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Ion channels are pore-forming proteins that provide pathways for the controlled movement of ions into or out
of cells. Ionic movement across cell membranes is critical for essential and physiological processes ranging from
control of the strength and duration of the heartbeat to the regulation of insulin secretion in pancreatic 3 cells.
Diseases caused by mutations in genes that encode ion channel subunits or regulatory proteins are referred to as
channelopathies. As might be expected based on the diverse roles of ion channels, channelopathies range from
inherited cardiac arrhythmias, to muscle disorders, to forms of diabetes. This series of reviews examines the roles

of ion channels in health and disease.

Introduction

Ion channels are a diverse group of pore-forming proteins that
cross the lipid membrane of cells and selectively conduct ions
across this barrier. Ion channels coordinate electrical signals in
most tissues and are thus involved in every heartbeat, every move-
ment, and every thought and perception. They have evolved to
selectively provide pathways for ions to move down their electro-
chemical gradients across cell membranes and either depolarize
cells, by moving positively charged ions in, or repolarize cells, by
moving positively charged ions out.

During the past 50 years, our understanding of the roles and
molecular structure of ion channels has grown at a rapid pace and
has bridged fundamental basic research with advances in clinical
medicine. The link between basic science and clinical medicine has
been the discovery of human diseases linked to mutations in genes
coding for ion channel subunits or proteins that regulate them:
the channelopathies.

lon channels: from squid giant axons to atomic structure
Before 1982, insight into mechanisms underlying the ionic basis
of electrical activity in excitable cells was limited to model systems.
Our understanding of these mechanisms was based largely on the
beautiful work of Hodgkin, Huxley, and Cole, among others, who
unraveled the ionic basis of nerve excitation in the squid giant
axon (1-4) and subsequently showed that similar mechanisms
were responsible for excitation and contraction of amphibian
skeletal muscle (5). Using mammalian preparations, other groups
soon demonstrated similar, though more complex, mechanisms
underlying electrical activity in the heart (6). However, the link
between mechanisms in these model systems and human physiol-
ogy remained indirect. This changed dramatically in 1982 when
the first ion channel, acetylcholine receptor a-subunit, was cloned
(7, 8). Molecular biology provided the techniques to identify genes
encoding ion channels, and, as a result, a plethora of channels has
been discovered to be critical to the physiological function of vir-
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tually every tissue, controlling such diverse functions as hearing
and insulin secretion. The combination of genetic identification
of multiple channel genes and the development of patch-clamp
electrophysiological procedures by Neher and Sakmann (9) made
it possible to analyze in great detail the functional properties of
ion channels in small cells, eliminating the restriction to model
systems and extending understanding of the roles of molecular
structures in the control of channel function.

The crystal structure of a bacterial potassium channel was solved
in 1998 (10), revealing, at the atomic level, the structural basis of
fundamental mechanisms of this class of ion channels. Insight
into channel structure clarified the manner in which the channels
open and close; the structural basis for selection of ions that can
pass through the open channel pore; and the mechanism by which
the channel proteins sense changes in transmembrane voltage that
control the open or closed conformational states of the channel
(Figure 1) (11). Thus investigations of ion channel proteins bridge
fundamental physics with function of biologically critical pro-
teins. But the link to human disease has come from clinical inves-
tigations of congenital disorders and the discoveries that defects
in genes coding for ion channels or ion channel regulatory sub-
units cause diverse disease states. The number of diseases linked
to these mutations is so large that the term “channelopathy” has
been introduced to define this class of disease (Table 1).

In this issue of the JCI, we have assembled a series of review
articles to provide the most up-to-date information on channelo-
pathies and to assess how investigations of these disorders have
increased our understanding of the mechanisms of human disease.
Rather than serving as an extensive catalog of all channelopathies,
these papers impart both a historical perspective and an opportu-
nity to understand how mutations that cause common changes
in ion channel function may be associated with diverse diseases
depending on the tissues in which the channels are expressed.

