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Abstract

Objective: To review the structure and function of membrane ion channels with special emphasis on inherited nervous system channel

disorders or channelopathies.

Results: Channels are pores in the cell membrane. Through these pores ions ¯ow across the membrane and depolarize or hyperpolarize the

cell. Channels can be classi®ed into 3 types: non-gated, directly gated and second messenger gated channels. Among the important directly

gated channels are voltage gated (Na1, K1, Ca21, Cl2) and ligand gated (ACh, Glutamate, GABA, Glycine) channels. Channels are

macromolecular protein complexes within the lipid membrane. They are divided into distinct protein units called subunits. Each subunit

has a speci®c function and is encoded by a different gene. The following inherited channelopathies are described. (1) Sodium channelo-

pathies: familial generalized epilepsy with febrile seizures plus, hyperkalemic periodic paralysis, paramyotonias, hypokalemic periodic

paralysis; (2) potassium channelopathies: benign infantile epilepsy, episodic ataxia type 1; (3) calcium channelopathies: episodic ataxia type

2, spinocerebellar ataxia type 6, familial hemiplegic migraine, hypokalemic periodic paralysis, central core disease, malignant hyperthermia

syndrome, congenital stationary night blindness; (4) chloride channelopathies: myotonia congenitas; (5) ACh receptor channelopathies:

autosomal dominant frontal lobe nocturnal epilepsy, congenital myasthenic syndromes; (6) glycine receptor channelopathies: hyperekplexia.

Conclusions: Studies of human inherited channelopathies have clari®ed the functions of many ion channels. More than one gene may

regulate a function in a channel, thus different genetic mutations may manifest with the same disorder. The complex picture of the genetic and

molecular structures of channels will require frequent updates. q 2001 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Channelopathies; Ion channels; Congenital myasthenic syndrome; Epilepsy; Periodic paralysis; Hemiplegic migraine; Episodic ataxia; Central core

disease; Myotonia

1. Introduction

A better understanding of cell membrane structures and

channel functions has been achieved in recent years by 3

scienti®c advances, the patch-clamp technique, the use of

selective neurotoxins, and the cloning and sequencing of

genes. Channels are membranous structures formed by

aggregated proteins and contain aqueous central pores that

allow the passage of ions. Channels control the ¯ow of ions

in and out of the cell causing depolarization and hyperpo-

larization of the cell. The patch-clamp technique measures

the activity of a single ion directly by recording the current

¯ow through a single open channel (Neher and Sakmann,

1976; Owens and Kullberg, 1989). Neurotoxins selectively

inactivate different sites of the ion channel thus allowing

both the identi®cation of channel components and the deter-

mination of their functions (Hille and Catterall, 1999). The

protein aggregates that form the channels are encoded by

different genes and the genes for many of these channels

have been cloned and their structures identi®ed (Fontaine et

al., 1997; Mody, 1998; Hille and Catterall, 1999; Barchi,

1999). In this review we will describe the structures of the

various membrane channels, discuss their physiology, and

then review the effects of channel disorders as causative

agents for diseases of the nervous system.

2. Ion channels

Ion channels are fundamental in membrane potential

generation. They either produce action potentials or graded

potentials, the base for communication among neurons.

During excitation some channels open, others close and

ions move through the membrane producing potential

changes. The changes in membrane potential generate either

`all or none' action potentials or graded potentials causing

an increase or decrease in cell membrane polarization.

Channels have speci®c properties as summarized by Siegel-

baum and Koester (2000): `(1) they conduct ions; (2) they
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recognize and select among speci®c ions, and (3) they open

and close in response to speci®c electrical, mechanical or

chemical signals.' The resting membrane potential as well

as the activation of the membrane potential depends on a

variety of ion channels and other membrane transporters.

Channels are widely distributed in the nervous system and

are present in the cell soma, dendrites, axons and at the

synapses (Koester, 2000a). In the muscles they are present

both at the neuromuscular junction and in the muscle

membrane (Aidley and Stan®eld, 1996). The number and

the type of channels differ in relation to the cell type and its

location (Hille and Catterall, 1999). In the axons the major-

ity of ion channels are Na1 and K1 channels, in myelinated

®bers there is a high concentration of Na1 channels in the

node of Ranvier, and in the neuromuscular junction there is

a high concentration of nicotinic ACh ligand-gated chan-

nels. Cl2 channels are particularly important in muscle cells

where they account for 70% of the resting membrane

conductance (Davis and Hanna, 1999).

Several types of channels have been identi®ed in cells

membranes (Table 1): non-gated, directly gated and second

messenger gated channels. Non-gated channels open or
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Table 1

Nervous system channels

Channel type Ions involved Effector mechanism

Non-gated channels

Na1 Na1 Concentration gradienta

K1 K1 Concentration gradienta

Cl2 Cl2 Concentration gradient

Directly gated channels

Voltage-gated

Na1 Na1 Membrane electrical ®elds

K1 K1 Membrane electrical ®elds

Ca21 Ca21 Membrane electrical ®elds

Cl2 Cl2 Membrane electrical ®elds

Ligand-gated

ACh Transmitter binding

Nicotinic Na1, K1, Ca21 Nicotinic ACh binding

Glutamate Transmitter binding

NMDA Na1, Ca21, Mg21 Glutamate bindings

AMPA Na1, Ca21 Glutamate bindings

KA ? Glutamate bindings

GABA Transmitter binding

GABAA Cl2 GABA binding

GABAB Cl2 GABA binding

Glycine Transmitter binding

GLRA1 Cl2 Glycine binding

GLRA2 Cl2 Glycine binding

GLRA3 Cl2 Glycine binding

Cyclic nucleotide-gated Cyclic nucleotide binding

cGMP (retinal) Na1, K1 Light activated the cGMP that directly affect the Na1 channel

cGMP, cAMP Na1, K1, Ca21 Direct activation of channel by cGMP or cAMP

Proton-gated

ASIC alpha Na1 Low pH

ASIC beta Na1 Low pH

DRASIC Na1, Ca21 Low pH

MDEG-1 ? Low pH

Capsaicin ? Heat, low pH

Mechanically-gated Na1, Cl2 Mechanical pressure or stretch

Second messenger gated Transmitter bindings and secondary ion channel activation by

phosphorylation, or via cAMP, cGMP

G-protein receptor Na1, K1, Ca21

Muscarinic Ach receptorb K1 Via GTP proteins regulates K1 channels

Serotonin receptor K1 Via cAMP, protein kinase, phosphorylation, followed by

closure K1 channel

Alpha1D adrenergic receptor Ca21 ?

a Sodium potassium pump balances the passive ¯ux of Na1 and K1 by active transport against the gradient via ATP.
b Most muscarinic receptors are activated via the interaction of the receptor with a G-protein with either inhibition of adenylyl cyclase or stimulation of

phospholipase C, and less frequently via regulation of potassium channels.



close in relation to simple ion concentration gradients,

whereas gated channels require a `key' to open the gate of

the channel. Opening and closing of channels involves

conformational changes of the channel. Only some of the

conformational changes are understood. Siegelbaum and

Kooester (2000) propose 3 physical models for the opening

and closing of the channels, a localized change in one region

of the channel, a general structural change involving the

length of the channel and a blocking particle that swings

into and out of the channel mouth.

