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Optimal function of the heart is dependent on correct timing of electrical activation and con-
traction in different sections of the myocardium. This is achieved via specific electrical properties 
between cardiac cells including different ion currents and rapid propagation of action potentials 
through gap junctions. In a diseased heart, these processes can be disturbed, thus resulting in 
different arrhythmias and alterations in heart contractility. 

This literature review focuses on the electrophysiological processes in the heart and their func-
tion in health and disease states. First, cardiac action potentials, their phases, and different ion 
channels that participate in action potential formation are discussed on a general level. Then, the 
study introduces how and where cardiac action potentials arise. Thereafter, this thesis concen-
trates on action potential propagation.  

In terms of action potential conduction, specific interactions at intercalated discs (ICDs) are 
discussed, especially regarding gap junctions and voltage-gated sodium channel complexes at 
perinexi. After considering the interaction and function of these complexes in normal physiology, 
this study discusses the pathophysiology related to these electrical components. 

Cardiac sodium channels underlie the rapid upstroke in cardiac myocytes. In addition, accord-
ing to recent studies these sodium channels have a significant role in electrical coupling between 
adjacent cardiomyocytes. Thus, it is not surprising that there is a broad range of different arrhyth-
mias that arise from mutations in genes related to regulation of sodium channel localization, ex-
pression or function. 

Different diseases and mutations can affect expression of scaffolding proteins, such as 
ankyrin-G, at the intercalated discs, and therefore, affect the dispersion of the main electrical 
couplers, such as connexins and sodium channel complexes. As the study focuses on the func-
tion of sodium channels, particular subtypes of Brugada syndrome and long-QT syndrome are 
compared. In the two disease types mentioned the mutations in NaV1.5 channel coding SCN5A 
gene lead to opposing phenotypes considering the NaV1.5 function. 

In conclusion, these findings indicate that mechanical adhesion and excitability complexes at 
the ICD are dependent on each other functionally, and as well that the sodium channels have a 
major role in ephaptic coupling. These interactions are studied mainly with murine models, human 
induced pluripotent stem cell-derived cardiomyocytes and computational models. Understanding 
these interactions is essential when discovering new anti-arrhythmic therapeutics. 
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Optimaalinen sydämen toiminta on riippuvainen sydämen eri alueiden oikea-aikaisesta 
sähköisestä ärsytyksestä ja supistumisesta. Tämä saavutetaan sydänlihassolujen useiden 
sähköisten ominaisuuksien avulla, jotka mahdollistavat erilaisten ionivirtojen synnyn ja 
aktiopotentiaalien nopean etenemisen. Sydämen sähköfysiologia sisältää kaikki prosessit, jotka 
ovat osana sydämen sähköistä aktivaatiota. Näitä toimintoja ovat esimerkiksi aktiopotentiaalien 
muodostus ja johtuminen sekä solujen eksitaatio ja refraktaariajat. Sairaassa sydämessä 
sähköinen toiminta voi häiriintyä ja aiheuttaa tällöin rytmihäiriöitä ja muutoksia sydämen 
supistuvuudessa.  

Sydänlihassolut liittyvät toisiinsa kytkylevyjen (intercalated discs; ICDs) avulla. Kytkylevyt 
koostuvat kolmesta isosta kompleksista, jotka ovat erotettavissa toisistaan. Nämä kompleksit ovat 
tärkeässä roolissa sydänlihassolujen mekaanisessa ja sähköisessä toiminnassa. Desmosomit ja 
aktiinista muodostuvat vyöliitokset (fascia adherens) ovat mekaanisen kytkennän perusta, kun 
taas aukkoliitokset (gap junctions) ovat välttämättömiä sydämen sähköisen ja metabolisen 
toiminnan kannalta. Kaikki nämä kompleksit työskentelevät yhdessä yhtenä yksikkönä, ja niiden 
välinen vuorovaikutus on ollut viime aikoina tutkijoiden suuren kiinnostuksen kohteena. Näiden 
kolmen isomman kompleksin lisäksi kytkylevyistä löytyy useita muita proteiineja, jotka eivät ole 
suorassa solu-soluvuorovaikutuksessa, mutta joilla on valtava merkitys sydämen toiminnalle. 
Tällaisia proteiineja ovat esimerkiksi aktiopotentiaalien syntymiseen ja johtumiseen tarvittavat 
ionikanavat, joita on todettu olevan erityisesti aukkoliitoksia ympäröivissä perinexuksissa. 

Erityisesti perinexuksissa esiintyvät jänniteriippuvaiset natriumkanavat ovat vastuussa 
sydänlihassolujen nopeasta depolarisaatiosta. Täten ei ole yllättävää, että näihin natriumkanaviin 
vaikuttavat hankitut ja periytyvät taudit aiheuttavat laajan kirjon erilaisia rytmihäiriöitä. Tässä 
kirjallisuuskatsauksessa perehdytään ICD-proteiineihin, joita tarvitaan sähköisen aktivaation 
etenemisessä ja sen säätelyssä. Lisäksi tarkastellaan, miten muutokset näiden proteiinien ja 
ionikanavien määrässä, toiminnassa ja sijoittumisessa saavat aikaan erilaisia rytmihäiriöitä, jotka 
pahimmillaan johtavat sydänperäiseen äkkikuolemaan. Erityisesti paneudutaan tiettyihin 
Brugadan ja pitkä QT -oireyhtymien alatyyppeihin, joissa samassa NaV1.5 kanavaa koodaavassa 
SCN5A-geenissä on tapahtunut vastakkaisiin fenotyyppeihin johtavia mutaatioita. 

Vuorovaikutukset eri ICD-proteiinien välillä osoittavat, että esimerkiksi aukkoliitokset eivät 
yksinään säätele solujen sähköistä kytkentää, vaan siihen osallistuvat myös ionikanavat ja monet 
mekaanisessa kytkennässä esiintyvät proteiinit. Näitä vuorovaikutuksia on tutkittu enimmäkseen 
hiirimalleilla, erilaisilla ihmisten primaarisoluista tuotetuilla iPS soluilla sekä matemaattisilla 
malleilla. Uusia hoitomuotoja ja lääkkeitä kehitettäessä on tärkeää ymmärtää kytkylevyissä 
esiintyvien proteiinien väliset vuorovaikutukset sekä niiden rooli rytmihäiriöiden synnyssä. 

 
 

Avainsanat: Aktiopotentiaali, Ionikanava, Natriumkanava, Aukkoliitos, Kytkylevy, Brugadan 
oireyhtymä, Pitkä QT -oireyhtymä 
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1. INTRODUCTION 

The human heart is an intricate electromechanical organ comprised of cardiac myocytes 

(CMs) and non-myocytes. Non-myocyte cells include cardiac fibroblasts, endothelial 

cells, smooth muscle cells, immune cells, pericytes and resident stem cells. [1] CMs are 

in charge of creating contractile force in the heart and pumping the blood all over the 

body. 70-85% of the myocardial tissue volume is composed of CMs [2]. But according to 

actual cell numbers, CMs constitute only around 30% of the cell amount. The residual 

70% of the cells at the heart are covered by non-myocytes. [3] This literature review 

focuses solely on CMs and their electrical interactions. 

