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Pharmacologic and Functional Characterization of
Malignant Hyperthermia in the R163C RyR1 Knock-in
Mouse
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Background: Malignant hyperthermia is a pharmacogenetic
disorder affecting humans, dogs, pigs, and horses. In the ma-
jority of human cases and all cases in animals, malignant hy-
perthermia has been associated with missense mutations in the
skeletal ryanodine receptor (RyR1).

Methods: The authors used a “knock-in” targeting vector to
create mice carrying the RyR1 R163C malignant hyperthermia
mutation.

Results: Validation of this new mouse model of human ma-
lignant hyperthermia susceptibility includes (1) proof of tran-
scription of the R163C allele and expression of ryanodine re-
ceptor protein in R163C heterozygous and R163C homozygous
animals; (2) fulminant malignant hyperthermia episodes in
R163C heterozygous mice after exposure to 1.25–1.75% halo-
thane or an ambient temperature of 42°C characterized by in-
creased rectal temperature, respiratory rate, and inspiratory
effort, with significant blood biochemical changes indicating
metabolic acidosis, ending in death and hyperacute rigor mor-
tis; (3) intraperitoneal pretreatment with dantrolene provided
100% protection from the halothane-triggered fulminant malig-
nant hyperthermia episode; (4) significantly increased sensitiv-
ity (decreased effective concentration causing 50% of the max-
imal response) of R163C heterozygous and homozygous
myotubes to caffeine, 4-chloro-m-cresol, and K�-induced depo-
larization; (5) R163C heterozygous and homozygous myotubes
have a significantly increased resting intracellular Ca2� concen-
tration compared with wild type; (6) R163C heterozygous sar-
coplasmic reticulum membranes have a twofold higher affinity
(Kd � 35.4 nM) for [3H]ryanodine binding compared with wild

type (Kd � 80.1 nM) and a diminished inhibitory regulation by
Mg2�.

Conclusions: Heterozygous R163C mice represent a valid
model for studying the mechanisms that cause the human ma-
lignant hyperthermia syndrome.

MALIGNANT hyperthermia (MH) is a pharmacogenetic
disorder that is triggered by exposure of susceptible
individuals to volatile anesthetics, depolarizing muscle
relaxants, or stress.1,2 Exposure to these agents results in
a hypermetabolic state manifested clinically by hyper-
capnia, contracture of skeletal muscle, lactic acidosis,
and hyperthermia. Left untreated, these episodes are
nearly always fatal. MH is known to occur in humans
with a prevalence of 1 in 12,000–50,000 anesthetic
events.3 It has also been identified in several domestic
species, namely the pig,4 dog,5 and horse.6 In all species
studied to date, MH has been associated with mutations
in proteins that influence excitation–contraction cou-
pling, particularly in the skeletal isoform of the sarco-
plasmic reticulum Ca2� release channel, or ryanodine
receptor (RyR1). Porcine,4 canine,5 and equine6 MH are
each thought to be caused by a missense mutation in
RyR1, which can be homozygous (porcine) or heterozy-
gous (canine and equine), whereas in humans, more
than 60 RyR1 mutations and 2 �1s-dihydropyridine re-
ceptor (Cav1.1) mutations have been correlated with
MH susceptibility.7,8

Biochemical assessment of RyR1 activity in sarcoplas-
mic reticulum vesicles isolated from MH-susceptible
(MHS) individuals has been characterized, and MHS mu-
tations decrease in the observed EC50 for Ca2�-depen-
dent activation of [3H]ryanodine binding.9 In addition,
MHS RyR1 (MHRyR1) also displays attenuated inhibition
by mM Ca2� and Mg2�, as quantified by an increase in
observed IC50 and a failure to achieve complete inhibi-
tion in [3H]ryanodine binding experiments.9,10 Failure of

MHRyR1s to be as tightly regulated in terms of calcium
gating as wild-type RyR1 (WTRyR1) is thought to result in
an ongoing trace amount of calcium release, which may
in part be responsible for the increased resting Ca2�

concentrations observed in MHS skeletal muscle and
skeletal myotubes.11–13

Adequate study of the mechanisms leading to the hu-
man MH syndrome requires the use of a valid animal
model to study the disorder. Although the use of the
naturally occurring porcine model has been historically
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useful, especially in the development of dantrolene as a
therapy,14 the use of pigs is cumbersome. Furthermore,
porcine MHS is an autosomal recessive trait and limited
to a single mutation, R615C, that accounts for less than
2% of human MH cases. In contrast, mouse animal mod-
els are less cumbersome and can potentially be used to
study several human MH mutations due to the availability
of well-established genetic manipulation techniques in
the mouse. The mouse model reported in this study is
one of three mice, one from each of the three “MH hot
spots”15 that we are making or have made, and it is the
first to be characterized. R163C was picked because it
was one of the most common MH mutations in hot spot
1,15 and for that reason only. In this report, we charac-
terize the clinical, biochemical, and functional proper-
ties of MHS in the R163C “knock-in” (KI) mouse.

Materials and Methods

Generation of Mice
All experiments on animals from creation of MH mice

to establishment of their physiologic and biochemical
phenotypes were conducted using protocols approved
by the institutional animal care and use committees at
the Australian National University, Harvard Medical
School, and the University of California at Davis.

To generate a mouse with a KI mutation, a targeting
vector carrying the mouse genomic DNA fragment har-
boring the mutation must be constructed and trans-
fected into mouse embryo stem cells by electroporation
(exposure of the cells to an electric shock). After enter-
ing the cell, the transfected construct DNA is trans-
ported to the nucleus and is inserted at its specific
location in the mouse genome by homologous recombi-
nation. In the embryonic stem cells, the insertion of this
piece of genomic DNA into its native position happens
in the same way that these cells regulate their normal
DNA replication and repair. It should be pointed out that
homologous recombination of transfected DNA is a rare
spontaneous event, and selection of few cells where it
has occurred is done with positive and negative selec-
tion agents.