The channels are macromolecular protein complexes

within the lipid membrane. Structurally they are often

divided into distinct protein units called channel subunits.

Each subunit has a different function and is encoded by

different genes (Hille and Catterall, 1999). Most of the chan-

nels contain a principal subunit and 3±4 auxiliary subunits

(Fontaine et al., 1997; Hille and Catterall, 1999). The prin-

cipal subunit in the voltage-gated channels is the a subunit

and is capable of carrying out the functions of the channels

(Fig. 1). In Na1, K1 and Ca21 channels the principal subunit

is functionally independent whereas the auxiliary subunits,

according to Hille and Catterall (1999) `improve expression

and modulate physiological properties'. Recently Doyle et

al. (1998), using high-resolution X-ray crystallography,

have visualized the K1 channel. The channel is formed by

4 polypeptide subunits arranged symmetrically around the

central pore.

Ion channels often undergo 3 states: open, and two closed

states, resting closed and inactivated closed. Fig. 1 shows a

cartoon of the Na1 channel and its two gates, the activation

and the inactivation gate.

The gate may be activated by a variety of mechanisms
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Fig. 1. (Upper) Three-dimensional model of the sodium channel in the resting closed, open and inactivated state. The subunits of the Na1 channel are composed

of 4 common repeated domains. Only 3 domains are shown here to visualize the pore. The central pore is surrounded by the 4 repeated domains. Each of the 4

domains is constituted by 6 cylinders, which represent the 6 a-helices. In the ®gure one of the cylinders is removed to show the positively charged S4 helix.

When the cell is depolarized the change in the electrical ®eld drives the S4 region towards the extracellular part of the membrane thus opening the activation

gate. (Lower) Cartoon of the sodium channel alpha subunit. It contains 4 repeat domains. Each domain contains 6 transmembrane alpha helical segments. The

4th segment (drawn darker) is the voltage sensor for the channel. A stretch of amino acids, the P region between alpha helices 5 and 6 forms a loop that dips into

the membrane. Most mutations are located in domains 3 and 4.



including voltage, mechanical changes, pH changes, and

binding of ligands such as neurotransmitters, or indirectly

by activation of the second messenger system. Thus gated-

channels have been classi®ed by the mechanisms of their

activation: voltage-gated, ligand-gated, proton-gated, etc.

Channels tend to be preferentially permeable to speci®c

ions: sodium, potassium, chloride and calcium. Although

other ion channels have been identi®ed such as hydrogen,

etc. we will limit our review to Na1, K1, Cl2, and Ca21 ions.

Non-gated channels are channels that allow the ¯ux of

ions by the mechanism of concentration gradient. The ¯ux

of ions is passive and involves Na1 and K1 with K1 going

out of the cell and Na1 entering the cell. The membrane

potential can be calculated with the Nernst equation

(Koester, 2000a,b). This tendency of K1 to ef¯ux and

Na1 to in¯ux the cell is balanced by the Na1±K1 pump

that actively moves the two ions against their electrochemi-

cal gradient using energy from the hydrolysis of ATP. Non-

gated channels include Na1 and K1 channels found in both

neurons and glial cells (Koester, 2000a,b). In resting

neurons the membrane potential is constant because the

ef̄ ux of K1 is balanced by the in¯ux of Na1 via non-

gated channels. When the cell is activated the excitatory

synaptic potential triggers the voltage-gated Na1 channel

to open causing an in¯ux of Na1 which is greater than the

K1 ef̄ ux. Voltage-gated Na1 and then K1 channels

mediate the depolarization and repolarization of the cell

following excitation.

As shown in Table 1 there are a large number of directly

gated channels that are activated by various mechanisms

and will be discussed brie¯y.

Voltage-gated channels are channels whose conductance

is affected by changes in membrane potentials. These chan-

nels have voltage sensors sensitive to membrane electrical

®elds. These sensors will trigger conformational changes

effectively opening or closing the gates that determine the

permeability of the channel. The voltage-gated family

includes Na1, K1, Ca21, Cl2 channels. The nervous system

contains a great variety of voltage-gated channels. At least 4

variants of K1 channels have been described in neurons. We

know that there are 10 types of Na1 and 3 types of Ca21

voltage-gated channels (Koester, 2000a,b). Additional types

may be identi®ed in the future.

Proton-gated channels are sensitive to pH changes. The

activating mechanism of these channels is a low pH. Three

proton-gated channels have been cloned: dorsal root acidic

sensing channel (DRASIC), acidic sensing ion channel

(ASIC) and mammalian degenerin homologue (MDEG-1).

Changes toward low pH will open the channel gate to Na1,

and in DRASIC also to Ca21. These channels are widely

distributed in the nervous tissue (Meyer et al., 2000; Chen et

al., 1998; Babinski et al., 1999). ASICs have two variants:

ASIC-alpha and ASIC-beta. ASIC-beta is expressed exclu-

sively in sensory neurons (Chen et al., 1998). The function

of these channels is not known, although their preponderant

expression in sensory neurons suggests a role in sensory

transduction and nociception. Recently a vanilloid-activated

cation channel has been identi®ed and cloned in mice

(Caterina et al., 2000). This channel, named capsaicin

receptor, is present in small and medium neurons of dorsal

roots, trigeminal and other sensory ganglia. It is part of the

pain pathway and it responds to heat, cold and acid. Its

relationship to proton-gated channels is uncertain. Whether

these channels represent a separate ion channel family or a

subset of the proton family is not clear. Mice lacking capsai-

cin receptors do not respond to heat or vanilloid-pain

evoked stimuli, but react normally to mechanical nocicep-

tive stimuli (Caterina et al., 2000).

