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■ Abstract Ion channelopathies
have common clinical features, recurrent patterns of mutations, and
almost predictable mechanisms of
pathogenesis. In skeletal muscle,
disorders are associated with mu-

tations in voltage-gated Na+, K+,
Ca2+, and Cl– channels leading to
hypoexcitability, causing periodic
paralysis and to hyperexcitabilty,
resulting in myotonia or susceptibility to malignant hyperthermia.
■ Key words ionchannels ·
hereditary diseases · sodium ·
potassium · calcium chloride

Muscle physiology

Membrane excitability which is critical for muscle function, is regulated by voltage gated ion channels. It is
therefore not surprising, that ion channels are involved
in the pathogenesis of diseases of skeletal muscle. Pioneer work on excised muscle tissue of patients with
hereditary episodic weakness demonstrated the underlying defect to be a persistent Na+ inward current depolarizing the membrane and causing inexcitability and
weakness [36]. Cloning and analysis of the gene encoding the voltage gated Na+ channel of skeletal muscle revealed the first mutations associated with impaired ion
channel function and confirmed hyperkalemic periodic
paralysis to be a Na+ channel disorder [18]. Since then,
over twenty diseases now termed as channelopathies,
have been described [for review see 40].Best understood
are the disorders of skeletal muscle which serve as a paradigm for episodic disorders of brain and heart such as
migraine, epilepsy, and cardiac arrhythmia.

Motoneuron activity is transferred to skeletal muscle in
the neuromuscular junction generating an action potential in the muscle that propagates along the surface
membrane including the transverse tubular system
(TTS), a membrane region projecting deep into the cell
to ensure even distribution of the impulse. The upstroke
of the action potential is mediated by opening of the
voltage gated Na+ channels (encoded by the SCN4A gene
and its accessory beta-subunit encoded by SCN1B) that
elicit a Na+ inward current with rapid activation kinetics. Repolarization of the membrane by rapid Na+ channel inactivation is additionally supported by opening of
K+ channels (encoded by KCNC4 and its accessory subunit encoded by KCNE3) that mediate an outward K+
current. Buffering of after potentials is achieved by a
high Cl– conductance near the resting potential resulting
from the homodimeric Cl– channel encoded by CLCN1.
At specialized junctions in the TTS, the signal is
transmitted from the outer membrane to the inside
causing the release of Ca2+-ions from the sarcoplasmic
reticulum (SR) which in turn activates the contractile
apparatus, a process called excitation-contraction coupling. Mainly two Ca2+ channel complexes are involved
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in this process, the voltage gated pentameric dihydropyridine receptor located in the TTS (encoded by the
CACNA1S gene and accessory subunits encoded by
CACNA2D1, CACNG1, CACNB1) and the homotetrameric ryanodine receptor of the SR (encoded by the
RYR1 gene). The voltage gated Ca2+ channel is activated
by membrane depolarization and by this, activates the
ryanodine receptor by direct protein/protein interaction which in turn releases Ca2+ into the cytosol [for review see 46].

Fig. 1 Membrane topology model of the voltagegated sodium channel of skeletal muscle. The a subunit functions as ion-conducting channel and consists of four highly homologous domains (repeats
I–IV) containing six transmembrane segments each
(S1–S6). The S6 transmembrane segments and the
S5–S6 loops form the ion selective pore, and the S4
segments contain positively charged residues conferring voltage dependence to the protein. The repeats
are connected by intracellular loops; one of them, the
III–IV linker, contains the supposed inactivation particle of the channel. When inserted in the membrane,
the four repeats of the protein fold to generate a central pore as schematically indicated on the right-hand
bottom of the figure. The different symbols used for
the known mutations leading to potassium-aggravated myotonia, paramyotonia congenita or two
types of periodic paralysis are explained bottom lefthand . Conventional 1-letter abbreviations were used
for replaced amino acids.

Fig. 2 Subunits of the voltage-gated calcium channel. The α1 subunit resembles α of the sodium channel however the function of the various parts, e. g.
the III–IV linker, may not be the same. α2/δ, β1 to
β4, and g are auxilliary subunits. Mutations in the
α1S subunit shown here of the skeletal muscle L-type
calcium channel (= dihydropyridine receptor, DHPR)
have been described for man (HypoPP, MHS5) and
mice (mdg). Conventional 1-letter abbreviations are
used for the replaced amino acids. The symbols indicate the diseases as explained at the bottom of the
left-hand side.