In this study, a 9.5-kilobase (kb) EcoRI fragment har-
boring RyR1 exons 3–13 (fig. 1A) isolated from a 129Sv/J
mouse genomic library was used to construct the target-
ing vector. Site directed mutagenesis (QuickChange
Multi Site Directed Mutagenesis Kit; Stratagene, La Jolla,
CA) was used to mutate the arginine at codon 163 in
exon 6 to cysteine (R163C). In total, four nucleotides
were modified to generate the mutation and a new
BsmBI restriction site (cgagttggggat to tgcgttggagac [mu-
tations underlined]). A bacterial LoxP (locus of crossover
in P1) recombination site flanked neomycin (G418) and
cytosine deaminase (neo/CD) cassette was inserted at
the EagI site in intron 6, which is 230 base pairs (bp)
downstream of the mutation site and safely away from

the branch point/polypyrimidine tract needed for
proper RNA splicing (fig. 1A). A thymidine kinase cas-
sette was placed downstream from the 3= arm in the
vector backbone as a negative selection marker to help
eliminate some cells that have undergone random inte-
gration events rather than homologous recombination.
The vector was linearized by SacII digestion, electropo-
rated into W9.5 129Sv ES cells,16 and subjected to posi-
tive selection with G418 and negative selection with
ganciclovir using standard techniques as previously de-
scribed.17 Polymerase chain reaction (PCR) and South-
ern blot analysis were used to identify homologous re-
combination at this location. A clone identified as
carrying the R163C mutation was injected into C57BL/6
murine blastocysts and implanted into pseudopregnant
mice. Male chimeric mice were mated with female
C57BL/6 mice, and germ line transmission was con-
firmed by the presence of agouti coat color, PCR screen-
ing, and Southern blot analysis. These mice were then
bred to Tnap-Cre (tissue-nonspecific alkaline phospha-
tase promoter driven Cre recombinase) transgenic
mice,18 which had been backcrossed to the C57BL/6
background for 10 generations, to excise the LoxP-
flanked neo/CD cassette. The resulting progeny with the
neomycin cassette excised were then crossed two more
times to the C57BL/6 background strain. Thus, the back-
ground of the R163C Het and Hom mice used in these
studies was N4.C57BL/6//129Sv.

Generation of Primary Myotubes
Isolation of primary myoblast cell lines and differenti-

ation into myotubes were performed using muscle from
day 0 neonatal mice using methods described previous-
ly.19

RNA Isolation and Reverse-transcriptase Coupled
PCR
RNA was isolated from neonatal WT, R163C heterozy-

gous (Het), and R163C homozygous (Hom) primary myo-
tubes using TRIzol (Invitrogen, Carlsbad, CA). Primers
were purchased from Integrated DNA Technologies
(Coralville, IA). Reverse-transcriptase coupled PCR reac-
tions were performed using GeneAmp RNA PCR Kit
(Applied Biosystems, Foster City, CA).

Whole Membrane Fraction Isolation and RyR1
Detection
Whole membranes were isolated from five individual

R163C Het mice and five age- and strain-matched control
mouse skeletal muscles isolated from E18 embryos using
previously described methods.6 RyR1 expression was
detected by gel electrophoresis and Western blotting as
previously described.6 Digital scanning using EDAS soft-
ware (Kodak Scientific Imaging, New Haven CT) was
used to analyze Western blots from three separate mice
of each genotype. The average pixel density is presented
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as the mean � SD of the three determinations for each
group.

In Vivo Halothane and Temperature Challenges
Baseline blood measurements were made in WT and

R163C Het animals (n � 3 per group) by collecting
blood immediately after cervical dislocation by guillo-
tine. WT and R163C Het animals (n � 6 per group) with
and without pretreatment with 4 mg/kg dantrolene in-
traperitoneally were anesthetized using 100 mg/kg ket-

amine and 5 mg/kg xylazine intraperitoneally. When the
animals were immobilized, they were placed on a circu-
lating water bath, covered with a blanket, and instru-
mented with a thermistor to constantly monitor rectal
temperature. Blood (120 �l) was collected from the
orbital sinus for the before halothane measurements.
Halothane, 2% in oxygen, was delivered by facemask via
a precision vaporizer at a rate of 1.5 l/min for 2 min. At
this time, the halothane concentration was reduced to
between 1.25% and 1.75% as needed to abolish a toe

