1489) in the IFM motive of the proposed inactivation 

particle.211 The presence of an amino acid with a small side chain like the alanine at position 

1325,, 4 amino acids before, and the alanine at position 1333 (equivalent to A1330 in the 

cardiacc sodium channel) 4 amino acids after A1329, are thought to be essential to enable 

interactionn between A1329 (A 1326 in the cardiac sodium channel) and the bulky IFM 

motive.211 When the DIII-S4 segment, one of 4 voltage sensors present in sodium channels, 

movess outward upon depolarization, interacting a-helixes are formed by the two DIIIS4-S5 

linkers.. This enables interaction between the IFM motive and the alanine at position 1329."' 
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Also,, the alanine at position 1329 in the DIIIS4-S5 of the a-subunit of the rat brain sodium 

channell was found to have a similar role.18 

Ourr finding that the substitution of the alanine at position 1330 in hHl, by either the 

hydrophilic,, polar residue threonine or even by the hydrophobic, non-polar residue proline 

affectss the inactivation process of hH 1 provides additional evidence for the important role of 

thee DIIIS4-S5 linker in voltage gated sodium channels isoforms.5 

Consideringg the proposed role of the DIIIS4-S5 linker in channel fast inactivation, it may be 

surprisingg that both the A1330T and the A1330P mutant channels were found to inactivate 

completelyy and lacked an Ipst. It may be speculated that neither substitution disturbs the 

hydrophobicc interaction to such an extend that complete inactivation is hindered. An 

explanationn could be that neither substitution disturbs the hydrophobic interaction of the 

D1IIS4-S55 linker with the DIII-DIV linker enough to prevent complete inactivation of the 

channels,, but only slows it and alters its voltage dependence. Proline is a large, neutral cyclic 

aminoo acid that replaces the smaller neutral amino acid alanine in the A1330P mutation. This 

replacementt may hinder the hydrophobic interactions between the DIII-IV linker by the 

differencee in size, and probably the substitution will affect protein structure. Although this 

hindrancee delays inactivation and destabalizes it, it does not prevent complete fast 

inactivation."" Threonine, with one extra carbon atom and a hydroxyl group, may affect 

interactionn with LIII-IV because it is more hydrophilic than alanine, thereby affecting the 

normall hydrophobic interaction. 

Theoreticallyy a structural change in the DIIIS4-S5 linker could affect the movement of the 

nearbyy voltage sensor, segment 4 of domain III (S4 Dili).20 This may explain the positive 

shiftt in voltage dependence of activation in the A1330T mutation and, in addition to the 

effectss on the DIIIS4-S5 linker, the shift in voltage dependence of inactivation in both 

mutations.. Because alanine, proline and threonine are electrically neutral amino acids, an 

additionall electrostatic interaction with the nearby voltage sensor is unlikely. 

SUMMARY Y 

Byy characterization of the biophysical characteristics of the A1330T and A1330P sodium 

channell mutations, we have gained insight into the mechanisms underlying AP prolongation 

andd arrhythmogenesis in carriers of these mutations. In addition, the obtained results have 

providedd information on the structure-function relationship in hHl and confirm the 

importancee of the DIIIS4-S5 linker in channel fast inactivation in voltage-gated sodium 
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channels.. Although both missense mutations at position 1330 showed overlap in the effects on 

channell gating, important differences were also present. This illustrates that even closely 

relatedd amino acids (alanine and threonine), may differently affect channel gating. Therefore, 

onee might speculate that future therapies should not only be gene-specific, but also mutation-

specific.. Finally, the fact that two different missense mutations were identified at the same 

positionn 1330, may point to a mutation hotspot. 
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Conformationall changes in the c-terminus of the cardiac sodium channel influences channel inactivation 

ABSTRACT T 

Voltage-gatedd sodium (Na+) channels produce the ionic current responsible for the rapid 

upstrokee of the action potential in nerve and muscle. Upon membrane depolarization, Na+ 

channelss undergo conformational changes that lead to channel activation followed almost 

immediatelyy by inactivation. While the cytoplasmic loop linking Na+ channel domains III and 

IVV plays a role in fast inactivation gating, this structure alone cannot reconcile subtle 

differencess in fast inactivation between isoforms. Moreover multiple inherited mutations in 

otherr domains, such as the c-terminus, have been identified that affect fast inactivation gating. 

Previouss studies have highlighted the importance of the proximal part of the c-terminus in 

inactivation.. However, it is unknown whether the c-terminus moves during Na channel 

inactivation,, and whether it has interaction domains within other channel loci. To test whether 

thee c-terminus may influence inactivation directly, we assessed the gating-dependent 

accessibilityy of an engineered cysteine residue, Y1795C, located in the proximal part of the C-

terminuss to a methanethiosulfonate reagent (MTSEA) and a redox catalyst Cu(II)(l,10-

phenanthroline>33 (CuPhe3). Whole-cell current (IN3) recordings from TSA-201 cells revealed 

thatt accessibility of Y1795C channels to MTSEA was increased during depolarization 

(MTSEAA reduced Y1795C peak INa by 28.3  5.3% at -20 mV, vs 2.5  1.8% at -120 mV: 

pO.01),, an effect not seen in wild type (WT) recordings. Moreover, application of lidocaine 

reducedd the depolarization dependent modification of Y1795C by MTSEA. Intracellular 

CuPhe33 increased Y1795C current, but not WT current. These results suggest interaction 

betweenn the c-terminus and the pore, and hint at an interaction domain between the proximal 

c-terminuss and a pore-lining cysteine. 
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INTRODUCTIO N N 

Voltagee gated sodium (Na) channels play a major role in tissues where fast signal 

propagationn is required such as in nerve, brain, skeletal muscle and the heart. Although Na+ 

channell isoforms share functional and structural similarities, each isoform is also designed to 

bee able to comply with tissue specific demands dictated by firing frequency and therefore 

actionn potential duration of the cell.1,2 However, it is surprising that the major structures 

responsiblee for channel inactivation, such as the proposed inactivation gate and proposed 

dockingg sites for the proposed inactivation gate in isoforms are quite similar. Modification of 

thesee structures by other domains within and outside the channel protein may therefore be 

responsiblee for the observed functional differences. But since functional differences between 

isoformss are maintained when expressed in heterologous expression systems, the modifying 

element(s)) can be expected, and have been shown, to be an inherent part of the channel. 