Ligand-gated channels are ion channels whose change in

conductance is regulated by its binding to a neurotransmitter

or other chemical structure. The neurotransmitter-known

ligands activating these channels are: glutamate, glycine,

GABA, and ACh. The complexity of ligand-gated channels

is not completely known. The most studied is the nicotinic

ACh receptor channel at the neuromuscular junction. As

shown in Fig. 2 the receptor is an intrinsic membrane

protein with 5 distinct subunits (alpha to gamma). In the

muscle the a subunit is expressed in two copies. Each subu-

nit contains 4 alpha helical domains labeled M1 to M4. The

M2 domain forms the channel pore. The amino acids in the

outer and inner boundaries of the M2 domain are negatively

charged constituting a selective ®lter for cations. In contrast

to voltage-gated channels that are allowing either Na1 or

K1 in¯ux, the ACh receptor as it opens becomes permeable

to Na1, K1 and Ca21 (Hille and Catterall, 1999; Kandell and

Siegelbaum, 2000). The muscarinic ACh channel is not a

directly gated channel but operates via activation of the G-

protein receptor and will be discussed later.

Glutamate receptors are present in the nervous system in

two forms: the ionotropic and the metabotropic forms. The

metabotropic receptor belongs to the family of G-protein-

coupled receptors and will not be discussed here. The iono-

tropic glutamate receptor channels are further subdivided

into NMDA, AMPA/KA and KA (Kainic) receptor chan-

nels. GABA receptors are subdivided into two classes:

GABAA and GABAB. The GABAA receptor consists of 5

subunits. There are differences in the combination of subu-

nits in the various species and in the different brain regions.

Less is understood about the GABAB receptor. As the trans-

mitter binds to the receptor (two binding sites need to be

activated in the GABAA receptor) the channel opens and

allows the ¯ux of chlorides (Cl2) into the cell. Glycine-

gated channels are similarly Cl2 channels. Both GABA

and Glycine are inhibitory ion channels.

Ligands can also be other chemical structures such as

cyclic nucleotides. Channels responding to such signals

are named cyclic nucleotide-gated (CNG) channels. The

cyclic nucleotide binds directly to the channel and activates

it. cGMP and cAMP channels have been identi®ed both in

the retina and olfactory bulb. In the retina the cGMP is

activated by light causing the channel to close and hyperpo-

larize the photoreceptor. Darkness in contrast opens the

G.G. Celesia / Clinical Neurophysiology 112 (2001) 2±18 5



channel to the in¯ux of Na1 ions and thus depolarizes the

photoreceptors (Dzeja et al., 1999; Tessier-Lavigne, 1999).

In the olfactory epithelium 3 molecules of cAMP activate

the CNG channel. The channel opens and an in¯ux of Na1

and Ca21 cations enter the neuron leading to a depolariza-

tion of the cell (Komatsu et al., 1999; Firestein et al., 1999).

Mechanically-gated channels are channels that are acti-

vated by pressure or stretching. They have been found in

sensory and motor neurons (Tavernarakis et al., 1997;

Zhang et al., 2000). Walker et al. (2000) have cloned an

ion channel from the neurons of the sensory bristle of the

fruit ¯y and have demonstrated that movements of the bris-

tles are converted into electrical impulses. They also

showed that mutation of the receptor virtually abolished

mechano-induced sensory signaling. They further suggest

that the fruit ¯y bristles are good models for the hair cells

of the human ear. This study may lead to a better under-

standing of inherited sensory-neural deafness.

Second messenger-gated channels are channels which

may open or close by indirect intracellular action of second

messengers. For instance the muscarinic ACh receptor acti-

vates the membrane G-protein receptor and then the closure

of the K1 channel. The process in these systems consists of

two steps: ligand binding that initiates the chemical process

leading to the second step of gate control. The secondary ion

channel activation is via phosphorylation or via cAMP or

cGMP (Bevans et al., 1998). Examples of second messen-

ger-gated channels are the muscarinic ACh receptor, the

serotonin and the adrenergic receptors (Table 1).

As channels are made up of protein aggregates, the chan-

nel structure is determined by gene encoding of the various

proteins that make up the channel (Mody, 1998). Different

genes encode each protein subunit. Furthermore there are

several isoforms of a protein and each isoform is encoded by

another gene. We know of more than 50 genes encoding

channel subunits (Hille and Catterall, 1999). Gene muta-

tions can easily alter the structure of a given channel and

produce aberration in channel function. The elucidation of

the molecular structures and the genetic encoding of these

channels increase our understanding of their function and

their role in inherited diseases. As we further identify the

function of channel subunits we may be able to devise speci-

®c and novel targeted therapies.

3. Disorders of channel function or channelopathies

Channels have a fundamental role in neuronal signaling

thus channel dysfunction may result in a variety of neuro-

logical disorders that span from myopathies to epilepsy.

Disorders of channel function are called channelopathies

(Ashcroft, 1999; Ptacek, 1998, 1999; Davis and Hanna,

1999; Lehmann-Horn and Jurkat-Rott, 1999; Mody, 1998;

Fontaine et al., 1997). Various pathological processes can

affect channel function including autoimmune, toxic and

genetic causes. Among the acquired channelopathies the

most common are disorders of the nicotinic ACh receptor.

The prototype is myasthenia gravis, an autoimmune disor-

der where antibodies are targeted at the neuromuscular junc-

tion nicotinic ACh receptor. Other autoimmune disorders

are Rasmussen's encephalitis and Isaac's syndrome.

Rasmussen's encephalitis is caused by antibodies against

the glutamate receptor GluR3 (Gibbs et al., 1998; Palmer

et al., 1999). Isaac's syndrome is a neuromytonia caused by

the presence of antibodies to peripheral nerve potassium

channels (Hart et al., 1997). Toxins can also selectively
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Fig. 2. Three dimensional model of the muscle nicotinic ACh receptor. On the left the 5 subunits are shown, while on the right the receptor is cut and the g or e

subunit removed to show the internal channel. Note the gating region deep in the bilayer membrane region. The a-helical domains and the receptor sites are

shown. Note that the g subunit present in the human fetus is then replaced in the adult by the e subunit.



affect various channels; for example the snake venom alpha-

bungarotoxin blocks the nicotinic ACh receptor, whereas

the scorpion venom toxin blocks the voltage sensor of the

Na1 channel. Similarly drugs have been developed to block

the functions of speci®c channels. For example, 4-amino-

pyridine blocks the K1 channel and curare blocks the nico-

tinic ACh receptor at the neuromuscular junction.

In this review we will discuss only inherited channelopa-

thies affecting the nervous system. There is as yet no consen-

sus in the classi®cation of channelopathies thus we classi®ed

these disorders in relation to the channel involved (Table 2).