Channel structure
The basic motif of the main cation channel subunit, the
socalled á subunit, is a tetramic association of a series
of 6 transmembrane α-helical segments, numbered S1S6, connected by both intracellular and extracellular
loops, the interlinkers (Figs. 1, 2). The α subunit contains the forming the ion-conducting pore and therefore determines the main characteristics of the cation
channel complex conveying ion selectivity, voltage sensitivity, pharmacology and binding characteristics for
endogenous and exogenous ligands. While for Ca2+ and
Na+ channels the α subunit consists of a momomer, K+
channels form homo- or heteromultimers because each
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α subunit consists only of one domain with 6 transmembrane helices. Accessory subunits called beta,
gamma, or delta do not share a common structure,
some having one to several transmembrane segments
and others being entirely intra- or extracellular. Functionally, they may influence channel expression, trafficking, and gating.
Voltage sensitive cation channels have at least one
open state and at least two closed states, one from which
the channel can directly be activated (the resting state)
and one from which it cannot (the inactivated state).
This implies that there are at least two gates regulating
the opening of the pore, an activation and an inactivation gate, both of which are usually mediated by the α
subunit (Fig. 3). Activation, inactivation and recovery
from the inactivated state are voltage- and time-dependent processes.
The voltage sensitivity of cation channels is conveyed
by the S4 segments which are thought to move outward
upon depolarization and channel opening. During
channel closing, not all voltage sensors move back at
once generating a variety of closed states explaining the
distribution of voltage sensor mutations to phenotypes
in Na+ channels. The ion conducting pore is thought to
be lined by the S5-S6 interlinkers which contain the selectivity filter. While the localization of the activation
gate may well be within the pore, the inactivation gate
has been shown to be located in different regions in the
Na+ and K+ channels.
Although recent X-ray data have elucidated the structure of the ClC chloride channel [16], not much about
the structure/function relationship of Cl– channels is
known (Fig. 4). The homodimeric channel complex of
Fig. 3 Hinged-lid model of fast inactivation of
sodium channels. Bird’s eye view of the channel consisting of four similar repeats (I to IV). The channel is
shown cut and spread open between repeats I and IV
to allow a view of the intracellular loop between repeats III and IV. The loop acts as the inactivation gate
whose hinge GG (a pair of glycines) allows it to swing
between two positions, i. e. the open channel state
and the inactivated closed state where the inactivation particle IFM (the amino acids isoleucine, phenylalanine and methionine) binds to its acceptor (the indicated amino acids are specific for the Na+ channel).

skeletal muscle is encoded by CLCN1 and conducts over
the whole physiological voltage range.
Ryanodine receptors are among the largest known
proteins consisting of homotetramers each over 5.000
amino acids long with a molecular mass of about 565
kDa. Morphological studies have revealed a quatrefoil
structure with the hydrophobic parts of the four subunits forming a membrane spanning baseplate and the
hydrophilic segments forming a cytoplasmic domain,
the foot, which bridges the gap between T-tubular and
SR membrane (Fig. 5).

Channelopathies
Clinically, skeletal muscle ion channelopathies appear as
recurring episodes of muscle stiffness or weakness triggered by typical circumstances such as cold, exercise,
oral K+ load, or drugs. Muscle stiffness, termed myotonia, ameliorates by exercise and can be associated with
transient weakness during quick movements lasting
only for seconds. On the contrary, paradoxical myotonia
or paramyotonia worsens with exercise and cold and is
followed by long spells of limb weakness lasting from
hours to days. According to the mode of transmission
and K+ sensitivity, four forms of myotonia and paramyotonia may be distinguished: dominant K+-aggravated
myotonia (PAM), dominant K+-insensitive myotonia
congenita, recessive generalised myotonia congenita,
and paramyotonia congenita (PC). Myotonia is the clinical phenotype brought about by uncontrolled repetitive
firing of action potentials leading to involuntary muscle
contraction.
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Fig. 4 Membrane topology model of the skeletal
muscle chloride channel monomer, ClC-1, modified
after [16]. The functional channel is a homodimer.
The different symbols used for the known mutations
leading to dominant Thomsen-type myotonia and recessive Becker-type myotonia are explained on the
left-hand bottom. Conventional 1-letter abbreviations were used for replaced amino acids.