Thee proximal c-terminus has been shown to modify the Na+ channel inactivation kinetics.3"5 

Additionall evidence for its role in channel regulation comes from identification of mutations 

inn the c-terminus of the cardiac Na+ channel which were found to be causally related to 

inheritedd primary electrical diseases of the heart such as the long QT syndrome type 3 and the 

Brugadaa syndrome.6 In the long QT syndrome destabilization of fast inactivation leads to a 

smalll but persistent depolarizing Na+ current during the plateau phase of the action potential 

thatt delays repolarization. On the other hand, in Brugada syndrome, too little depolarizing 

Na++ current is available during the initial depolarization phase of the cardiac action potential 

duee to multiple mechanisms that include enhanced slow inactivation.6'7 

Too further explore the role of c-terminus in channel inactivation we examined the state 

dependentt accessibility of an engineered cysteine residue, Y1795C,8 in the proximal part of 

thee c-terminus to sulfydryl modification using methanethiosulfonate (MTS) reagents. This 

residuee is also in the region of a highly conserved acidic domain in the c-terminus where 

multiplee disease-causing mutations that affect both fast and slow inactivation have been 

identified,, suggesting an importance for this region in channel inactivation. Gating-dependent 

modificationn of this cysteine residue by MTS reagents would suggest conformational changes 

off the c-terminus either due to movement of the c-terminus itself or due to conformational 

changess of structures that are in close proximity to the proximal part of the c-terminus. We 

findd that depolarization leads to a greater modification of Y1795C by MTSEA, and lidocaine, 

aa local anesthetic that binds to residues close to the pore of the Na+ channel, reduces MTSEA 

modificationn of Y1795C. Our results are the first to demonstrate conformational changes in 
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thee c-terminus as a result of channel gating. In addition, our results suggest that the c-terminus 

mayy interact with residues close to the pore of the channel. 

MATERIAL SS AND METHOD S 

Mutagenesiss and heterologous expression 

Sitee directed mutagenesis was performed on SCN5A cDNA cloned in pSP64T, as previously 

described.77 All mutations were made using Strategene's Quick Change Mutagenesis kit, using 

hHl/pCGI-WTT as template for bicistronic expression of the channel protein and GFP reporter. 

Eitherr GFP tagged Wild-type (WT) or Y1795C hHl cDNA and equimolar ratio of Na channel 

pi-subunitt (1 fig) was co-transfected into tsA-201 cells using lipofectamine. Cells were 

incubatedd in DMEM supplemented with non-essential amino acid solution, 10% foetal bovine 

serum,, 100 IU/ml penicillin and 100ug/ml streptomycin in a 5% C02 incubator at 37o C. 

Cellss that exhibited green fluorescence 1 - 2 days after transfection were selected for 

measurements. . 

Electrophysiology y 

Whole-cellss Na+ currents were recorded at room temperature (20-22 °C) as described 

previouslyy using an Axopatch 200B amplifier (Axon Instruments).7 Voltage clamp protocols 

usedd are described with each figure (provided as insets). After patch rupture currents were left 

too stabilise for 6 minutes before recording. The effect of extracellular Cu(II)(l,10-

phenantroline)33 appeared to be immediate, and therefore, measurements with intracellular 

Cu(II)(( 1,10-phenantroline)3 were started immediately after attaining whole cell configuration. 

Onlyy measurements obtained within 60 seconds after whole cell were used. The following 

solutionss were used. Bath (external) solution in mM: NaCl 145, KC1 4, CaCb 1.8, MgCb 1, 

HEPESS 10, glucose 10, pH adjusted to 7.4 (NaOH). Pipette (internal) solution in mM: NaF 

10,, CsF 110, CsCl 20, EGTA 10, NaCl 10, MgCl2 2.0, HEPES lOmM, pH adjusted to 7.4 

(NaOH).. MTSEA, MTSES and MTSET (Toronto Research Chemicals, Canada) lmM and 

lOOuMM stock solutions were prepared and frozen until the start of the experiments. A 

lidocainee (Sigma) stock solution of lOmM was prepared and diluted to a concentration of 

lOuMM before the experiments. Glutathione (Sigma) in a concentration of 5 or lOmM was 

addedd to either bath or pipette solutions. Cu(II)( 1,10-phenantroline)3 stock was prepared from 

150mMM Cu(II)S04 and 500mM 1,10-phenanthroline in a 4:1 watenethanol solution as 

previouslyy described. The Cu(II)(l,10-phenantroline)3 solution was diluted to the appropriate 

concentration,, in either bath or pipette solution, before start of the experiments.9 The results 
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aree expressed as mean  SEM, and statistical comparisons were made using one-way 

ANOVAA (Microcal Origin), with P<0.05 indicating significance. 

RESULTS S 

Modificatio nn by MTS-reagents 

Whenn tsA-201 cells transfected with either wild type (WT) or Y1795C c-DNA were exposed 

too 100 uM extracellular MTSEA, we observed an irreversible reduction in peak Na+ current 

(nott shown). To evaluate depolarization-dependent modification by MTSEA, we utilized the 

twoo protocols shown in figure 1A. A 3 minute exposure to 100 uM MTSEA during prolonged 

depolarizationn (protocol II) reduced Y1795C peak sodium current (INa) (51  1.3 %, n=6) to a 

greaterr extent than WT (36.5  1.4%, n=7; p<0.05 with Y1795C). This effect was partially 

reducedd by addition of 5 mM glutathione, a reducing agent (38.0  0.9%, n=7; pO.01). Since 

theree are multiple native cysteines in the extracellular loops of the Na+ channel that could 

contributee to the modification of WT Na+ channels, we tested whether MTSEA could elicit a 

similarr response when applied intracellularly.10 Figure 1 shows current traces recorded from 

cellss expressing WT (panel B) or Y1795C (panel C) using the protocols shown in panel A. 

Thee current recorded during PI and P2 are overlaid for comparison. As can be seen from 

panell B, MTSEA had no effect on WT peak INa during protocol I (hyperpolarization) or 

protocoll II (depolarization). In contrast, MTSEA significantly reduced the peak Y1795C INa 

afterr the depolarization protocol (panel C). The bar graph in figure 2 summarizes the data and 

showss the percentage current reduction as a result of MTSEA modification under varying 

conditions.. The number of cells recorded in each experimental condition is shown in 

parentheses.. While WT channels were unaffected by MTSEA, Y1795C channels were 

significantlyy modified by MTSEA during depolarization (28.3  5.3 vs 6.6  2.7: pO.01). In 

addition,, the extent of modification of Y1795C during depolarization (protocol II) was much 

greaterr than during hyperpolarization (protocol I). Furthermore, modification of Y1795C was 

greaterr than WT (4.4  0.8%; pO.001 with Y1795C). MTSEA modification of Y1795C 

duringg protocol II was completely reversible with 5 mM intracellular glutathione. We also 

examinedd the effect of MTSEA on the peak INa at all membrane voltages using the protocol 

shownn in figure 3. Following exposure of cells to MTSEA during a 3-minute period at either -

1200 mV (I) or at -20 mV (II), the membrane was depolarized to varying voltages and peak Iwa 

wass normalized to cell capacitance and plotted as a function of membrane voltage. While 

MTSEAA had no effect on WT peak INa at all voltages and during both protocols (panel B), 
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MTSEAA significantly reduced peak Y1795C INa at voltages between -50 mV and +30 mV 

afterr protocol II but not protocol I. 