The CMs are connected to each other via intercalated discs (ICDs). ICDs are extremely 

structured cell-cell adhesion arrangements, which mediate interactions and attach adja-

cent CMs. They consist of three major complexes: desmosomes, adherens junctions and 

gap junctions (GJs). All these complexes co-operate in close proximity as a single entity, 

in a so-called area composita. Desmosomes and adherent junctions are the basis of 

mechanical coupling, whereas GJs are essential for effective electrical transmission be-

tween adjacent cells. [4] In addition to these major complexes, there are numerous pro-

teins that do not participate directly in cell-cell contact, but have a critical role in cardiac 

function, such as different ion channels and scaffolding proteins. Together these highly 

organized proteins allow complicated intercellular and intracellular signalling. 

This literature review discusses recent scientific knowledge related to myocardial elec-

trophysiology. First, the study considers electrophysiological functions in a healthy heart. 

These normal processes include genesis of action potential (AP), its different phases, 

mechanisms of propagation, and electrocardiogram (ECG). The conduction of AP in per-

inexi is of particular interest in this thesis. Once an AP arrives to contractile myocyte, the 

contraction is initiated in a process called excitation-contraction coupling, which is briefly 

discussed. Effects of the autonomous nervous system related to heart are also intro-

duced.  

The latter half of this thesis is about different ion channels and GJs, their interaction and 

dysfunction, and their effect on different processes in the heart when working improperly 

and ultimately leading to arrhythmogenesis. Different channelopathies, especially long-

QT 3 (LQT3), and Brugada syndrome (BrS) are reflected as analysing sodium channel 

function. These two diseases are specifically addressed because the mutations from 
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which they arise affect the same sodium ion channel, which has a significant role in the 

formation of the cardiac APs, by increasing or decreasing its performance. The channel 

performance can be altered by re-localization or loss/gain-of-function mechanisms. In 

the end of this review, an overview of how these issues have been studied recently in 

general is presented and finally, some concluding remarks are collected. 
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2. NORMAL CARDIAC ELECTROPHYSIOLOGY 

Electrophysiology of the heart includes all the processes involved in the electrical acti-

vation of the cardiomyocytes. Those processes comprise the genesis and propagation 

of action potentials (APs) along conducting system cells, excitability and the refractory 

periods, regulating effects of the autonomic nervous system (ANS) on heart rate, con-

duction velocity and the electrocardiogram (ECG), to name a few [5]. The cellular action 

potentials and their well-coordinated conduction throughout the heart are the basis of the 

rhythmic contraction and relaxation of the heart. 

2.1 Cardiac action potentials 

The heart consists of two types of muscle cells: conductive or nodal cells and contractile 

cells. The latter constitute most of atrial and ventricular tissues and are the basis of car-

diac pumping. When AP arrives at contractile cell, it leads to force generation. Conduc-

tive cells are specialized muscle cells that spread APs rapidly over the myocardium. They 

do not contribute significantly to force generation. [5] 

An AP is produced by opening and closing of several ion channels. During each cardiac 

cycle, ions move back and forth across the cardiomyocyte cell membrane. Underlying 

the cardiac APs are four major sodium, calcium, potassium, and pacemaker currents 

that are time-dependent and voltage-gated. [9] There are a few important concepts that 

need to be understood about the cardiac APs: membrane potentials, threshold poten-

tials, and the different equilibrium potentials for different ions. The equilibrium potentials 

for given ions can be estimated by the Nernst equation [5]. 

APs in atria, ventricles and Purkinje fibers have the same ionic basis. Thus, potentials in 

those tissues share identical characteristics. AP has a long duration in each of these 

tissues. In ventricles, the action potential duration (APD) can be 250 ms, in atria 150 ms 

and in Purkinje fibers 300 ms. These APDs can be compared with the brief AP in nerve 

and skeletal muscle in which the AP lasts 1-2 ms. [5] Other significant characteristics for 

APs in these cells are stable resting potential and plateau phase. 

Features of the APs in the sinoatrial (SA) nodal cells differ from those in atria, ventricles, 

and Purkinje system. The differences are spontaneous generation of APs, unstable rest-

ing membrane potential and the lack of plateau-phase. [5] The phases of APs in different 

cells are described more in the next chapter. 
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2.1.1 Phases of cardiac action potential 

Cardiac APs can be divided into five distinctive phases. For different parts of the myo-

cardium the initiation period, duration and shape of AP are distinctive. This is because 

CMs in different regions of the heart have a characteristic expression of ion channels. [9] 

Figure 1 illustrates different forms of cardiac APs in different areas of the heart, as well 

as the normal shape of electrocardiogram, which is discussed more in chapter 2.2.1. 

APs in atria, ventricles and the Purkinje fibers are considered first. 

 

Figure 1. Differences in the structure of the cardiac action potentials when proceed-
ing through conducting system, and at the bottom, the normal form of ECG. Im-

age from: https://www.textbookofcardiology.org/wiki/Cardiac_Arrhythmias 

Phase 0 stands for upstroke in AP. In atrial, ventricular and Purkinje system cells the AP 

starts with rapid depolarization. This depolarization is due to transient increase in Na+ 

conductance. The sodium current is inactivated at the peak of depolarization, which is 

approximately +40 mV. The increase in membrane potential (Vm) during phase 0 acti-

vates several additional voltage-gated currents. [5] 

A partial repolarization appears due to transient outward potassium current Ito, producing 

a small notch in the AP, denoted as phase 1. The increase in membrane potential during 

phase 0 also activates inward L-type calcium current ICa-L. This L-type calcium current is 

much slower than the sodium current in phase 0. [7] Phase 2 is called plateau, in which 

there is a sustained period of relatively stable, depolarized Vm. From this it can be con-

cluded that inward and outward currents should be roughly equal. These simultaneous 
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currents are L-type calcium, also called as slow inward current, and potassium current. 

The inward current is balanced by outward potassium current through delayed rectifier 

potassium channels. The outward K+ current is driven by the electrochemical force on K+ 

ions. [7] 

The stage in which the repolarization starts gradually at the end of the plateau and the 

Vm approaches again the resting potential is called phase 3. In this stage repolarization 

occurs from a combination of decrease in calcium conductance and increase in potas-

sium conductance. Towards the end of phase 3, the Vm approaches the equilibrium po-

tential of potassium, thus decreasing the driving force on K+ and reducing the outward 

K+ current. [7] 

In phase 4 the heart is at diastole and cells are resting and the Vm is approximately -85 

mV, near the K+ equilibrium potential. This phase is also called electrical diastole.  During 

phase 4 the conductance for potassium is high and this produces an outward current 

(IK1). The inward Na+ and Ca2+ currents balance the K+ outward current and the mem-

brane potential is nearly stable. [5] In addition to the currents above, there is also an 

electrogenic Na-K pump that helps to maintain the resting potential [8]. 