Sodium channels

The channelopathies are introduced by A.L. George Jr. with a broad
discussion of the impact of mutations of voltage-gated sodium chan-
nels on human disease (12). Mutations in genes coding for sodium
channels are now known to cause nearly 20 disorders ranging from
skeletal muscle defects to dysfunction of the nervous system (12).
Volume 115

Number8  August 2005



A

Mutation alter permeation pathways
ions ion movement
not normal

Rt e

(il AT \
LY '

UL || UL

WT open channel Mutant channel open

but permeation is altered

B Mutations change channel activation

i J .
¥
T —— LA | S
) W < )
Resting Open
C Mutations change channel

inactivation process

W e
PR <— W< )

' J' :
il —— (e
) 4n'm

Resting Open Inactivation

Investigation into the functional consequences of these mutations
in heterologous expression systems has revealed novel mechanisms
underlying disease processes (13-15), mutation-specific therapeu-
tic approaches to disease management (16, 17), and, importantly,
common functional mechanisms underlying such diverse diseases
as cardiac arrhythmias and seizure disorders (12, 18).

Sodium channels open in response to membrane depolarization
and, while open, provide the pathway for the inward movement
of positively charged sodium ions. This results in a regenerative
process that is necessary for conduction of electrical impulses in
nerve and muscle. Within milliseconds of opening, most voltage-
gated sodium channels enter a nonconducting inactivated state.
The rapid transition from open to inactivated states is necessary to
control durations of electrical impulses in all tissues. Most inher-
ited sodium channel mutations that are associated with human
disease alter the inactivation process and hence alter the essential
control of electrical-impulse duration that is effected by transi-
tions into the inactivated state. Analysis of skeletal muscle disor-
ders identified some of the first channelopathies associated with
mutations that alter sodium channel inactivation. In this review
series, Jurkat-Rott and Lehmann-Horn describe these and other
skeletal muscle channelopathies (19). These authors provide an
overview of the roles of sodium channels in muscle physiology
and explain how mutations that alter channel inactivation may
result in the clinical pathologies and myotonias. They note that in
Na* channel myotonia and paramyotonia, mutation-induced gat-
ing defects of the Na* channels destabilize the inactivated state of
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Figure 1

Inherited mutations alter ion channel function and structure and cause
human disease. Mutations may alter the permeation pathway (A)
to inhibit the movement of ions through an open channel pore and
may also alter ion channel gating by changing either the process by
which channels open (activate) (B) or the process by which they inac-
tivate (C). Transitions from the open to the inactivated state reduce
the number of channels that are available to conduct ions. Mutations
that destabilize the inactivated, nonconducting state of the channel
are gain-of-function mutations and are common to diverse diseases,
including LQTS, certain forms of epilepsy, and muscle disorders such
as hyperkalemic paralysis.

the channel such that inactivation may be slowed or incomplete.
This results in hyperexcitability, repetitive muscle stimulation, and
fatigue (19). A critical discussion of muscle channelopathies that
may be caused by mutations in other ion channel genes, by anti-
bodies directed against ion channel proteins, or by changes of cell
homeostasis leading to aberrant splicing of ion channel RNA or to
disturbances of modification and localization of channel proteins
is also presented (19).

The importance of mutation-altered sodium channel inactiva-
tion to human disease is further explored by Meisler and Kearney
(20), who present a detailed discussion of the roles of sodium chan-
nel mutations in epilepsy and other seizure disorders. They point
out that since the first mutations of the neuronal sodium chan-
nel SCNIA were identified 5 years ago, more than 150 mutations
have been described in patients with epilepsy, and they suggest
that sodium channel mutations may be significant factors in the
etiology of numerous neurological diseases and may contribute
to psychiatric disorders as well. Interestingly, mutations related
to epilepsy predominantly affect sodium channel inactivation. In
these cases, defective inactivation of the channels could contrib-
ute to hyperexcitability. Thus similar channel mutations may have
diverse and markedly different clinical consequences depending
on the tissue in which the channel is expressed.