The contrary, lack of action potentials or inexcitability results in muscle weakness. Two dominant episodic
types of weakness with or without myotonia are distinguished by the serum K+ level during the attacks of
tetraplegia: hyper- and hypokalemic periodic paralysis
(HyperPP and HypoPP). Lastly, one dominant pharmacogenetic predisposition to react unfavorably upon administration of depolarizing muscle relaxants and
volatile anesthetics during anesthesia, susceptibility to
malignant hyperthermia, is also a voltage gated ion
channelopathy.An acute, potentially lethal crisis is characterized by muscle hypermetabolism, rhabdomyolysis,
body temperature elevation, muscle rigidity, and cardiac
arrhythmia. MH is pathogenetically based on an uncontrollable intracellular Ca2+ release via the ryanodine receptor.

■ Myotonia and paramyotonia
Muscle stiffness, termed myotonia, ameliorates by exercise (warm-up phenomenon) and can be associated
with transient weakness during quick movements lasting only for seconds. On the contrary, paradoxical myotonia or paramyotonia worsens with exercise and cold
and is followed by long spells of limb weakness lasting
from hours to days. Both are associated with muscle hypertrophy especially of the lower limbs. Clinically, they
are distinguished according to the mode of transmission
and K+ sensitivity: dominant K+-aggravated myotonia
fluctuans [59, 60] and permanens [41], dominant K+-insensitive myotonia congenita [71], recessive generalised
myotonia [4], and paramyotonia congenita [17].

Molecular pathogenesis
Both myotonia and paramyotonia are brought about by
uncontrolled repetitive firing of action potentials of the
sarcolemma following an initial voluntary activation.
This may be noted as a myotonic burst in the electromyogram. The involuntary electrical activity prevents the muscle from immediate relaxation after contraction which the patients experience as muscle
stiffness. Basic pathology of the myotonic reaction in
Thomsen and Becker myotonia is a reduced chloride
conductance that fails to sufficiently buffer the after-depotential and triggers new premature action potentials
[2, 44, 64]. In paramyotonia and potassium-aggravated
myotonia, the increased sarcolemmal excitability is due
to inactivation defects of the Na+ channels that mediate
the upstroke of the action potential [36, 37]. This results
in channel re-openings and intracellular Na+ accumulation which depolarises the muscle cells and thus elicits
additional action potentials.

Chloride channel myotonias Thomsen and Becker
The Cl– channel consists of a homodimer encoded by
the CLCN1 gene on chromosome 7q [34]. Both missense
mutations (exchange of single amino acid residues) and
nonsense mutations (alternative protein splicing or premature truncation) have been identified [21, 22, 26, 39].
While splicing mutations always lead to the recessive
phenotype, various truncations and missense mutations
are found in the Thomsen and Becker myotonia (Fig. 4).
A few intermediate mutations are even able to generate
both modes of transmission depending on supplemental genetic or environmental factors. Functionally, the
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the Cl– channel with two independent ion conducting
pores each with a fast opening mechanism of its own
that is affected by the recessive mutations, but with a
common slow additional gate structure shared with the
co-associated subunit that is affected by the dominant
mutations [66]. Intriguingly, this model has been confirmed by cryo-electron microscopy on two-dimensional protein crystals [48].

Sodium channel myotonia and paramyotonia

Fig. 5 Diagram of the homotetrameric ryanodine receptor, the calcium release
channel situated in the membrane of the sarcoplasmic reticulum (SR). The cytosolic part of the protein complex, the so-called foot, bridges the gap between the
transverse tubular system and the SR. Mutations have been described for the skeletal muscle ryanodine receptor (RyR1), which cause susceptibility to malignant hyperthermia (MHS) and central core disease (CCD). Conventional 1-letter abbreviations are used for the replaced amino acids.

dominant mutants exert a so-called dominant negative
effect on the dimeric channel complex as shown by coexpression studies meaning that mutant/mutant and
mutant/wildtype complexes are mal-functional. The
most common feature of the Cl– currents that result is a
shift of the activation threshold towards more positive
membrane potentials almost out of the physiological
range [57, 76]. As a consequence of this, the Cl– conductance is drastically reduced in the crucial vicinity of the
resting membrane potential. This is not the case for the
recessive mutants which do not functionally hinder the
co-associated subunit, thus supplying the explanation
why then two mutant alleles are required to reduce Cl–
conductance so much that myotonia develops, at least
down to 30 % [52].
This knowledge has led to a double barrel model of