 

Figure 2. Different ion currents that are active in different phases of the AP. Nodal 
cell AP on the left and ventricular myocyte AP on the right. Image from: 

https://slideplayer.com/slide/5846568/ 

As mentioned, the AP phases of SA node differ from the ones in atria, ventricles and 

Purkinje system (Figure 2). In SAN cells the phase 0, as in the contractile cells, is the 

upstroke of the AP. The upstroke is not as steep or as pointed as for example in the 

ventricle cells. The upstroke results of an increase in calcium conductance carried pri-

marily by L-type calcium channels, not as a result of inward sodium current as in other 
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cells. There are also T-type calcium channels, which carry a part of the inward calcium 

current in phase 0. [5] 

In SA node the phases 1 & 2 are absent, which means that there is no partial repolari-

zation or plateau phases. After phase 0 the cells in SA node start to repolarize and it is 

called phase 3. Repolarization is due to an increase in potassium conductance and thus 

an outward K+ current. [7] 

Phase 4 in SA node is called spontaneous depolarization or pacemaker potential. In this 

phase SAN cells generate APs without neural input, and it is where the description au-

tomaticity comes from. The most negative value of the membrane potential at rest is 

approximately -65 mV. This potential is also called as the maximum diastolic potential. 

[5] However, the potential doesn’t remain at this value. Instead, a slow depolarization is 

produced by cooperation of the so-called membrane (funny current) and calcium clocks. 

In other words, when the funny current raises the Vm to threshold, the L-type calcium 

channels are opened for the depolarization. [6] 

The rate of depolarization in phase 4 is one determinant of heart rate. A faster depolari-

zation of phase 4 causes an increase in heart rate. In that case, threshold potential is 

reached faster, and SAN will fire more APs per time. Conversely, when heart rate de-

creases, it is due to slower rate in phase 4 depolarization, and SAN will fire fewer APs 

per time. [5] Based on such changes in depolarization of phase 4, autonomic nervous 

system modulates the heart rate, and those mechanisms are discussed more in chapter 

2.4. 

2.1.2 Cardiac ion channels 

The number of distinct ion channels identified in heart cells has grown dramatically with 

the development of new tools. All the individual currents in heart that are responsible for 

cardiac excitability reflect the integrated behaviour of various protein complexes that are 

assembled into ion-specific channels, transporters and exchangers [11]. Channels have 

differences in their selectivity for ions, voltage dependence and gating behaviour. In this 

chapter we discuss about the most common channels, especially the NaV1.5, and their 

subtypes in the heart, the most important of which are summarized in Table 1 below.  

At the molecular level, each channel consists of multi-subunit glycoproteins, including a 

pore forming major, also called an alpha-subunit, and one or several regulatory beta-

subunit proteins. Voltage-gated sodium channels (VGSCs) are underlying the rapid ac-

tivation and propagation of the cardiac AP. The most abundant cardiac sodium channel 

is the NaV1.5 channel. [7] The gene that codes this type of channel protein is SCN5A [9].  
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The pore forming unit of this channel is comprised of four homologous domains, D1-D4 

that are folded in rounded symmetry to form the channel, as illustrated in figure 3 [10]. 

Each domain contains six transmembrane segments (S1-S6). Whilst depolarization, the 

S4 segments undergo an outward movement, which opens the channel pore and ena-

bles an inward Na+ current. [12] Studies that used immunohistochemistry with rat models 

proposed that VGSC complexes would be predominantly expressed at ICDs, but also at 

lateral membranes (LMs) and the T-tubules [21]. NaV1.5 acts differently at different loca-

tions, for example at the LMs its steady-state inactivation doesn’t depend as much on 

voltage as it does at the ICD [19]. 

 

Figure 3. (A) Schematic representation of the NaV1.5 sodium channel with the volt-
age sensing domains (VSDs) and beta-subunit. (B) Schematic 3D-representa-

tion of the channel. [17]  

There are many scaffolding and activating proteins that regulate the function of VGSCs. 

For example, the interaction between ankyrin-G (AnkG) and NaV1.5 is specifically es-

sential for retaining proper localization of the VGSC at the cell surface [22]. In addition, 

the cardiac sodium channel is modulated by many post-translational modifications 

(PTMs) and for example it has specific locations for phosphorylation for protein kinase A 

(PKA), protein kinase C (PKC), and Ca-calmodulin kinase (CaMKII) [10]. 
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The other important ion channels are briefly explained next. Voltage-gated calcium chan-

nels are essential for generating the APs in the SA and AV nodes, and for excitation-

contraction coupling. The dominant forms in the heart are L-type and T-type calcium 

channels, both of which have a similar overall structure as the VGSCs. [7] The most 

abundant calcium channels, the L-type channels, are formed from CaV1.2 channel pro-

teins and the encoding gene is CACNA1C [9]. 

Numerous classes of potassium channels are expressed in the heart. They can be sep-

arated into three broad categories, which are the voltage-gated (Ito, IKur, IKr & IKs), the 

inward rectifier channels (IK1, IKATP & IKAch), and the channels that mediate background K+ 

currents [10]. They contribute to repolarization and maintenance of the resting mem-

brane potential. Voltage-gated potassium channels are stimulated by membrane depo-

larization. Potassium channel malfunction is quite common in many acquired forms of 

heart disease. [7]  

The channel underlying the pacemaker, or funny current (If), is a nonspecific, hyperpo-

larization activated, cyclic nucleotide gated cation channel (HCN), although, this type of 

channel conducts primarily Na+ and K+ ions. The channels are composed of dimers of 

HCN proteins, each of which has six transmembrane domains. Funny current occurs 

when cyclic adenosine monophosphate (cAMP), a key second messenger, binds to the 

channel and activates the phase 4 depolarization. [9] 

Table 1. Most important membrane currents and channel types that  
participate in generating cardiac action potential [10]. 
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In addition to the most important channels discussed above and mentioned in Table 1, 

there are other channels and electrogenic transporters, for example Na-Ca exchanger 

(NCX) and Na-K pump, present in the heart muscle. These channels are responsible for 

background currents that are not gated by voltage and that are not time dependent. 

These background currents can be modulated by diverse factors, and they also help to 

shape the AP. [9] 

2.2 Origin and spread of excitation 

Myocytes with conduction capacity constitute the tissues of the SAN, internodal pathway, 

Bachmann’s bundle, atrioventricular node (AVN), bundle of His, bundle branches, and 

Purkinje system. The SAN, located in the upper wall of right atrium, is the main pace-

maker in the healthy heart, and the source of cardiac APs. However, there are also other 

cells capable of spontaneous depolarization.  

The cells of the AV node, bundle of His and Purkinje fibers possess the latent pacemaker 

capacity. Although each of these cells has the capacity for automaticity, it is not normally 

expressed, because their automaticity rate is slower than in SAN. This intrinsic pace-

maker activity can be modulated by ANS. [9] If a latent pacemaker takes control and 

starts to set the pace for the heart, it is called ectopic pacemaker. This can happen for 

example when the SA node firing rate decreases or if the conduction of APs from SAN 

to the other parts of the heart is blocked because of abnormalities in the conducting 

system. [5] 

2.2.1 Electrocardiogram 

Many abnormalities in cardiac conducting can be detected by electrocardiogram (ECG). 

ECG is a recording of changes in surface potential on the body that is produced by the 

depolarization and repolarization of the myocardium. Ultimately, it forms as a sum of 

small extracellular signals that are produced during electrical activation of cardiac myo-

cytes. [9] ECG is a standard clinical tool used on a regular basis to measure the myo-

cardial activation in the heart. Each cardiac event has a distinctive waveform. The normal 

cardiac conduction needs to be understood before one can understand and identify dif-

ferent arrhythmias. 

