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a b s t r a c t

Familial hypokalemic periodic paralysis is an autosomal-dominant channelopathy that features episodic
attacks of flaccid paralysis with concomitant hypokalemia. Reduced activity of ATP-sensitive K+ (KATP)
channels is suggested to be responsible for this disorder; however, the molecular mechanisms have
not yet been elucidated. In this study, we investigated the molecular mechanism of reduced KATP channel
activity in skeletal muscle cells of patients with familial hypokalemic periodic paralysis. We examined
the mRNA and protein levels of SUR2A, a KATP channel subunit, in cells from patients (patient cells)
and normal individuals (normal cells). Our results demonstrated that normal cells exposed to 50 mM
potassium buffer, which was used to induce depolarization, did not show significant change in the SUR2A
mRNA levels; however, the protein level significantly increased in the cytosolic fraction. When the
patient cells were exposed to 50 mM potassium buffer, the SUR2A mRNA level significantly decreased.
Further, the protein level of SUR2A significantly increased in the membrane fraction but decreased in
the cytosolic fraction in patient cells. These findings suggest that abnormal localization of the SUR2A
K+ channel protein leads to reduced KATP channel activity in familial hypokalemic periodic paralysis.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Familial hypokalemic periodic paralysis (OMIM ID: 170400) is
an autosomal dominant disorder that features reversible flaccid
paralysis with intermittently developed hypokalemia. Although
the initial onset of flaccid paralysis varies from infancy to puberty,
it begins around puberty in many patients, following which weak-
ness of the extremities or general paralysis occurs regularly or
intermittently at night or early in the morning and lasts several
hours to a few days with spontaneous recovery. Additionally, expo-
sure to foods rich in sugar or salt, excessive exercise, cold, or emo-
tional stress can initiate these symptoms [1,2]. Previous molecular
genetic studies revealed that mutations in the L-type calcium
channel gene CACNA1S (OMIM ID: 114208) and the sodium chan-
nel gene SCN4A (OMIM ID: 603967) of skeletal muscle cells are
responsible for this disorder; however, its pathogenesis has not
been clearly elucidated [2–4].

The adenosine triphosphate (ATP)-dependent potassium chan-
nel (KATP) is one of the various potassium channels involved in
the movement of potassium through the cellular membrane. This
channel is found in various organs and/or tissues such as the pan-
creas, brain, heart, skeletal muscles, and smooth muscles [5–7].
ll rights reserved.

).
The KATP channel consists of Kir6.x subunits that form the pores
and sulfonylurea receptor (SUR) subunits that control channel
function [8,9]. Channel activity is controlled by the membrane po-
tential and ligands. ATP and phosphatidylinositol 4,5-bisphosphate
directly affect the Kir6.2 subunits, whereas sulfonylurea and Mg-
nucleotides affect the SUR subunits. ATP inhibits channel activa-
tion through Kir6.2, and Mg-ATP and adenosine diphosphate
(ADP) activate the channel through the SUR subunit. Therefore,
the intracellular ATP/ADP concentration determines the activity
of the KATP channel [10,11].

SURs are a type of ATP-binding cassette proteins. The SUR
subtypes SUR1, SUR2A, and SUR2B are expressed in the pancreatic
b cells, heart and skeletal muscles, and smooth muscles, respec-
tively [8,12]. SUR1 increases the ATP in pancreatic b cells to block
KATP channels, which in turn increases the intracellular potassium
concentration and induces depolarization; thus, SUR1 plays an
important role in the extracellular secretion of insulin [13,14]. Fur-
thermore, it also influences the protection of cells by controlling
the membrane potential [15–17].

Previous studies have suggested a relationship between the
development of hypokalemic periodic paralysis and the decreased
function of KATP channels located in the membrane of skeletal mus-
cle cells [18,19]. A recent study revealed that normal rats exposed
to hypokalemia showed decreased expression of the SUR2A
protein, suggesting that familial hypokalemic periodic paralysis
may have developed as a result of decreased KATP channel function
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[20]. However, as this was the response of genetically normal rats
to hypokalemic status, this information cannot be used to suggest a
direct relation to patients with genetic defects. In this study, we
obtained skeletal muscle cells from patients with familial hypoka-
lemic periodic paralysis (patient cells) and healthy volunteers (nor-
mal cells) and investigated the expression patterns of SUR2A
mRNA and protein levels therein at normal (4 mM) and high
(50 mM, for depolarization) potassium concentrations.
Fig. 1. Histopathological features of muscle biopsy in a patient with hypokalemic
periodic paralysis. Intrasarcoplasmic vacuoles were observed on hematoxylin–
eosin stained sections of formol fixed and paraffin-embedded skeletal muscle. (A)
Magnification: 200�. (B) Magnification: 300�.
Materials and methods

Subjects. We reviewed 108 patients who were being treated for
familial hypokalemic periodic paralysis in the Department of Pedi-
atrics, Konyang University Hospital. Of these patients, we selected
three who presented the most severe symptoms. These patients
had the Arg1239Gly mutation in the CACNA1S gene. Further, three
healthy volunteers participated in this study. All participants pro-
vided written informed consent, and the study was conducted in
compliance with the Institutional Review Board of Konyang Uni-
versity Hospital.