Fig. 1. Generation of R163C mice. (A) Construct design and recombination schematic. (1) Targeting construct to introduce R163C
mutation into ryanodine receptor type 1 (RyR1) exon 6. (2) Wild-type (WT) RyR1 locus. (3) The same locus after recombination. (4)
The same locus after breeding R163C mice to Tnap-Cre (tissue-nonspecific alkaline phosphatase promoter driven bacterial Cre
recombinase gene) mice to remove neomycin/cytosine deaminase (neo/CD) cassettes. (B) Primer designation for reverse-tran-
scriptase polymerase chain reaction to confirm transcription of WT and the R163C knock-in (KI) allele. (C) Result of reverse-
transcriptase polymerase chain reaction for WT (lanes 1 and 2), R163C heterozygous (lanes 3 and 4), and R163C homozygous (lanes
5 and 6) mice. Primer pair WT-s/WT-as was used for lanes 1, 3 and 5. Primer pair KI-s/KI-as was used for lanes 2, 4, and 6. (D) Partial
sequencing result of all four bands from reverse-transcriptase polymerase chain reaction showing the transcribed WT and KI allele.
Bands in lanes 1 and 3 (in B) are identical and partially shown in the upper panel. Bands in lanes 4 and 6 (in B) are identical and
partially shown in the lower panel. The exact locations of primer WT-s and KI-s are labeled. The mutated four nucleotides in the
160–base pair (bp) product are underlined. (E) Western blot analysis of RyR1 expression in age-matched R163C homozygous (lane
1), R163C heterozygous (lane 2), and WT (lane 3) mouse embryos. Polyacrylamide gel, 7%, was used. Protein, 25 �g, was loaded in
each lane. cDNA � complementary DNA; loxP � locus of crossover in P1.
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pinch response. Halothane exposure was continued for
20 min or until the animals exhibited signs of a fulminant
MH episode (defined as tachypnea [measured in breaths/
min], hyperthermia, and muscle rigidity). Rectal temper-
ature was monitored by thermistor, rigidity was moni-
tored by manually testing limb resistance, and
respiratory rate and character were monitored visually
during anesthesia. When the R163C Het animals began
to show signs of fulminant MH (11.3 � 2.6 min; mean �
SD) or in WT immediately before euthanasia after dis-
continuation of halothane exposure, blood (200 �l) was
collected via cardiac puncture. Blood gas analyses were
performed on blood samples using a Radiometer ABL
700 blood gas analyzer (Diamond Diagnostics, Holliston,
MA).

Differences in the responses of WT and R163C Het
mice exposed to increased temperature were deter-
mined by transferring individual test animals (n � 6 of
each genotype) from their cages at 24°C into a test
chamber equilibrated at 42°C. Animals were kept at the
increased temperature for a maximum of 15 min (for
WT) or until a fulminant MH episode was triggered.
Rectal temperatures were measured by thermistor be-
fore and upon removal from the chamber and are pre-
sented as mean � SD.

Calcium Imaging of Myotubes
Stock concentrations of caffeine and 4-chloro-m-cresol

(4-CmC) solutions were prepared in imaging buffer (125
mM NaCl, 5 mM KCl, 2 mM CaCl2, 1.2 mM MgSO4, 6 mM

glucose, and 25 mM HEPES, pH 7.4). In KCl-containing
solutions, the concentration of NaCl was adjusted as
necessary to maintain a total ionic strength (K� � Na�)
at 130 mM.

Differentiated myotubes were loaded with 5 �M Fluo-4
AM (Molecular Probes Inc., Eugene, OR) at 37°C, for 20
min in imaging buffer. The cells were then washed three
times with imaging buffer and transferred to a fluores-
cence microscope, and Fluo-4 was excited at 494 nm
using a Multivalve Perfusion System (Automate Scientific
Inc., Oakland, CA). Fluorescence emission was mea-
sured at 516 nm using a 40� 1.3na oil objective. Data
were collected with an intensified 12-bit digital intensi-
fied charge-coupled device (Stanford Photonics, Stan-
ford, CA) from regions consisting of 10–20 individual
cells, and analyzed using QED software (QED, Pitts-
burgh, PA). A dose–response curve for a single agent was
performed in every well to compare the response to any
given agent to primary myotubes expressing WTRyR1,
heterozygous R163C RyR1, or homozygous R163C RyR1
protein. The average fluorescence of the calcium tran-
sient (defined by the area under the transient curve) was
compared among genotypes. Individual areas under the
curve were calculated in the following way: the average
fluorescence during the 10-s challenge minus the aver-
age baseline fluorescence for the 1 s immediately before

the challenge. Because of variability in responses from
cell to cell, to compare different experiments, individual
response amplitudes were normalized to the maximum
response amplitude obtained in that cell at the highest
concentration of the reagent that was being tested (15
mM caffeine, 500 �M 4-CmC, and 80 mM KCl). All data
were obtained from differentiated myotubes in 5–10
different wells (in 96-well plates). Data are presented as
mean � SD.

[3H]Ryanodine Binding
Using pooled whole membrane fractions from five

R163C Het mice, we assessed the sensitivity of RyR1
activity to modulation by effectors such as Mg2�, and
4-CmC using [3H]ryanodine binding. The optimal pro-
tein concentration for binding experiments was deter-
mined by incubating aliquots of 50–200 �g/ml whole-
membrane fractions at 37°C for 3 h with constant
shaking in buffer consisting of 1 M KCl, 20 mM HEPES, 50
�M Ca2�, and 2.5 nM [3H]ryanodine (PerkinElmer Life
and Analytical Sciences, Inc., Wellesley, MA). Nonspe-
cific ryanodine binding was quantified using 1,000-fold
excess unlabeled ryanodine. Bound and free ligand were
separated by rapid filtration through Whatman GF/B
glass fiber filters using a Brandel cell harvester (What-
man, Gaithersburg, MD) and rapidly washed with 3 � 5
ml ice-cold buffer (20 mM HEPES, 140 mM KCl, 15 mM

NaCl, and 50 �M Ca2�, pH 7.4). Radioactivity was quan-
tified by liquid scintillation spectrometry using a scintil-
lation counter. Data were analyzed and curve fitted using
the computer program Origin 7.0 (Origin Lab Corp.,
Northampton, MA).