In standard 12-lead ECG two electrodes are positioned on the upper extremities, two on 

the lower extremities and six on regularized locations across the chest. Electrodes on 

the extremities produce three standard (I, II, III) and three augmented (aVR, aVL, aVF) 

leads usually called limb leads. Remaining electrodes on the thorax form six precordial 
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leads (V1-V6). [9] Limb leads observe the heart in frontal plane whereas the precordial 

leads in transverse, precordial plane. Each lead has a unique angle in which they are 

looking at the heart. This aspect is essential to understand when analyzing different 

ECGs. 

Each lead record the oscillation in potential difference between positive and negative 

electrodes. These fluctuations in surface potential on the body, that are recorded by each 

lead, form waves. In a normal functioning heart, ECG is comprised of a P wave, a QRS 

complex and a T wave. P wave is caused by atrial depolarization. QRS complex repre-

sents depolarization of the ventricles but also atrial repolarization. Whereas T wave is a 

consequence of ventricular repolarization. [9] In addition, in 50% to 70% of people, a U 

wave, that follows a T wave (Figure 1), will also be recorded, but its origin is not well 

defined [8]. The form and size of these waves are different in each lead depending on 

the angle and position from which they are examined [9]. 

2.2.2 Mechanism of propagation and gap junctions 

The basis of AP conduction is the spread of local currents. For successful propagation, 

the upstream activated myocyte must provide sufficient charge to bring the membrane 

potential of downstream cells up to their excitation threshold potential. [9] Before and 

during depolarization the sodium and calcium channels are opening and allowing these 

cations to enter the cell, resulting in as inward current. [9] Because cardiomyocytes are 

electrically coupled through GJs, the ions move across the membrane and APs propa-

gate from cell to cell in a manner comparable with AP conduction in nerves via axons. 

The voltage difference between myocytes and the resistance of the electrical couplers 

connecting them defines the electrical influence of one myocyte on another. [9] 

GJ channels are essential for normal propagation throughout the myocardium. In the 

young GJs are widely spread over the cell membranes. In the adult heart, cells are elon-

gated and organized in parallel bundles. During maturation process, the cell architecture 

undergoes changes and the GJs are localized primarily at the ICDs. Also, the density of 

GJs at the LMs decreases, particularly in conduction system cells. From the above, it 

may be deduced that conduction is more rapid in the longitudinal direction than the trans-

verse direction. [10]  

Two types of segments can be distinguished from the ICDs: the transverse/plicate seg-

ments and longitudinal/interplicate segments, that form a zigzag -like arrangement. GJs 

are principally found within the interplicate regions of the ICD, like in figure 4. As men-

tioned, complexes at the ICD work together and incorporate the mechanical and electri-

cal functions. Thus, there is a number of proteins that communicate between different 
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parts of ICD: interaction between desmocollin of desmosomes and connexin-43 (Cx43) 

of GJs, for example. [15] 

 

Figure 4.  Schematic model of a gap junction plaque and surrounding perinexus 
with VGSC complexes at interplicate region of ICD. At the bottom, there is an 

electron micrograph of the same structures where the extracellular cleft is high-
lighted in blue. [26] 

Each pair of neighbouring myocytes contributes hemichannels or connexons to the junc-

tion. Channels are made up of two connexons, each of which has six identical subunits 

called connexins. Connexin monomers are tetramembrane spanning proteins, and these 

monomers form hexameric assemblies. [7] An assemblage of 5-500 GJs constitutes a 

GJ plaque [15]. 

Two different types of electrical coupling that allow intercellular signalling across neigh-

bouring myocytes can be found at the ICD. These two types of coupling mechanisms are 

direct coupling through GJs, with direct flow of ions between connected cells; and ephap-

tic coupling involving ion channel complexes without direct ion transmission. In ephaptic 

coupling, the local changes in Vm within small clefts between neighbouring membranes 

activate the ion currents, especially the NaV1.5 mediated sodium current, thus affecting 

electrical excitation. [15] Both of these coupling mechanisms are modulated in many 

ways, including transcriptional regulation and PTMs. Those affect expression, function-

ality, and localization of the main electrical couplers, such as Cx43 and NaV1.5. [15]  

The narrow, 100-200 nm wide extracellular clefts between cardiomyocytes that facilitate 

electrochemical signalling are called perinexi. Perinexus surrounds closely GJ plaque 

and contain dense clusters of VGSC complexes. [26] These sodium channels are found 
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facing each other across the perinexus and are facilitating ephaptic signal transmission 

[27]. Adhesion between NaV1.5 channels through the extracellular cleft is facilitated with 

beta-1 subunits [28]. Junctional clefts and the concept of ephaptic coupling are not ex-

plicitly considered in traditional cable theory, thus new models that take these aspects 

into account are needed for better understanding [12]. 

There are also many other integrating scaffolding proteins at the ICD that affect the lo-

calization of GJs and VGSC complexes. Zona occludens-1 (ZO-1) co-operates with Cx43 

and thereby regulates the size of GJ plaque and plays an essential role at the perinexus. 

AnkG is another cytoskeletal adaptor protein that can interact with VGSC complexes, 

GJs (Cx43), and desmosomes (PKP2). [19, 26, 32] AnkG binds to connexon and affects 

perinexus dimension, and transport between perinexus and GJ plaques. [19] Desmoso-

mal protein, plakophilin-2 (PKP2), is identified at the edge of perinexus and it takes part 

in interactions between AnkG and NaV1.5, thus it might participate in the targeting of 

sodium channels to the ICD [19]. In addition to all these, a classical fascia adherens 

protein, N-cadherin (N-cad), is also needed in connexin transport. For example, N-cad 

deficient mice are not capable of forming GJs due to problems in connexin delivery sys-

tem. [19] This suggest the interdependency of mechanical and electrical components of 

ICD. 

One central factor of impulse propagation is conduction velocity (CV). It is affected by 

the membrane properties, which can be separated into active and passive ones. Active 

properties are associated with voltage-dependent conductances, which determine the 

AP upstroke. When these conductances are high, the maximum upstroke velocity 

dV/dtmax raises the cell to threshold potential more rapidly. Thus, higher myocardial ex-

citability and the faster CV are reached. On the contrary, passive properties are mainly 

associated with resistive and capacitive components of the cell membrane, but are also 

affected by myocardial architecture. [12, 16] 

2.2.3 Excitability and refractory periods 

Excitability can be described as the capacity of cardiomyocytes to respond to depolariz-

ing current and generate APs. In a nutshell, excitability means the inward current needed 

to raise the membrane potential to the threshold. When it comes to refractory periods, 

usually the action potential duration (APD) is the main determinant for the duration of 

refractory period. [5] The shorter the APD, the shorter period the myocyte is refractory to 

firing subsequent AP.  

Once a ventricular myocyte is activated electrically, it is inactivated and refractory for 

further activation. The effective refractory period (ERP) is defined as the period from 
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beginning of the AP until the myocyte is capable of conducting additional AP. [8] The 

ERP arises because the sodium and calcium channels that are responsible for activation, 

are mostly inactivated due to depolarization. The relative refractory period (RRP) begins 

when those channels start to recover from inactivation. During RRP an AP can be in-

duced, but only when the stimulus is stronger than one that could provoke a response 

normally during cell diastole. [9] 

If APs are aroused early in the RRP, they are small, and the phase 0 upstrokes are not 

very steep. Hence, when the APs are elicited later in the RRP, the amplitude and the 

steepness of the depolarization start to increase gradually. [6] Refractoriness provides 

the heart electrical safety because it allows propagation of APs only in one direction. 