Long QT syndrome

Long QT syndrome (LQTS), a rare genetic disorder associated with
life-threatening arrhythmias, is next reviewed briefly by Moss and
Kass (21). LQTS investigations have provided fundamental new
insight into the molecular and genetic basis of electrical signaling
in the heart. To date, mutations in at least 8 different genes have
been associated with LQTS. The most prevalent LQTS genes code
for ion channel subunits, but regulatory proteins are also associat-
ed with this disorder. Though LQTS is caused by a diverse group of
genes, the common clinical phenotype is delayed ventricular repo-
larization, which, in most cases, is caused by mutation-induced
loss of potassium channel function or a gain of sodium channel
function. The mutation-altered channel function that underlies
LQTS is remarkably similar to altered channel function in epilepsy
and skeletal muscle disorders, and this similarity provides insight
into the physiologically essential balance of ion channel function
in diverse cells and tissue.

An important contribution of LQTS investigations discussed by
Moss and Kass has been the discovery not only of mutation-spe-
cific risk factors for different genetic variants of LQTS (22, 23) but
of mutation-specific therapeutic strategies to manage the disorder
(16, 24). Because the clinical phenotype, prolonged QT interval on
the ECG, is determined by routine noninvasive procedures, LQTS
Number 8 1987
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Table 1

Selected channelopathies reviewed in this series

Protein Gene Disease Functional defect Reference
Na,1.1 SCNTA Generalized epilepsy with febrile seizures plus (GEFS+) Hyperexcitability 12,20
Nay1.2 SCN2A Generalized epilepsy with febrile and afebrile seizures Hyperexcitability 12,20
Na,1.4 SCN4A Paramyotonia congenita, potassium-aggravated myotonia, Hyperexcitability 12,19, 20
hyperkalemic periodic paralysis
Na,1.5 SCN5A LQTS/Brugada syndrome Heart action potential 21
SCN1B SCN1B Generalized epilepsy with febrile seizures plus (GEFS+) Hyperexcitability 12,20
KCNQ1 KenQt Autosomal-dominant LQTS with deafness Heart action potential/inner ear K+ secretion 21
Autosomal-recessive LQTS Heart action potential
KCNH2 KCNHZ2 LQTS Heart action potential 21
Kir2.1 KCNJ2 LQTS with dysmorphic features Heart action potential 21
HERG KCNH2 Congenital and acquired LQTS Heart action potential and excessive 21,26
responses to drugs
Ankyrin-B ANKB LQTS Heart action potential 21
Ca,1.2 CACNA2 Timothy syndrome Multisystem disorders 21
Kir6.2 KCNJ11 Persistent hyperinsulinemic hypoglycemia of infancy Insulin hypersecretion 29
Diabetes mellitus Insulin hyposecretion
SUR1 SURT Persistent hyperinsulinemic hypoglycemia of infancy Insulin hyposecretion 29
SUR2 SUR2 Dilated cardiomyopathy Metabolic signaling 29
KCNE1 KCNET Autosomal-dominant LQTS with deafness Heart action potential 21
Autosomal-dominant LQTS Heart action potential
KCNE2 KCNE2 LQTS Heart action potential 21
CFTR ABCC7 Cystic fibrosis Epithelial transport defect 28
CIC-1 CLCNT Myotonia (autosomal-recessive or -dominant) Defective muscle repolarization 19, 28
CIC-5 CLCN5 Dent disease Defective endosome acidification 28
CIC-7 CLCN7 Osteopetrosis (recessive or dominant) Defective bone resorption 28
CIC-Kb CLCNKB Bartter syndrome type Ill Renal salt loss 28
RyR1 RyR1 Central core disease, malignant hyperthermia Abnormal muscle activity 19,27
RyR2 RyR2 Catecholaminergic polymorphic tachycardia Exercise-related cardiac arrhythmias 27

has led to fundamentally novel understanding of the processes
that control and regulate electrical activity in the heart.
Drug-induced QT prolongation defines “acquired” LQTS (25).
Though, by definition, this disorder is not due to mutation-
induced QT prolongation due directly to changes in ion channel
gene products, considerable evidence indicates that, in many cases,
variations in ion channel genes that are not sufficiently severe to
be classified as mutations, but instead are referred to as polymor-
phisms, may contribute to unique drug responses in carriers of’
these gene variants. Drug-induced QT prolongation, so-called
acquired LQTS, is reviewed by Roden and Viswanathan (26).