Equilibrium [3H]ryanodine binding was performed as
above by incubating membrane preparations (180 �g/
ml) with 1 nM [3H]ryanodine (PerkinElmer Life and An-
alytical Sciences, Inc.) in the presence of 0–99 nM unla-
beled ryanodine in a binding buffer containing 250 mM

KCl, 50 �M Ca2�, and 20 mM HEPES, pH 7.4. Modulation
of ryanodine binding to RyR1 by Ca2�, Mg2�, and 4-CmC
was analyzed in the above binding buffer containing free
Ca2� and Mg2� concentrations based on calculations
from “bound and determined” software.20

Histopathology and Fiber Type Analysis
Muscles from two WT and two R163C Het mice were

frozen and imbedded. Serial sections were cut and then
stained with hematoxylin and eosin, modified trichrome stain,
periodic acid–Schiff reagent, phosphorylase, adenosine
triphosphatase at pH 9.8, 4.6, and 4.3, esterase, reduced nic-
otinamide adenine dinucleotide, alkaline phosphatase, acid
phosphatase, oil red-O, and succinic dehydrogenase.

Ca2�-selective Microelectrodes and Intracellular
Free Ca2� Measurements
Double-barreled Ca2�-selective microelectrodes were

prepared and selected as described previously.13 Myo-
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tube impalements were observed through an inverted
microscope fitted with a 10� eyepiece and a 40� dry
objective. The potentials from the 3 M KCl barrel (Vm)
and the Ca2� barrel (VCae) were recorded via a high-
impedance amplifier (� 1011 M�, model FD-223; WPI,
Sarasota, FL). The potential of the voltage microelec-
trode (Vm) was subtracted electronically from the poten-
tial of the Ca2� electrode (VCae) to give the differential
signal (VCa) that represents the resting myoplasmic Ca2�

concentration. Vm and VCa potentials were filtered using
a low-pass filter (LPF-30-WPI) at 10–30 KHz, acquired
with a frequency of 1,000 Hz with AxoGraph (version
4.8; Axon Instruments, Foster City, CA), and stored for
further analysis.

Statistical Analysis
The Student t test was used to compare the tempera-

ture and blood gas results between WT and R163C Het.
Prism software (version 4.0b; GraphPad Software, San
Diego, CA) was used for nonlinear regression with sig-
moidal dose–response analysis of imaging results. One-
way analysis of variance and Tukey multiple comparison
tests were used to compare the Log(EC50) and resting
intracellular Ca2� concentration ([Ca2�]i) among cells
with different genotypes. The amount of bound ryano-
dine was determined and curve fitted using the com-
puter program Origin 7.0, and the Student t test was
used for statistical analyses.

Results

Confirmation of Transcription of the R163C Knock-
in Allele and Expression of RyR1 Protein
To confirm the transcription, and presumably the ex-

pression of the R163C KI allele in R163C Het and R163C
Hom mice, reverse-transcriptase coupled PCR was per-
formed using the extracted messenger RNA from differ-
entiated WT, R163C Het, and R163C Hom primary myo-
tubes (fig. 1). As shown in figure 1B, primers were
designed across the exon 6/7 boundary, to help differ-
entiate PCR products from complementary DNA (cDNA)
and those from possible contaminating genomic DNA, as
the latter product (including intron 6) should be longer
by 350 bp. The two upper primers for WT and KI
cDNAs, WT-s and KI-s, terminate at the R163C mutation
(figs. 1B and C) to facilitate the detection of the geno-
type, because each primer works only with the corre-
sponding allele. The two lower primers, WT-as and KI-as,
were designed at different locations in exon 7, to facili-
tate distinguishing between WT and KI PCR products by
size (138 and 160 bp, respectively). As shown in figure
1D, only the 138-bp WT band was produced from myo-
tubes of WT mice (lanes 1 and 2), only the 160-bp KI
band was amplified from myotubes of R163C Hom mice
(lanes 5 and 6), and both bands were yielded from

myotubes of R163C Het mice (lanes 3 and 4). Sequenc-
ing of all four fragments confirmed the correct exon 6–7
region for both WT and KI alleles and is shown in figure
1D.

There is no overt pathologic phenotype observed in
heterozygous R163C mice under typical rearing condi-
tions. R163C Hom mice that were detected by PCR (not
shown) had an embryonic-lethal phenotype and likely
die in utero at approximately days E17–18. Although
R163C has also been associated with central core disease
(CCD) in humans,15 examination of muscles from both
R163C Het and Hom mice did not show any detectable
core formation, similar to what was previously reported
in Y522S MH/CCD mice.21 There were also no differ-
ences in fiber type, nor any other analysis done by
histopathology between R163C and WT. Western blot
analysis performed with muscle membranes isolated
from R163C Hom, R163C Het, and age-matched WT
mouse embryos (fig. 1E) showed no differences in the
level of expression of RyR1 protein (densitometry anal-
ysis: R163 Hom 116.9 � 14.3 vs. R163C Het 125.8 �
12.7 vs. WT 118.7 � 10.2 pixels).

Clinical MH in R163C Het Mice Exposed to
Halothane Challenge and Increased Temperature
Although the clinical presentation of the MH syndrome

varies with genetic and environmental variables, the
most common manifestations include tachycardia, in-
creased respiratory rate, increased body temperature,
and skeletal muscle rigidity.7 Recently, Chelu et al. 21

reported evidence of malignant hyperthermia in RyR1
Y522S heterozygous mice after exposure to clinical lev-
els of isoflurane. Although the study did not present a
detailed clinical account of the fulminant episode, Y522S
mice exhibited hyperacute rigor mortis and increased
rectal temperature as an end result of the anesthetic. In
the current study, we extend the clinical characteriza-
tion of MH in the mouse. We used a precision vaporizer
to deliver 2% halothane in oxygen followed by mainte-
nance with 1.25–1.75% halothane and monitored rectal
temperature, respiratory rate, and venous blood gases to
obtain detailed clinical characteristics of murine MH in
the R163C Het mice.

