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Channelopathies: a New Category of 
Diseases Causing Sudden Death
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Abstract
Identification of familial forms of different diseases 
has provided a unique opportunity to study how 
changes in the structure of a gene create a dysfunc-
tion in the physiology of the resulting protein. 
Changes in the genes encoding for ion channels pro-
duce modifications in the function of the channel. 
Changes in the sodium channel are responsible for 

long QT syndrome, Brugada syndrome and conduc-
tion defects. Changes in the potassium channels 
have been related to long QT syndrome, short QT 
syndrome and familial atrial fibrillation. Relating ge-
netic modification and dysfunction allows to study 
the substrate for a disease, understand the physio-
pathologic mechanism and look for appropriate 
therapies.

Kanalopathien: eine neue Gruppe von Erkrankungen als Ursache für den plötzlichen Herztod

 Zusammenfassung
Die Erforschung verschiedener Formen von familiären 
Erkrankungen gab Aufschluss darüber, wie Genmuta-
tionen die physiologische Funktion von Proteinen ver-
ändern können. Mutationen an Ionenkanalgenen ver-
ändern die Funktion der Kanäle. Mutationen am Na-
triumkanalgen sind ursächlich für das Long-QT-Syndrom, 
das Brugada-Syndrom und Erregungsausbreitungs-

störungen. Dem Long-QT-Syndrom, dem Short-QT-Syn-
drom und familiären Formen von Vorhofflimmern hat 
man Veränderungen am Kaliumkanal als Ursache 
zugeschrieben. Das Verständnis einer genetischen Mo-
difikation sowie deren folgender Dysfunktion ermög-
licht, die Ursache einer Erkrankung zu erforschen, den 
pathophysiologischen Mechanismus zu verstehen und 
geeignete Therapieformen zu finden.
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Introduction
Over the last decade an incredible amount of infor-
mation has become available concerning different 
diseases related to modifications in the structure and 
function of proteins. Identification of familial forms 
of different diseases has provided a unique opportu-
nity to study how changes in the structure of a gene 
create a dysfunction in the physiology of the resulting 
protein. Ionic channels are not an exception to this 
rule. Changes in the genes encoding for ion channels 
produce modifications in the function of the channel. 
Relating genetic modification and dysfunction allows 
study of the substrate for a disease.

In this review, a simplified mode of describing 
the transfer of ions across the cell membrane will be 
used to explain the different modalities of channel 
dysfunction due to changes in the structure. The indi-
vidual cell depolarization and repolarization result in 
an action potential, which is the result of a delicate 
balance between depolarizing and repolarizing ionic 
currents. These ionic currents are mediated through 
the coordinated opening and closing of ion channels. 
The cardiac cell depolarizes because of a massive and 
very fast entry of positive electrical charges into the 

cell, mainly through the sodium channel. This pro-
duces phase 0 of the action potential. Immediately, 
the repolarization phase starts. The cell eliminates 
positive charges because it has to go back to the rest-
ing potential. This is a slower process than the depo-
larization phase. This is done mainly through the po-
tassium channels and results in phase 1, 2 and 3 of the 
action potential (Figure 1).

In the last years several genes whose expression 
generates the ion channel proteins have been identi-
fied. Mutation in any of these genes can cause ion 
channel dysfunction, a so-called channelopathy. This 
channelopathy may lead to cardiac arrhythmias and 
sudden cardiac death as the most severe clinical man-
ifestation [1].

Sodium Channel Anomalies
At least three different diseases have been related to 
the presence of a sodium channel dysfunction due to 
genetic modifications in the structure of the channel:
• long QT syndrome,
• Brugada syndrome,
• Lev-Lenègre syndrome.
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Long QT Syndrome
The so-called long QT3 syndrome has been related to 
the presence of mutations in the sodium channel gene 
(SCN5A) [2]. These mutations produce a dysfunction 
of the channel which can be explained as a gain of 
function, resulting in an abnormal persistent late en-
try of sodium into the cell once the channel should 
already be closed. This persistent entry of positive 
electrical charges produces a prolongation in the time 
that the cell needs to come back to the resting poten-
tial, or, in other words, a prolongation in the duration 
of the action potential [3].