In K+-aggravated myotonia and paramyotonia there is a
gating defect of the Na+ channels destabilizing the inactivated state, i. e. channel inactivation may be slowed or
incomplete [12, 37, 41, 49, 77]. This results in an increased tendency of the muscle fibers to depolarise
which generates action potentials and myotonia [37, 42].
It does not necessarily additionally affect channel activation because the pore-occluding gate structures decisive for activation and inactivation are located in different regions of the protein. Because the mutant channels
exert an effect on cell excitability, the mutations produce
a dominant change or gain-of-function.
One hot spot for the paramyotonia mutations is a
special voltage-sensing transmembrane region [5, 42,
54] that couples channel inactivation to channel activation [12]; another hot spot is an intracellular protein
loop containing the inactivation particle [47]. The K+aggravated myotonia mutations are found in intracellular regions of the protein potentially interfering with the
channel inactivation process (Fig. 1). Corresponding to
the severity of the disruption of the inactivation gate
structure on the protein level, there are three clinical
severities to be distinguished [41, 49]: 1.) myotonia fluctuans where patients may not be aware of their disorder,
2.) myotonia responsive to acetazolamide [56] with a
Thomsen-like clinical phenotype, and 3.) myotonia permanens with continuous electrical myotonia leading to
a generalized muscle hypertrophy including face and
neck muscles suggestive of facial dysmorphia. In all
three types, body exertion or administration of depolarising agents may result in a severe or even life-threatening myotonic crisis [25, 41, 60, 74].

Therapy
Many myotonia patients can manage their disease without medication. Should treatment be necessary, myotonic stiffness responds well to drugs that reduce the
increased excitability of the cell membrane by interfering with the Na+ channels, i. e. local anaesthetics, antifibrillar and antiarrhythmic drugs, and related agents.
These drugs suppress myotonic runs by decreasing the
number of available Na+ channels and have no known
effect on Cl– channels. Of the many drugs tested that can
be administered orally, mexiletine is the drug of choice.
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It also very effectively prevents weakness in paramyotonia congenita, probably by stabilizing the inactivated
channel state.

provokes hypokalemic attacks which are ameliorated by
K+ intake.

Molecular pathogenesis
Diagnosing strategy
Given a clinical diagnosis of myotonia by electromyographic examination, the first step is to exclude myotonic dystrophy. This can be performed by a genetic
test from EDTA whole blood because the underlying
mutation is known: an unphysiological expansion of a
trinucleotide CTG repeat in the 3’ untranslated region of
the gene encoding a serine/threonine kinase on chromosome 19q. If exclusion is successful, usually there is
no need for a muscle biopsy because 1.) the diagnosis
can be less invasively confirmed by a genetic blood test,
2.) an effective therapy exists, 3.) the prognosis i. e. especially the development of permanent weakness cannot be influenced by therapy, and 4.) no specific changes
are to be expected that influence therapy or prognosis.

Perspectives
From the pathogenetic viewpoint, several clinical phenomena are not yet fully understood indicating that
there could be secondary alterations in muscle of myotonic patients functionally and subsequently morphologically: 1.) the warm-up phenomenon i. e. amelioration of the myotonia with exercise is not explainable by
the Cl– or Na+ channel dysfunction [6], 2.) exactly which
factors decide what mode of inheritance the four Cl–
channel mutations that can produce either the Thomsen
or Becker phenotype will follow, 3.) what pathomechanism underlies the few recessive mutations that do not
lead to Cl– conductance reduction when functionally expressed, 4.) what generates the temperature dependence
in paramyotonia congenita (but not in the allelic K+-aggravated myotonia).

■ Dyskalemic periodic paralyses
Inexcitability due to lack of action potentials results in
muscle weakness. Two dominant episodic types of
weakness with or without myotonia are distinguished by
the serum K+ level during the attacks of tetraplegia: hyper- and hypokalemic periodic paralysis. In general, the
hyperkalemic variant has an earlier onset and more frequent attacks, but these are much shorter and milder
than in the hypokalemic form [20]. In contrast, the hypokalemic variant more frequently results in degenerative myopathy and permanent disabling weakness of the
limbs and is never associated with myotonia like the hyperkalemic variant [7, 43]. Intake of K+ and glucose have
opposite effects in the two disorders: while K+ triggers a
hyperkalemic attack and glucose is a remedy, glucose

