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Introduction

Malignant hyperthermia (MH), a pharmacogenetic 
disorder, results from excessive calcium release from 
the sarcoplasmic reticulum (SR) in skeletal muscle fol-
lowing exposure to triggering agents, such as depolari-
zing muscle relaxants and/or volatile anesthetics. More 
than 200 MH- and Central Core Disease (CCD)-
associated mutations have been identifi ed in the ryano-
dine receptor 1 (RYR1) gene expressed in skeletal 
muscle [1]. RYR1 mutations linked to MH and CCD are 
clustered in three regions of the protein, “hot spot”; the 
N-terminal, central region, and the C-terminal [1–3].

The entire RYR1 coding sequence of genomic DNA 
from Japanese with susceptibility to MH was recently 
identifi ed. A Japanese mutation index was then repor-
ted, showing the fi rst documentation of a mutation in 
exon 47 [4], which is located outside the “hot spot” 
central region (exons 39–46). Including two cases in the 
present study, most of the mutations in exon 47 pre-
viously reported were found in Asian patients (Table 1) 
[3,4–6]. However, no functional analysis of p.R2508C in 
exon 47 has been performed. The European Malignant 
Hyperthermia Group (EMHG) has defi ned criteria for 
mutations in the RYR1 gene associated with MH sus-
ceptibility. Each mutation should be characterized at 
the genetic level and assayed by recombinant in vitro 
expression on a defi ned genetic background or assay of 
RYR1 function in ex vivo tissues [7]. In this study, we 
conducted a genetic and a functional analysis of the 
p.R2508C RYR1 mutation.

Patients and methods

Case 1

A 63-year-old woman with scoliosis had an episode of 
MH (clinical grading scale, 43; MH rank, 5) when anes-
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thetized with sevofl urane in nitrous oxide/oxygen. She 
had a serum creatine kinase (CK) level of 628 U·l−1 at 
rest. After surgery, she underwent a muscle biopsy, and 
then genetic analysis and muscle pathological analysis 
were performed at the National Center of Neurology 
and Psychiatry (NCNP). The pathological diagnosis was 
myopathic changes with many fi bers exhibiting core 
structures and type 1 fi ber predominance. To diagnose 
her susceptibility to MH, the calcium-induced calcium 
release (CICR) rate test was performed [8,9], and it 
showed acceleration in comparison to the standard rate, 
which was described previously [10]. The CICR values 
were increased at four different calcium concentrations, 
meeting the criteria for diagnosing susceptibility to 
MH.

Case 2

A 13-year-old girl with congenital arthrogryposis and 
scoliosis underwent corrective surgery for scoliosis 
under propofol general anesthesia. She had an increased 
CK level of 561 U·l−1 preoperatively at rest. Prior to 
surgery, muscle biopsy was carried out to diagnose her 
susceptibility to MH. Pathological examination revea-
led myopathic changes with some fi bers exhibiting cores 
or core-like structures, type 1 fi ber predominance, and 
type 2B fi ber defi ciency (Fig. 1). The CICR rates were 
increased at four different calcium concentrations, 
meeting the criteria for assessing accelerated CICR 
function.

Her father had had an episode of MH under general 
anesthesia, and her sister had congenital myopathy with 
scoliosis and a myopathic countenance. They have never 
undergone molecular genetic analysis.

Genetic analysis

Genomic DNA was extracted from the biopsied muscle 
specimen and peripheral blood lymphocytes. We ampli-
fi ed the all 106 RYR1 exons by polymerase chain reac-
tion (PCR). Purifi ed PCR products were directly 
sequenced in both directions according to the BigDye 
Terminator version 3.1 Cycle Sequencing Kit (Applied 
Biosystems Japan, Tokyo, Japan) protocol, using an 
automated ABI 3130xl Genetic Analyzer (Applied Bio-

systems Japan). Mutations were detected by detailed 
eye-inspection of the DNA sequencing data.

Written informed consents for the genetic analysis 
were obtained from the patients and their families at 
the NCNP.