The long QT syndrome is characterized by QT 
prolongation on the ECG and the susceptibility to 
malignant ventricular tachyarrhythmias. The char-
acteristic ECG shows QT prolongation (Figure 2) 
and different types of T wave anomalies (T wave al-
ternans, notched T wave). Symptoms (syncope or 
sudden death) are related to the presence of torsade 
de pointes ventricular tachycardia. The clinical pre-
sentation varies greatly from asymptomatic muta-
tion carriers with normal QT interval to sudden car-
diac death. Long QT3 patients more commonly ex-
perience events during rest or sleep [4]. Sodium 
channel blockers like flecainide have shown to nor-
malize the QT interval, although there is no infor-

mation on the long-term effects on symptoms or 
survival.

Brugada Syndrome
Brugada syndrome is a familial disease with autoso-
mal dominant inheritance and variable penetrance. 
Among patients presenting with the syndrome, 
20–50% had a family history of sudden cardiac death. 
Since 1998, several dozen mutations of the SCN5A 
gene have been identified in about 20% of the pa-
tients with Brugada syndrome, proving genetic het-
erogeneity [7, 8]. All of these mutations, although 
through different mechanism, lead to a “loss of func-
tion” of the sodium channel. This loss of function re-
sults in a premature closing of the channel during 
phase 1 of the action potential. Epicardial cells have a 
characteristic spike and dome (or notch) action po-
tential configuration, due to the early phase 1 repo-
larization mediated by the larger Ito current than en-
docardial cells. This creates a transmural gradient, 
which is thought to be responsible for the J wave on 
the surface ECG. In the presence of Brugada syn-
drome the causing mutation causes a reduction in so-
dium current, which leaves Ito current unopposed 
during phase 1 resulting in the accentuation of the 

Figure 2. Some mutations in the SCN5A gene produce a per-
sistent late entry of sodium into the cell. This counterbal-
ances the exit of potassium ions and prolongs the time re-
quired to restore the resting potential. The final result is a 
long QT syndrome.
Abbildung 2. Durch bestimmte Mutationen im SCN5A-Gen 
kommt es zu einem verspäteten Einstrom von Natrium ionen 
in die Zelle. Dieser Einstrom gleicht den Ausstrom von Kali-
umionen aus den Zellen aus und verlängert so die Zeit bis 
zum Erreichen des Ruhepotentials. Dadurch entsteht das 
Long-QT-Syndrom.

Figure 1. Simplified representation of the currents involved 
in the action potential formation. Massive entry of sodium 
results in depolarization of the cell. Progressive exit of potas-
sium restores resting potential.
Abbildung 1. Schematische Darstellung des Aktionspoten-
tials. Depolarisation der Zelle durch schnellen Einstrom von 
Natriumionen. Wiederherstellung des Ruhepotentials durch 
Ausstrom von Kaliumionen.
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notch, or J wave. This leads to a transmural gradient 
in the plateau phase between the epicardium and en-
docardium, resulting in ST elevation on the surface 
ECG. Further sodium current reduction may lead to 
loss of action potential dome and significant shorten-
ing of the epicardial action potential in some cells but 
not in the endocardium, leading to epicardial and 
transmural dispersion of repolarization (Figure 3). 
The conduction of the action potential dome from 
sites at which it is maintained to sites at which it is lost 
causes local reexcitation via a phase 2 reentry mecha-
nism [9]. This leads to a closely coupled extrasystole 
in the vulnerable window, thus triggering phase 2 re-
entry and resulting in polymorphic ventricular tachy-
cardia or ventricular fibrillation.

Brugada syndrome is characterized by ST eleva-
tion in the right precordial leads (V1–3) in the pres-
ence or absence of incomplete or complete right 
bundle branch block morphology and increased risk 
of sudden death [5]. The mean age at diagnosis is 
around 40 years. About 75% of the patients are males. 