All WT animals had uneventful anesthetic courses. We
observed a slight increase in the respiratory rate in the
WT animals during the orbital sinus blood collection, but
all WT animals tolerated the blood collection well. At the
end of the 20-min halothane exposure, a cardiac punc-
ture was performed and the WT animals were killed. WT
animals maintained respiratory rates at 152 � 21 (mean
� SD) breaths/min. In contrast, all R163C Het animals
displayed clinical signs that were consistent with a ful-
minant MH episode. R163C Het animals displayed an
increase in respiratory rate from 147 � 23 to 183 � 23
breaths/min. Three of the six animals died during or
immediately after the orbital sinus blood collection. The
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other three animals died from their fulminant MH epi-
sode during what should have been the recovery period
(range, 6.8–19.4 min after discontinuation of halothane).
All six MH animals exhibited increased respiratory rate
and inspiratory effort. Five of the six animals exhibited
hyperacute rigor mortis, with full body contracture
within 0.34 min of the last breath (range, �4 to 3.05
min) (fig. 2A). Animal 3 underwent a 20-min halothane
exposure and recovered from anesthesia. The anesthetic
recovery was slow, and the animal seemed to be less
active than a matched control animal at 5 h after the
anesthetic event. This decrease in activity may be due to
rhabdomyolysis, which is known to be a component of
the fulminant MH episode.22 This animal was rechal-
lenged 24 h later, and again underwent another full
20-min exposure to halothane. The animal died after
exhibiting an increase in rectal temperature and respira-
tory rate and effort 7.1 min after halothane was discon-
tinued.

Wild-type animals maintained rectal temperatures rang-
ing from 32° to 37°C (fig. 2B) during general anesthesia.
R163C Het animals began halothane exposure with tem-
peratures ranging from 33° to 36°C. All six R163C Het
animals showed a significant increase in rectal temperature
after halothane exposure (fig. 2B), whereas temperatures
in WT animals decreased slightly. Mean peak rectal temper-
ature after halothane exposure was 35.0° � 1.8°C for WT
and 37.8° � 0.8°C for R163C Het (mean � SD; n � 6 per
group; P � 0.0024 by Student t test). In all anesthetics that
resulted in a fulminant MH episode, the peak rectal tem-
perature was followed within 4.4 � 2.4 min (range, 0.8–
17.6 min) by a decline in rectal temperature of 0.48° �
0.13°C and respiratory arrest.

Blood gas analysis was performed in all animals during
the halothane exposure and immediately before eutha-
nasia. The results of the blood gas analysis are displayed
in table 1. WT and R163C Het mice showed mild aci-
demia at baseline, whereas blood gases from cohorts of
mice killed by cervical dislocation showed pH of 7.33 �
0.55 in R163C Het mice versus 7.38 � 0.07 in WT
animals (P � 0.62). The WT animals showed no signifi-
cant change from control values in blood pH or blood
partial pressure of carbon dioxide during the anesthetic
period (pH � 7.25 � 0.03 before halothane vs. 7.32 �
0.17 immediately before euthanasia; P � 0.35; blood
partial pressure of carbon dioxide � 35.4 � 4.1 mmHg
vs. 43.3 � 14.7 mmHg, P � 0.30). However, the R163C
Het mice displayed a significant change in blood pH and
blood partial pressure of carbon dioxide (table 1). The
R163C Het animals differed significantly from WT in
their blood pH, blood partial pressure of carbon dioxide,
blood lactate, and blood HCO3 immediately before
death, with values demonstrating both metabolic and
respiratory acidosis (table 1).

The skeletal muscle relaxant dantrolene is known to
help prevent or reverse the clinical signs associated

with MH.25 To determine whether dantrolene results
in protection from a fulminant MH episode, animals
(n � 6) were pretreated with 4 mg/kg intraperitoneal
dantrolene given 30 min before premedication with
ketamine and xylazine. The halothane exposure was
then performed according to the above protocol. Dan-

Fig. 2. In vivo halothane challenge of wild-type (WT) and R163C
heterozygous (Het) mice. (A) Hyperacute rigor mortis of a rep-
resentative R163C Het mouse evidenced by contracture of skel-
etal muscles, notably the face, neck, and limbs. (B) Rectal tem-
perature of R163C Het (�) and control (�) mice after exposure
to halothane. Data are pooled into 1-min bins and displayed
with SDs. The period of exposure to halothane is denoted by the
bar above. (C) Rectal temperatures of WT and R163C Het mice
before (white bars) and immediately after terminating the ex-
posure to 42°C (black bars).
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trolene administration resulted in no significant gross
differences in observed gait and activity level when
compared with the animals that were not pretreated.
None of the R163C Het animals that were pretreated
with dantrolene exhibited clinical signs consistent
with MH before or after the halothane challenge. Re-
challenge of the same animals 24 h later without
dantrolene pretreatment resulted in the development
of hyperthermia, increased respiratory rate, and hy-
peracute rigor mortis in 100% of the animals.

The R163C Het mice also responded with what seemed
to be a fulminant MH syndrome with a short exposure to an
ambient temperature of 42°C. None of the WT mice we
tested exhibited any adverse responses when exposed to
42°C for 15 min, although their rectal temperatures did
increase by 3.4°C (P � 0.05; fig. 2C). By contrast, all R163C
Het mice (n � 4) challenged by an increased ambient
temperature exhibited an abrupt development of an in-
crease in both their spontaneous activity and observed
respiratory rate ending in hyperacute rigor mortis with a
mean latency of 11.5 � 1.8 min after commencement of
the exposure. The core temperature of R163C Het mice at
the time of death was significantly increased compared
with their initial temperature measured under ambient con-
ditions (�7.5°C; P � 0.05; fig. 2C), and this increase was
significantly greater than the small increase seen in WT
mice (P � 0.01).