A characteristic of channel disorders is the intermittent

nature of the patient symptoms. Why are these disorders

episodic? Ptacek (1999) suggests that the mutation causing

inherited channelopathies produces `changes in membrane

excitability' that `can predispose to episodic disorders in

excitable tissues'. He further proposes that signi®cant muta-

tions may have profound consequences on membrane excit-

ability resulting in `a lethal phenotype' (Ptacek, 1999). This

would explain why we do not have channel disorders that

manifest with progressive unremitting neurological de®cits.

There are several basic principles that apply to disorder of

channel function. They are: location selectivity, channel

interdependency, genetic heterogeneity and phenotype

heterogeneity principles.

3.1. Location selectivity principle

The anatomical location of speci®c channel types deter-

mines their function. The composition of the subunit of a

speci®c channel type differs in different locations of the

brain and nervous system. Different genes encode speci®c

channels based on their anatomical location and their subu-

nit structure. For example, nicotinic ACh receptor channels

in the frontal lobe are structurally and functionally different

from the nicotinic ACh receptor channels at the neuromus-

cular junction. Frontal lobe ACh receptors are not blocked

by curare in contrast to the neuromuscular ACh receptors.

Furthermore, these two different types of channels are

encoded by different genes (see Table 2). Gene mutations

of a speci®c channel, therefore, may cause very diverse

disorders in relation to the location of the channel affected.

For instance a mutation in gene SCN1B produces a disrup-

tion in the central nervous Na1 channel and causes febrile

seizures, whereas a mutation of the gene SCN4A causes

disruption of the function of the muscle Na1 channel result-

ing in hyperkalemic periodic paralysis.

3.2. Channel interdependency

The normal excitability of neuronal and muscle

membranes requires the integrated function of many ion

channels. We know for instance that action potentials in

neuronal membranes result from the rapid increase in Na1

conductance via Na1 channels, whereas activation of the

K1 channel assists in membrane repolarization. Both chan-

nels are required to maintain normal membrane function.

Similarly a second messenger channel can secondarily acti-

vate a voltage-gated channel. Thus it is possible to predict

that malfunctions of different channels may result in similar,

if not identical, clinical epiphenomena.

3.3. Genetic heterogeneity principle

Some functions may be regulated by more than one gene,

thus different genetic mutations may result in the same

disease phenotype. This is exempli®ed by at least 56 muta-

tions causing congenital myasthenic syndromes. Although

the channel dysfunction may have different mechanisms, the

®nal disorder remains a dysfunction of the neuromuscular

junction. In some cases the genetic heterogeneity may be

related to different isoforms of protein subunits of a channel.

We know that different genes encode different isoforms of

the a subunit of the Na1 channel. In most instances,

however, the heterogeneity is related to allelic variants.

Two copies of one gene are called alleles; if the two alleles

are identical we use the term `homozygous' for that locus.

Most of the alleles vary in their nucleotide sequence. In

genetic disorders, mutation of one allele may be due to

different changes in the nucleotide sequence all producing

the same defect. For instance mutations in gene locus

SCN4A may be due to a substitution of threonine residue

with methionine at codon 704 (SCN4A, THR704MET) or

substitution of valine for methionine at codon 1592

(SCN4A, MET1592VAL). Both of these two allelic variants

cause the same disorder of the sodium channel: hyperkale-

mic periodic paralysis. In summary different genetic muta-

tions may cause the same phenotype.

3.4. Phenotype heterogeneity principle

Similar genetic mutations will cause different pheno-

types. For example similar mutations in the same muscle

Na1 channel results in either hyperkalemic periodic paraly-

sis or paramyotonia congenital (Fig. 1) or other myotonic

disorders (Table 2).

Griggs and Ptacek (1999) have pointed out that different

portions of an ion channel have different functions thus the

site of the mutation on the same gene `will determine the

nature of the physiological defect'.

Mutations in the protein produce a defective protein that

causes channel dysfunction. Three physiological mechan-

isms have been described (Ashcroft, 1999; Lehmann-Horn

and Jurkat-Rott, 1999) in malfunctioning channels:

1. Gain of function: the ion channel increases its function,

e.g. in slow-channel congenital myasthenic syndrome,

mutations in AChR subunits increase the response to

ACh resulting in delayed channel closure and increased

af®nity of AChR for ACh.

2. Loss of function: the altered protein interferes with normal

channel and cell function, e.g. in fast-channel congenital

myasthenic syndrome, the mutations cause a decrease in

synaptic response which results in brief activation

G.G. Celesia / Clinical Neurophysiology 112 (2001) 2±18 7
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episodes and reduces the probability of channel opening.

3. Dominant negative effects: the altered protein interferes

with the activity of the normal protein, e.g. in spinocere-

bellar ataxia, mutations in the 1a subunit interfere with the

assembly of P/Q channels (Ashcroft, 1999).

A brief description of the various genetic channelopathies

will follow.

4. Sodium channelopathies

Sodium channelopathies are disorders of the Na1 channel

that includes a variety of diseases: generalized epilepsy with

febrile seizures plus, hyperkalemic periodic paralysis, para-

myotonia congenita, potassium aggravated myotonia, and

hypokalemic periodic paralysis (Table 2). So far there are

23 described missense mutations in the Na1 muscle channel

affecting the alpha subunit (Bulman et al., 1999).

Generalized epilepsy with febrile seizures plus (GEFS1)

is a syndrome of febrile seizures occurring in families and

has an autosomal dominant inheritance (Singh et al., 1999).

The syndrome is characterized by febrile seizures that may

persist after 6 year of age or be associated with generalized

seizures not precipitated by fever. GEFS1 is a classic exam-

ple of genetic heterogeneity with so far at least 4 mutations

in different gene loci producing the same phenotype

(Nakayama et al., 2000; Pfeiffer et al., 1999; Wallace et

al., 1998; Baulac et al., 1999; Singh et al., 1999). Wallace

et al. (1998) have identi®ed a family in Australia with a

dominant inheritance and determined, by linkage analysis,

that the affected gene map locus was in the region of

19q13.1 with a mutation in gene SCN1B affecting the

Na1 channel. They elegantly demonstrated in Xenopus

laevis oocytes that this mutation interferes with the ability

of the channel b-1 subunit to modulate gating kinetics,

possibly leading to membrane hyper-excitability.

Baulac et al. (1999) describe a family with GEFS1 and

found the abnormality of the gene map locus on chromo-

some 2q21-q33. Escayg et al. (2000) identi®ed two muta-

tions in two separate families affecting the SCN1A gene on

locus 2q24. Another family with GEFS1 was found in Utah

and mapped to chromosome 2q23-24 (Pfeiffer et al. 1999).

These genes encode different isoforms of the a subunit of

the sodium channel. Other families have been studied and as

shown in Table 2 other gene loci have been detected. There

are other families with GEFS1 that may have as yet not

identi®ed genetic abnormalities.