Functional analysis

Mutagenesis of ryanodine receptor 1 (RYR1)
Full-length rabbit skeletal muscle RYR1 cDNA was a 
kind gift from David H. MacLenann (University of 
Toronto). The standard system, introduced by Dr. 
MacLenann’s group, used the expression of a rabbit 
RYR1 cDNA construct in HEK-293 cells [11]. The short 
fragment of RYR1 cDNA was removed from full-length 
RYR1 cDNA and ligated into pBluescript II KS (+) 
(Stratagene, Santa Clara, CA, USA). A QuikChange 
Site-Directed Mutagenesis Kit (Stratagene) was used to 
mutate the RYR1 cDNA insert. The integrity of the 
mutated segment of the cDNA insert was checked by 
sequencing the entire insert with an ABI 3100 DNA 
sequencer (Applied Biosystems Japan).

Cell culture
Human embryonic kidney 293 (HEK-293) cells, which 
were obtained from the American Type Culture Collec-
tion (ATCC, Manassas, VA, USA), were maintained in 
Dulbecco’s modifi ed Eagle’s medium (DMEM; Invitro-
gen, Carlsbad, CA, USA) supplemented with 10% fetal 
calf serum (FBS; Sigma-Aldrich, St. Louis, MO, USA), 
100 units of penicillin·ml−1 (Sigma, St. Louis, MO, USA) 
and 100 mg streptomycin·ml−1 (Sigma), at 37 °C under 
5% CO2.

DNA transfection
DNA transfection was carried out with Fugene HD 
Transfection Reagent (Roche Applied Science, India-
napolis, IN, USA); 2 μg plasmid DNA was used to 
transfect 1 × 105 HEK-293 cells in a 35-mm poly-L-
lysine-coated glass-bottomed dish. Control cells were 
treated similarly, but with expression vector DNA. For 
the measurement of Ca2+ release, cells were plated 
on 35-mm glass-bottomed microwell dishes (MatTek, 
Ashland, MA, USA), and measurement was carried out 
72 h after transfection.

Table 1. Reported missense changes in exon 47 of RYR1

Exon Nucleotide change Protein change Population (n)

47 c.7487C > T p.Pro2496Leu Japanese (1)
47 c.7522C > A p.Arg2508Gly Japanese (1)
47 c.7522C > T p.Arg2508Cys Japanese (4), Korean (1)
47 c.7523G > A p.Arg2508His Japanese (2)
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Ca2+ fl uorescence measurements
HEK-293 cells transfected with wild-type or mutant 
p.R2508C RYR1 DNA were washed in hydroxyethylpi-
perazine ethanesulfonic acid (HEPES)-buffered salt 
solution (HBSS) containing 130 mM NaCl, 5.4 mM 
KCl, 20 mM HEPES, 2.5 mM CaCl2, 1 mM MgCl2, and 
5.5 mM glucose at pH 7.4. The cells were loaded with 
5.0 μM Fura-2 AM (Dojindo, Tokyo, Japan) in HBSS 
for 1 h at 37 °C and washed with HBSS. The cells were 
then excited alternately at 340 nm and 380 nm. Fluores-
cence emission at 510 nm was measured using a fl uores-
cence microscope (Nikon, Tokyo, Japan). Images were 
acquired using a cooled high-speed digital video camera 
(ORCA-AG; Hamamatsu Photonics, Hamamatsu, 

Japan). HBSS was perfused into the sample dishes at a 
rate of 1.2 ml·min−1 at 37 °C. Only the cells that reacted 
to 10 mM caffeine (Wako, Osaka, Japan) were used for 
experiments. Caffeine-induced changes in Fura-2 AM 
fl uorescence were measured using various caffeine 
concentrations; 0.25, 0.5, 1.0, 2.5, 5.0, 10.0, and 20.0 mM, 
and the 340/380 nm signal ratio was calculated using a 
Ca2+ imaging system (Aquacosmos 2.5; Hamamatsu 
Photonics) within 60 min after washing away the excess 
Fura-2 AM. The dish was rinsed with HBSS for 3 min 
before the next dose was given. Similarly, 4-chloro-m-
cresol (4CmC)-induced changes in Fura-2 AM fl uores-
cence were measured using various 4CmC concentrations: 
3, 10, 30, 100, 300, 500, 1000, and 3000 μM. The two 