As above, the basis of the myotonia in the hyperkalemic
variant is uncontrolled repetitive firing of action potentials and the underlying defect is a non-inactivating Na+
inward current [36] through the tetrodotoxin-sensitive
Na+ channel encoded by SCN4A [18]. While Na+ influx
at slight depolarization itself generates action potentials
and myotonia, stronger depolarizations lead to general
inactivation of Na+ channels both of mutant and the
wildtype population (in a dominant disorder, both a
mutant and a wildtype allele are present) and thus,
weakness. The various mutations are situated at several
disseminated intracellularly faced positions [53, 61, 75]
potentially involved in generating parts of the inactivation apparatus or steric hindrance of its proper function
(Fig. 1; for review see 40]. The mutations disturb channel inactivation and produce a persistent sodium current [10, 13, 14, 36, 38, 62]. Based on the same mechanism
of pathogenesis and distribution of mutations, the
reader may draw two conclusions, both of which are correct: 1.) there could be an overlapping of the phenotypes
of hyperkalemic periodic paralysis with paramyotonia
congenita and K+-aggravated myotonia disorders, and
2.) more severe membrane depolarization found in periodic paralysis may result in more severe morphological findings.
In contrast to the gain of function changes associated with hyperkalemic periodic paralysis, hypo…kalemic periodic paralysis is associated with a loss-offunction defect of three different ion channel types:
Na+, Ca2+, and K+ [1, 9, 19, 29, 32, 55, 69]. In the former
two channels, the mutations are located solely in special
transmembrane voltage-sensing segments (Figs. 1 and
2). In the latter, the sole reported mutation is situated in
the accessory β subunit not containing the ion-conducting pore but influencing the gating properties
thereof. Functionally, the inactivated state is stabilised
in the Na+ channel mutants [31, 35, 70], while the channel availability is reduced for the Ca2+ channel mutants
[30, 51]. It is still a mystery however, how the loss-offunction mutations of these two cation channels can
produce the long lasting depolarisation leading to the
weakness [63, 65], but it does imply that a concomitant
myotonia is not to be expected as is the case. In contrast, for the very rare K+ channel variant, a reduced
current density has been demonstrated that produces a
slight membrane depolarization when heterologously
expressed in a muscle cell line [1]. This would explain
pathogenesis because the K+ channel complex is
thought to be essential for re-establishing and holding
the highly negative resting potential of skeletal muscle
fibres after the action potential.

1499

Therapy
Local anesthetics and antiarrhythmic drugs of class I,
such as mexiletine and lidocaine derivatives, are antimyotonic agents because they stabilise the inactivated
state and lead to the phenomenon called use dependent
block. Because the spontaneous attacks of weakness
typical of hyperkalemic periodic paralysis are not influenced by mexiletine [58] (because no repetitive action
potentials occur that can attenuated by a use dependent
block), diuretics such as hydrochlorothiazide and acetazolamide can be administered. These drugs decrease
frequency and severity of paralytic episodes by lowering
serum K+ and other so far unexplained favorable properties, e. g. influencing myoplasmic pH and plasmalemmal K+ channels [73]. Therapeutically, long term low
dose intake of acetazolamide is also recommended to
avoid attacks of weakness in the hypokalemic variant.
During acute hypokalemic paralysis phases though, oral
K+ administration has proved to relieve symptoms.

to muscle contracture especially of the masseter, generalized rigidity, and heat production. Hypermetabolism
associated with the sarcoplasmic Ca2+ elevation upregulates glycogenolysis resulting in excess lactate production, metabolic acidosis, and hyperactivation of the oxidative cycle with increased ATP depletion, high oxygen
consumption and carbon dioxide production with hypoxemia and hypercapnia. Tachycardia may be observed
as an early sign. During the course of the crisis, rhabdomyolysis occurs with subsequent creatine kinase elevation, hyperkalemia potentially leading to ventricular
fibrillation, and myoglobinuria with the possibility of
renal failure. Hyperthermia may be a late sign in some
cases. If an episode is survived, normalization of edematous muscle and creatine kinase levels occur within
10–15 days. For diagnosis of MH susceptibility, a functional test on skeletal muscle biopsy, the in vitro contracture test (IVCT), can be performed which reveals
high concordance with the genetic phenotype [8].

Molecular pathogenesis
Perspectives
From the pathogenetic viewpoint, several clinical phenomena are not yet fully understood, indicating that
there could be secondary alterations in muscle of periodic paralysis patients functionally and subsequently
morphologically: 1.) why does one frequent hyperkalemic periodic paralysis mutation (T704M) cause severe myopathy with permanent weakness and the others
do not, 2.) what is the pathophysiological mechanism
linking a Ca2+ mutation to membrane depolarisation
and paralysis when the channel does not contribute to
the action potential, 3.) why does the hypokalemia cause
depolarisation in patients with hypokalemic periodic
paralysis when it hyperpolarises normal muscle, 4.) why
does the loss-of-function Na+ channel mutation produce episodic weakness instead of permanent weakness
only.