Figuree 1. MTSEA modification of 

Y1795CC exhibits voltage-dependence. A: 

Cellss expressing WT or Y1795C 

channelss were subjected to the protocol 

shownn (I and II). After an initial pulse 

(PI)) to -20 mV, MTSEA (lOOuM) was 

washedd into the bath after 15 msec 

equilibrationn period, while the membrane 

wass held at -120 mV for 3 min (I), or 

alternativelyy was depolarized to -20 mV 

(II)) for the same time period. MTSEA 

wass washed out of the bath, and INa was 

reassessedd with a brief pulse to -20mV 

(P2).. B: Currents through wild-type were 

recordedd using protocol I (left) or II 

(right).. The INa recorded during PI and 

P22 are superimposed for comparison. C: 

Currentss through Y1795C were recorded 

usingg protocol I (left) or II (right). 

Reductionn in peak Ina reflects covalent 

modificationn of Na+ channels during 

MTSEAA exposure. 

Protocoll I 
P11 P2 

Protocoll II 
P11 P2 

Y1795C C (I) ) 

55 msec 

(II) ) 

Identicall experiments using the larger, positively charged reagent, MTSET, or the negatively 

chargedd analogue, MTSES, produced a similar behaviour as MTSEA: both compounds 

reducedd peak Y1795C INa (figure 2). Interestingly, the positively charged MTSET had the 

greatestt effect on current reduction, possibly due to the presence of highly conserved 

negativelyy charged amino-acids surrounding Y1795C, while the negatively charged MTSES 

hadd a smaller effect on current reduction than MTSET. State-dependent accessibility of 

Y1795CC clearly suggests that the c-terminus changes conformation during channel gating. 

MTSEAA significantly reduced peak Y1795C INa at voltages between -50 mV and +30 mV 

afterr protocol II but not protocol I. 

Lidocainee reduces MTSEA modification 

Sincee our studies indicate a state-dependent change in MTSEA accessibility, we hypothesized 

thatt the c-terminus may modulate the inactivation process by interacting with structures 
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surroundingg or making up the channel pore. To test this hypothesis, we examined if 

rearrangementt of the pore affected MTS modification. 

50 0 

40 0 

gg 30 

3 3 -o o S S 
ÏÏ 20 
c c 

e e 
O O 

10 0 

0 --

]] Protocol I 
|| Protocol II 
II Protocol II + MTSEA 
II Protocol II + MTSEA + Glutathione 

p<0.011 P<0.005 

p<0.005 5 

WT T Y1795C C Y1795CC Y1795C 
++ + 

Figuree 2 M T S E S M T S E T 

Figuree 2. Summary data showing the percentage current reduction of peak INa because of MTS reagent exposure 

underr varying conditions. The number of cells recorded in each condition is shown in parentheses. 

Depolarizationn potentiated MTSEA modification of Y1795C channels and this was reversible with 5 mM 

gluthathione.. MTSET and MTSES also had a similar effect on Y1795C channels. 

Itt is known that local anesthetics such as lidocaine bind to residues close to the pore of the 

Na++ channel and stabilize the channel pore in the slow inactivated state. And recently it was 

shownn that lidocaine inhibited depolarization dependent sulfhydryl modification of an 

engineeredd cysteine at the 1236 position of the rat skeletal muscle Na+ channels (ul: 

F1236C),, adjacent to the domain III lysine (K1237) that forms part of the Na+ channel 

selectivityy filter." To test if lidocaine affected the depolarization-dependent modification of 

Y1795C,, we repeated the experiments in the presence of 10 uM lidocaine. Addition of lOuM 

extracellularr lidocaine reduced the effects of MTSEA on 1795C channels. Figure 4A shows 

peakk INa recorded using the protocol II shown in figure 1A. The current recorded before and 

afterr exposure to MTSEA are overlaid for comparison. As seen in panel A and summarized in 

thee bar graph in panel B, 10 uM lidocaine attenuated the current reduction caused by 100 uM 

MTSEAA as well as 50 uM MTSEA. It is also observed from figure 4b that lidocaine had 
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minimall effect on current reduction in the absence of MTSEA. These results lend support to 

ourr hypothesis that the c-terminus might modulate inactivation by interacting with structures 

inn or close to the pore of the channel. 

Hyperpolarizationn Protocol (I) Depolarizationn Protocol (II) 

-1200 mV 

B B 

33 min 1000 mV 
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-Y1795CC + MTSEA(I) 
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-Y1795CC (I) 
-Y1795CC (II) 

Membranee Potential (mV) 

p<< 0.01 
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Figuree 3. MTSEA modification of Y1795C. A: IV curves recorded from tsA 201 cells expressing either wild 

typee (WT) or Y1795C channels using the protocol shown. B: MTSEA had no effect on WT Na+ channels during 

protocoll I or II and at all voltages tested. C: MTSEA significantly reduced peak INa during protocol II, but not 

protocoll I at all the voltages as indicated. 

Modificatio nn by Cu(II)(l,10-phenantroline)3 

Cu(II)(l,10-phenantroline)33 is a redox catalyst which induces the formation of sulfide bridges 

iff cysteines approach each other within 4-7A of one another. When 500uM Cu(II)(l,10-

phenantroline)33 was added to the bath solution peak sodium current reduced for both WT and 

Y1795CC channels. Reduction of current was reversible upon washout and this effect was 

furtherr enhanced by addition of lOmM Dithiothreitol (DTT), a compound that breaks 

disulfidee bridges, to the bath solution (figure 5a). We also examined the role of intracellular 
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Figuree 4. Lidocaine attenuated the effect 

off MTSEA modification. A: Peak INa 

recordedd using the protocol II shown in 

figuree 1A. Currents are superimposed to 

enablee comparison. Traces on the left were 

inn the presence of MTSEA, while the 

tracess in the right were in the presence of 

MTSEAA and lidocaine. B: Summary data 

showingg the percentage reduction of peak 

INaa because of MTSEA exposure. As 

shownn earlier in figures 1 and 2, MTSEA 

reducedd Y1795C ISa during protocol II. 

Lidocainee attenuated the reduction in 

currentt by MTSEA. 

CuPhe33 on WT and mutant Na+ channels. For these experiments the concentration of Cuphe3 

wass reduced to 5 uM. Intracellular Cu(II)(l,10-phenantroline)3 decreased the WT Na" current 

whenn compared to the current in the absence of the catalyst and this was statistically 

significantt after 175 seconds (figure 5b). In contrast, Cu(II)(l,10-phenantroline)3 increased 

Y1795CC Na+ currents when compared to currents in the absence of the catalyst (figure 5c). 

Thiss effect could be prevented when 5mM glutathione was added to the pipette solution. 

Thesee results suggest that the engineered cysteine in the proximal c-terminus (Y1795C) 

comess into close proximity to native intracellular cysteines to form a disulfide bridge. 

