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Summary: Rare diseases have attracted little attention in the
past from physicians and researchers. The situation has recently
changed for several reasons. First, patient associations have
successfully advocated their cause to institutions and govern-
ments. They were able to argue that, taken together, rare dis-
eases affect approximately 10% of the population in developed
countries. Second, almost 80% of rare diseases are of genetic
origin. Advances in genetics have enabled the identification of
the causative genes. Unprecedented financial support has been
dedicated to research on rare diseases, as well as to the devel-
opment of referral centers aimed at improving the quality of
care. This expenditure of resources is justified by the experi-
ence in cystic fibrosis, which demonstrated that improved care
delivered by specialized referral centers resulted in a dramatic

increase of life expectancy. Moreover, clinical referral centers
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offer the unique possibility of developing high quality clinical
research studies, not otherwise possible because of the geo-
graphic dispersion of patients. This is the case in France where
national referral centers for rare diseases were created, includ-
ing one for muscle channelopathies. The aim of this center is to
develop appropriate care, clinical research, and teaching on
periodic paralysis and myotonia. In this review, we plan to
demonstrate how research has improved our knowledge of
hypokalemic periodic paralysis and the way we evaluate, ad-
vise, and treat patients. We also advocate for the establishment
of international collaborations, which are mandatory for the
follow-up of cohorts and conduct of definitive therapeutic trials
in rare diseases. Key Words: Ion channel, periodic paralysis,

hypokalemia, rare disease, electromyography.
INTRODUCTION

We owe the recognition of periodic paralysis as a
distinct entity and the understanding of its muscle origin
to the early German school of the late 19th century. Early
in the 20th century, physicians observed that decreased
blood potassium levels occurred during attacks (histori-
cal review1) leading to a usable definition of the disease
in clinical practice.

HYPOKALEMIC PERIODIC PARALYSIS: A
MUSCLE DISORDER CAUSING EPISODIC

MUSCLE WEAKNESS

Hypokalemic periodic paralysis (hypoPP) is charac-
terized by reversible attacks of muscle weakness associ-
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ated with decreased blood potassium levels.2 There are
several causes for this disorder; hypoPP can be second-
ary to renal or gastrointestinal potassium loss.3 In this
occurrence, abnormal blood potassium levels are also
observed between attacks, and muscle weakness fluctu-
ates in parallel with blood potassium levels. Muscle
weakness is thought to be directly related to the degree of
muscle depolarization induced by hypokalemia. In pri-
mary hypoPP, blood potassium levels are abnormal only
during attacks. Two forms of primary hypoPP have been
recognized: thyrotoxic hypoPP, which is associated with
thyrotoxicosis, and familial hypoPP, which is a genetic
disorder of autosomal dominant inheritance.

Thyrotoxic hypoPP is considered to be a complication
of hyperthyroidism.4 The frequency of thyrotoxic hy-
poPP is not known. It is present in all populations but
occurs more frequently among Asians. Most cases are
sporadic with a male predominance (9:1), but familial

cases have also been anecdotally described. Patients usu-
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ally present with paralysis of the four limbs and a pro-
found decrease in blood potassium levels (down to less
that 1 mEq/L). Attacks may spontaneously recover and
recur if thyrotoxocosis is not treated. In a number of
cases, signs of hyperthyroidism are clinically obvious,
although this is not always the case. In Caucasians, signs
and symptoms of thyrotoxicosis are often absent. Attacks
of hypoPP occur only during states of hyperthyroidism
and never when thyroid function is back to normal.
Therefore, treatment is based upon the restoration of a
euthyroid state. In the meantime, potassium chloride may
be administered to improve muscle force and prevent
occurrence of new attacks. Some patients may also have
some degree of glucose intolerance.

Thyrotoxic hypoPP is thought to be related to an in-
creased activity of the sodium-potassium adenosine-
triphosphatase (Na/K-ATPase) pump, which presumably
causes an intracellular shift of potassium and hypokale-
mia.4 A tentative hypothesis is that thyrotoxic hypoPP
patients have a predisposition to the Na/K-ATPase pump
activation by thyroid hormones or hyperinsulinism.

The alternate form of hypoPP is familial hypoPP,
commonly referred to as hypoPP. The exact frequency of
the disease is unknown: the prevalence has been esti-
mated at 1:100,000 in Danish registries.1

Familial hypoPP is a monogenic disorder with an au-
tosomal dominant mode of inheritance. Some cases may
present as sporadic because of the incomplete penetrance
of the disease, mostly in women.5,6 The disease is po-
tentially lethal. A mortality of 10% was common before
the advent of intensive care units. Nevertheless, severe
cases may still occur.7

Although the genetic defect is present throughout life,
the age at onset is early in the second decade. The fre-
quency of attacks is higher from the second to the fourth
decades of life, and then tends to decrease. Attack fre-
quency is very variable, ranging from once in a lifetime
to several per week. Affected women tend to have fewer
attacks than affected men, reflecting the decreased ex-
pressivity of the disease in women.

Attacks of muscle weakness usually affect the four
limbs. When incomplete, they often predominate in the
lower limbs. Respiration, deglutition, and ocular motility
are usually spared but may be affected in the most severe
attacks. Coughing is more difficult during attacks. At-
tacks usually occur several hours after strenuous exercise
or a meal rich in carbohydrates. Typically, patients
awaken in the night paralyzed. Attacks may also be
milder, affecting one or more limbs. Attacks last several
hours and resolve spontaneously. Recovery may be sped
up by the ingestion of potassium chloride and may be
aborted by pursuing exercise at a moderate level. If blood
potassium levels are measured during an attack, they are
found to be below the normal range. For diagnostic pur-

poses, measurements of blood potassium levels are im-
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portant. They can be performed in the emergency room
or at home. Because serum potassium levels are normal
between attacks, it is important for confirming the diag-
nosis to obtain measurements during an attack.