Fig. 1A-C. Muscle biopsy of case 2. A On hematoxylin and 
eosin (H&E) staining, we identifi ed a moderate variation in 
fi ber size with minimal endomysial fi brosis. B On nicotina-
mide adnine dinucleotide tetrazolium reductase (NADH-TR) 

staining, we observed disorganized intermyofi brillar networks 
in some fi bers showing a core or core-like structures lacking 
clear rimming. C On ATPase analysis, there was a predomi-
nance of type 1 fi bers that were decreased in size
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fl uorescence ratios were converted into Ca2+ concentra-
tions using a calibration curve constructed with a cali-
bration kit (Fura-2 Calcium Imaging Calibration Kit; 
Invitrogen). Control cells were measured similarly.

Data analysis
The changes in the ratios were calculated from the dif-
ference of the maximal response and the preceding 
baseline. To obtain dose-response curves, data for caf-
feine or 4CmC were normalized to the maximum res-
ponse observed with 10 mM caffeine or 1000 μM 4CmC, 
respectively. Data analysis was performed using PRISM 
software (GraphPad Software, San Diego, CA, USA) 
with Excel-based templates (Microsoft, Redmond, WA, 
USA).

Results

Genetic analysis

In both cases, genetic analysis revealed a C→T point 
mutation of RYR1 exon 47 at position 7522, resulting in 
an amino acid exchange of arginine for cysteine at 
amino acid 2508. There were no further base exchanges 
in the coding sequence.

Functional analysis

We generated a dose-response curve for caffeine by 
normalizing the rise in calcium concentrations at each 
concentration to the maximum response using 10 mM 
caffeine or 1000 μM 4CmC. The dose-response curve 
was shifted to the left from that of wild-type RYR1 
(Figs. 2, 3). The half-maximal activation concentration 
(EC50) of caffeine in HEK 293 cells expressing p.R2508C 
was 1.86 ± 0.23 mM, while that for wild-type RYR1 was 
2.62 ± 0.23 mM, and there was a signifi cant difference 
between them. The EC50 values of 4CmC for mutant 
RYR1 and wild-type RYR1 were 73.14 ± 19.44 μM and 
179.31 ± 35.23 μM, respectively (Table 2), and there was 
a signifi cant difference between them. Control cells did 
not respond to caffeine and 4CmC.

Fig. 2. Dose-response curve of the normalized calcium 
increases in response to caffeine stimulation. Triangles, p.
R2508C; squares, wild-type. Dose-response curves were nor-
malized to the maximal release response observed at 10 mM 
caffeine. Data represent the means ± SD

Table 2. EC50 for caffeine and 4CmC

EC50 for caffeine (mM) n EC50 for 4CmC (μM) n

Control ND ND
wt RYR1 2.62 ± 0.23  8 179.31 ± 35.23 7
R2508C 1.86 ± 0.23* 11 73.14 ± 19.44* 5

* P < 0.05 vs wt RYR1
Values are expressed as means ± SEM
n, number of HEK 293 cells; ND, not determined

Fig. 3. Dose-response curve of the normalized calcium 
increases in response to 4-chloro-m-cresol (4CmC) stimula-
tion. Triangles, p.R2508C; squares, wild-type. Dose-response 
curves were normalized to the maximal release response 
observed at 1000 μM 4CmC. Data represent the means ± SD
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Discussion

Exon 47 is located in close proximity to, but not within 
the central “hot spot” of genetic variability (exons 39–
46). Most of the previously documented mutations in 
exon 47 have been identifi ed in Japanese and Korean 
people [3,4–6]; however, no functional analysis of p.
R2508C was performed in these reports. This is the fi rst 
report of the pathogenic analysis of the RYR1 p.R2508C 
mutation in exon 47.