The symptomatic patients present with sudden car-
diac death due to ventricular fibrillation or with syn-
cope due to polymorphic ventricular tachycardia [6]. 
In patients with previous symptoms related to the oc-
currence of ventricular arrhythmias, there is general 
agreement that they should be protected with an im-
plantable defibrillator. A lot of controversy exists, 
however, in the management of asymptomatic pa-
tients with the classic ECG pattern. While some 
groups suggest that programmed electrical stimula-
tion might help identifying patients at risk, others do 
not. Longer follow-up in well-controlled clinical trials 
will be needed to better understand how to manage 
asymptomatic patients.

Lev-Lenègre Syndrome
Lev-Lenègre syndrome is a conduction defect related 
to the presence of mutations in the sodium channel 
gene producing a loss of function in phase 0 of the ac-
tion potential, thus in the opening of the channel [10]. 

Figure 4. Mutations affecting the entry of sodium into the 
cell will result in a decrease in the dv/dt of phase 0 of the 
action potential which is directly related to conduction ve-
locity of the electrical impulse. The result is conduction de-
fects in sodium-dependent cells (atrial and ventricular mus-
cular cells and His-Purkinje system cells). It has been called 
the Lev-Lenègre syndrome.
Abbildung 4. Mutationen, die den Natriumioneneinstrom in 
die Zellen betreffen, führen zu einer Abnahme von dv/dt in 
der Phase 0 des Aktionspotentials. dv/dt steht in direktem 
Zusammenhang mit der Erregungsausbreitungsgeschwin-
digkeit elektrischer Impulse. Daraus resultieren Erregungs-
ausbreitungsstörungen in den natriumionenabhängigen 
Zellen (atriale und ventrikuläre Muskelzellen sowie His-Pur-
kinje-Zellen). Dies führt zum sog. Lev-Lenègre-Syndrom.

Figure 3. Some mutations in the SCN5A produce a premature 
closing of the sodium channel. In phase 1 of the action po-
tential the balance between entry of sodium and exit of po-
tassium is lost. The predominant depolarizing current Ito is 
unopposed in this phase and an early premature depolariza-
tion occurs. Because of endocardial-epicardial differences in 
the expression of Ito, an electrical gradient is created. The re-
sult is Brugada syndrome.
Abbildung 3. Durch bestimmte Mutationen im SCN5A-Gen 
kommt es zu einem verfrühten „Verschluss“ der Natriumka-
näle. Es entsteht ein Ungleichgewicht zwischen Einstrom von 
Natriumionen und Ausstrom von Kaliumionen in der Phase 1 
des Aktionspotentials. Der vorherrschenden Depolarisation 
durch Ito-Ströme wird nichts entgegengesetzt, so dass eine 
verfrühte Depolarisation erfolgt. Aufgrund unterschiedlicher 
Ito-Expression zwischen Endokard und Epikard entsteht ein 
elektrischer Gradient. Dieser führt zum Brugada-Syndrom.



Brugada J, et al. Channelopathies

188 Herz 32 · 2007 · Nr. 3  © Urban & Vogel

The amount and rapidity of sodium entering the cell 
is directly related to the conduction velocity of the 
electrical impulse through sodium-dependent cells 
(atrial and ventricular muscular cells and His-Purkin-
je system cells). If a mutation produces a reduction in 
the amount of sodium entering the cell, a decrease in 
conduction velocity of the impulse occurs.

The result is a conduction defect in the ECG like 
bundle branch block or AV block due to intra- and 
infrahisian conduction abnormalities (Figure 4) [11]. 
Depending on the degree of the conduction defect a 
pacemaker will be needed. An electrophysiological 
study may be very helpful in identifying patients with 
severe intra- or infrahisian block.

Potassium Channel Anomalies
A potassium channel dysfunction due to genetic 
modifications in the structure of the channel can pro-
duce three different diseases:
• long QT syndrome,
• short QT syndrome,
• atrial fibrillation.