It is now well established that hypoPP does not affect
the heart per se. Cardiac arrhythmias may be provoked
by severe hypokalemia but the heart muscle as well as
smooth muscles are not affected by the disease, as shown
in two autopsied cases.6 It can be hypothesized that
reported cases of hypoPP with persistent electrocardio-
gram abnormalities between attacks were actually cases
of Andersen-Tawil syndrome.8

PERMANENT MUSCLE WEAKNESS AND
VACUOLAR MYOPATHY: OTHER FEATURES

OF HYPOPP

A number of hypoPP patients develop permanent mus-
cle weakness. The frequency of patients with permanent
muscle weakness between attacks is not known. The
presence of permanent weakness is well known to clini-
cians, as well as the variability of weakness from one
examination to another. The significance of this perma-
nent muscle weakness has been and is still debated, as
discussed below.9

Permanent muscle weakness is rarely, but possibly,
observed in young adults. It usually fluctuates. The pa-
tients are generally aware that they can partially control
the intensity of the weakness by mild exercise, or by the
ingestion of potassium chloride salts or acetazolamide
tablets. In this circumstance, permanent weakness may
indicate a state of persistent or continuously recurring
mild attacks, and may be dramatically improved by long-
term use of carbonic anhydrase inhibitors.1,10-12

In contrast, persistent muscle weakness is less fluctu-
ating in older patients, and is less sensitive to medication.
This lack of responsiveness to treatment is a sign of
muscle degeneration, a fixed myopathy. The frequency
of the myopathy is not well established. This is due to the
fact that hypoPP patients rarely undergo a muscle biopsy
and there is no reliable clinical imaging method to detect
such a myopathy.6 Some authors have proposed that it
affects all patients over 50 years old to some degree.9 Its
severity is variable, ranging from weakness evidenced
only at clinical examination but not interfering with a
normal life in most patients, to wheel-chair bound pa-
tients. The myopathy arises independently of the fre-
quency and the severity of the attacks. It can even occur
in the absence of attacks.6,13 The onset is usually in the
fourth or fifth decade of life. The myopathy affects
mostly the muscles of the pelvic girdle and the proximal
muscles of upper and lower limbs.

Vacuoles are regularly seen on muscle biopsies and
are considered the hallmark of the myopathy, which is

termed a vacuolar myopathy. They are thought to be
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markers of the myopathy, although vacuoles are seen in
patients without a permanent muscle weakness. Vacuolar
myopathy affects mostly muscles of the pelvic girdle and
proximal muscles of upper and lower limbs. The origin
of the vacuoles has been debated. Pathological studies
suggest that the vacuoles arise from the sarcoplasmic
reticulum and the tubular system as the result of prolif-
eration and degeneration of these membranous or-
ganelles.14,15 Several stages have been distinguished by
pathological studies with different degrees of muscle
fiber degeneration. Other morphologic changes are also
observed in periodic paralysis. Tubular aggregates,
which originate for the endoplasmic reticulum, are local-
ized under the muscle fiber membrane. Other changes
include an increase in central nuclei, abnormal variation
in fiber size, fiber necrosis, and proliferation of connec-
tive tissue. There is no animal model of vacuolar myop-
athy. Therefore, the exact sequence of events and the
pathophysiological link between the formation of vacu-
ole and muscle degeneration are still not understood.
HypoPP represents a good model to understand the re-
lationship between an ion channel mutation, abnormal
cellular excitability, and cell death.

Because there was no correlation in terms of severity
between attacks and myopathy, it was proposed that
attacks (periodic paralysis) and myopathy (evidenced by
a fixed permanent weakness) may represent two inde-
pendent phenotypes with different ages at onset, and
varying penetrance and expressivity.5,16 The factors, ge-
netic or epigenetic, triggering and controlling the expres-
sion of these phenotypes are unknown.

MUTATIONS IN VOLTAGE-GATED CALCIUM
AND SODIUM CHANNEL GENES CAUSE

FAMILIAL HYPOPP

Several causes, such as a defect in potassium metab-
olism, have been advocated for hypoPP. In the late
1980s, the group of Rüdel and Lehmann-Horn in Ger-
many developed a technique to record the electrophysi-
ological activity from muscle biopsies of patients with
neuromuscular diseases.17 This technique enabled them
to make the seminal observation that when decreasing
the potassium concentration in the extracellular medium,
they could depolarize the muscle cells, which correlated
with paralysis.17 In contrast, normal muscle cells became
hyperpolarized when the extracellular potassium was
lowered. This observation suggested that abnormal ion
fluxes might be implicated, a hypothesis that was rein-
forced when the primary role of a sodium channel was
demonstrated in the other form of periodic paralysis:
hyperkalemic periodic paralysis by our group and oth-
ers.18-20 The same strategy used to identify the sodium
channel in hyperkalemic periodic paralysis was applied

to hypoPP. Large families were collected to enable link-
age analysis. This approach is based on the fact that each
gene is present in the genome at two copies with different
forms (alleles). The segregation of the alleles of the gene
can be traced through generations. The cosegregation of
one allele of a specific gene with the disease indicates
that the tested gene is causative (linkage). In the case of
hypoPP, the most obvious candidates were potassium
channels. It became quickly obvious that none of the
alleles of potassium channels segregated with the disor-
der. The study was then enlarged with markers covering
the whole genome. Surprisingly, the first genetic markers
that cosegregated with the disease were in close vicinity
with a voltage-gated calcium channel.21 Soon after, mu-
tations were found in the voltage-gated calcium channel
CACNA1S, establishing it as the first hypoPP-causing
gene.22,23 The voltage-gated calcium channel is made of
four homologous domains, each of them composed of six
transmembrane segments. Remarkably, all mutations
changed positively charged amino-acids arginines in the
voltage sensor segment 4 (R528H or G in domain II, as
well as R1239H of G in domain IV).22-24 The phenotype
associated with both mutations is grossly similar.5,25 The
penetrance is incomplete and tends to be lower in women
and to depend on ethnicity, although this latter point
needs confirmation.5,25-29 These two mutation sites in the
calcium channel which cause hypoPP have now been
found in all studied populations.5,25,26,28-32 Mutations
have only been observed in familial hypoPP but not
thyrotoxic hypoPP, although there are anecdotal reports
of familial hypoPP revealed by thyrotoxicosis.25,32,33