Sampling skeletal muscle specimens. The subjects were asked to
rest in the supine position on a bed. Skeletal muscle specimens
were collected from the gastrocnemius muscles through surgical
incision following local anesthesia with lidocaine. A portion of each
collected specimen was fixed on a slide, dried at room tempera-
ture, and stained with hematoxylin–eosin.

Preparation of potassium buffer. Potassium buffer (4 mM) in pH
7.2 (4 mM KCl, 145 mM NaCl, 1 mM MgCl2, 0.5 mM CaCl2, 5 mM
glucose, and 10 mM 3-(N-morpholino) propanesulfonic acid
(MOPS)) was prepared and used for cell exposure to normal phys-
iological concentration of potassium. To induce depolarization of
skeletal muscle cells under a high concentration of potassium,
50 mM potassium buffer (50 mM KCl, 145 mM NaCl, 1 mM MgCl2,
0.5 mM CaCl2, 5 mM glucose, and 10 mM MOPS; pH 7.2) was pre-
pared. The buffers were sterilized before use.

Culture of skeletal muscle cells and treatment with potassium buf-
fer solution. Proliferation and differentiation of skeletal muscle cells
were induced according to the method described previously [21].
Briefly, after pretreatment, skeletal muscle specimens collected
from patients with familial hypokalemic periodic paralysis and
healthy volunteers were cultured using Dulbecco’s modified Ea-
gle’s medium (DMEM; Thermo Scientific) containing 20% fetal bo-
vine serum (Thermo Scientific) and 1% penicillin–streptomycin
(Thermo Scientific) at 37 �C in an incubator containing 95% air
and 5% CO2 (Thermo Scientific). Thereafter, skeletal muscle cells
were cultured in DMEM with 2% horse serum (Thermo Scientific)
and 1% penicillin–streptomycin and allowed to differentiate for
5 days. Both the normal and patient cells were collected at the
12th passage and used for the analysis after they were treated with
the potassium buffers for 1 h.

Quantitative RT-PCR analysis. TriZol reagent (Invitrogen) was
used to extract RNA from the skeletal muscle cells, and 100 ng of
the total RNA was converted to cDNA using reverse transcriptase.
Quantitative reverse transcriptase-polymerase chain reaction
(RT-PCR) was performed after the SUR2A primers were mixed with
Accupower PCR PreMix (Bioneer). Sets were performed in tripli-
cate. Experimental data were presented as means ± standard devi-
ation, and statistical significance was evaluated by the Student’s t
test. A P value of less than 0.05 was considered statistically
significant.

Western blot analysis. Skeletal muscle cells obtained from the
patients and healthy volunteers were treated with the two differ-
ent concentrations of potassium buffers for 1 h, and the cytosolic
and membranous protein fractions were then separated. A modifi-
cation of the cell separation method described previously was used
for the separation of the cytosolic and membranous proteins
[22,23], and a protease-inhibitor cocktail (Sigma) was added at
each step to extract the proteins. From each specimen, 10 lg pro-
tein was electrophoresed on 12% sodium dodecyl sulfate–poly-
acrylamide gel (Bio-Rad), and then transferred to polyvinylidene
fluoride membrane (Bio-Rad) for Western blot analysis. The pro-
tein-containing membrane was blocked using 5% skim milk (Bio-
Rad) and then incubated with primary anti-SUR2A antibody (Ab-
cam). Subsequently, anti-goat secondary antibody was incubated
with the membrane, and the protein band was then visualized
using Super-Signal West Pico Luminal/Enhancer solution (Pierce).

Results

This study was performed to investigate the changes in the
expression pattern of SUR2A proteins on depolarization in skeletal
muscle cells. These cells were then treated with potassium buffer
at normal extracellular concentration (4 mM) and high concentra-
tion (50 mM) of potassium in order to induce depolarization, and
the SUR2A mRNA expressions were analyzed prior to and 1 h fol-
lowing addition of buffer. The expression levels were compared,
and Western blotting was carried out to evaluate the expressions
of cytosolic and membranous SUR2A protein.
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Hematoxylin–eosin staining for evaluation of patient muscular tissue

Staining of the gastrocnemius muscles obtained from the pa-
tients revealed single or multiple, centrally placed vacuoles, as is
typical for hypokalemic periodic paralysis-related vacuolar myop-
athy (Fig. 1).

Evaluation of SUR2A mRNA expression using quantitative RT-PCR

The expression of the mRNA extracted from each specimen was
evaluated by exposing normal cells and patient cells to potassium
buffer at normal extracellular concentration (4 mM) and at high
concentration (50 mM) to induce depolarization. In both normal
and patient cells, the mRNA expression did not differ upon expo-
sure to 4 mM potassium buffer (Fig. 2A and B). Further, normal
cells showed no change in mRNA expression after exposure to
50 mM potassium buffer (Fig. 2C). However, decreased SUR2A
mRNA expression was detected in the patient cells following expo-
sure to 50 mM potassium buffer (Fig. 2D).