DISCUSSION N 

Statee dependent modification of the c-terminus 

Itt is now well known that the c-terminus is involved in regulation of the inactivation 

processess of voltage gated sodium channels.1'2 The precise mechanism of this regulation 

howeverr remains unclear. In this study we provide evidence that suggests a direct interaction 

betweenn the c-terminus and another structure within the Na+ channel that could lead to 

Y1795CC (Protocol II) 
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0.55 mV 
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regulationn of channel inactivation. Our results demonstrate that the c-terminus undergoes 

conformationall changes during channel gating. In addition, our results indicate that the 

proximall c-terminus might interact with residues located in the pore of the channel. Previous 

reportss have identified the first 100-amino-acids of the c-terminus to be essential for isoform 

specficc differences in inactivation properties. After truncation of the complete c-terminus the 

inactivationn process is deregulated such that channels remain in an inactivated state4 Attempts 

too locate one or more amino acids within this stretch that are responsible for inducing the 

observedd isoform characteristics have been unsuccesfull.3 
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Figuree 5. Redox catalyst induces the formation of disulfide bridges. A: Extracellular application of 500uM 

Cu(II)(l,10-phenantroline)33 (arrow 1) produces an immediate reduction of INa The observed effects were similar 

forr cells expressing WT ( • ) or Y1795C (O) sodium channels. The effect of Cu(II)(l,10-phenantroline)3 was 

partiallyy reversible upon washout of Cu(II)(l,10-phenantroline)3 (arrow 2). Addition of Dithiothreitol (DTT) 

furtherr increased current suggesting that the observed effect resulted from disulfide formation (arrow 3). B: Peak 

INSS in cells expressing WT channels during repetitive stimulation protocol shown in inset. Repetitive stimulation 

increasedd peak INa, (•) (n=17), but this increase was attenuated upon exposure to 5uM Cu(II)(l,10-

phenantroline)33 (O) (n=16). C: In cells expressing Yl 795C channels INa significantly increased upon exposure to 

intracellularr Cu(II)( 1,10-phenantroline)j (D) (n=21) compared to control (•) (n=18). 

Additionallyy there is evidence that the most proximal part of the c-terminus regulates the 

inactivationn process while the most distal part is involved in channel trafficking and/or 

198 8 



Chapterr 4.4 

expression.55 The effects of MTS modification of an engineered cysteine within the first 100-

amino-acidss may thus be due to an effect of the modifying properties of the c-terminus. The 

factt that MTS modification is state dependent argues in favor of motion of the c-terminus or 

structuress surrounding the c-terminus that might be necessary for interaction of the c-terminus 

withh other intracellular structures. 

Doess the c-terminus physically interact with the channel pore? 

Mostt sodium channel structures involved in inactivation are located around the channel pore, 

whichh is made up of the S5 and S6 segments of each of the four domains. Fast inactivation 

occurss by closing of the inner mouth of the pore by the intracellular domain III-IV linker 

whilee slower forms of inactivation probably occur as a result of conformational changes in the 

poree and/or extracellular S5-S6 linkers of all four domains." Thus the sodium channel pore 

appearss to be a focal point for inactivation. To test whether the c-terminus interacts with the 

pore,, we examined whether lidocaine, an inhibitor of Na channels affected MTSEA-induced 

reductionn of the sodium current. Previous studies have shown that lidocaine stabilizes the pore 

inn the slow inactivated state by binding to residues on S6 segment and close to channel pore. 

Furthermore,, lidocaine was shown to limit the depolarization-dependent MTS modification of 

ann engineered cysteine deep in the channel pore with restricted access. We hypothesized that 

iff the c-terminus were to interact with residues in the pore of the channel, then lidocaine 

wouldd limit this interaction. Lidocaine reduced MTSEA modification of Y1795C during 

depolarization.. These results suggest that while under resting conditions the residue is 

inaccessiblee to MTSEA, depolarization leads to conformational changes that allow for 

modificationn of this residue. Reduction of the current following modification implies that the 

proximall part of the c-terminus approaches close to the channel pore. Furthermore, lidocaine 

reducess this effect by binding to residues close to the channel pore and preventing the c-

terminuss from approaching the channel pore. 

Whilee MTS reagents merely bind to available cysteines, the redox catalyst Cu(II)(l,10-

phenantroline)) 3 enables the formation of disulfide bridges between available SH-groups 

whichh are at a distance of < 4-7A. Disulfide trapping has been used extensively to map 

regionss of close contact between subunits in a variety of protein complexes and engineered 

disulfidee bridges have been used to map the architecture and topology of pore lining residues 

inn voltage gated Na+ channels. The observed differences between WT and Y1795C channels, 

currentt run down in cells expressing WT channels and current run up in cells expressing 
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Y1795CC channels, may suggest that the Y1795C channels are differently modified. This 

differencee could be due to the fact that the engineered cysteine comes in close proximity with 

anotherr structure containing a native cysteine. Although previous studies have shown the 

importancee of the c-terminus during channel gating, our results provide evidence that 

conformationall changes of the c-terminus may play a role during channel inactivation. 

Moreover,, our results indicate that this effect might be mediated by an interaction between the 

c-terminuss and the pore of the channel. 
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SUMMAR Y Y 

Suddenn cardiac death due to ventricular tachyarrhythmias may occur in the setting of 

structurall heart disease. When potentially lethal ventricular tachyarrhythmias occur in the 

absencee of any structural heart disease, it is classified as 'primary electrical disease'. This 

impliess that the arrhythmogenic substrate is formed by the excitable and conducting 

propertiess of the heart as determined importantly by ion channel proteins. Indeed, mutations 

inn several cardiac ion channel genes have been identified in inherited primary electrical 

diseasess of the heart which have therefore been named Mon channelopathies'. 

Autosomall dominant mutations in the SCN5A gene resulting in dysfunctional cardiac sodium 

channels,, have been found to be causally related to the long QT syndrome type 3 (LQT3), the 

Brugadaa syndrome (BS) and inherited cardiac conduction disease (ICCD). Recently 

compoundd heterozygosity of autosomal recessive SCN5A mutations have been found to be 

causallyy involved in sick sinus syndrome (SSS). Because of the central role the cardiac 

sodiumm current has in action potential configuration and propagation in the heart and its 

conductionn system, it is not surprising that channel dysfunction has grave consequences for 

properr electrical functioning of the heart. Studies of the clinical phenotypes of SCN5A 

mutationn carriers using the baseline 12 lead electrocardiogram (ECG) and more sophisticated 

diagnosticc tests, such as the flecainide challenge and invasive electrophysiological testing 

(EPS)) combined with cellular electrophysiological measurements, have greatly increased our 

understandingg of primary electrical diseases. The ultimate goals of such studies, including the 

studiess presented in this thesis, are multiple. Firstly, increased understanding of primary 

electricall disease as caused by SCN5A mutations, will improve our diagnostic tools and will 

improvee patient management by identifying those individuals at high risk for lethal 

ventricularr arrhythmia's and selection of the proper therapy. The establishment of genotype-

phenotypee relationships is instrumental to this. Secondly, understanding of the basic 

electrophysiologicall properties of the cardiac sodium channel, its role in the cardiac action 

potentiall and in the electrophysiology of the heart, can enable us to develop a mechanistic 

therapyy for this ion channelopathy and other clinically important diseases associated with 

cardiacc arrhythmias , rather than a symptomatic one such as device therapy. 