The voltage-gated calcium channel lies within the T-
tubules, which are intracellular invaginations of the mus-
cle membrane. Their known role is to couple the action
potential with the intracellular release of calcium from
the sarcoplasmic reticulum through the activation of cal-
cium channels termed ryanodine receptors. In hypoPP
muscle fiber, the excitation-contraction appears to be
normal.34,35 Expression studies of mutated calcium chan-
nels have been technically difficult because of the poor
expression of the muscle calcium channel in in vitro
systems. They have shown minor abnormalities pointing
to a loss-of-function effect (decreased current density
and slowed activation).36,37 Other studies on muscle fi-
bers obtained from biopsies have pointed to a reduction
of an inwardly rectifying or an ATP-sensitive potassium
current.38,39 Thus, although the mutations in the calcium
channel have been known for more than 10 years, there
is no clear understanding of how they could provoke
muscle fiber paralysis induced by depolarization and hy-
pokalemia.40

Genetic linkage studies rapidly established that hy-
poPP was genetically a heterogeneous disease. The study
of large families, demonstrated by linkage analysis and
mutation search, showed that mutations in the voltage-

gated sodium channel also caused hypoPP.41,42 This dis-
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covery came as a surprise because it was already known
that mutations in the voltage-gated sodium channel
caused other forms of periodic paralysis. Since then, rare
families with mixed phenotypes and voltage-gated mus-
cle sodium channel mutations have been reported, show-
ing that the border between hypoPP and other forms
of periodic paralysis is not as tight as previously
thought.43,44

The voltage-gated sodium channel belongs to the same
channel family as the calcium channel and shares a sim-
ilar organization. It is made of four homologous do-
mains, each of them composed of six transmembrane
segments. Mutations causing hypoPP notably lie in dif-
ferent regions of the sodium channel than those causing
other forms of periodic paralysis. Interestingly, they af-
fect similar amino acids to those mutated in the calcium
channel. They indeed change arginines in position 669
and 672 in the voltage-sensor S4 of domain II,41,42,45 as
well as in position 1132 in the voltage-sensor S4 of
domain III.46 These mutations have been found in all
populations studied so far, but at a lower frequency than
the one observed for calcium channel mutations (10 vs
60%).45,47,48 The penetrance of sodium channel muta-
tions is probably higher than the one observed for cal-
cium channel mutations, at least in the only large family
studied so far.45 Differences have been noted in the
phenotype displayed by patients bearing calcium or so-
dium channel mutations. In patients with sodium channel
mutations, hypoPP tends to begin later, is accompanied
by muscle aches, shows a predominance of tubular ag-
gregates compared with vacuoles in the muscle biopsy,
and is aggravated by acetazolamide.45,49

The mutations in the sodium channel causing hypoPP
have been introduced by in vitro mutagenesis in the
channel and both mutant and control channel have been
expressed in in vitro systems. Biophysical parameters
suggest a loss of function effect, an enhanced slow in-
activation being most frequently observed, in contrast
with sodium channel mutations causing other types of
periodic paralysis where a gain-of-function was demon-
strated.42,46,49-51 Accordingly, recording of muscle fibers
obtained from muscle biopsies showed a reduced current
density and a slower upstroke and decreased action po-
tentials when compared with controls.42 As for the cal-
cium channel, these observations are insufficient to un-
derstand how sodium channel mutations could provoke
muscle fiber paralysis induced by depolarization and hy-
pokalemia.

ARE MUTATIONS OF THE GENE ENCODING
POTASSIUM CHANNELS ASSOCIATED WITH

PERIODIC PARALYSIS?

It is now well established that mutations of potassium

channel genes are responsible for some forms of periodic
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paralysis. Mutations in the potassium channel gene
KCNJ2 have indeed been established as one of the causes
of Andersen-Tawil syndrome, which is associated with
distinctive facial features, and electrocardiographic ab-
normalities.52

The implication of potassium channels causing other
forms of periodic paralysis has been debated. The KCNE
genes represent a family of genes encoding for Mink-
related peptides that are single transmembrane proteins,
inactive on their own but which bind and modulate bio-
physical properties of potassium channel pore-forming
units. Based on a preferential expression in skeletal mus-
cle, Abbott and colleagues53 proposed that Mink-related
peptide 2 (from KCNE3) forms a complex with Kn3.4, a
Shaw-type potassium channel, which results in a com-
plex that recapitulates biophysical and pharmacologic
properties of potassium currents implicated in the resting
potential in skeletal muscle. Abbott and colleagues also
considered KCNE3 as a candidate for hypoPP.53 The
authors looked for DNA variants in the KCNE3 gene and
found a missense mutation that changed an arginine into
a histidine at amino acid 83. This missense mutation was
absent from 120 control individuals. It was present in
three members of a family with hypokalemic periodic
paralysis and segregated with the disease within the fam-
ily. The same mutation was also present in two members
of another family with an unspecified type of periodic
paralysis. Moreover, when expressed in rodent skeletal
muscle cell, the mutant changed the excitability of mus-
cle cells by producing depolarization.53 In support of this
first observation, the mutation was also found in 1 of 15
patients with the thyrotoxic form of hypoPP.54 However,
the latter observation was not reproduced in the Chinese
population.55