■ Malignant hyperthermia and central core disease,
two other calcium channel disorders
Malignant hyperthermia (MH)
MH susceptibility is an autosomal dominantly transmitted predisposition of clinically inconspicuous individuals to respond with uncontrollable skeletal muscle hypermetabolism upon exposure to volatile anesthetics or
depolarizing muscle relaxants [15]. The triggering substances lead to an increase in the concentration of free
myoplasmic calcium which is released from the sarcoplasmic reticulum calcium stores via the muscle ryanodine receptor channel [27]. During a MH reaction, a
massive myoplasmic calcium release is induced, leading

In the majority of families, linkage to the gene encoding
the skeletal muscle ryanodine receptor, RyR1, a calcium
channel is which under the control of the voltage-dependent dihydropyridine-sensitive L-type Ca2+ channel
of skeletal muscle, can be found. To date, more than 20
disease-causing point mutations in RyR1 have been
identified in man, most situated in the cytoplasmic part,
the foot, of the protein (Fig. 5) [for review see 31]. The
base of the homotetrameric protein, is located in the
membrane of the sarcoplasmic reticulum, and forms the
ion-conducting pore. Functionally, hypersensitivity of
RyR1 to anesthetic triggering agents has been shown to
be pathogenetically causative in functional tests of both
muscle, isolated native proteins, and heterologously expressed full-length receptors [11]. Therapeutically, during an anesthetic crisis, dantrolene, an RyR1 inhibitor, is
very effective, reducing the mortality rate from former
70 % to currently 10 %.
MH can be very highly heterogenous with 5 additional chromosomal loci mapped so far. However, only
for one (MH susceptibility type 5) of these loci has a
causative gene been identified, CACNA1S, so that this
very rare type of MH is allelic to hypokalaemic periodic
paralysis type 1 (HypoPP–1). In contrast to the voltage
sensor mutations specific for HypoPP–1 (and HypoPP–2), the two mutations so far described for MH are
situated in the myoplasmic loop connecting repeats III
and IV the function of which is unknown (Fig. 2). The
two mutations underline the functional link between
RyR1 and the DHPR in excitation-contraction coupling
[40, 50].
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Central core disease (CCD)
CCD is a congenital myopathy often associated with
skeletal anomalies [68]. Pathognomonic is the abundance of central cores along type 1 muscle fiber. CCD is
often associated with MH susceptibility [67], and allelic
to the RyR1 gene locus of MH [23, 33]. The myopathy is
characterized by congenital muscle hypotonia (floppy
infant syndrome), proximally pronounced weakness,
delayed motor development, and slight CK elevation. In
addition skeletal anomalies such as congenital hip displacement and scoliosis are frequent. Later in life, muscle strength usually improves except for rare cases showing progressive muscle weakness. It is one of the rare
known myopathies for which strong physical exercise
seems to be beneficial [24] although exercise-induced
muscle cramps are often reported. Autosomal dominant
inheritance is highly predominant and although several
sporadic cases have been reported, a clear recessive trait
has not been demonstrated yet. The clinical expression
of the disease is highly variable. Not all mutation carriers in a family may develop this myopathy but instead
may only have the MH trait [28].

Molecular pathogenesis
Except for one mutation, all are situated in the C-terminus of the RyR1 protein thought to form the channel

pore region (Fig. 5). Expression of these mutations in
non-muscle cells led to the finding of a leaky Ca2+ release channel compatible with the view of a myoplasmic
Ca2+ overload responsible for the mitochondrial and cell
damage [45, 72]. Recently a selective disruption of the
orthograde excitation-contraction coupling process has
been found in a skeletal muscle expression system suggesting a dominant negative effect of the CCD mutations
on the voltage-controlled Ca2+ release [3]. This functional disruption may contribute to the muscle weakness and atrophy experienced by the patients.

Perspectives
From the pathogenetic viewpoint, the high intrafamilial
variability of clinical expression and the association
with skeletal anomalies are not yet fully understood. If a
recessive form exists is still unclear. Thorough examination of family members including additional symptoms
and signs as well as a thorough ultrastructure of muscle
fibers including longitudinal sections may help to answer these questions. Of interest is also the question if
clinical amelioration of weakness during life results
from muscle regeneration or from compensation by unaffected muscles, and if the former holds true whether
or not central cores, once developed can disappear in
further course.
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