Long QT Syndrome
Long QT syndrome can be related to genetic muta-
tions in the potassium channels. All potassium chan-
nel mutations producing long QT syndrome have a 
common trait: there is a loss of function of the chan-
nel, with a decreased release of potassium from to 
cell, and thus a prolonged repolarization time. We 
currently know more than 200 mutations in the six 
long QT genes that account for an estimated 50–60% 
of clinically manifest long QT syndromes [12, 13]. 
The KCNQ1 (KvLQT1) gene co-assembles with the 
protein coded by the KCNE1 (min K) gene to form 
the slowly activating component of the delayed recti-
fier IKs potassium current. KCNQ1 mutations result-
ing in decreased potassium current cause 40–50% of 
all genotyped long QT mutations, accounting for long 
QT1 syndrome. KCNE1 gene mutations account for 
2–5% of genotyped long QT mutations, and cause the 
long QT5 syndrome. The KCNH2 (HERG) gene en-
codes the α-subunit and the KCNE2 (MiRP1) the 
β-subunit of the rapid component of delayed rectifier 
potassium current (IKr), the major contributor to 
phase 3 rapid repolarization [14]. Mutations of the 
KCNH2 gene result in “loss of function” of the IKr 
channel, represent 35–45% of the genotyped long QT 
mutations and are responsible for the long QT2 syn-
drome [15, 16]. The KCNE2 gene “loss-of-function” 
type mutations cause the rare long QT6 syndrome. 
KCNJ2 (Kir2.1) gene codes for the inward rectifier 
potassium current (IK1), which contributes to phase 3 
repolarization and to the maintenance of the resting 

membrane potential [14]. A “loss-of-function” muta-
tion of the KCNJ2 gene results in Andersen syndrome 
(long QT7) [17]. From the clinical point of view, the 
clinical picture does not differ from to the one related 
to sodium channel mutations, except for the fact that 
events mainly occur in relation to emotions or exer-
cise and not specifically at rest. The diagnosis is done 
through the presence of a prolonged QT interval in 
the ECG. The Andersen syndrome is a rare disorder 
characterized by potassium-sensitive periodic paraly-
sis, dysmorphic features and variable degree of QT 
interval prolongation, often with giant U waves. Sim-
ilar to the other long QT syndromes, the penetrance 
is incomplete and the expressivity varies. Although 
sudden death is rare, bidirectional or polymorphic 
tachycardia has been documented [18].

Short QT Syndrome
The short QT syndrome has been recognized recently 
as a separate clinical entity [19, 20]. Autosomal domi-
nant inheritance was suggested. Recently, mutations 
of two genes have been identified [21, 22]. Missense 
mutations of the KCNH2 (HERG) gene responsible 
for “gain of function” of the IKr channel have been 
described (Figure 5). Interestingly, mutations of the 
same gene resulting in “loss of function” of the IKr 
channel cause long QT2 syndrome. A novel KCNQ1 
(KvLQT1) gene mutation resulting in “gain of func-
tion” of the IKs channel has also been identified in a 
patient with short QT syndrome. Interestingly, an-
other “gain-of-channel-function” type mutation of 
the same KCNQ1 gene has been associated with fa-
milial atrial fibrillation without QT shortening. The 
“loss-of-function” type mutation of the same KCNQ1 
gene causes long QT1 syndrome. Finally, a third ge-
netic defect, a gain-of-function mutation in KCNJ2, 
responsible for Kir2.1, has recently been described as 
responsible for SQT3, with a characteristic electro-
cardiographic difference in respect to the two other 
forms of the disease, asymmetric T wave, with a very 
rapid descending portion of the T wave [23]. The 
characteristic ECG finding is the persistently short 
QT interval (QTc < 300 ms), with tall, symmetric, 
peaked T waves. The clinical picture consists of sud-
den death, syncope, palpitations, and paroxysmal 
atrial fibrillation. Most patients have a family history 
of sudden death. The age of sudden death victims var-
ied between 3 months and 70 years.