At first glance, these observations seem to be solid
enough to establish KCNE3 as a causative gene for hy-
poPP. However, it must be noted that they were estab-
lished in too small a number of patients to enable statis-
tical analysis and that the number of controls was low,
even if considered as adequate under current standards.
The study of large collections of controls and patients
changed the view on the role of KCNE3 in hypoPP.
Indeed, no other variant of the KCNE3 gene was ever
associated with periodic paralysis in contrast to other ion
channel genes. In addition, the mutation was found to be
associated in the same patient with a sodium channel
mutation well known to cause hypoPP.56 The phenotype
of the patient who had both a potassium channel and a
sodium channel mutation was similar to that of his father
who carried only the sodium channel mutation, demon-
strating that the potassium channel mutation did not
breed true in contrast to the sodium channel mutation.
The R83H mutation was also found at the same fre-
quency in large groups of controls or periodic paralysis

patients (approximately 1%).56,57 Altogether, these ob-
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servations argue against a causative role of the R83H
mutation of the KCNE3 gene in periodic paralysis. The
R83H mutation should therefore be considered as a vari-
ant of unknown role. It is possible that this variant may
play a role in skeletal muscle physiology.58 Genetic anal-
ysis in patients with periodic paralysis, however, clearly
shows that its putative role is not causal.

The KCNE3 story is of general interest to those in-
volved in ion channel disorder studies. The major genes
have been identified by linkage analysis, and mutation
screening in genes identified by linkage analysis. This
requires large families. Cases of periodic paralysis, in
which no mutation is found in one of the known genes,
frequently occur as sporadic cases or in families too
small to perform linkage analysis. The KCNE3 story has
shown that, in this particular situation, the demonstration
of the absence of mutation in a group of controls as well
as functional expression of the mutated channel are not
sufficient to demonstrate the causative role of the sus-
pected gene in the absence of other mutations.

The KCNE3 story also points to a paradox in muscle
ion channel disorders. For the researcher, the advantage
of working on ion channels comes from the extensive
knowledge of their mechanism of action. It was inferred
that one could rapidly go from the identification of the
gene defect to the understanding of pathophysiology. It
was hypothesized that ion channel mutations would lead
to biophysical defects detectable by the expression of
mutants in in vitro systems, and conversely that biophys-
ical defects would be predictive of the role of ion chan-
nels in diseases. This turned out to be true for hyperkale-
mic periodic paralysis but not for hypoPP. It is now well
established that mutations in the voltage-gated calcium
channel cause the most frequent form of hypoPP. The
biophysical consequences of the mutations are modest if
any. For KCNE3, the R83H variant causes drastic
changes in membrane excitability but is not a causative
factor for hypoPP.

This observation points to the fact that even if we are
able to reconstruct current by expressing channel sub-
units, this is far from being sufficient to link a mutation
to a phenotype. Membrane excitability is a subtle func-
tion with multiple players. How the latter interact in the
presence of the mutation and how this interaction leads
to the phenotype remains to be elucidated. The identifi-
cation of the causative genes has been a major leap for
the understanding of this disease. There is, however, no
direct link between the gene defect and the complexity of
the pathophysiology, which still needs to be deciphered.

IN VIVO FUNCTIONAL STUDIES OF MUSCLE
ION CHANNEL MUTATIONS IN PATIENTS

The functional consequences of ion channel mutations

on muscle membrane excitability in patients can be stud-
ied by the noninvasive technique of electromyography
(EMG). During attacks of paralysis in hypoPP, the mus-
cle membrane has been shown to be depolarized and
unable to respond to electrical stimulation.1 Between
attacks, the muscle membrane activity recorded by EMG
is normal, although muscle conduction velocities are de-
creased. Muscle conduction velocities have been re-
corded by invasive and noninvasive techniques. Invasive
techniques have been shown to be more sensitive but less
feasible in a daily practice. Interestingly, muscle conduc-
tion velocities were shown to be decreased in patients
with different types of calcium mutations and proposed
to be a marker for carrier status.16,59-61

Because muscle weakness may be triggered by exer-
cise, it has been proposed to use strong and sustained
voluntary contraction as a provocative test for diagno-
sis.62 Surface-recorded muscle responses to supramaxi-
mal nerve stimulation are used to monitor muscle mem-
brane activity and are considered to reflect muscle
membrane activity. Analysis of the compound motor
action potential (CMAP) amplitude before and at various
times after long (5 min) exercise provides information on
changes in the number of active fibers, and on their
ability to depolarize and repolarize. A significant de-
crease in the CMAP amplitude after a long exercise test
has been reported in � 70–80% of the patients with
periodic paralyses.62,63

We recently investigated patients with known ion
channel mutations associated with different forms of pe-
riodic paralysis. Inclusive EMG allowed us to establish
consistent links between the clinical syndromes and the
muscle electrical response to different provocative tests
(repeated short exercise, long exercise). In addition, sta-
tistical analysis of the results obtained from several pa-
tients carrying the same mutation provided evidence for
the EMG changes caused by specific ion channel muta-
tions. Overall, our results suggest that extensive EMG
may help guide clinicians toward a specific ion channel
gene defect, especially if access to genetic screening is
limited.64