Refractoriness also protects heart from tetanus, as well as prevents extraneous pace-

makers from triggering ectopic beats. [9] 

2.3 Excitation–contraction coupling 

Excitation–contraction coupling means the triggering of calcium ion release from the in-

tracellular store (sarcoplasmic reticulum; SR) and promoting the actomyosin cross-

bridge formation that underlies cardiac contraction. Initially, when an AP spreads rapidly 

along the myocardial sarcolemma it also propagates to the T-tubules, which are sarco-

lemmal invaginations. Calcium permeability of the cell membrane increases during the 

phase 3. Calcium ions flow into the cell via L-type calcium channels in the T-tubules and 

sarcolemma. [6, p. 49-82] 

Physiologically, opening of a calcium channels is facilitated by cAMP-dependent protein 

kinase phosphorylation of the channel proteins. However, the amount of calcium influx 

from interstitial fluid into the cell is not sufficient to induce physiologically significant con-

traction of myofibrils. Yet, this Ca2+ induces the release of considerably greater amount 

of Ca2+ from the the SR. The calcium ions leave the SR and enter the cytoplasm through 

SR ryanodine receptors (RYRs) in a process called Ca2+ -induced Ca2+ release (CICR). 

As a result of CICR, the amount of cytosolic free calcium increases manifoldly from the 

resting level, hereby there is a lot of calcium available for interaction with troponin C 

protein. The formed calcium-troponin complex interacts with tropomyosin, which blocks 

the myosin-actin binding sites at rest. Crossbridge cycling and myofibril contraction can 

be initiated after the tropomyosin complex unblocks active spots between the actin and 

myosin filaments. [6] 

At the end of contraction, the calcium influx is decreased and the CICR does not stimu-

late the SR for further calcium release anymore. Relaxation occurs as a result of uptake 
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of Ca2+ by sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) pump, by extrusion of 

intracellular Ca2+ by Na+-Ca2+ exchange and to a limited degree by the sarcolemmal Ca2+ 

pump. The Ca2+ take up back to SR is regulated by phospholamban, which affects ATP-

energized Ca2+ pump. Phosphorylation of phospholamban is due to cAMP-dependent 

protein kinase, and this phosphorylation affects SERCA pump by relieving its inhibition. 

Phosphorylation of troponin I regulates contraction by inhibiting the Ca2+ binding to tro-

ponin C. This inhibition mechanism results from tropomyosin binding with actin filaments, 

and thus the crossbridge formation between the actin and myosin filaments is blocked 

again. [6] 

2.4 Effects of the autonomic nervous system 

Autonomic nervous system (ANS) modulates the heart in many ways. The system affects 

heart rate, AP conduction velocity, and myocardial and vascular smooth muscle contrac-

tility. The effects of ANS can be separated into chronotropic effects, which are related to 

heart rate, and inotropic effects, which refer to changes in heart’s contraction strength. 

For short, sympathetic activation affects heart rate by increasing it and parasympathetic 

activation by decreasing it. [5] 

Negative chronotropic effects, which slow the firing rate of the SA node, affect via three 

mechanisms. In the first mechanism, the depolarization in phase 4 can be less steep and 

thus it lengthens the time required for membrane voltage to reach threshold. In other 

words, heart rate falls because the diastole is longer. Second mechanism is related to 

change in the maximum diastolic potential, which can become more negative. Therefore, 

membrane potential starts phase 4 at more negative potential and thus takes longer to 

reach threshold. In the third mechanism, the threshold potential becomes more positive, 

thereby it takes longer time for membrane potential to reach a more positive threshold. 

Conversely, positive chronotropic effect is caused by these same three mechanisms but 

in the opposite manner to increase nodal cell activity. [9] 

Parasympathetic effects are conducted by the vagus nerve. It affects intrinsic pacemaker 

activity in SA and AV nodes by releasing acetylcholine. Binding of acetylcholine to its 

receptors at the nodes decreases the pacemaker firing rate by all three mechanisms 

discussed above. On the contrary, sympathetic tonus is driven by catecholamines. Nore-

pinephrine is released in many sympathetic synapses in the heart. In addition, epineph-

rine, released into the circulation from adrenal medulla, affects the same receptors. [9]  

Catecholamines act through beta1-adrenergic receptors and raise the pacemaker activity 

by two mechanisms. In the first mechanism, funny current is increased in the nodal CMs, 
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therefore steepening the slope in the phase 4 depolarization. In the second mechanism, 

catecholamines increase calcium current in both, nodal and contractile myocytes. The 

increase in calcium influx in nodal cells makes the threshold more negative and steepens 

the phase 4 depolarization. [9] 
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3. ELECTROPHYSIOLOGICAL CHANGES IN DIF-

FERENT DISEASES 

VGSCs take major responsibility for the activation and propagation of the cardiac AP. 

Not surprisingly, acquired and inherited syndromes that disturb the function of VGSCs in 

the heart are in charge of a broad range of arrhythmic phenotypes. [7] Channelopathies 

including LQTS and BrS result in as an increased propensity for ventricular arrhythmias 

and sudden cardiac death (SCD). Channelopathies are interesting field of study because 

patients with these diseases have usually structurally normal hearts. However, research 

on this field has an important health-promoting aim to understand these diseases, be-

cause channelopathies account for up to 5% to 10% of SCDs annually. [14] 

Mutations in NaV1.5 in specific beta-subunits, and in several interacting regulatory and 

scaffolding proteins all may influence the behaviour of the cardiac sodium current and 

thereby produce a range of arrhythmic syndromes, including LQT3 and BrS. [7] The ex-

tensive pathologic implications suggest that NaV1.5 functioning is related to a multifac-

eted complex of proteins. As a matter of fact, NaV1.5 networks with numerous proteins 

participating in sodium current controlling, cellular transportation, and PTMs. [17] In this 

chapter we discuss about mechanisms behind cardiac arrhythmias and pathophysiology 

of electrical coupling using LQT3 and BrS as examples of pathological ion channel re-

modelling. 