Hyperkalemic periodic paralysis is an inherited disorder

due to mutations in the sodium channel gene SCN4A

(George et al., 1991). Patients with this disorder suffer

from recurrent attacks of muscle weakness. The weakness

can be precipitated by administering potassium and often

alleviated by administering calcium. Progressive muscle

weakness has also been described. There are close links

between this disorder and paramyotonia congenita. Ptacek

et al. (1991), and McClatchey et al. (1992) suggest that the

two diseases are allelic disorders.

Paramyotonia congenita is characterized by myotonia

that increases by exposure to cold and by occasional

episodes of ¯accid paresis. McClatchey et al. (1992) iden-

ti®ed two point mutations in the SCN4A gene. They

suggested that the mutation leads to a substitution of valine

for glycine in the sodium channel. The glycine-glycine pair

present in a normal sodium channel is then substituted by

the valine. The valine is more rigid than glycine thus stif-

fening the domain. At normal temperature the channel

functions normally but a minor drop in temperature inter-

feres with the movement of the protein loop resulting in an

abnormal sodium ¯ux. Hayward et al. (1999) have shown

in an elegant set of experiments that missense mutations of

muscle sodium channels in hyperkalemic periodic paraly-

sis, paramyotonia congenita and potassium-aggravated

myotonia cause `gain-of-function defects in the channel'.

In their electrophysiological studies they showed that the

mutation impairs the Na1 channel slow inactivation (Fig.

3) causing an `aberrant depolarized shift in the resting

potential that renders the muscle electrically inexcitable

and results in ¯accid paralysis' (Hayward et al., 1999).

They further showed that different mutations in the

SCN4A gene may results in different clinical disorders.

G.G. Celesia / Clinical Neurophysiology 112 (2001) 2±1810

Fig. 3. Slow inactivation is impaired by mutations associated with periodic

paralysis (T704M, M1592V) or cold induced weakness (I693T). The

kinetics of recovery from inactivation following 30 ms or 30 s conditioning

pulsing to 210 mV for wild-type (WT) and mutant channels are shown.

Relative current is the amplitude of the peak Na current elicited after the

recovery period, divided by the maximal peak Na current measured at the

start of the conditioning pulse. The dashed line shows a time constant of ,7

ms for recovery from fast inactivation for WT channels. The V1589M and

A1156T channels exhibited accelerated recovery from fast inactivation

(data from 30-ms conditioning pulse, left) but normal slow inactivation

(SI) (data from 30-s pulses, right). The I693T, T704M and M1592V chan-

nels had normal recovery from fast activation but accelerated recovery from

SI, implying destabilization of the low-inactivated state. Open symbols

depict mutations from which paralytic weakness is a prominent clinical

®nding. (Reprinted with permission from Hayward et al., 1999).



A persistent current of sodium into the cell produces a

sequential depolarization that will be manifested by

sustained muscle contraction or myotonia (Davis and

Hanna, 1999). There are various allelic varieties of both

hyperkalemic periodic paralysis and paramyotonia conge-

nita (see Table 2).

Hypokalemic periodic paralysis is an autosomal domi-

nant disease, usually affecting the function of the calcium

channel. However, Bulman et al. (1999) have described a

family with this disorder that had an abnormality of the a-1

Na1 channel subunit producing an alteration of the `outer-

most positive charge in the membrane spanning segments

DII/S4, which is involved in voltage sensing' (Bulman et al.,

1999). Hypokalemic periodic paralysis is a prototype of

genetic heterogeneity and although caused most often by a

Ca21 channel dysfunction, it can also be caused by a Na1

channel abnormality.

5. Potassium channelopathies

Disorders of the potassium channels have been identi®ed

in two diseases: benign familial neonatal convulsions and

episodic ataxia type 1.

Benign familial neonatal convulsions (benign infantile

epilepsy) are characterized by neonatal convulsions that

clear spontaneously after a few weeks. Seizures onset occurs

on day 3 in 42% of cases followed by complete remission

during the ®rst 6 weeks of the newborn life. The neonate

will have subsequent normal development. This disorder

shows autosomal dominant inheritance. As shown in

Table 1, the disease is caused by mutations in two

voltage-gated K channel genes KCNQ2 or KCNQ3 (Bievert

et al., 1998; Charlier et al., 1998; Singh et al., 1998; Lerche

et al., 1999). Bievert et al. (1998) have shown that a

decreased potassium current impairing repolarization of

the cell membrane causes convulsions in this disorder.

They postulate that the decreased current results in hyper-

excitability of the central nervous system neurons.

Why are seizures in this entity only seen in the neonatal

period and why do the seizures remit after a few weeks?

Lerche et al. (1999) suggest two possible explanations: (1)

the brain is more likely to develop seizures in premature

state than later in life; (2) differential expression of K1

channels during maturation. They further suggest that

KCNQ channels may play a dominant role during the ®rst

weeks of life or KCNQ may be up-regulated during this

period or other K1 voltage-gated channels have not reached

their full expression level (Lerche et al., 1999).

Episodic ataxia type 1 is an autosomal dominant inherited

disorder characterized by episodes of paroxysmal cerebellar

ataxia and is often associated with myokymia. The disorder

has been located to chromosome 12p13 and attributed to

mutation of the potassium channel gene KCNA1 (Browne

et al., 1994; Brandt and Strupp, 1994). There are many

allelic variants of this disorder, as shown in Table 2.

6. Calcium channelopathies

Ca21 channels have many functions: they mediate the

entry of Ca21 ions into excitable cells and are involved in

muscle contraction, and hormone and neurotransmitter

release by a variety of calcium directed processes. Ca21

channels are heterogeneous both in function and structure.

Each channel type has been cloned (Putney, 1999). Each

channel consists of a major pore-forming a-1 subunit and

other auxiliary subunits. The subunits include beta, alpha-2,

delta and gamma subunits (De Waard et al., 1996). Based on

the pharmacological and biophysical properties Ca21 chan-

nels have been classi®ed as L-, N-, T-, P-, Q- and R- types

(Catterall, 1996). The major a-1 subunit has at least 6

isoforms (Dunlap et al., 1995). An important skeletal

muscle Ca21 channel is located in the muscle sarcoplasmic

reticulum, the ryanodine receptor (RYR) and is coupled in

the t-tubule membrane. This arrangement permits the rapid

release of stored Ca21 when the action potential reaches the

tubule (Putney, 1999).