Fournier and colleagues64 proposed a new classifica-
tion for EMG patterns in patients with muscle chan-
nelopathies. Periodic paralysis patients could be divided
into two groups defined as patterns IV and V. The de-
cline in CMAP response, which occurs 15 to 20 minutes
after completion of a long exercise, is a common feature
to both patterns. This loss of muscle excitability corre-
lates well with muscle weakness experienced by patients
after strenuous exercise. An early incremental effect of
repeated short exercise or long exercise on CMAPs was
specific to patients with hyperkalemic periodic paralysis
(pattern IV). Recording of a late CMAP decline after
long exercise without preliminary increment (pattern V)
is most consistent with mutations in CACNA1S or in

SCN4A.64 A similar pattern has been observed in patients
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with mutations in KCNJ2.65 This suggests that hypokale-
mic periodic paralysis-associated calcium channel muta-
tions and Andersen-Tawil syndrome-associated KCNJ2
mutations may lead to muscle membrane hypo-excitabil-
ity through a common mechanism.65

TREATMENT AND CARE OF HYPOPP
PATIENTS

Patients learn to decrease the number of attacks by
having a balanced diet and avoiding meals rich in car-
bohydrates. Mild and regular exercise is also beneficial,
and continuing to exercise mildly may help abort im-
pending attacks. The use of potassium chloride salts may
also be helpful to prevent or abort attacks. Based on the
simple reasoning that diuretics inducing hypokalemia
may be useful in hyperkalemic periodic paralysis, acet-
azolamide, an inhibitor of carbonic anhydrase, was tested
with success by McArdle.1 A patient suspected of having
the hyperkalemic form of periodic paralysis but eventu-
ally diagnosed as having hypoPP unexpectedly reported
a remarkable beneficial effect of acetazolamide on attack
frequency.66 The mechanism of action of acetazolamide
is unknown; it may act on potassium channels implicated
in regulating muscle excitability.67 In addition, acetazol-
amide also improves muscle force when permanent
weakness is present.10-12 The efficacy of carbonic anhy-
drase inhibitors, such as acetazolamide or dichlorphena-
mide, on the frequency of attacks has not only been
demonstrated in small series of patients but also in a
multicenter, double-blind, randomized, placebo-con-
trolled crossover trial.68 An international multicenter
trial coordinated by R.C. Griggs (University of Roches-
ter, Rochester, NY) is under preparation to test the effi-
cacy of carbonic anhydrase inhibitors, not only on the
frequency of attacks but also on permanent muscle weak-
ness. It may help to assess whether carbonic anhydrase
inhibitors are effective in preventing the occurrence of a
vacuolar myopathy. This international collaboration
should stand as an example for rare diseases. The rarity
of the disorders makes large international collaborations
mandatory for therapeutic progress.

Some patients worsen with the use of acetazolamide.69

It is now known that most of these patients display a
sodium channel mutation.45 However, on an individual
basis, it is impossible to predict the response of a patient
to acetazolamide, even when knowing the causative mu-
tation.70 Although a majority of patients with sodium
channel mutations do not respond or are aggravated by
acetazolamide, some patients still respond positively.
The drug therefore merits a trial under strict medical
supervision.70 Mechanisms that could explain such a
differential therapeutic response in patients bearing the
same mutations are not known.
There are some anecdotal reports of the association of
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hypoPP and malignant hyperthermia. The question of the
association of hypoPP and malignant hyperthermia arose
from the difficulty of interpreting unambiguously in vitro
contracture tests in muscle disorders caused by ion chan-
nel mutations.71 We now know that malignant hyperther-
mia and hypoPP are different diseases caused by distinct
mutations in the same gene; the voltage-gated calcium
channel CACNA1S.72,73 Some precautions should be
taken during anesthetic procedures in hypoPP patients:
intravenous glucose should be avoided and the temper-
ature of fluids and their ionic composition should be
carefully monitored.74,75 Spinal anesthesia in hypoPP is
safe, although a known cause of hypokalemia.76

CONCLUSION

In the past 15 years, the combination of advances in
genetics, molecular, and clinical physiology has greatly
improved our understanding of hypoPP. The complex
links between an ion channel mutation and a phenotype
remain to be unraveled. Ion channel mutations are not
only responsible for a functional defect of the muscle
membrane, but also cause muscle degeneration. HypoPP
may therefore be a good model to decipher the pathway
connecting an ion channel mutation to cell toxicity. The
collaboration of referral centers on an international basis
will allow the gathering of data from large numbers of
patients that are necessary to accurately describe the
natural history of these disorders, which is essential for
the conduct of therapeutic trials.

Acknowledgments: This work is supported by the Institut
National pour la Santé et la Recherche Médicale, GIS-Institut
des Maladies Rares (Résocanaux), Agence Nationale pour la
Recherche, and Association Française contre les Myopathies.
Résocanaux is a national clinical and research network on
muscle channelopathies whose members are acknowledged for
their active contributions (Drs. and Prs. Lacomblez, Nicole,
Bassez, Vial, Eymard, Chapon, Penisson-Besnier, Bourdain,
Laforet, Sacconi, Desnuelle, Verschueren, Pouget, Penisson-
Besnier, Vermersch, Lagueny, Petiot, Magy, Vallat, Tranchant,
Furby, Chapon, Labarre-Vila, Gouider, and Kuntzer).

REFERENCES

1. Buruma OJS, Schipperheyn JJ. Periodic paralysis. In: Vinken PJ,
Bruyn GW, eds. Handbook of clinical neurology. Amsterdam:
North Holland Publishing; 1979:147–174.

2. Venance SL, Cannon SC, Fialho D, et al. The primary periodic
paralyses: diagnosis, pathogenesis and treatment. Brain 2006;129:
8–17.

3. Lin SH, Lin YF, Chen DT, Chu P, Hsu CW, Halperin ML. Lab-
oratory tests to determine the cause of hypokalemia and paralysis.
Arch Intern Med 2004;164:1561–1566.