Myotubes from R163C Mice Show Heightened
Sensitivity to RyR1 Activators
One of the most common functional abnormalities

associated with MH mutations is the increased sensi-
tivity in Ca2� response of muscle cells to stimulation
with caffeine, 4-CmC, and K�-induced depolariza-
tion.10 To further characterize the functional features
of the muscle cells of R163C KI mice, Ca2� imaging
experiments were performed using differentiated
myotubes from primary myoblasts generated from
neonatal WT, R163C Het, and R163C Hom neonatal
mice. No observed difference in the cell shape and
size was found between these three types of primary

myoblasts or myotubes. As shown in figure 3A, signif-
icant Ca2� transients (responses greater than 5% of
base fluorescence value) to caffeine were observed in
response to 5 mM caffeine in WT myotubes, whereas
the corresponding caffeine concentrations for R163C
Het and R163C Hom are 2 and 1 mM, respectively. This
suggests that the threshold of Ca2� response to caf-
feine is decreased in R163C Het myotubes and further
decreased in R163C Hom myotubes. The thresholds
for different genotypes are so different (5, 2, and 1 mM

for WT, R163C Het, and R163C Hom, respectively)
that the caffeine concentration range for R163C Het
and R163C Hom myotubes had to be reduced to 0.5–
8.0 mM from the 2.0 –15.0 mM concentrations used for
WT myotubes. Comparison of Log(EC50) values using
one-way analysis of variance revealed a significantly
decreased EC50 (P � 0.001) for R163C Het compared
with WT (3.3 vs. 6.5 mM) and even further decreased
EC50 (P � 0.001) for R163C Hom compared with
R163C Het (2.5 vs. 3.3 mM). A similarly significant
difference in threshold and EC50 was found for
4-CmC–stimulated Ca2� responses between WT,
R163C Het, and R163C Hom myotubes (thresholds at
100, 50, and 5 �M, respectively; EC50s at 240.6, 135.8,
and 27.0 �M, respectively), as shown in figure 3B.
Interestingly, the Hill coefficients of 4-CmC dose–
response curves differed significantly among the three
myotube genotypes (nH � 6.11, 2.85, and 1.60 for WT,
R163C Het, and R163C Hom, respectively). By com-
parison, the difference among Hill coefficients is
much narrower for caffeine dose–response curves
(nH � 4.06, 4.41, and 4.82 for WT, R163C Het, and
R163C Hom, respectively).

When the sensitivities of R163C Hom, R163C Het,
and WT myotubes to K�-induced depolarization were
investigated, a nearly equal reduction in sensitivity
among the three genotypes was found. As shown in
figure 3C, both the threshold and EC50s of the KCl
dose–response curves are significantly decreased (P �
0.001) for R163C Het and R163C Hom myotubes com-
pared with WT ones, and significant decrease (P �

Table 1. Venous Blood Gas Analysis and Respiratory Rates

Baseline Before After

R163C Het WT P R163C Het WT P R163C Het WT P

pH 7.33 � 0.5 7.38 � 0.1 0.62 7.18 � 0.03 7.25 � 0.03 0.12 6.92 � 0.1 7.32 � 0.2 � 0.01
PCO2, mmHg 37.3 � 3.2 36.0 � 2.8 0.59 47.6 � 3.8 35.4 � 4.1 0.06 131.57 � 61.8 43.3 � 14.7 0.01
Lactate, mM 3.0 � 0.5 3.5 � 1.4 0.51 4.8 � 1.5 3.4 � 0.4 0.32 6.4 � 2.9 0.7 � 0.2 � 0.01
BE, mM �6.6 � 2.0 �7.6 � 0.8 0.24 �10.0 � 1.5 �10.6 � 2.3 0.84 �7.9 � 7.7 �2.9 � 10.02 0.38
HCO3, mM 18.1 � 1.8 14.0 � 5.3 0.27 14.9 � 1.0 15.6 � 1.8 0.77 12.8 � 4.4 21.9 � 8.4 0.05
RR, breaths/min 134 � 28 142 � 13 0.36 149 � 22 136 � 26 � 0.01 184 � 22 147 � 21 � 0.01

Results of venous blood gases test for wild type and R163C heterozygous (Het) mice (n � 3) after death by decapitation with no anesthesia (Baseline), and from
a second group of mice (n � 6) after premedication with ketamine–xylazine but before halothane (Before) and after halothane exposure (After). Data are presented
as mean � SD.

BE � base excess; PCO2� partial pressure of carbon dioxide; RR � respiratory rate; WT � wild type.
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0.001) is further observed for R163C Hom compared
with R163C Het (thresholds at 15, 10, and 8 mM

respectively, and EC50s at 21.3, 16.4, and 12.1 mM,
respectively, for WT, R163C Het, and R163C Hom).

Resting Intracellular Ca2� Concentrations Are
Increased in R163C Primary Myotubes
In the current study, we used double-barreled Ca2�-se-

lective microelectrodes to measure resting [Ca2�]i in pri-
mary myotubes generated from neonatal WT, R163C Het,
and R163C Hom mice. The resting [Ca2�]i in R163C Het

and Hom myotubes is significantly higher than that in WT
myotubes (P � 0.001), and the resting [Ca2�]i in R163C
Hom myotubes is significantly higher than that in R163C
Het myotubes (P � 0.001) (122.9 � 1.8 nM [n � 10], 272.1
� 9.2 nM [n � 10], and 335.1 � 6.34 nM [n � 10] for WT,
R163C Het, and R163C Hom, respectively [mean � SD]).