Western blot analysis to evaluate cytosolic and membranous SUR2A
protein expression

To investigate the effects of changes in the SUR2A mRNA
expression on protein expression, cytosolic and membranous frac-
tions were separated following treatment with potassium buffers
of the same condition and protein expression level of SUR2A was
Fig. 2. Quantification of SUR2A mRNA expressions after exposure to 4 and 50 mM potass
(A) and patient (B) cells in 4 mM potassium buffer. After exposure to 50 mM potassiu
decreased in patient cells (D). Untreated: prior to exposure to potassium buffer. Treated
marked as value 1.
evaluated. Results revealed that both patient cells and normal cells
that were exposed to 4 mM potassium buffer did not show any sig-
nificant change in cytosolic and membrane protein, similar to the
case of mRNA expression (Fig. 3A and B). However, following treat-
ment with 50 mM potassium buffer to induce depolarization, cyto-
solic SUR2A protein levels increased (Fig. 3C) whereas the
membrane protein levels decreased in normal cells (Fig. 3D). On
the contrary, in patient cells, the cytosolic SUR2A protein de-
creased (Fig. 3C), whereas the membrane SUR2A protein increased
(Fig. 3D).

Discussion

Familial hypokalemic periodic paralysis is the most prevalent
form of periodic paralysis in Western countries [24], and it has
been reported to be more frequent in the Western populations
than in Asians. However, recent studies have reported many pa-
tients with familial hypokalemic periodic paralysis in Asian coun-
tries [1,25–27]. Various ongoing studies are investigating the
pathogenesis of this disease, and some have reported that decrease
in the membrane KATP channel function is related to its pathogen-
esis [19,20]; however, the exact molecular mechanism has not yet
been elucidated.

In this study, we aimed to determine the mechanism underlying
familial hypokalemic periodic paralysis by observing changes in
the SUR2A protein expression in 4 and 50 mM potassium buffers;
the former was used to mimic normal extracellular potassium
ium buffers, respectively. The mRNA levels of SUR2A did not change in both normal
m buffer, the mRNA levels remain unchanged in normal cells (C) but significantly
: 1 h after exposure to potassium buffer. In the fold change, untreated samples are
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Fig. 3. Western blot analysis of SUR2A protein after exposure to 4 and 50 mM potassium buffers, respectively. The protein levels of SUR2A in the cytosolic (A) and membrane
(B) fractions did not change in both normal (upper panel) and patient (lower panel) cells in 4 mM potassium buffer. After exposure to 50 mM potassium buffer, the protein
levels of SUR2A in the cytosolic fraction (C) increased in normal cells (upper panel) and decreased in patient cells (lower panel); however, in the membrane fraction (D) those
decreased in normal cells and increased in patient cells. Untreated: prior to exposure to potassium buffer. Treated: 1 h after exposure to potassium buffer.
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concentrations and the latter, to induce depolarization and to mi-
mic paralytic conditions. As a result, there was no change in the
SUR2A mRNA and SUR2A protein expressions in both types of cells
after exposure to 4 mM potassium buffer, indicating that under
normal physiological concentrations of potassium, the SUR2A pro-
tein is used for the normal function of the KATP channels in the pa-
tients. However, when normal cells were exposed to 50 mM
potassium buffer, we found that, although the SUR2A mRNA
expression did not change, the SUR2A protein level increased in
the cytosol and decreased in the cellular membrane. Given that
SUR2A binds with the Kir6.x membrane channel protein and func-
tions in blocking the potassium channels in normal skeletal muscle
cells, this is presumably a mechanism to stabilize cells to a resting
membrane potential by resolving the depolarization. To resolve the
depolarization, the potassium ions must be released through the
potassium channels opened by retrieval of membrane SUR2A to
the cytosol following increased intracellular potassium. However,
when the patient cells were exposed to 50 mM potassium buffer
to induce depolarization, the mRNA expression was found to de-
crease, and the protein expression in the cytosol decreased but that
in the cellular membrane increased. Therefore, we inferred that in
patient cells, SUR2A protein is not retrieved to the cytosol follow-
ing depolarization; rather, it remains overexpressed in the mem-
brane, rendering the KATP channels unopened, and the resultant
continuous intracellular potassium retention leads to a persistent
depolarization that induces clinical muscular paralysis. Therefore,
decreased intracellular SUR2A mRNA expression in patient cells
exposed to 50 mM potassium buffer is probably a physiological
compensatory mechanism at the gene level to relieve paralysis
due to continuous depolarization.

In conclusion, we analyzed the expression pattern of SUR2A
mRNA and the intracellular distribution of the SUR2A protein to
investigate the cause of decrease in the functional activity of the
KATP channels in patients with familial hypokalemic periodic paral-
ysis. We observed a decrease in the SUR2A gene expression and
abnormal membrane distribution of the protein in these patients.
This is a novel finding that explains the pathogenesis of this disease
with regard to the KATP channels in the patient cells. Further re-
search on channel proteins, including Kir6.x, which is functionally
related to SUR2A, could yield additional information in under-
standing the pathogenesis of this disorder in detail.
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