4. Kung AW. Clinical review: thyrotoxic periodic paralysis: a diag-
nostic challenge. J Clin Endocrinol Metab 2006;91:2490–2495.

5. Elbaz A, Vale-Santos J, Jurkat-Rott K, et al. Hypokalemic periodic
paralysis and the dihydropyridine receptor (CACNL1A3): geno-
type/phenotype correlations for two predominant mutations and

evidence for the absence of a founder effect in 16 caucasian
families. Am J Hum Genet 1995;56:374–380.



HYPOKALEMIC PERIODIC PARALYSIS 231
6. Links TP. Familial hypokalemic periodic paralysis. Groningen:
Rijksuniversiteit Groningen; 1992.

7. Caciotti A, Morrone A, Domenici R, Donati MA, Zammarchi E.
Severe prognosis in a large family with hypokalemic periodic
paralysis. Muscle Nerve 2003;27:165–169.

8. Tawil R, Ptacek LJ, Pavlakis SG, et al. Andersen’s syndrome:
potassium-sensitive periodic paralysis, ventricular ectopy, and dys-
morphic features. Ann Neurol 1994;35:326–330.

9. Links TP, Zwarts MJ, Wilmink JT, Molenaar WM, Oosterhuis HJ.
Permanent muscle weakness in familial hypokalemic periodic pa-
ralysis. Clinical, radiological and pathological aspects. Brain 1990;
113:1873–1889.

10. Dalakas MC, Engel WK. Treatment of “permanent” muscle weak-
ness in familial hypokalemic periodic paralysis. Muscle Nerve
1983;6:182–186.

11. Griggs RC, Engel WK, Resnick JS. Acetazolamide treatment of
hypokalemic periodic paralysis. Prevention of attacks and im-
provement of persistent weakness. Ann Intern Med 1970;73:39–
48.

12. Links TP, Zwarts MJ, Oosterhuis HJ. Improvement of muscle
strength in familial hypokalemic periodic paralysis with acetazol-
amide. J Neurol Neurosurg Psychiatry 1988;51:1142–1145.

13. Buruma OJ, Bots GT. Myopathy in familial hypokalemic periodic
paralysis independent of paralytic attacks. Acta Neurol Scand
1978;57:171–179.

14. Engel AG. Electron microscopic observations in primary hy-
pokalemic and thyrotoxic periodic paralyses. Mayo Clin Proc
1966;41:797–808.

15. Engel AG. Evolution and content of vacuoles in primary hypokale-
mic periodic paralysis. Mayo Clin Proc 1970;45:774–814.

16. Links TP, Smit AJ, Molenaar WM, Zwarts MJ, Oosterhuis HJ.
Familial hypokalemic periodic paralysis. Clinical, diagnostic and
therapeutic aspects. J Neurol Sci 1994;122:33–43.

17. Rudel R, Lehmann-Horn F, Ricker K, Kuther G. Hypokalemic
periodic paralysis: in vitro investigation of muscle fiber membrane
parameters. Muscle Nerve 1984;7:110–120.

18. Fontaine B, Khurana TS, Hoffman EP, et al. Hyperkalemic peri-
odic paralysis and the adult muscle sodium channel alpha-subunit
gene. Science 1990;250:1000–1002.

19. Ptacek LJ, George AL Jr, Griggs RC, Tawil R, Kallen RG, Barchi
RL, Robertson M, Leppert MF. Identification of a mutation in the
gene causing hyperkalemic periodic paralysis. Cell 1991;67:1021–
1027.

20. Rojas CV, Wang JZ, Schwartz LS, Hoffman EP, Powell BR,
Brown RH Jr. A Met-to-Val mutation in the skeletal muscle Na�
channel alpha-subunit in hyperkalaemic periodic paralysis. Nature
1991;354:387–389.

21. Fontaine B, Vale-Santos J, Jurkat-Rott K, et al. Mapping of the
hypokalemic periodic paralysis (HypoPP) locus to chromosome
1q31-32 in three European families. Nat Genet 1994;6:267–272.

22. Jurkat-Rott K, Lehmann-Horn F, Elbaz A, et al. A calcium channel
mutation causing hypokalemic periodic paralysis. Hum Mol Genet
1994;3:1415–1419.

23. Ptácek LJ, Tawil R, Griggs RC, et al. Dihydropyridine receptor
mutations cause hypokalemic periodic paralysis. Cell 1994;77:
863–868.

24. Wang Q, Liu M, Xu C, et al. Novel CACNA1S mutation causes
autosomal dominant hypokalemic periodic paralysis in a Chinese
family. J Mol Med 2005;83:203–208.

25. Fouad G, Dalakas M, Servidei S, et al. Genotype-phenotype cor-
relations of DHP receptor alpha 1-subunit gene mutations causing
hypokalemic periodic paralysis. Neuromuscul Disord 1997;7:33–
38.

26. Ikeda Y, Abe B, Watanabe M, et al. A Japanese family of auto-
somal dominant hypokalemic periodic paralysis with a
CACNL1A3 gene mutation. Eur J Neurol 1996;3:441–445.

27. Kawamura S, Ikeda Y, Tomita K, Watanabe N, Seki K. A family
of hypokalemic periodic paralysis with CACNA1S gene mutation
showing incomplete penetrance in women. Intern Med 2004;43:
218–222.

28. Miller TM, Dias da Silva MR, Miller HA, et al. Correlating phe-

notype and genotype in the periodic paralyses. Neurology 2004;
63:1647–1655.
29. Sillen A, Sorensen T, Kantola I, Friis ML, Gustavson KH, Wade-
lius C. Identification of mutations in the CACNL1A3 gene in 13
families of Scandinavian origin having hypokalemic periodic pa-
ralysis and evidence of a founder effect in Danish families. Am J
Med Genet 1997;69:102–106.