[3H]Ryanodine Binding
In this study, incubation of microsomes from WT and

R163C Het with increasing concentrations of 4-CmC in
the presence of 100 nM Ca2� resulted in a dose-depen-

Fig. 3. Sigmoidal dose–response analysis of Ca2� imaging in generated myotubes from wild-type (WT), R163C heterozygous (Het),
and R163C homozygous (Hom) mice in response to caffeine (A), 4-chloro-m-cresol (4-CmC) (B), and KCl (C). EC50s are shown in
insets. * EC50 significantly different from the other two values in the same inset (P < 0.001, Tukey multiple comparison test of
Log(EC50)s). Data are presented as mean � SD.
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dent increase in [3H]ryanodine binding (table 2).
Whereas there was a trend toward increased sensitivity
to 4-CmC in R163C Het membranes compared with WT,
there was no significant difference between the two
groups (EC50 � 933.8 � 28.8 �M for R163C Het vs.
1279.2 � 104.7 �M for WT; P � 0.09). In addition,
incubation of RyR1 from WT and R163C Het with in-
creasing concentrations of Mg2� showed attenuation of
Mg2� inhibition in R163C Het membranes relative to WT
(0.08 � 0.01 mM for R163C Het vs. 0.05 � 0.01 mM for
WT; p � 0.02; table 2).

RyR1 from R163C Het showed a 2.3-fold increase in
binding affinity relative to WT (1/Kd � 35.4 nM vs. WT
1/Kd � 80.1 nM). R163C Het showed a 2.1-fold decrease
in binding capacity for ryanodine relative to WT (R163C
Het Bmax � 3.2 pmol/mg protein vs. WT Bmax � 6.8
pmol/mg protein) (table 2).

Discussion

Our first task was to make certain that any phenotypic
differences we found in R163C KI mice were due to the
expression of the mutated protein and not due to differ-
ences in the overall expression of RyR1. This was con-
firmed with our biochemical studies, which showed that
as expected, mice that had a R163C KI allele transcribed
the mutated protein, and that total amount of RyR1
protein expression was similar to that of WT animals. We
also demonstrated that to the degree that it was tested,
R163C Het mice, like MHS humans, do not seem to have
any differences in birth rate or life expectancy.

Our next task was to define the physiologic responses
of R163C Het animals. In this regard, before halothane
exposure, R163C Het animals had rectal temperatures
that were on average 2°C higher than the rectal temper-
atures measured in the WT animals at the same time
point. This could suggest that there was a difference in
the metabolic rate in the R163C Het mice. We believe
that this is not the case and that the slightly higher mean
temperatures in the xylazine-ketamine–sedated MH mice
just before halothane administration, although statisti-
cally significant, do not have any real “clinical” signifi-
cance both because our studies on awake animals
showed no differences in temperature without sedation
and because the temperature had reached a plateau and
even began to decrease after the initial exposure to

halothane. Although it is theoretically possible that the
higher temperatures in R163C Het mice were the result
of the animals having triggered the MH syndrome in
response to the stress associated with the administration
of ketamine–xylazine and then recovering spontane-
ously before the halothane challenge, we believe this to
be unlikely. It is more likely that this was a systematic
difference based on when the animals were tested and
the duration between their placement on the warming
pad and placement of the rectal probe.

After halothane exposure, all R163C Het animals
showed a significant increase in rectal temperature,
whereas the rectal temperatures of WT animals de-
creased slightly. This temperature trend is in accordance
with that reported in the WT and Y522S Het MH mice
exposed to isoflurane21 at the time when the latter
group displayed hyperacute rigor mortis. In both the
Y522S Het mouse and our R163C MH mouse studies, the
peak rectal temperatures are lower than what has been
reported during an MH crisis in other species.6,23 Rectal
temperature reflects a balance between heat generation
and loss. The higher surface area–to–volume ratio in the
mouse compared with other species causes increased
radiative heat loss in this species. We believe that this, in
combination with the vasodilatory effects of halothane,
likely resulted in greater increased heat loss leading to an
overall decreased measured rectal temperature than
would be possible if the area-to-volume ratios where
similar to those in other species.

In measuring the prehalothane blood pH levels, an
unexpected finding was that both WT and R163C Het
mice showed a significant acidemia at baseline. This
acidosis deteriorated further after halothane exposure in
the R163C Het mice, whereas it recovered to normal
levels after halothane exposure in WT mice. We attribute
the initial acidemia seen in both groups to the ketamine–
xylazine anesthesia used to “sedate” the mice, because a
similar acidemia has been reported recently by others
after administration of this anesthetic pair in mice and
rats.24

It is interesting to note that similar to the previous
report by Chelu et al.21 on Y522S Het MH mice, R163C
Het mice were intolerant to a simple 15-min heat expo-
sure to an ambient temperature of 42°C, which triggered
an MH syndrome and sudden death without exposure to
volatile anesthetics. It has long been suggested that MHS

Table 2. [3H]Ryanodine Binding Test

R163C Het WT P

EC50 for 4-CmC activation 933.78 � 28.81 �M 1279.22 � 104.67 �M 0.09
IC50 for Mg2� inhibition 0.08 � 0.01 mM 0.05 � 0.01 mM 0.02
Ryanodine binding affinity (1/Kd) 35.4 � 0.72 nM 80.1 � 16.3 nM � 0.01
Maximal ryanodine binding (Bmax) 3.2 � 0.76 pmol/mg 6.8 � 0.40 pmol/mg 0.04

Results of [3H]ryanodine binding for wild-type (WT) and R163C heterozygous (Het) vesicles. Data are presented as mean � SD.

4-CmC � 4-chloro-m-cresol.
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humans are also heat intolerant, but evidence for this has
been largely anecdotal rather than being based on scien-
tific information.