Thee scope of this thesis was therefore to study the effects of mutations in the SCN5A gene on 

thee cardiac sodium current and to relate these findings to the arrhythmias involved and to the 

overalll clinical phenotype of carriers of the specific mutation. 
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ChapterChapter 1 concerns a general introduction in which the genetics, the structure and the 

functionn of the cardiac sodium channel are described. 

ChapterChapter 2 is focussed on sodium channel mutations that are linked to inherited cardiac 

conductionn disease (ICCD). In chapter 2.1 we have reviewed the available literature on 

inheritedd forms of cardiac conduction disease. It could be concluded that ICCD may be due to 

eitherr structural or functional abnormalities of the heart although an overlap between these 

formss of ICCD may also exist. Furthermore, loss of function mutations in the SCN5A gene 

presentt the main cause for functional ICCD. Interestingly, recent studies suggest that loss of 

functionn SCN5A mutations in ICCD may additionally cause structural heart disease. Whether 

ICCDD is structural or functional in nature may have clinical consequences for the extent of the 

disease,, the risk of developing arrhythmias and development of a mechanistic therapy. 

Inn the study in chapter 2.2 we investigated the basic electrophysiological and clinical 

characteristicss of the 11569-1570ins and R367C sodium channel mutations, which were found 

too be causally related to ICCD in two families. The R367C mutation carriers had a clear 

clinicall phenotype of ICCD, the ICCD clinical phenotype in I1569-1570ins mutation carriers, 

althoughh present, was less outspoken. On administration of drugs that block the fast sodium 

channel,, and thus affect cardiac conduction, these patients developed significantly more QRS 

prolongationn compared to family members without the mutation. The two index patients of 

thiss family died suddenly of unknown causes. Considering the basic electrophysiological 

findings,, their death could have either resulted from complete heart block or from ventricular 

tachyarrhythmias. . 

Thee I1569-1570ins mutation when expressed in HEK-293 cells produced measureable sodium 

currentss with normal channel kinetics. The magnitude of It 569-1570ins sodium currents was 

howeverr reduced by approximately a factor 3. The R367C mutant channel did not produce 

measureablee sodium currents, neither in HEK-293 nor in tsA201 cells. The expression of this 

channell could not be rescued by pharmacological intervention or lowering the cell incubation 

temperaturee after transfection, as has been shown for other ion channel mutations. Using 

fluorescencee confocal microscopy, both mutant channels were found to have a predominantly 

perinuclearr subcellular localization with a surface membrane distribution pattern of very low 

intensity.. Reduced sodium current density is consistent with an ICCD phenotype. 

Restorationn of sodium channel expression by pharmalogical intervention, seems an interesting 

approachh for new therapies in ICCD. Future research into the mechanisms of pharmacological 

rescuee of cardiac ion channels should not only answer the question whether this is a clinically 
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feasiblee treatment option, but also if it is desireable to have enhanced expression of 

dysfunctionall ion channels. 

Thee central theme of chapter 3 is sodium channel mutations associated with Brugada 

syndromee (BS). Chapter 3.1 is a general introduction about the BS and in chapter 3.2 we 

discussedd the genetic background of the BS. 

Inn chapter 3.3 we describe the establishment of a genotype-phenotype relationships in the BS. 

Inn only approximately 15-30% of BS cases and families, a loss of function mutation in the 

SCN5ASCN5A gene is present. In one family the disease is linked to a locus on chromosome 3, 3p22-

25.. The gene located at that position, and other involved genes await identification. We found 

thatt BS patients who carry an SCN5A mutation, compared to those that do not have an 

SCN5AA mutation, have more impaired cardiac conduction which further deteriorates by the 

administrationn of class Ic antiarrhythmic drugs. With this, we have established the first 

evidencee of a phenotype-genotype relationship in BS, which may make the diagnostic process 

moree effective. Additionally this knowledge about a phenotype-genotype in BS maybe helpful 

inn the search for other genes. In line with this we discussed what other genes and gene 

productss may be involved in BS and what consequences this in theory may have for the 

clinicall phenotype. 

Inn chapter 3.4 we investigated the E161K SCN5A mutation, which is a loss of function 

sodiumm channel mutation that gives rise to the clinical phenotypes of BS, ICCD and sick sinus 

syndromee (SSS). Not all mutation carriers, however, have a similar phenotype. The basic 

electrophysiologicall properties of this sodium channel mutation were a 60% reduction in 

cardiacc sodium current and a 11.9mV positive shift of the voltage of half maximal activation. 

Thee consequent reduction in sodium current is not only consistent with the BS and ICCD 

clinicall phenotype, but may also explain the SSS. Using a sinus node action potential model 

withh simulated acetylcholine application, we have shown that SSS, which is especially 

pronouncedd in periods wherein the parasympathetic nervous system prevails, is the result of a 

reductionn in diastolic depolarization rate and upstroke velocity. 

Thee clinical phenotype of carriers of the E16IK SCN5A mutation in this study shows that 

patientss with a loss of function SCN5A mutation may have clinical features of both BS and 

CCD.. Overlap in clinical phenotypes in sodium channelopathies has been recognised before. 

Uniquely,, the E161K mutation in addition to BS and CCD caused SSS. 
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Thee long QT syndrome type 3 (LQT3) and several sodium channel mutations involved, are 

discussedd in chapter 4. In chapter 4.1 we started with a discussion on the clincal aspects of 

LQT3,, which involved the phenotypical difference between LQT3 and the other inherited 

longg QT syndromes. The diversity in the genetic background of the long QT syndrome, at 

leastt 7 different genes have been indentified, is perhaps illustrative for the genetic background 

off other primary electrical diseases of the heart. After that, we have discussed the different 

basicc electrophysical mechanisms underlying QT prolongation in LQT3 with the help of an 

overvieww of all LQT3 mutations thus far characterised. 

Inn chapters 4.2 and 4.3, we have described the clinical and basic electrophysiological 

phenotypess of the A1330P and A1330T SCN5A mutations. The A1330P mutation was a de 

novoo mutation identified in a sudden infant death (SIDS) case. This shows that although 

LQT33 usually becomes symptomatic at a median age of 16 years, it may also be a mechanism 

inn SIDS. 

Thee basic electrophysiological properties of the A1330P mutation were a positive shift of the 

voltagee of half maximal steady-state inactivation, a slower sodium current decay and a faster 

recoveryy from inactivation. The presence of a non-inactivating sodium current was checked 

for,, but was not to be found. 

Thee A1330T mutation was identified in a family were LQT3 was diagnosed after sudden 

deathh of the index patient. The basic electrophysiological properties of the A1330T mutation 

weree positive shifts of equal size of both the voltage of half maximal activation and steady-

statee inactivation. Additionally, channels recovered faster from inactivation. Also this 

mutationn did not display a non-inactivating sodium current. 