3.1 Mechanisms of arrhythmogenesis 

Cardiac arrhythmias, which are disturbances in the rate or rhythm of the heartbeat, are 

reflection of abnormal impulse formation or conduction [7]. The most interesting arrhyth-

mias in this context are the ones with abnormal conduction in ventricles which may arise 

from mutations related to LQTS and BrS. These ventricular arrhythmias are divided into 

conditions that influence depolarization or depolarization of the cells, and disorders with 

abnormalities in AP conduction. [12] Changes in myocardial conduction can be induced 

by structural remodelling and/or altered functioning of the electrical elements of the ICDs 

[15].  Most clinically important arrhythmias arise in the setting of acquired heart disorder, 

which can result from dysregulation of ion channel expression or function. [7] Cardiac 

tissue conducts impulses normally in both directions. Conduction can be altered in dif-

ferent levels. In some cases, conduction can be only slowed but it can also be blocked 

unidirectionally or completely. [9] 
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Many arrhythmic syndromes, including those that are drug induced, result from, or are 

exacerbated by, genetic variations. These variations include disease-causing alterations 

in coding regions, as well as sequence variants in regulatory or other noncoding genome 

regions. Coding region alterations directly affect the function of proteins, which regulate 

cardiac electrophysiology. Whereas alterations in noncoding regions appear to regulate 

transcriptional and post-transcriptional behaviour. [7] 

Due principally to these abnormalities in conduction, an AP may recirculate in the heart 

and result in repetitive activation when there is no need for new impulses to be gener-

ated. Ventricular arrhythmias are classified as triggered, re-entrant, or automatic, de-

pending on the mechanisms underlying them. [7] Automatic arrhythmias arise from in-

creased irritation in pacemaker tissues [7]. The other two mechanism that are more com-

mon are considered more in detail next. 

3.1.1 Triggered activity 

Afterdepolarizations are abnormal oscillations in membrane potential that occur either 

during or after an AP. Arrhythmias based on these mechanisms are called triggered ar-

rhythmias because the subsequent AP is needed to trigger after the previous depolari-

zation. Early afterdepolarizations (EADs) are almost always related to abnormal increase 

in APD. [7] AP prolongation provides sufficient time for L-type calcium channels to re-

activate. During prolonged depolarization the reuptake of calcium by the SR can bring 

on the recovery from Ca2+-dependent inactivation and allow subsequent depolarizations, 

EADs [10]. Also, a small number of VGSCs can remain open and create the late sodium 

current affecting generation of EADs [7]. If the amplitude of oscillation is sufficiently large, 

adjacent myocytes are activated and series of impulses are propagated (figure 5). These 

events can trigger polymorphic ventricular tachycardia (VT) in LQTS [10]. Tachycardia 

state can transition to ventricular fibrillation (VF), which is a life-threatening situation be-

cause in VF the ventricles are spasming and cannot pump blood effectively enough.  
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Figure 5. Schematic characterization of the cardiac AP with early afterdepolariza-
tion (EAD) and delayed afterdepolarization (DAD) [7, p. 345]. 

Delayed afterdepolarizations (DADs) are inherently due to abnormal calcium release 

from SR. This increases the calcium concentration in diastole and activates the NCX 

which creates a transient inward current that is able to trigger DADs. [20] These depo-

larizations occur immediately after the termination of the previous AP and may fire sec-

ondary premature APs [7]. 

3.1.2 Re-entry 

The most common mechanism underlying sustained ventricular arrhythmia is the for-

mation of re-entry circuits. Re-entry excitation is usually the mechanism underlying atrial 

and ventricular tachycardias and fibrillations but also many other arrhythmias. [9] This 

phenomenon occurs when an AP continues its propagation without extinguishing and 

reactivates a circuit that has recovered from refractoriness. The two main types of re-

entry are circus-type and phase 2 re-entry. In the first, the AP circles the non-conductive 

obstacle. In the second type, there is no obstacle and the re-activation is based on het-

erogeneity in activation. [12] 

In circus re-entry formation (figure 6), three criteria must be fulfilled. The first criterion is 

that there must be an obstacle or refractory core around which an AP can travel, which 

can be for instance a scarred tissue of healed myocardial infarction or still refractory area 

of myocardium. [12] Second, the re-entrant path needs to be recovered from inactivation 

before the next re-entrant impulse arrives. This involves usually reduction of conduction 

velocity or shortening of the effective refractory period [20]. Lastly, there must be a uni-

directional conduction block that prevents the APs from self-termination. [12] At unidirec-

tional block impulses can travel only in one direction. This can be due to local depolari-

zation or changes in functional anatomy. [9] 
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Figure 6. In upper panel, a normal propagation of AP in conduction system is pre-
sented. At lower panel, the circulatory re-entry mechanism is illustrated. [7, p. 

317] 

When an AP propagates, as in figure 6, but collides with unidirectional block (number 2), 

the original impulse continues its propagation (3) and enters to the left pathway (4) in the 

retrograde direction because, at that time, left branch is not refractory. Impulse is able to 

pass the unidirectional block (5) in the opposite direction and it can then continue its way 

throughout the circuit (red circle). If that re-entry loop is sustained, a re-entrant tachycar-

dia would be produced. [7] 

 

 

Figure 7. A normal cardiac AP on the left, J-wave syndrome characterization in the 
middle and mechanism underlying the phase 2 re-entry on the right [7, p. 317]. 

Phase 2 re-entry is a consequence of heterogeneity in APD and dispersion of refractori-

ness. This re-entry type is identified best in J-wave syndromes, like BrS, in which a loss-

of-function mutation with VGSC decreases the inward depolarizing current INa resulting 

in loss of AP dome in phase 2 and shortened APD in a subset of epicardial myocytes 

(Figure 7, middle section). When the current flows from adjacent properly activated cells, 
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where the AP is maintained, to these already repolarized ones, re-excitation and initiation 

of re-entry occurs. [7] 

3.1.3 Role of the autonomic nervous system in arrhythmia 

The ANS plays a role also in genesis of cardiac arrhythmia. It is thought that differences 

in autonomic background could influence in different outbreak with same inherited gene 

defects [29]. Besides ionic remodelling, cardiac disorders often leads to considerable 

remodelling of the cardiac autonomic nerves as well. This remodelling alters the compo-

sition and functioning of the autonomic nerves, which can appear for instance with hypo- 

and hyper-innervation or with altered neurotransmitter release. [20] 

In LQTS the stimulation of sympathetic system is thought to lead to VT [29]. However, 

as an exception to other LQTS subtypes, LQT3 has much less AP prolongation effect 

with sympathetic stimulus, and actually LQT3 patients have VT triggered by increased 

vagal tone during rest or sleep [30]. This is similar to BrS in which periods of high para-

sympathetic tonus have been associated with arrhythmic episodes [29]. However, a 

more detailed overview of ANS considering arrhythmia would go beyond the scope of 

this review. 

3.2 Pathophysiology of gap junctions 

Abnormalities in connexin function and expression are observed in atrial and ventricular 

myocardium in many acquired forms of the heart disease [7]. The conductance of GJ 

channels and other proteins related to electrical coupling are regulated in health and 

disease states. This regulation includes adjusting the expression, localization, and func-

tionality of the proteins participating in these processes. With aging, the GJ density de-

clines, and myocytes become gradually separated by connective tissue septa. [10] 

In some types of cardiomyopathy, there appears pathological remodelling in ICD gap 

junction structure. For example, Cx43 hemichannel proteins can be lost or reduced at 

the ICD membrane and relocated to LMs. [15] Some mutations that affect Cx43 expres-

sion levels and decrease in number of GJs at the ICD are related to development of 

cardiac disruptions. However, the cardiac conduction might not be affected due to these 

mutations. Consequently, it can be deduced that a single mutation in Cx43 alone cannot 

be the main determining factor of conduction deficiencies underlying the genesis of ar-

rhythmia. [18] The significant volume of ephaptic coupling could be one probable expla-

nation for these experimental findings. [20] 
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Phosphorylation status of Cx43 has an important role in health and disease conditions. 