30. Boerman RH, Ophoff RA, Links TP, et al. Mutation in DHP
receptor alpha 1 subunit (CACLN1A3) gene in a Dutch family
with hypokalemic periodic paralysis. J Med Genet 1995;32:44–47.

31. Grosson CL, Esteban J, McKenna-Yasek D, Gusella JF, Brown RH
Jr. Hypokalemic periodic paralysis mutations: confirmation of mu-
tation and analysis of founder effect. Neuromuscul Disord 1996;
6:27–31.

32. Wang W, Jiang L, Ye L, et al. Mutation screening in Chinese
hypokalemic periodic paralysis patients. Mol Genet Metab 2006;
87:359–363.

33. Dias da Silva MR, Cerutti JM, Tengan CH, et al. Mutations linked
to familial hypokalemic periodic paralysis in the calcium channel
alpha1 subunit gene (Cav1.1) are not associated with thyrotoxic
hypokalemic periodic paralysis. Clin Endocrinol (Oxf) 2002;56:
367–375.

34. Engel AG, Lambert EH. Calcium activation of electrically inex-
citable muscle fibers in primary hypokalemic periodic paralysis.
Neurology 1969;19:851–858.

35. Ruff RL. Calcium-tension relationships of muscle fibers from pa-
tients with periodic paralysis. Muscle Nerve 1991;14:838–844.

36. Lapie P, Goudet C, Nargeot J, Fontaine B, Lory P. Electrophysi-
ological properties of the hypokalemic periodic paralysis mutation
(R528H) of the skeletal muscle alpha 1s subunit as expressed in
mouse L cells. FEBS Lett 1996;382:244–248.

37. Morrill JA, Cannon SC. Effects of mutations causing hypo-
kaelemic periodic paralysis on the skeletal muscle L-type Ca2�
channel expressed in Xenopus laevis oocytes. J Physiol 1999;520:
321–336.

38. Ruff RL. Insulin acts in hypokalemic periodic paralysis by reduc-
ing inward rectifier K� current. Neurology 1999;53:1556–1563.

39. Tricarico D, Servidei S, Tonali P, Jurkat-Rott K, Camerino DC.
Impairment of skeletal muscle adenosine triphosphate-sensitive
K� channels in patients with hypokalemic periodic paralysis.
J Clin Invest 1999;103:675–682.

40. Cannon SC. Pathomechanisms in channelopathies of skeletal mus-
cle and brain. Annu Rev Neurosci 2006;29:387–415.

41. Bulman DE, Scoggan KA, van Oene MD, et al.A novel sodium
channel mutation in a family with hypokalemic periodic paralysis.
Neurology 1999;53:1932–1936.

42. Jurkat-Rott K, Mitrovic N, Hang C, et al. Voltage-sensor sodium
channel mutations cause hypokalemic periodic paralysis type 2 by
enhanced inactivation and reduced current. Proc Natl Acad Sci U
S A 2000;97:9549–9554.

43. Sugiura Y, Makita N, Li L, et al. Cold induces shifts of voltage
dependence in mutant SCN4A, causing hypokalemic periodic pa-
ralysis. Neurology 2003;61:914–918.

44. Vicart S, Sternberg D, Fournier E, et al. New mutations of SCN4A
cause a potassium-sensitive normokalemic periodic paralysis. Neu-
rology 2004;63:2120–2127.

45. Sternberg D, Maisonobe T, Jurkat-Rott K, et al. Hypokalemic
periodic paralysis type 2 caused by mutations at codon 672 in the
muscle sodium channel gene SCN4A. Brain 2001;124:1091–1099.

46. Carle T, Lhuillier L, Luce S, et al. Gating defects of a novel Na(�)
channel mutant causing hypokalemic periodic paralysis. Biochem
Biophys Res Commun 2006;348:653–661.

47. Davies NP, Eunson LH, Samuel M, Hanna MG. Sodium channel
gene mutations in hypokalemic periodic paralysis: an uncommon
cause in the UK. Neurology 2001;57:1323–1325.

48. Kim MK, Lee SH, Park MS, et al. Mutation screening in Korean
hypokalemic periodic paralysis patients: a novel SCN4A
Arg672Cys mutation. Neuromuscul Disord 2004;14:727–731.

49. Bendahhou S, Cummins TR, Griggs RC, Fu YH, Ptacek LJ. So-
dium channel inactivation defects are associated with acetazol-
amide-exacerbated hypokalemic periodic paralysis. Ann Neurol
2001;50:417–420.

50. Kuzmenkin A, Muncan V, Jurkat-Rott K, et al. Enhanced inacti-

vation and pH sensitivity of Na(�) channel mutations causing
hypokalemic periodic paralysis type II. Brain 2002;125:835–843.

Neurotherapeutics, Vol. 4, No. 2, 2007



FONTAINE ET AL.232
51. Struyk AF, Scoggan KA, Bulman DE, Cannon SC. The human
skeletal muscle Na channel mutation R669H associated with
hypokalemic periodic paralysis enhances slow inactivation. J Neu-
rosci 2000;20:8610–8617.

52. Plaster NM, Tawil R, Tristani-Firouzi M, et al. Mutations in Kir2.1
cause the developmental and episodic electrical phenotypes of
Andersen’s syndrome. Cell 2001;105:511–519.

53. Abbott GW, Butler MH, Bendahhou S, Dalakas MC, Ptacek LJ,
Goldstein SA. MiRP2 forms potassium channels in skeletal muscle
with Kv3.4 and is associated with periodic paralysis. Cell 2001;
104:217–231.