Familial Atrial Fibrillation
Although familial lone atrial fibrillation has not been 
associated with sudden cardiac death, it likely belongs 
to the family of “channelopathies”. In one study the 
characterization of several families revealed an auto-
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ent in > 1% of the general population, usually called 
polymorphisms, may be used in the investigation of 
segregation along members of a family and are the 
basis for genetic linkage analysis or for paternity test-
ing. Some of these variations may be called mutations 
if they are present < 0.5%, if they cause a disruption 
of the function of the protein and if they segregate 
with a genetic disease. It is fascinating that a change 
in a single nucleotide, one out of the 3 billion nucleo-
tides present in the human genome, can cause a lethal 
disease like the ones described. However, more in-
triguing is to observe that the presence of a same mu-
tation can actually confer different phenotypes, dis-
eases, symptoms, and probably prognosis. As previ-
ously reported, this has been observed in mutations 
in the sodium channel in which a same mutation may 
cause overlapping diseases like Brugada syndrome, 
long QT syndrome and progressive conduction sys-
tem disease [27, 28]. The family members carrying the 
same mutation may have varied phenotypes, from 
normal electrocardiogram to ST elevation and ar-
rhythmias. And the families can have difficult-to-un-
derstand outcomes such of seeing the sudden death of 

somal dominant inheritance and a locus on chromo-
some 10 was found, however, causative gene is not 
identified yet [24]. In a recent study, in a Chinese 
family with familial lone persistent atrial fibrillation 
a missense mutation was identified in the KCNQ1 
(KvLQT1) gene. The mutation resulted in “gain of 
function” of the IKs potassium channel [25] (Figure 
6). Interestingly, in contrast to the other known 
“gain-of-channel function” type mutation of the 
KCNQ1 gene in short QT syndrome, more than half 
of the patients had moderately prolonged QTc inter-
val. A link between KCNE2 and atrial fibrillation has 
been provided with the identification of a gain-of-func-
tion mutation in two families with atrial fibrillation 
[26]. This confirms the role of mutations in channels 
responsible for potassium currents in the develop-
ment of atrial fibrillation.

The Use of Genetic Diagnosis in the Clinical 
Practice

Genetic variations in our genome are common, each 
of us carries millions of them. Those which are pres-

Figure 6. Mutations producing a gain of function in the po-
tassium channels will accelerate the exit of potassium, with 
faster restoration of the resting potential, and this will 
shorten the action potential duration. This will result in the 
short QT syndrome.

Abbildung 6. Mutationen, die zu einer gesteigerten Funk-
tion der Kaliumkanäle führen, beschleunigen den Kalium-
ionenausstrom und resultieren in einer schnelleren 
Wiederherstellung des Ruhemembranpotentials und einer 
verkürzten Aktionspotentialdauer. Dies führt zum Short- 
QT-Syndrom.

Figure 5. Some mutations in the potassium channel genes 
might result in a loss of function of the channels or a de-
crease in the amount or rapidity of potassium leaving the 
cell. The final result is a prolongation in the time required to 
restore the resting potential, with prolongation in the QT 
interval, and long QT syndrome.
Abbildung 5. Gewisse Mutationen in den Kaliumkanalgenen 
resultieren in einem Funktionsverlust der Kanäle oder einem 
verminderten oder verlangsamten Kaliumionenausstrom 
aus der Zelle. Dies führt zu einer verzögerten Wiederherstel-
lung des Ruhemembranpotentials und zu einer Verlänge-
rung der QT-Zeit und somit zum Long-QT-Syndrom.
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an infant, while the grandparent, who is also a carrier, 
has remained asymptomatic for his whole life. It has 
always been known that penetrance, the percentage 
of carriers who have the phenotype, and expressivity, 
the different levels of observed phenotypes in the car-
riers, are essential parts of the genetic studies. How-
ever, we barely understand why they are so broad and 
diverse. It is probable that those patients with the 
most severe forms of the disease have other concomi-
tant factors, like a second mutation, a functional poly-
morphism, a different genetic background, a differ-
ent hormonal makeup or a different pattern of ex-
pression of the genes involved in controlling the ionic 
balance. It is in this milieu of possibilities that re-
search studies are undertaken to unravel some of 
these hypotheses. Some of them will not be easy ques-
tions to answer, especially those related to expression 
patterns, for the obvious reasons that expression 
changes dramatically during time and disease states, 
and because their study requires tissue analysis, a dif-
ficult aspect in heart research.