Calcium channelopathies are thus very variable and

include at least 7 disorders varying from retinal abnormalities

to migraine (see Table 2). Genetic heterogeneity has been

demonstrated in various calcium disorders (for example, see

the susceptibility to malignant hyperthermia syndrome) thus

different families may have different mutations causing the

same disorder (Fagerlund et al., 1994; Plassart et al., 1994;

Moleshi et al., 1998; Ptacek, 1998). Table 2 will became

more complex as new mutations are identi®ed.

Familial hemiplegic migraine (FHM) is an autosomal

dominant disorder characterized by migraine often asso-

ciated with motor weakness. The weakness consists of

hemiplegia occasionally associated with some impairment

of consciousness. At least 4 allelic forms of FHM are

known: ARG192GLN, THR666MET, VAL714ALA,

ILE1811LEU (Table 2).

Episodic ataxia type 2 (EA2) is an inherited disorder

characterized by episodes of paroxysmal cerebellar ataxia

often associated with nystagmus and showing a bene®cial

response to acetazolamide. The disorder is localized to chro-

mosome 19p13.1. The following allelic forms of EA2 have

been identi®ed: 1-BP DEL-4073C, IVS24DS-G-A 1 1,

ARG1666HIS, (CAG)n expansion. Spinocerebellar ataxia

type 6 is an autosomal dominant disorder characterized by

progressive ataxia of all extremities, dysarthria, nystagmus

and impairment of vibratory and position sense. The disease

progresses over 10-30-years leading to severe impairment of

gait. The disorder is caused by expansion of CAG repeat in

the coding region of one isoform of the alpha 1A Ca21

channel subunit (Takahashi et al., 1998; Jodice et al.,

1997; Ishikawa et al., 1999) or by a replacement of a glycine

by an arginine (Yue et al., 1997).

Of particular interest is the linkage between these 3 differ-

ent hereditary disorders. It has been shown that familial

hemiplegic migraine and episodic ataxia type 2 are both

caused by a mutation in the same gene CACNA1A (Ophoff
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et al., 1996). It is further known that some patients with

FHM also experience occasional episodes of ataxia during

an attack of migraine and some patients have cerebellar

ataxia (Tournier-Lasserve, 1999). Usually the CACNA1A

mutations are different for FHM and EA2, however Jen et al.

(1999) have shown in one family that truncating mutations

of the same gene CACNA1A may in some EA2 patients

cause paroxysmal episodes of ataxia and transient hemiple-

gia. One patient also had migraine headaches. Fontaine et al.

(1997) suggest that EA2 is due to loss of function mutation

whereas FHM is caused by a gain of function mutation.

Hans et al. (1999) introduced 4 missense mutations (respon-

sible for FHM) into the human a-1A-2 subunits and inves-

tigated their functional dysfunction in vivo in human

embryonic renal cells. They recorded single-channel and

whole-cell patch clamp potentials and noted the effects of

various mutations. Mutation R192Q increased the density of

functional P/Q type channels and their probability of being

open. Other mutations had different effects: some increased

the channel conductance others decreased the rate of recov-

ery from inactivation. They concluded that FHM mutations

might lead to either gain or loss of function of human P/Q-

type calcium channels. Hans et al. (1999) demonstrated that

different mutations in the a 1A calcium channel subunit

produces different changes in the channel conductance.

Mutation T666M in the pore loop of domain II decreased

the density of functional channels and their conductance.

Other mutations affected the rate of recovery from inactiva-

tion. Phenotypic variety may therefore be multifactorial

including allelic variants, genetic polymorphism elsewhere

in the gene or at other channel loci, resulting in a net effect

on the polarity of the membrane (Ophoff et al., 1996).

The question that remains unsolved is how various muta-

tions may lead to the same or different phenotypes. Is the

phenotype purely under genetic control or are environmen-

tal factors modifying the phenotype? Hopefully future

studies will clarify these issues.

Hypokalemic periodic paralysis is the most frequent

cause of periodic paralysis. It is an autosomal dominant

disorder with reduced penetrance in females. The classic

picture is weakness associated with low potassium serum

levels. The episodic attacks of weakness may be precipi-

tated by exercise or by high carbohydrate meals. In a

European pedigree Fontaine et al. (1994) localized the

genetic defect on chromosome 1q31-q32 and mapped the

locus at the CACNA1S. Ptacek et al. (1994) in a large

American family found the de®cit similarly related to muta-

tions in the gene CACNA1S. This is the gene encoding the

muscle dihydropyridine (DPH)-sensitive calcium channel

a-1 subunit.

Ptacek et al. (1994) found a substitution of an arginine by

a histidine at position 1239. Several allelic variants have

been identi®ed including ARG1239HIS, ARG1239GLY,

and ARG528HIS (Ptacek et al., 1994; Elbaz et al., 1995;

Boerman et al., 1995). Genetic heterogeneity is present in

hypokalemic periodic paralysis with other families having

different mutations including one pedigree with a mutation

causing a de®cit in the Na1 channel (Bulman et al., 1999).

Malignant hyperthermia syndrome is an autosomal domi-

nant inherited disorder characterized by a crisis when the

subject is exposed to the administration of inhalation anes-

thetics or muscle relaxants. The clinical picture is character-

ized by muscle rigidity, tachycardia, rising end tidal CO2,

unstable or raising blood pressure, lactic acidosis and fever.

The disorder is potentially lethal. As shown in Table 2, the

disorders are genetically heterogeneous affecting different

loci and different calcium receptor subunits (Fagerlund et

al., 1992; Moleshi et al., 1998; OMIM, 2000; Monnier et al.,

1997). Brandt et al. (1999) reports that 21 ryanodine recep-

tor (RYR1) mutations have been so far identi®ed in families

with malignant hyperthermia.

Central core disease is a myopathy that manifests in

infancy usually as a hypotonic or ¯oppy infant. The disorder

is autosomal dominant but with variable expression. Diag-

nosis is made by muscle biopsy showing characteristic

central core lesions. Central core disease is due to mutations

in the RYR1 calcium receptor and is occasionally associated

with malignant hyperthermia (Brandt et al., 1999; Lynch et

al., 1999; Phillips et al., 1996; O'Brien et al., 1995; Quane et

al., 1993).

Congenital stationary night blindness is a non-progres-

sive retinal disorder characterized by a decrease of visual

acuity and loss of night vision. The disorder is due to a

mutation in the retina-speci®c Ca21 channel alpha-1 subunit

gene (Bergen et al., 1996; Boycott et al., 1998). Multiple

mutations have been identi®ed in different families invol-

ving either Xp11.23, X21.1, 3p22-p21.3, or 4p16.3 gene loci

(Strom et al., 1998; Ngo et al., 1993; Dryja et al., 1996; Gal

et al., 1994).