54. Dias Da Silva MR, Cerutti JM, Arnaldi LA, Maciel RM. A muta-
tion in the KCNE3 potassium channel gene is associated with
susceptibility to thyrotoxic hypokalemic periodic paralysis. J Clin
Endocrinol Metab 2002;87:4881–4884.

55. Tang NL, Chow CC, Ko GT, et al. No mutation in the KCNE3
potassium channel gene in Chinese thyrotoxic hypokalemic peri-
odic paralysis patients. Clin Endocrinol (Oxf) 2004;61:109–112.

56. Sternberg D, Tabti N, Fournier E, Hainque B, Fontaine B. Lack of
association of the potassium channel-associated peptide MiRP2-
R83H variant with periodic paralysis. Neurology 2003;61:857–
859.

57. Jurkat-Rott K, Lehmann-Horn F. Periodic paralysis mutation
MiRP2-R83H in controls: interpretations and general recommen-
dation. Neurology 2004;62:1012–1015.

58. Abbott GW, Butler MH, Goldstein SA. Phosphorylation and pro-
tonation of neighboring MiRP2 sites: function and pathophysiol-
ogy of MiRP2-Kv3.4 potassium channels in periodic paralysis.
FASEB J 2006;20:293–301.

59. Links TP, van der Hoeven JH, Zwarts MJ. Surface EMG and
muscle fibre conduction during attacks of hypokalemic periodic
paralysis. J Neurol Neurosurg Psychiatry 1994;57:632–634.

60. Zwarts MJ, van Weerden TW, Links TP, Haenen HT, Oosterhuis
HJ. The muscle fiber conduction velocity and power spectra in
familial hypokalemic periodic paralysis. Muscle Nerve 1988;11:
166–173.

61. Links TP, van der Hoeven JH. Muscle fiber conduction velocity in
arg1239his mutation in hypokalemic periodic paralysis. Muscle
Nerve 2000;23:296.

62. McManis PG, Lambert EH, Daube JR. The exercise test in periodic
paralysis. Muscle Nerve 1986;9:704–710.

63. Kuntzer T, Flocard F, Vial C, et al. Exercise test in muscle chan-
nelopathies and other muscle disorders. Muscle Nerve 2000;23:

1089–1094.

Neurotherapeutics, Vol. 4, No. 2, 2007
64. Fournier E, Arzel M, Sternberg D, et al. Electromyography guides
toward subgroups of mutations in muscle channelopathies. Ann
Neurol 2004;56:650–661.

65. Bendahhou S, Fournier E, Sternberg D, et al. In vivo and in vitro
functional characterization of Andersen’s syndrome mutations.
J Physiol 2005;565:731–741.

66. Resnick JS, Engel WK, Griggs RC, Stam AC. Acetazolamide
prophylaxis in hypokalemic periodic paralysis. N Engl J Med
1968;278:582–586.

67. Tricarico D, Barbieri M, Camerino DC. Acetazolamide opens the
muscular KCa2� channel: a novel mechanism of action that may
explain the therapeutic effect of the drug in hypokalemic periodic
paralysis. Ann Neurol 2000;48:304–312.

68. Tawil R, McDermott MP, Brown R Jr, et al. Randomized trials of
dichlorphenamide in the periodic paralyses. Working Group on
Periodic Paralysis. Ann Neurol 2000;47:46–53.

69. Torres CF, Griggs RC, Moxley RT, Bender AN. Hypokalemic
periodic paralysis exacerbated by acetazolamide. Neurology 1981;
31:1423–1428.

70. Venance SL, Jurkat-Rott K, Lehmann-Horn F, Tawil R. SCN4A-
associated hypokalemic periodic paralysis merits a trial of acet-
azolamide. Neurology 2004;63:1977.

71. Lehmann-Horn F, Iaizzo PA. Are myotonias and periodic paraly-
ses associated with susceptibility to malignant hyperthermia? Br J
Anaesth 1990;65:692–697.

72. Hogan K. The anesthetic myopathies and malignant hyperther-
mias. Curr Opin Neurol 1998;11:469–476.

73. Monnier N, Procaccio V, Stieglitz P, Lunardi J. Malignant-hyper-
thermia susceptibility is associated with a mutation of the alpha
1-subunit of the human dihydropyridine-sensitive L-type voltage-
dependent calcium-channel receptor in skeletal muscle. Am J Hum
Genet 1997;60:1316–1325.

74. Klingler W, Lehmann-Horn F, Jurkat-Rott K. Complications of
anaesthesia in neuromuscular disorders. Neuromuscul Disord
2005;15:195–206.

75. Naguib M, Flood P, McArdle JJ, Brenner HR. Advances in neu-
robiology of the neuromuscular junction: implications for the an-
esthesiologist. Anesthesiology 2002;96:202–231.

76. Hecht ML, Valtysson B, Hogan K. Spinal anesthesia for a patient
with a calcium channel mutation causing hypokalemic periodic

paralysis. Anesth Analg 1997;84:461–464.


	Hypokalemic Periodic Paralysis: A Model for a Clinical and Research Approach to a Rare Disorder
	INTRODUCTION
	PERMANENT MUSCLE WEAKNESS AND VACUOLAR MYOPATHY: OTHER FEATURES OF HYPOPP
	MUTATIONS IN VOLTAGE-GATED CALCIUM AND SODIUM CHANNEL GENES CAUSE FAMILIAL HYPOPP
	ARE MUTATIONS OF THE GENE ENCODING POTASSIUM CHANNELS ASSOCIATED WITH PERIODIC PARALYSIS?
	IN VIVO FUNCTIONAL STUDIES OF MUSCLE ION CHANNEL MUTATIONS IN PATIENTS
	TREATMENT AND CARE OF HYPOPP PATIENTS
	CONCLUSION
	Acknowledgments
	REFERENCES