lon channels in cellular organelles

and nonexcitable cells

Ion channels expressed in plasma membranes affect cellular excit-
ability in nerve and muscle, but expression of ion channels in non-
excitable cells and membranes of intracellular organelles such as
the sarcoplasmic reticulum, Iysosomes, and mitochondria confers a
broad range of functional roles to these important proteins. Muta-
tions in channels responsible for the control of intracellular calci-
um release from the principal intracellular calcium store in muscle,
the sarcoplasmic reticulum, have only recently been discovered to
underlie a class of intracellular calcium-dependent arrhythmias
and disorders. Priori and Napolitano review the current knowledge
about the mutations of the gene encoding the cardiac ryanodine
receptor (RyR2) that cause cardiac arrhythmias (27). These authors
discuss the similarities between the mutations identified in genes
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coding for calcium release channels (ryanodine receptors). In the
heart, mutations in the ryanodine receptor RyR2 cause cardiac
arrhythmias. In skeletal muscle, mutations in the ryanodine recep-
tor RyRI cause malignant hyperthermia and central core disease.

Finally, reviews by Jentsch et al. (28) and Ashcroft (29) concen-
trate on channelopathies in classically nonexcitable tissue. Jentsch
etal. (28) focus on diseases related to transepithelial transportand
on disorders involving vesicular Cl- channels. As is pointed out
in their review, the transport of anions across cellular membranes
is crucial for multiple physiological functions that include the
control of electrical excitability of muscle and nerve, transport of
salt and water across epithelia, and the regulation of cell volume
or the acidification and ionic homeostasis of intracellular organ-
elles. Consequently, mutations in Cl- channels are associated with
diverse human disease.

ATP-sensitive potassium (Karp) channels, so named because they
are inhibited by intracellular ATP, couple cell metabolism to elec-
trical activity of the plasma membrane. When intracellular ATP
concentrations fall, these channels open and hyperpolarize cells.
Conversely, when intracellular ATP concentrations are elevated,
Karp channels close, resulting in membrane depolarization. In
pancreatic f cells, membrane depolarization induced by closure of
these channels results in activation of voltage-dependent calcium
channels and, consequently, glucose-dependent insulin secre-
tion. Thus, Karp channels serve as targets for drugs that are used
to treat and control type 2 diabetes, such as the sulphonylureas.
The review by Ashcroft (29) highlights insulin secretory disorders,
Volume 115
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such as congenital hyperinsulinemia and neonatal diabetes, that
result from mutations in Kxrp channel genes and considers wheth-
er defective regulation of Karp channel activity contributes to the
etiology of type 2 diabetes.

Summary

The aim of this special JCI series on channelopathies is to review
selected disorders caused by mutations that result in defective ion
channel function, regulation, or expression. Together, this collec-
tion of articles illustrates the impact that investigation of these
diseases has had on our understanding of the mechanistic basis of
human disease, revealing critical roles of ion channel function in
physiological processes as diverse as muscle activation and regula-
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tion of insulin secretion. Remarkable conservation of the essential
function of ion channels emerges from this series of review articles
in this issue of the JCI — function that, when disrupted in neurons,
may cause epilepsy, but, when disrupted in the heart, causes fatal
cardiac arrhythmias. The lessons from these studies are dramatic
and clearly call for additional collaborative investigation in which
clinical and preclinical scientists, working together, continue to
unravel the molecular basis of diverse human disorders.
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