6.1. Chloride channelopathies

Skeletal muscle excitability and particularly conductance

is regulated in part by the muscle chloride channel CLC-1.

Reduction in resting membrane conductance may cause

electrical instability and myotonia.

Mytonia congenita is a syndrome of muscular hypertro-

phy and myotonia and can be recessive or autosomal domi-

nant. The disorder is due to mutation in the skeletal muscle

chloride channel CLCN1 located on chromosome 7 (Fahlke

et al., 1997; Kubish et al., 1998; Papponen et al., 1999).

Several mutations have been described (see Table 2).

So far no other neurological diseases are known to be

associated with chloride channel abnormalities.

6.2. ACh receptor channelopathies

Nicotinic ACh receptors have distinct ligand properties in

the central nervous system neurons and in neuromuscular

junctions (Taylor and Brown, 1999). The central neuronal

nicotinic receptor mediates fast signal transmission at

synapses and is not blocked by bungaratoxin or other

snake venoms. Two major syndromes are caused by ACh
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receptor abnormalities: nocturnal frontal lobe epilepsy and

congenital myasthenic syndromes.

Autosomal dominant nocturnal frontal lobe epilepsy

(ADNFLE) is inherited epilepsy characterized by seizures

that occur exclusively in drowsiness or sleep. Video-EEG

monitoring has shown that these seizures occur in clusters

and they originate in the frontal region. The onset of the

seizures is usually in the ®rst or second decade. They persist

throughout adult life. Motor activity, moaning, shouting or

other psychomotor activity characterizes the seizures. Oldani

et al. (1998), however, reported a series of 40 patients and

stated that they presented `a wide clinical spectrum, ranging

from nocturnal enuresis to sleep-related violent behavior,

thus including all main features of the so-called `typical'

parasomnias'. A proper differential diagnosis between the

various entities will necessitate prolonged EEG/video moni-

toring and polysomnography. The disorders (Table 2) are

genetically heterogeneous affecting the a subunit nicotinic

ACh receptor channel. Two groups of investigators

(Bertrand et al., 1998; Figl et al., 1998) have shown in Xeno-

pus oocytes that mutations in the ACh receptor channel in¯u-

ence ACh responses. Figl et al. (1998) reported the following

effects: potentiation of the responses during a train of brief

100 nM ACh pulses, a delayed rise time of the ACh response,

and a reduced extracellular Ca21-induced increase in the

ACh response. These changes may trigger ADNFLE by

suddenly increasing ACh release. Bertrand et al. (1998)

noted that some mutations affect the desensitization proper-

ties of the receptor resulting in increased probability of

achieving an active state. This change in receptor property

may reduce the permeability to calcium thus resulting in

increased sensitivity that might produce ADNFLE. Kuryatov

et al. (1997) have shown that some of the mutations produced

faster desensitization, slower recovery from desensitization,

less inward recti®cation and poor Ca21 permeability (Fig. 4).

The result is a reduction of ACh receptor function. They

postulated that the ACh receptors are part of an inhibitory

circuit regulating the release of presynaptic GABA. The

reduction in ACh receptor function will result in hyperexcit-

ability causing epilepsy.
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Fig. 4. Functional differences between wild-type and mutant a4b2 AchRs. (Top) Use-dependent functional up-regulation of the responses mediated by mutant

a4b2 AchRs. (Left) Currents induced by the ®rst and ®fth application of 3 nM ACh are shown for oocytes expressing wild-type and mutant a4b2 AchRs.

Oocytes that did not have previous exposure to the agonists were held at 250 mV. ACh was applied at 2-min interval. (Right) Plot of the agonist response peak

amplitude on the initial 5 consecutive applications of 3 mV ACh on the oocytes expressing wild-type (open circles) or mutant a4b2 AchRs (®lled circles).

Currents were normalized to the peak amplitude of the ®rst response. (Bottom) S247F mutation causes signi®cant changes in the desensitization of the a4b2

and a4b2a5 AChRs. (Left) Comparison of the time course of the superimposed normalized averaged currents mediated by the wild-type (thin traces) and

mutant a4b2 AchRs (thick traces). (Right) Comparison of time course for the wild-type and mutant a4b2a5 AchRs. Averaged currents were obtained from 15

to 22 oocytes by normalizing to the same current amplitude. Oocytes were held at 250mV. Both perfusion and agonist solutions contained no Cl2 ions to

prevent contamination with endogenous Ca21-dependent Cl2 current. Oocytes were preincubated in Cl2-free media for 4±16 h. (Reprinted with permission

from Kuryatov et al., 1997).



Congenital myasthenic syndromes (CMS) are heteroge-

neous disorders with a similar clinical picture of respiratory

and feeding dif®culties at birth or ocular, bulbar symptoms

exacerbated by crying during the ®rst 2 years of life

(Nichols et al., 1999). In contrast to neonatal myasthenia

gravis that is caused by passive transfer of anti ACh receptor

antibodies to the fetus by a myasthenic mother, the mother

of CMS has no myasthenia. CMS have some characteristic

laboratory ®ndings: (1) repetitive motor nerve stimulation

shows a decrement in amplitude of the compound action

potential; (2) single ®ber EMG shows increased jitter and

blocking; (3) stimulation to a single supramaximal stimulus

induces repetitive motor evoked responses; (4) anti-AChR

antibodies are negative. These ®ndings suggest the diagno-

sis of CMS, but do not differentiate between the various

syndromes. The inheritance of CMS is either autosomal

recessive or autosomal dominant. CMS are heterogeneous

disorders caused by presynaptic, synaptic and postsynaptic

defects. Engel et al. (1999) proposes the following classi®-

cation of CMS: (1) presynaptic defects affecting the quan-

tity, the size or the speed of release of ACh quanta or their

packaging (Engel et al., 1990; Walls et al., 1993); (2) synap-

tic defects due to endplate acetylcholinesterase de®ciency

(Engel et al., 1977, 1999; Donger et al., 1998; Ohno et al.,

1998); (3) postsynaptic defects due to either kinetic abnorm-

alities of the ACh receptor or to AChR de®ciency. Changes

in the kinetic properties of the channel have been described

as CMS slow-channel syndrome, fast-channel syndrome

and mode-switching kinetic syndromes (Engel et al.,

1990, 1999; Croxen et al., 1997; Milone et al., 1998).

Presynaptic CMS. Engel's group has described (Engel

and Lambert, 1987; Mora et al., 1987) few infants with

CMS that had normal endplate morphology but a decreased

size of synaptic vesicles. Upon repeated nerve stimulation

these patients showed an increase in the size of the vesicles.