This is controlled by different kinases and phosphatases. The phosphorylation at differ-

ent sites by different kinases affects assembly of GJ plaques. [18] If phosphatase activity 

is increased, it is associated with different cardiovascular diseases and is related to atrial 

and ventricular arrhythmias. [15]. 

Loss of ICD proteins can lead to abnormal connexin function and expression. For in-

stance, one desmosomal protein, PKP2, modulates the Cx43 expression. Total loss of 

PKP2 leads to GJ remodelling with 50% reduction in GJ mediated intercellular coupling 

where Cx43 are moved to LMs [19, 21]. It has been shown that this reduction in direct 

coupling via GJs is not enough to considerably affect CV, which again points to promi-

nent ephaptic coupling. [21] PKP2 interacts with AnkG, which is a sodium channel-an-

choring protein but also main factor with Cx43 localization [18]. The absence of AnkG 

disrupts the location of PKP2 and Cx43 [32]. CMs without ZO-1 express abnormal or-

ganization of Cx43 and N-cad, and thus GJs are transported to LMs. [19] In the absence 

of ZO-1, the GJ plaque area is increased and size of the perinexus is decreased [32]. 

3.3 Pathophysiology of NaV1.5 

Sodium channel function is significantly influenced by PTMs and interactions with pro-

teins at the ICD. Mutations in SCN5A gene, like in LQT3 and BrS, mainly affect these 

interactions but also mutations in other proteins associated with NaV1.5, such as AnkG. 

To illustrate possible effects that mutations in SCN5A can cause, here is an example: 

the rapid closure of NaV1.5 is due to movements in the ID3-4 linker-loop and mutations or 

deletions in that loop generally have a negative effect on VGSC inactivation therefore 

leading channelopathies like BrS and LQTS [17]. 

When considering phosphorylation in diseased conditions, both hyper- and hypo-phos-

phorylation are associated with LQTS and BrS [15]. Phosphorylation of sodium channel 

affects heavily on its function. Nav1.5 phosphorylation by CaMKII and PKA leads to in-

crease in late current and thus AP prolongation, which in turn promotes the formation of 

EADs and DADs and can lead to arrhythmias in ventricles [15]. On the contrary, de-

creased sodium current density, which is a risk for developing a VT, can be a conse-

quence of increased PKC phosphorylation activity. [15] In addition, hypo-phosphorylation 

can reduce the surface expression of NaV1.5 and thereby decrease sodium current den-

sity. [23] Mutations that influence on NaV1.5 specific sites for PKA phosphorylation cause 

the loss of PKA-mediated phosphorylation, which induces malfunctions of transportation 

and signalling. The PKC phosphorylation causes distribution of the NaV1.5 away from 

the cell surface and modifications on the intracellular transportation rate [17].  
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In addition to post-translational phosphorylation, sodium current amplitude and correct 

location is also modulated by numerous cell adhesion and -trafficking molecules. Cx43 

has an important role in the control of sodium current amplitude, although the molecular 

mechanism underlying the interaction still needs to be studied [18]. Then for example, 

defects in PKP2 coding gene are thought to be the most common variant in arrhythmo-

genic cardiomyopathy [21]. In the absence of PKP2, myocytes indicated a decrease in 

sodium current and lowered expression of NaV1.5 at the ICD [21]. Also, in one study, 

loss of AnkG expression was linked to a significant decline in the extent of electric cou-

pling. That result correlated with a decrease in Cx43 abundance. Additional experiments 

confirmed that loss of AnkG expression caused a redistribution of Nav1.5. [24] Loss of 

interaction with AnkG appeared in channel complex destabilization and degradation [32]. 

In addition, beta subunits participate in correct localization of NaV1.5 but also in control-

ling the processes considering the activation and recovery of the VGSC [25]. 

3.3.1 Long-QT syndrome 

Patients with LQTS have increased ventricular APD and are susceptible to ventricular 

arrhythmias. LQTS can be congenital or acquired. Multiple forms of LQTS have been 

recognized and associated with at least 12 different genes [14]. Mutations in cardiac 

sodium or potassium channels can be involved in congenital forms of LQTS. The ac-

quired forms of LQTS are a lot more common and can result from various electrolyte 

disturbances or medications. LQTS patients have a high risk of Torsades de pointes 

(TdP), which is one form of VT [9]. Usually these TdP episodes terminate spontaneously 

but when prolonging, those can transform into life-threatening VF episodes [7]. 

LQT3 is a gain-of-function disease that is followed by alteration in SCN5A gene which 

codes INa cardiac sodium channel alfa-subunit. This disrupts fast inactivation and allows 

repetitive pore opening during continual depolarization resulting in QT prolongation. The 

fast inactivation can be slowed or incomplete. [12] Normally, almost all NaV1.5 channels 

are inactivated after opening. A minor section of these channels can remain active during 

the sustained plateau phase of the AP. This phenomenon generates a current known as 

the late sodium current. This current can be alternatively increased by shift in voltage 

dependence of inactivation, or it can result from increased rate of channel recovery. 

When late sodium current is increased, ventricular APs are prolonged, and this increases 

the propensity to VT and TdP via EAD mechanisms discussed earlier in chapter 3.1.1. 

[20] 
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3.3.2 Brugada syndrome 

In the BrS, which is an autosomal-dominant inherited disease, the primary cause is ab-

normal conduction in the epicardium of the right ventricular outflow tract. In all genotypes, 

the basic abnormality is the loss of depolarizing currents. [13] This disease causes 20% 

of SCDs in young people with structurally normal hearts [10]. SCDs due to BrS occur 

usually during rest or sleep which correlates with the abnormality in high vagal tone dis-

cussed in 3.1.3 [29]. BrS is characterized by ST segment elevation in right precordial 

leads and higher risk of VT and VF [21]. Because the ECG alterations are dynamic, the 

diagnosis of BrS might be difficult [17]. 

The BrS-related mutations can reduce sodium current by resulting in non-functional pro-

teins, failure with the protein trafficking to the cell surface or enhanced inactivation of the 

channels. [10] The most common recognized cause is a loss-of-function mutation in the 

cardiac sodium channel SCN5A that results in premature repolarization of the right ven-

tricle myocardium. These loss-of-function mutations in the SCN5A gene affect oppositely 

the fast and slow inactivation of the sodium channels compared to LQT3. The second 

most common mutation can be found in SCN10A gene that codes NaV1.8 subunit. This 

mutation has been found in 17% of BrS patients. [13] 

There are over 300 distinct mutations in SCN5A that are implicated with BrS [32]. These 

mutations in SCN5A appear in the pore-forming segments and reduce the functioning of 

NaV1.5 by lowering its expression on the cell membrane, shifting the voltage- and time-

dependence of inactivation, delaying recovery of inactivation, or accelerating the time-

course of inactivation [20]. Through these mechanisms the INa decreases and causes a 

notch in phase 1 in subset of epicardial myocytes, which is typical for J-wave syndromes 

discussed in chapter 3.1.2 [7]. Consequently, transmural dispersion increases in right 

ventricle myocytes, which increases the risk for phase 2 re-entrant arrhythmias and inci-

dence of SCD. [7, 20] 

As shown, mutations in SCN5A can have many variable effects. More detailed cause for 

problems for example with the inactivation arise from specific mutation that affects ID3-4 

linker-loop region and leads to complications with Nav1.5 inactivation. [17] Also, other 

mutations in the areas that interact with proteins related to VGSC function, for instance 

AnkG, can be one cause for BrS phenotype [19]. In addition, mutations in the auxiliary 

beta-subunits that altered NaV1.5 trafficking, and channel gating of the sodium channel 

have been observed with BrS phenotype [32]. 