Thee action potential prolonging effect of these two mutations, was explained by the increase 

inn sodium window current. The A1330P and A1330T mutations add to existing evidence that 

otherr QT prolonging mechanisms, than the 'classic' incomplete sodium channel inactivation, 

exist.. Also, these mutations show the importance of the DIIIS4-S5 linker in cardiac sodium 

channell inactivation, as has been shown for other sodium channel isoforms. 

Inn chapter 4.4 we have assessed the role of the c-terminus of the cardiac sodium channel in 

regulationn of its inactivation process. While the cytoplasmic loop linking Na+ channel 

domainss III and IV plays a role in fast inactivation gating, this structure alone cannot 

reconcilee subtle differences in fast inactivation between sodium channel isoforms. Moreover 

multiplee inherited mutations in other domains, such as the cardiac sodium channel c-terminus, 

havee been identified that affect fast inactivation gating. Previous studies have highlighted the 
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importancee of the proximal part of the c-terminus in inactivation. However, it is unknown 

whetherr the c-terminus moves during Na+ channel inactivation, and whether it has interaction 

domainss with loci in the channel. Therefore, to test whether the c-terminus may influence 

inactivationn directly, we assessed the gating-dependent accessibility of an engineered cysteine 

residue,, Y1795C, located in the proximal part of the c-terminus to a methanethiosulfonate 

reagentt (MTSEA) and a redox catalyst Cu(Il)(l,10-phenanthroline)3. Whole-cell current (INa) 

recordingss from tsA-201 cells expressing Y1795C channels revealed that accessibility to 

MTSEAA was increased during depolarization, an effect not seen in wildtype (WT) recordings. 

Moreover,, application of lidocaine reduced the depolarization dependent modification of 

Y1795CC by MTSEA. Also, intracellular Cu(II)(l,10-phenanthroline)3 increased Y1795C 

current,, but not WT current. These results suggest interaction between the c-terminus and the 

pore,, and hint at an interaction domain between the proximal c-terminus and a pore-lining 

cysteine. . 

CONCLUSION N 

Thee studies presented in this thesis contribute to the increasing knowledge on the role of the 

cardiacc sodium channel in primary electrical diseases of the heart such as ICCD, BS , LQT3 

andd SSS. 

Moree research is needed to fully elucidate the functional properties of the cardiac sodium 

channel,, its structure and its role in the heart. The electrophysiological characterisation of 

engineeredd and spontaneously occuring mutations in the SCN5A gene, will remain to have an 

importantt role herein. 

SAMENVATTING G 

Plotsee hartdood tengevolge van ventriculaire tachy-aritmièn kan veroorzaakt worden door 

structurelee hartafwijkingen. Wanneer deze, potentieel dodelijke, hartritmestoornissen 

voorkomenn in de afwezigheid van structurele hartafwijkingen, dan is er sprake van een 

'primairr electrische ziekte' van het hart. Dit betekent dat het aritmogene substraat voortkomt 

uitt de electrische eigenschappen van het hart, welke voor belangrijk deel worden bepaald door 

dee ionkanaaleiwitten in het hart. Het feit dat er mutaties zijn gevonden in verschillende genen 

diee coderen voor ionkanalen in het hart, bij patiënten met een primair electrische hartziekte 

ondersteuntt dit idee. Ziekten tengevolge van mutaties in genen die voor ionkanalen coderen 

wordenn ook wel 'ionkanaalziekten' genoemd. 
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Err zijn meerdere autosomaal dominant overervende mutaties gevonden in het SCN5A gen 

welkee resulteren in abnormaal functionerende natriumkanalen in het hart. Deze abnormale 

natriumkanalenn kunnen het lange QT-tijd syndroom van het type 3 (LQT3), het Brugada 

syndroomm of erfelijke electrisch geleidingsstoornissen in het hart veroorzaken. Recent is 

geblekenn dat combinaties van autosomaal recessief overervende mutaties in het SCN5A gen 

hett zieke sinusknoopsyndroom kunnen veroorzaken. Het natriumkanaal speelt een belangrijke 

roll in het hart in de tot standkoming en voortgeleiding van de actiepotentiaal. Het is daarom 

niett verwonderlijk dat abnormaal functioneren van dit ionkanaal ernstige gevolgen heeft voor 

hett normale electrische functioneren van het hart. 

Inzichtt in electrische hartziekten kan worden verkregen door het bestuderen van de basale 

cellulairee electrofysiologische karakteristieken van door gemuteerde genen gecodeerde 

natriumkanalenn en de klinische fenotypes van de dragers van de mutatie. Het klinische 

fenotypee van deze patiënten kan worden bestudeerd met behulp van het 12 afleidingen 

elektrocardiogramm (ECG) en meer geavanceerde diagnostische testen, zoals de flecaïnide test 

enn invasief klinisch elektrofysiologisch onderzoek (EFO). 

Hett doel van zulke studies, zoals ook die in dit proefschrift, is divers. Ten eerste, zullen we 

doorr het beter begrijpen van primaire hartziekten, zoals die veroorzaakt door SCN5A mutaties, 

beteree diagnostiek naar deze ziekten kunnen doen en patiënten gerichter kunnen behandelen. 

Mett deze kennis zullen we bijvoorbeeld in staat zijn inschattingen te maken over de risico's 

diee mutatiedragers lopen op het ontwikkelen van levensbedreigende ventriculaire tachy-

aritmiënn en daarom over de noodzaak tot het starten van therapie. Het vaststellen van 

genotype-fenotypee relaties ligt hieraan ten grondslag. Ten tweede, als we de basale 

electrofysiologischh eigenschappen van het cardiale natriumkanaal en zijn rol in de 

electrofysiologiee van het hart beter begrijpen, kunnen we mogelijk een specifieke therapie 

voorr deze en andere ionkanaatziekten ontwikkelen. Dit zou dan een therapie kunnen zijn die 

aangrijptt op het onderliggend mechanisme van de ionkanaalziekte in plaats van de huidige 

beschikbaree symptomatische therapie die veelal beperkt is tot de implantatie van een 

defibrillator.. Deze kennis zal wellicht ook kunnen bijdragen aan een beter begrip en 

behandelingg van hartritmestoornissen die bij de veel grotere groep patiënten met structurele 

hartafwijkingenn voorkomen. 

Hett doel van dit proefschrift was derhalve om de effecten van mutaties in het SCN5A gen op 

dee eigenschappen van de cardiale natriumstroom te bestuderen en deze bevindingen te 

relaterenn aan het fenotype van mutatiedragers en specifiek aan de geobserveerde 
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hartritmestoornissen.. Hieronder volgt een opsomming van de verschillende hoofdstukken met 

eenn beknopte samenvatting van de inhoud. 

HoofdstukHoofdstuk 1 is een algemene inleiding waarin de genetica, de structuur en de functie van het 

cardialee natriumkanaal worden beschreven. 