Mora et al. (1987) suggested that the increased size with

nerve stimulation indicated a defect in the vesicle metabo-

lism. The same group (Engel et al., 1990; Walls et al., 1993)

described patients with CMS caused by a paucity of synap-

tic vesicles and related reduced quanta release. These

authors showed, by microelectrode recording, a decrease

in the number of ACh quanta released by nerve stimulation.

Electron microscopy and labeled bungarotoxin binding

showed that the endplate was anatomically normal.

Synaptic CMS are related to end plate acetylcholinester-

ase (AChE) de®ciency (Table 2). Muscle histochemistry in

these patients shows an absence or decrease of acetylcholi-

nesterase at the end plate. This subset of myasthenia is due

to a genetic defect in the collagenic tail of endplate acetyl-

cholinesterase (COLQ). This collagenic tail attaches acet-

ylcholineterase to the basal lamina of the endplate (Engel et

al., 1998, 1999). The decreased AChE results in persistent

stimulation of the endplate causing a desensitization of the

AChR. Only 17 cases of this disorder have been described in

the literature (Ohno et al., 1998; Donger et al., 1998; Engel

et al., 1999).

Postsynaptic CMS are either related to abnormalities of

AChR kinetics or to AChR de®ciency (Engel et al., 1999).

The most frequent type of postsynaptic CMS is the slow-

channel syndrome. The slow-channel syndrome may mani-

fest later in life. The slow-channel syndrome is usually

characterized by limb weakness with little involvement

of the bulbar muscles (eye and oropharynx). The genetic

defect in slow-channel syndrome is caused by mutations of

the alpha, beta or epsilon subunits of the ACh receptor. The

complexity of genetic mutations is exempli®ed by a total of

56 mutations in the alpha-1, beta and epsilon AChR subu-

nits reported to cause similar but genetically distinctive

myasthenic syndromes (Croxen et al., 1997; Lindstrom,

1998; Nichols et al., 1999; Engel et al., 1999). It is now

possible to analyze the effect of these mutations (using

patch-clamping endplates of human intercostal muscles)

on the activity of single ACh receptor channels. Abnorm-

alities in AChR subunits in the slow-channel syndrome

prolong the activation of the receptor by either delaying

channel closure or increasing the af®nity of the receptor for

ACh (Engel et al., 1990; Milone et al., 1997; Croxen et al.,

1997; Middleton et al., 1999). Milone et al. (1997) suggest

that in the slow-channel myasthenic syndrome the neuro-

muscular transmission is compromised because there is: (1)

cation overloading leading to degenerating junctional folds

and loss of AChR; (2) an increased fraction of AChR is

desensitized in the resting state; (3) physiological rates of

stimulation elicit additional desensitization and depolariza-

tion block of transmission. In the fast channel syndrome,

the post-synaptic response to ACh is markedly reduced.

ACh induces short duration activation episodes (Engel et

al., 1990). The neuromuscular junction shows a reduced

ACh binding af®nity and a decreased desensitization by

ACh (Fig. 5). Anatomically the endplate and muscle are
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Fig. 5. CMS due to fast-channel mutations. Comparison of single channel

current from endplate potential and engineered eP121L AChRs. Clusters of

single-channel currents elicited by high concentrations of ACh are shown,

with opening upward de¯ections. Wild-type corresponds to the engineered

adult human AChR (a2bed) in the presence of 50 mV ACh, eP121L to the

engineered mutant AChR (a2bed P121L) in the presence of 200 mV ACh,

and endplate potential to the AChR at an endplate potential from patient 2

in the presence of 50 mV ACh. Note that ACh release causes abnormally

brief activation and channel opening in the mutants compared to the normal

control (wild-type). (Reprinted with permission from Ohno et al., 1996).



normal (Engel et al., 1990). The other postsynaptic CMS

are due to AChR de®ciency. In these patients the post-

synaptic response to ACh is reduced as demonstrated by

a decreased amplitude of miniature endplate potentials

(MEPP) and miniature endplate currents resulting in high

or higher than normal quantal release of ACh. Structurally

there is an increased number of endplates but the endplate

region is smaller and simpli®ed. AChR af®nity is attenu-

ated and AChR distribution is patchy (Ohno et al., 1995,

1997; Quiram et al., 1999). Sieb et al. (1998) described a

family with CMS due to de®ciency of endplate AChR and

utrophin. They demonstrated a decreased in MEPP ampli-

tude, but normal quantal content of endplate potentials.

Structurally there was a reduced AChR density. They

conclude that in this family CMS was related to a defect

in development and/or maintenance of the post-synaptic

cleft. They further suggested that utrophin plays a role in

anchoring the AChRs at synaptic sites through adhesion to

the underlying cytoskeleton (Sieb et al., 1998). Among the

various AChR de®ciencies is the demonstration by Engel

and his collaborators (Engel et al., 1998, 1999; Ohno et al.,

1996) that some cases of congenital myasthenic syndromes

are due to mutations causing the presence of fetal AChR

containing the g subunit instead of the adult e subunit. The

fetal AChR is a low conductance channel in contrast to the

high conductance channel of the adult AChR. Thus ACh

release causes brief activation and reduced probability of

channel opening.

From these elegant studies it appears that multiple mole-

cular mechanisms may in¯uence the duration of the opening

of the ACh-receptor channel resulting in a destabilization of

the neuromuscular junction. Once again we are witnessing

genetic heterogeneity (Engel et al., 1998, 1999; Nichols et

al., 1999; Quiram et al., 1999).

All of these syndromes are phenotypically similar and

elucidation of their pathophysiology requires correlation

of in vitro electrophysiological and molecular genetic

studies (Engel et al., 1999). For a more detailed review of

the congenital myasthenic syndromes see Engel et al. (1998,

1999).

6.3. Glycine receptor channelopathies

The glycine receptor mediates inhibition in the spinal

cord and central nervous system. So far only one genetic

disorder is known to be related to mutations of the glycine

receptor a-1 subunit gene on locus 5q32, the familial startle

disease or hyperekplexia.

Hyperekplexia or familial startle disease is a disorder

characterized by an exaggerated startle re¯ex that may

cause sudden myoclonus or falling in response to sudden

stimuli. In some families startle disease is associated with

spastic paraparesis (Saul et al., 1999; Elmslie et al., 1996).

The abnormality of the glycine receptor results in a reduc-

tion of inhibition in the spinal cord.

7. Conclusion

This brief review shows the importance of genetic in¯u-

ence on the smooth functioning of various channels. As

research continues and the genome project maps all

human genes, there will be more additions to the present

tables of channelopathies and a continuous addition of alle-

lic variants.
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