Even though BrS is considered as a pure channelopathy, separate researches have de-

scribed the presence of mild structural deficiencies in BrS. [21] This is thought to be due 



24 

 

to PKP2 mutations that are found to lead similar BrS phenotype with decreased sodium 

current [31, 32, 35]. Structural defects resemble the ones that are detected in arrhythmo-

genic cardiomyopathy (ACM). BrS and ACM share some common characteristics and 

might share also common aetiology. [32] 

3.4 Research methods 

The complexity of pathophysiology behind the different arrhythmias can be difficult to 

understand due its complicated mechanisms and lack of in vivo models that could mimic 

human cardiac electrophysiology properly. However, research methods have improved 

a lot in the past 10 years. Especially the usege of human-induced pluripotent stem cells 

(hiPSC) has increased. The stem cell technology has provided significant progress in 

understanding different mechanisms behind channelopathies and ion channel abnormal-

ities with several in vitro models. [33] This iPSC technology has enabled the study of 

iPSC-derived cardiomyocytes from diseased patients. Diseases can be studied with hu-

man iPSC-CMs obtained from patients with deficiency of some ICD protein, like PKP2 

for example [35]. Same technology has been used with a patient that carried a complex 

mutation in the sodium channel that lead to a mixed phenotype of both LQT3 and BrS. 

[34] iPSCs have many advantages, a couple of which are their accuracy in drug toxicity 

screening and possibility of genome editing with CRISPR-Cas9 technology. On the con-

trary, iPSCs have also limitations, for example their immature phenotype with poor ultra-

structural organization. [36] 

In animal model field, transgenic mice are the most used species. Still, with mouse mod-

els there is some discrepancy compared to human heart. For example, heart rate in mice 

can be up to eight times higher than in humans, also, the action potential duration is 

relatively shorter in mouse cardiomyocytes, and of course, the size of the heart is much 

smaller in mice. [33] Nevertheless, with BrS, two approaches have been conceived with 

murine models. In the first, the SCN5A gene is knocked out to simulate the generic BrS 

phenotype. The other approach is gene knock-in with identified human mutation in 

SCN5A gene that had been linked to BrS. [36] Effects of the particular molecules, for 

example AnkG [22, 24] and connexin-43 expression are studied in mice with those par-

ticular genes knocked out. 

Study with AnkG knock-out mice [22] enabled first in vivo data considering the molecular 

pathway necessary for ICD NaV1.5 targeting in heart where the absence of AnkG dis-

rupted the location of PKP2, Cx43 and NaV1.5. Effects of the same molecules have been 

studied in vitro [24]. Also, interactions with N-cad and NaV1.5 were studied in vitro [38] 

with more mechanical perspective where the suppression of sodium channels in cells 
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reduced intercellular adhesion strength. All these interactions and structural features be-

tween cells can be studied with several microscopy methods from which the most used 

ones are transmission electron microscopy, super-resolution fluorescence microscopy 

and surface scanning confocal microscopy. Other used research methods include im-

munochemistry, optical mapping methods and patch clamp experiments. 

Also new mathematical models that consider new information of junctional clefts and 

ephaptic coupling are processed. Electrical coupling has been modelled with varying 

extracellular space widths in perinexi, ion channel distribution and GJ location. Studies 

have revealed that conduction trends considering those parameters could be calculated 

when the VGSC density in the ICD is reasonably high and when the cell membranes are 

opposing each other closely [27, 37]. Other computational in silico models have analysed 

for example the meaning of the post-translational phosphorylation in arrhythmia [23]. 
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4. CONCLUSION 

The electrophysiology of the heart is based on the action of numerous ion currents and 

channels. One of the most important channels is the cardiac sodium channel. The 

VGSCs are located at the cell surface, especially at the ICDs. NaV1.5 is the key ion 

channel that underlies the rapid depolarization phase of the cardiac AP. It also takes 

greatly part in the cardiac conduction with GJs in a form of ephaptic coupling. Due to its 

major role in electrical activation, it is linked to several channelopathies and cardiomyo-

pathies. These diseases appear with distinct clinical phenotypes, and therefore need 

diverging pharmacological therapies. Considering that many VGSC disorders have the 

propensity for SCD, the research of the different properties of NaV1.5 and its encoding 

SCN5A gene provides valuable information that can be used in diagnostic and therapeu-

tic manner. 

Interactions between mechanical junction proteins and other non-junctional proteins 

have been observed at the ICD. Research data includes the binding and functional in-

teractions of the VGSC complexes and AnkG, which is a scaffolding protein for the 

VGSC. Also, proteins associated with cell adhesion junctions, such as N-cad, PKP2 and 

Cx43, participate in interaction with NaV1.5 channels. Another scaffolding protein, ZO-1, 

that resides especially at the perinexi mediates the interaction of Cx43 and N-cad. These 

findings indicate that GJs, which are formerly thought to be purely electrical components 

of the ICD, appear to be dependent on mechanical interactions, as well as, on other ICD 

components. [19] Consequently, it begins to be clear that altered expression of one pro-

tein at the ICD affects the localization or expression of other ICD components. For better 

understanding of ICD interactions in the future, new models considering the ICD struc-

ture and function are needed. 

All the interactions mentioned above affect mechanical and electrical coupling between 

CMs. Mutations in the genes that cause disruption or dysfunction of any interacting ele-

ment will affect the other components. Especially the cardiac conduction is affected be-

cause it is dependent on the correct GJ localization as well as VGSC expression at the 

ICD. In addition, other proteins that regulate the function of Cx43 and NaV1.5 by PTMs, 

including several kinases, affect also the localization of those electrical couplers. In dif-

ferent diseases the expression, localization and function of NaV1.5 can be altered. When 

the sodium current is decreased it is mainly due to loss-of-function mutations in the 

SCN5A gene, which are related to BrS. On the contrary, the mutations that cause in-

crease in the depolarizing sodium current are related to LQT3. These mutations can 
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affect the channel function for example by altering the inactivation and voltage-depend-

ence of activation. These modifications in the NaV1.5 function along with parasympa-

thetic stimulus from ANS are probable causes for generating VTs and VFs via different 

arrhythmic mechanisms, including EADs and phase 2 re-entry, that might ultimately lead 

to SCD. 

Even though it is difficult and expensive to investigate the molecular mechanisms under-

lying the function of the heart, understanding the ionic basis of the electrophysiological 

activity and different arrhythmia mechanisms is important. Because based on the re-

search information that we have, novel ion-channel blocking drugs and other new anti-

arrhythmic therapeutics are discovered. Ongoing research involves finding genetic, elec-

trical and biochemical markers for increased risk of SCD. Also, use of patient-specific 

hiPSCs may be used for custom-tailored therapeutic strategies and for drug screening 

in the future. In addition, the arrhythmogenic mutated ion channel genes might be han-

dled some day with the cloning and sequencing techniques. 
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