Inn hoofdstuk 2 wordt aandacht besteed aan natriumkanaalmutaties die erfelijke 

geleidingsstoornissenn van het hart veroorzaken. In hoofdstuk 2.1 geven we een overzicht van 

dee beschikbare literatuur over erfelijke vormen van geleidingsstoornissen in het hart. Het 

blijktt dat erfelijke geleidingsstoornissen van het hart het gevolg kunnen zijn van zowel 

structurelee als functionele afwijkingen van het hart, en dat er overlap tussen deze twee 

mechanismenn kan zijn. De belangrijkste oorzaak voor functionele ICCD zijn mutaties in het 

SCN5ASCN5A gen. Een interessante recente bevinding is dat mutaties die een vermindering van de 

natriumstroomm veroorzaken eveneens aanleiding kunnen geven tot structurele 

hartafwijkingen.. Of erfelijke geleidingsstoornissen van het hart van structurele danwei van 

functionelee aard zijn kan klinische consequenties hebben voor de uitgebreidheid van de 

ziekte,, het risico om hartritmestoornissen te ontwikkelen en de therapie. 

Inn hoofdstuk 2,2 hebben we de basale electrofysiologische eigenschappen van de 11569-

1570inss en de R367C natriumkanaalmutaties onderzocht. Deze mutaties werden in twee 

familiess met ICCD gevonden. De dragers van de R367C mutatie hadden een duidelijk 

klinischh beeld van erfelijke geleidingsstoornissen, terwijl dat in I1569-1570ins mutatie 

dragerss minder duidelijk was. Wanneer laatstgenoemde patiënten medicatie kregen 

toegediendd die de cardiale natriumstroom blokkeert, en dus een negatieve invloed hebben op 

dee geleiding in het hart, ontwikkelden ze significant meer verlenging van het QRS complex 

dann hun familieleden die de mutatie niet droegen. De twee index patiënten in deze familie 

warenn plots overleden tengevolge van een onbekende oorzaak. Gezien de electrofysiologische 

eigenschappenn van het I1569-1570ins natriumkanaal, kan hun dood het gevolg zijn van een 

compleett hartblok of van een ventriculaire tachy-aritmie. 

Wanneerr het II569-1570ins natriumkanaal tot expressie werd gebracht in HEK-293 cellen 

kondenn er natriumstromen worden gemeten die een kinetiek hadden die niet verschilde van 

wild-typee kanalen. De grootte van de stroom was echter gereduceerd met een factor 3. 

Expressiee van de R367C mutatie in HEK-293 of tsA201 cellen resulteerde niet in een 

meetbaree natriumstroom. Expressie van het kanaal verbeterde niet na farmacologische 

interventie,, of na verlaging van de incubatietemperatuur na transfectie zoals voor andere 

ionkanaalmutatiess wel het geval was. 
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Mett behulp van confocale microscopie werd aangetoond dat er in het geval van beide 

mutatiess nauwelijks expressie van het ionkanaal op de celmembraan plaatsvond. De afname 

inn natriumstroom is in overeenstemming met het fenotype van ICCD. 

Hett idee om de expressie van natriumkanalen te verbeteren door middel van farmacologische 

interventies,, is een interessante optie voor ontwikkeling van een mechanistische therapie in 

ICCD.. Toekomstig onderzoek naar zulke farmacologische interventies moet zowel de vraag 

beantwoordenn of dit een klinisch toepasbare therapie zal blijken te zijn en de vraag of het 

wenselijkk is om zulke abnormale natriumkanalen tot verhoogde expressie te brengen. 

Inn hoofdstuk 3 worden natriumkanaalmutaties die het Brugada syndroom tot gevolg hebben 

besproken.. Hoofdstuk 3.1 is een algemene inleiding over het Brugada syndroom en in 

hoofdstukhoofdstuk 3.2 wordt de genetische achtergrond van het Brugada syndroom besproken. 

Inn hoofdstuk 3.3 bespreken we de ontdekking van een genotype-fenotype relatie in het BS. In 

slechtss 15-30% van de gevallen van Brugada syndroom kan een mutatie in het SCN5A gen 

wordenn vastgesteld. In één familie is het Brugada syndroom gerelateerd aan een locus op 

chromosoomm 3, 3p22-25. Het gen dat hier gelocaliseerd is, en waarschijnlijk nog vele andere 

genenn die dit syndroom kunnen veroorzaken, moeten nog worden geïdentificeerd. In deze 

studiee hebben wij ontdekt dat patiënten met een Brugada syndroom ten gevolge van een 

mutatiee in het SCN5A gen een minder goede electrische geleiding in het hart hebben, dan 

Brugadaa syndroom patiënten zonder mutatie in het SCN5A gen. Tevens hebben wij 

vastgesteldd dat bij toediening van klasse Ie anti-arritmica aan Brugada syndroom patiënten 

mett een SCN5A mutatie, de eletrische geleiding in het hart een sterkere verslechtering te zien 

geeftt dan bij toediening aan Brugada syndroom patiënten zonder een SCN5A mutatie. Door 

vaststellingg van deze verschillen hebben we het eerste bewijs geleverd voor de aanwezigheid 

vann een genotype-fenotype relatie in het Brugada syndroom, waardoor de diagnostiek van 

dezee ziekte efficiënter zal kunnen plaats vinden. Bovendien kan kennis van deze relatie 

behulpzaamm zijn bij het zoeken naar andere genen die betrokken zijn bij het BS. Welke genen, 

enn eventueel andere factoren, dit zouden kunnen zijn en wat de consequenties hiervan voor 

hett klinische fenotype zijn wordt eveneens in dit hoofdstuk besproken. 

Inn hoofdstuk 3.4 bespreken we de bestudering van de El6IK. SCN5A mutatie, die aanleiding 

geeftt tot een verminderde natriumstroom en een klinisch fenotype van BS, ICCD en het zieke 

sinusknoopsyndroom.. Dragers van de E161K mutatie hebben een gevarieerd fenotype. Bij 

bestuderingg van de basale electrofysiologische eigenschappen van deze natriumkanaalmutatie 

werdd een 60% vermindering van de natriumstroom amplitude gevonden en een positieve 

verschuivingg van 11.9 mV van de spanning waarbij de aktivatie van het kanaal half maximaal 
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is.. De reductie in natriumstroom verklaart niet alleen het BS en ICCD fenotype, maar kan ook 

hett zieke sinusknoopsyndroom verklaren. Hiertoe hebben we een model van de 

actiepotentiaall van de sinusknoop gebruikt, waarin we bovendien toediening van 

acetylcholinee konden simuleren om daarmee de invloed van het parasympatische zenuwstelsel 

naa te bootsen. We hebben hiermee aangetoond dat het zieke sinusknoopsyndroom, dat 

voornamelijkk op de voorgrond treedt wanneer de invloed van het parasympatisch zenuwstel 

overheerst,, het gevolg is van een afname van de snelheid van de diastolische depolarisatie en 

dee stijgsnelheid van de actiepotentiaal. 