The majority of monogenic cardiac diseases pre-
disposing to arrhythmias are inherited following an 
autosomal dominant pattern of transmission, mean-
ing that the likelihood of inheriting the genetic defect 
from a parent with the disease is 50%. The main ben-
efit of the genetic diagnosis resides in the fact that in 
a given family with an identified mutation, those indi-
viduals without the defect are, keeping in mind the 
rare double mutants, spared from the familial disease. 
This has been an important achievement in the use of 
genetics as a diagnostic tool. However, genetics be-
have like a double-edged sword, and this 50% inher-
itance pattern also means that several individuals 
with no signs or symptoms of the disease may be iden-
tified as carriers of the genetic defect. This has impor-
tant implications not only for medical reasons, but it 
may also for personal, professional and insurance 
purposes. The families and clinicians have to be aware 
of this aspect of genetic diagnosis, and they have to 
make the decisions accordingly. It is our belief that 
patients and family members should undergo genetic 
testing, at least for research purposes, to better un-
derstand the disease, but we also believe that they 
have the right to know their condition as carriers, so 
they can be provided a closer follow-up and to be 
aware of the condition in the event that they develop 
some unexplained symptoms. However, the main 
question for the clinician facing the genetic carrier is 
whether follow-up suffices and whether to adopt 
more drastic interventions. Clinicians are aware that 
in several instances these monogenic diseases will not 
provide a second chance, and the first symptom may 
be sudden death. In long QT syndrome the use of pri-
mary prevention may be an easier decision because 
β-blockers have proven effective in cutting the sud-

den death rate. However, in diseases like the Brugada 
syndrome decisions are complex, especially consider-
ing that the individuals that are screened genetically 
in the families are usually younger than the affected 
individuals, in several instances children. Decisions 
regarding the use of implantable cardioverter defi-
brillators have to take into account the severity of the 
disease, the likelihood of having symptoms and, in 
children, the repetitive surgeries that they will un-
dergo during their lifetime with important limitations 
in their lifestyle. We know that the genetic data is 
only a limited portion of the disease and that there 
will be several other concomitant issues that will de-
termine the ultimate risk of sudden death. While de-
cisions for an asymptomatic patient with the disease 
might be suggested by the severity of the disease in 
other family members (symptoms and sudden death 
episodes), this is a poor predictor of events. The only 
other option to assess the risk of the asymptomatic 
carrier is to use the clinical tools like the electrophys-
iological study, certainly not spared of controversy.

It will probably take years to reach some defini-
tive conclusions on how to approach genetic carriers. 
However, we cannot downplay the benefits that re-
search in channelopathies has provided to our under-
standing of arrhythmogenesis and to the better diag-
nosis and treatment of the patients. This research is 
the best example of true translational research al-
ready being used at the bedside with clear clinical ap-
plicability. Clinical information and patients for re-
search are essential for the basic scientists. Genetic 
results are essential to the clinician, genetic counsel-
ors, and patients. In no other field of science is syn-
ergy between clinicians, basic investigators and pa-
tients so necessary. Each of them play an essential 
role in this endeavor.

Nevertheless, these are crucial questions for 
these genetic diseases, not only for diagnosis, but for 
risk stratification and for prognosis. It will probably 
take years to reach some definitive conclusions. De-
spite the limitations of the genetic information, the 
clinician has also to understand that there are signifi-
cant potential benefits. The most important to date is 
that the clinician is now aware that there are familial 
electrocardiographic patterns that are associated 
with sudden cardiac death, and that the presence of 
this pattern in one individual triggers a clinical inves-
tigation in the rest of the family members who may be 
protected from lethal events. The second is that we 
can identify those individuals that are not carriers of 
the familial mutation, responsible for the phenotype 
in other family members, and by not being a carrier, 
they are practically spared from the disease. The final 
one is that we can identify the genetic carriers, who 
are at higher risk of suffering from the disease and 
provide a closer clinical follow-up. We do not yet 
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know, by genetic criteria, their level of risk, and it is 
therefore essential that we rely on the clinical tools to 
try to make an accurate estimate.

Research in channelopathies is the best example 
of true translational research, as it is already being 
used at the bedside with clear clinical applicability. 
Clinical information and patients for research are es-
sential for the basic scientists. Genetic results are es-
sential to the clinician, genetic counselors and pa-
tients. In no other field of science is synergy between 
clinicians, basic investigators and patients so neces-
sary. Each of them play an essential role in this re-
search endeavor.
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