The p.R2508C mutation was reported in fi ve indepen-
dent pedigrees. At the NCNP laboratory 300 healthy 
chromosomes from a Japanese population have been 
analyzed and no missense mutations were found. 
Moreover, the affected residues (2508) among RYR1 
from different species were well conserved [5]. It was 
suggested that p.R2508C is not a common variant. We 
investigated this mutation from two independent pedi-
grees, and accelerations of the CICR rate in three inde-
pendent pedigrees have been reported [4,5]. These 
results meet EMHG criteria for gene mutations to be 
used in the genetic testing of susceptibility to malignant 
hyperthermia [7].

Myotubes, microsomal SR preparations, and lympho-
blasts derived from patients carrying mutations were 
used to investigate transient calcium currents in res-
ponse to ryanodine receptor activators such as caffeine, 
4CmC, and halothane, and the role of RYR1 mutations 
in the pathogenesis of MH [12–15]. However, to perform 
functional analysis using human primary myotubes, 
several independent pedigrees of the mutation are 
needed. Therefore, HEK-293 cells [16,17] bearing RYR1 
mutations have been used. The EC50 values of RYR1 
activators in the mutant RYR1 were reported to be half 
those of the wild-type of RYR1 [14]. In the present 
study, the EC50 values of caffeine and 4CmC for HEK-
293 cells expressing p.R2508C were 1.86 mM and 
73.14 μM, and those for wild-type were 2.62 mM and 
179.31 μM, respectively. Taken together, the thresholds 
of RYR1 activator responses for HEK-293 cells expres-
sing p.R2508C observed in this study are similar to 
those in the previous reports. We used the standard 
system introduced by Dr. MacLenann’ s group, which 
meets the EMHG criteria for functional characteriza-
tion. Consequently, p.R2508C was presumed to be 
pathologic for MH.

In Japan, the CICR rate test is performed to diagnose 
susceptibility to MH, by detecting an acceleration of 
CICR function in skeletal muscle. Individuals with MH-
associated mutations show acceleration in the CICR 
rate test, because the RYR1 mutations cause a functio-
nal abnormality in calcium release. The CICR rate test 
was performed In fi ve patients with the p.R2508C muta-
tion, four Japanese patients and one Korean patient, 
and all showed acceleration of the CICR rate [5]. In a 

previous genetic study in the Japanese individuals with 
CICR rate acceleration, the RYR1 mutation detection 
rate was 56.9% [4].

Most CCD mutations are clustered in the RYR1 C-
terminal, the pore-forming region of the channel that is 
involved in channel function and regulation, which is 
associated with muscle weakness. In contrast, CCD 
patients with mutations outside the C-terminal had mild 
musculoskeletal abnormalities. The two patients pre-
sented in the present study were diagnosed as having 
MH with some fi bers exhibiting cores in the muscle 
pathological analysis. The p.R2508C mutation identi-
fi ed in these cases was located outside the C-terminal 
near the central region. Of note, a CCD mutation in the 
non-C-terminal region is reported to predispose a 
patient to MH [4,5]. Our case 1 had had an episode of 
MH and case 2 was a member of an MH family, and 
both cases showed acceleration in the CICR rate test. 
We therefore assume that exon 47 is an important exon 
for MH.

Distribution of the mutation varies depending on 
ethnic groups. EMHG screens for a subset of mutations 
different from those screened by the North America 
Malignant Hyperthermia Group (NAMHG) [18,19]. 
The establishment of screens for Asians is needed.

In conclusion, we demonstrated increased sensitivity 
to caffeine and 4CmC in HEK-293 cells transfected 
with the RYR1 mutation in exon 47. The RYR1 p.
R2508C mutation was associated with altered calcium 
homeostasis. These fi ndings suggested that the p.
R2508C mutation may be pathogenetic for susceptibi-
lity to MH and that exon 47 may be a “hot spot,” at 
least for Asians.
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