Hett fenotype van El6IK mutatie dragers laat dus een overlap zien tussen BS en ICCD, een 

verschijnsell dat vaker voorkomt bij ionkanaalziekten. Nieuw is dat de E161K mutatie behalve 

BSS en ICCD ook het zieke sinusknoopsyndroom veroorzaakt. 

Hett lange QT-tijd syndroom van het type 3 (LQT3) en enkele mutaties in het natrium kanaal 

diee deze ziekte veroorzaken worden besproken in hoofdstuk 4. In hoofdstuk 4.1 bespreken we 

dee klinische aspecten van LQT3 en welke fenotypische karakteristieken LQT3 onderscheiden 

vann de andere erfelijke lange QT-tijd syndromen. De genetische diversiteit van het lange QT 

tijdd syndroom, er zijn reeds 7 verschillende betrokken genen geïdentificeerd, zou wel eens een 

voorbeeldd kunnen vormen voor de andere primair electrische ziekten van het hart. 

Gebruikmakendd van een overzicht van de verschillende LQT3 mutaties die tot nu toe zijn 

gekarakteriseerd,, bespreken we de verschillende basale electrofysiologische mechanismen die 

tott QT tijd verlenging aanleiding geven. 

Inn hoofdstuk 4.2 en 4.3 beschrijven we de klinische en basale electrofysiologische fenotypen 

vann de A1330P en A1330T SCN5A mutaties. De A1330P mutatie was een de novo mutatie 

diee werd gevonden in een geval van wiegendood (SIDS). Hoewel LQT3 gewoonlijk 

symptomatischh wordt op een mediane leeftijd van 16 jaar, laat deze mutatie zien dat LQT3 

ookk een oorzaak van SIDS kan zijn. 

Dee basale electrofysiologische eigenschappen van de A1330P mutatie zijn een positieve 

verschuivingg van de spanning waar de inactivatie in evenwichtstoestand half maximaal is, een 

trageree afname van de natriumstroom en een sneller herstel vanuit de geïnactiveerde toestand. 

Dee aanwezigheid van een niet volledig inactiverende natriumstroom werd onderzocht, maar 

niett gevonden. 

Dee A1330T mutatie werd gevonden in een familie waar LQT3 werd geconstateerd na plotse 

hartdoodd van de index patient. De basale electrofysiologische eigenschappen van de A1330T 

mutatiee waren vergelijkbaar met die van de A1330P mutatie. Het betrof positieve 

verschuivingenn van zowel de spanning waar de activatie half maximaal is, als waar de 
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spanningg van inactivatie in de evenwichtstoestand half maximaal is. Bovendien herstelde de 

kanalenn sneller vanuit de geïnactiveerde toestand. Ook bij deze mutatie werd de aanwezigheid 

vann een niet volledig inactiverende natriumstroom uitgesloten. 

Dee oorzaak van de actiepotentiaalverlenging door deze mutaties was een toename van de 

natriumm 'window' stroom. De biofysische eigenschappen van de A1330P en A1330T mutaties 

dragenn bij aan het bewijs dat er behalve het 'klassieke' mechanisme, van de niet volledige 

inactivatiee van het natriumkanaal, andere mechanismen bestaan die QT-tijd verlenging 

kunnenn veroorzaken. Bovendien wijzen de electrofysiologische eigenschappen van deze twee 

natriumkanaalmutatiess op een belangrijke rol voor de DIIIS4-S5 structuur in het 

inactivatieprocess van het kanaal. Eerdere aanwijzingen hiervoor zijn gevonden in andere 

isoformenn van het natriumkanaal. 

Inn hoofdstuk 4.4 hebben we de rol van de c-terminus van het cardiale natriumkanaal 

bestudeerd.. Hoewel we weten dat de intracellulair gelokaliseerde structuur, die domein 

nummerr III en IV met elkaar verbindt, een belangrijke rol speelt in het snelle 

inactivatieprocess van het natriumkanaal moeten er nog andere structuren bij dit proces 

betrokkenn zijn. Aanwijzingen hiervoor zijn de verschillen die er bestaan in het snelle 

inactivatieprocess tussen natriumkanaalisovormen. Bovendien is er een groot aantal erfelijke 

mutatiess in de c-terminus geïdentificeerd die het snelle activatieproces beïnvloeden. Eerdere 

studiess hebben de belangrijke rol van het proximale deel van de c-terminus in het 

inactivatieprocess benadrukt. 

Hett is niet bekend of er werkelijk interactie tussen de c-terminus en andere structuren in het 

natriumkanaall plaats heeft en of de c-terminus verplaatst om interactie met die structuren 

mogelijkk te maken. Om te bestuderen of de c-terminus een directe invloed heeft op het 

inactivatieproces,, hebben we bestudeerd of de bereikbaarheid van de c-terminus verandert 

gedurendee het 'gating' proces. Hiertoe hebben we een mutatie gemaakt waarbij een cysteine 

inn het proximale deel van de c-terminus wordt ingebouwd (Y1795C). Vervolgens 

bestudeerdenn we de bereikbaarheid van deze cysteine gedurende 'gating' voor het 

methanethiosulfonatee reagent (MTSEA) en de redox katalysator Cu(II)(l,10-phenanthroline)3. 

Doorr het meten van natriumstroom (INa) in tsA-201 cellen die Y1795C kanalen tot expressie 

brachten,, bleek dat de toegankelijkheid voor MTSEA van de Y1795C mutatie was 

toegenomenn gedurende depolarisatie. Dit effect werd niet waargenomen voor wild type 

kanalenn (WT). De mogelijkheid van MTSEA om de Y1795C kanalen te modificeren nam af 

nadatt lidocaïne werd toegediend. Intracellulair toegediend Cu(II)(l,10-phenanthroline)3 

veroorzaaktee een toename in de natriumstroom in cellen die Y1795C natriumkanalen tot 
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expressiee brachten in tegenstelling tot cellen met WT natriumkanalen. Deze resultaten doen 

eenn interactie vermoeden russen de c-terminus en de 'pore' waarbij mogelijk interactie met 

eenn cysteine in de pore betrokken is. 

CONCLUSIE E 

Dee resultaten beschreven in dit proefschrift dragen bij aan de kennis over de rol van het 

cardialee natriumkanaal in primair electrische ziekten van het hart zoals erfelijke 

geleidingsstoornissen,, het Brugada syndroom, het lange QT tijd syndroom type 3 en 

sinusknoopziekte. . 

Toekomstigg onderzoek is nodig om de functionele eigenschappen van het cardiale 

natriumkanaal,, de structuur van het kanaal en de rol van het kanaal in het hart verder te 

bepalen.. De electrofysiologische karakterisatie van opzettelijk gemaakte en spontaan 

voorkomendee mutaties in het SCN5A gen zal hier ook in de toekomst een belangrijke rol in 

blijvenn houden. 
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