In addition to showing that halothane and heat could
trigger an MH syndrome in R163C mice, we also con-
firmed that similar to other MH susceptible animals and
humans, administration of a therapeutic dose of the
skeletal muscle relaxant dantrolene, which is known to
help prevent or reverse the clinical signs associated with
MH,25 prevented the development of clinical signs con-
sistent with MH in R163 Het mice after a halothane
challenge. We believe that the fact that dantrolene was
protective in the R163C Het mice provides further evi-
dence that these mice are susceptible to MH and helps to
validate these mice as a model system for study of MH
mechanisms.

Similar to our studies with recombinant MH R163C in
null myotubes10 (which would mimic R163C Hom myo-
tubes) and studies from other groups on other MHRyR
mutations,26–28 the threshold of Ca2� response to caf-
feine is decreased in R163C Het myotubes and further
decreased in R163C Hom myotubes. The thresholds for
the different genotypes were so different (5, 2, 1 mM for
WT, R163C Het, and R163C Hom, respectively) that the
caffeine concentration range studied for R163C Het and
R163C Hom myotubes had to be reduced to 0.5–8.0 mM

from the 2.0–15.0 mM concentrations used for WT myo-
tubes. Likewise, there was a similarly significant differ-
ence in threshold and EC50 for 4-CmC–stimulated Ca2�

responses between WT, R163C Het, and R163C Hom
myotubes and an increased sensitivity in their threshold
for K� depolarization. Interestingly, the Hill coefficients
of 4-CmC dose–response curves differed significantly
among myotubes of each of the three genotypes (nH �
6.11, 2.85, and 1.60 for WT, R163C Het, and R163C
Hom, respectively). By comparison, the difference
among Hill coefficients among the genotypes is much
narrower for the caffeine dose–response curves (nH �
4.06, 4.41, and 4.82 for WT, R163C Het, and R163C
Hom, respectively). These data suggest that whereas
both agents activate the channel, the mechanisms by
which they affect RyR1 modulation are different.

Our results clearly showed for the first time that R163C
Hom primary myotubes are significantly more sensitive
than R163C Het myotubes to all three types of stimula-
tion. This increased sensitivity to direct RyR1 activators
is consistent with two studies on human muscle biopsies
carrying heterozygous and homozygous C35R29 and
R614C30

MHRyR mutations. Interestingly, the thresholds
of caffeine responses for WT, R163C Het, and R163C
Hom myotubes observed in this study are similar to the
caffeine thresholds in the in vitro caffeine stimulation
tests performed in these two studies. (The caffeine
thresholds of in vitro caffeine stimulation tests for WT,
heterozygous, and homozygous MH [C35R29 or
R614C30] muscle specimens are greater than 4, 1.5–2.0,

and 0.5 mM respectively, compared with 5, 2, and 1 mM

observed in this study.) In contrast to our findings, a
recent study by Chelu et al. 21 found no increased sen-
sitivity to 4-CmC (500 �M) in Y522S heterozygous myo-
tubes but showed enhanced sensitivity of the maximal
sarcoplasmic reticulum Ca2� release in response to caf-
feine and voltage. Furthermore, in contrast to both the
current study and other studies on heterozygous and
homozygous C35R29 and R614C30 human MH mutations,
homozygous Y522S myotubes did not show any in-
creased caffeine or voltage sensitivity compared with
WT. This difference was attributed by the authors to be
the result of decreased stores in the Y522S Hom myo-
tubes based on their significantly decreased maximal
sarcoplasmic reticulum Ca2� release compared with WT
in response to both electrical stimulations and maximally
activating caffeine concentrations.

It has previously been shown that intracellular Ca2�

measurements using Ca2�-selective microelectrodes and
in some cases with fluorescent indicators that resting
[Ca2�]i is elevated in adult MH human muscle fibers31,32

possessing unidentified mutations, in adult MH muscle
fibers of MH swine (RyR1 R614C),33 and in cultured
RyR1 null cells expressing recombinant RyR1 from cD-
NAs encoding seven MH mutations.34–36 The increased
resting [Ca2�]i in MH muscle cells has been directly
associated with their increased sensitivity to caffeine/4-
CmC stimulation.11,13 Our results in the current study
showing an elevated resting [Ca2�]i in R163C primary
myotubes, together with the decreased EC50s for caf-
feine/4-CmC–stimulated Ca2� responses in the same pri-
mary myotubes, supports both the increased [Ca2�]i in
muscles expressing MHRyR1s and the previously ob-
served association between increased sensitivity to RyR1
activators and chronically elevated resting [Ca2�]i in MH
muscle cells.11–13 It also supports the hypothesis that
ryanodine receptor channels with MH mutations are
more “leaky” than WT channels. Furthermore, homozy-
gous RyR1 channels are even more “leaky” than het-
erozygous ones.

By contrast, using the Ca2�-sensitive fluorescence dye
indo-1 to estimate [Ca2�]i in Y522S heterozygous and
homozygous myotubes, resting [Ca2�]i was not signifi-
cantly increased compared with WT myotubes.21 This
difference from the current study may either reflect the
difference in the method used for measurement of
[Ca2�]i or further support divergent phenotypes be-
tween these two MH mutations.

The plant alkaloid ryanodine specifically binds RyR
with high affinity when it is in an open (active) confor-
mation.37 [3H]Ryanodine binding is therefore a quantita-
tive index of RyR1 activity in vitro. RyR1 from MHS
individuals is known to have increased sensitivity to
activation and decreased sensitivity to inhibition by
known modulators of RyR1 activity such as 4-CmC and
Mg2�.10,38
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These results are in accordance with previously pub-
lished data indicating RyR1 from MHS shows increased
propensity to activation and a decreased propensity to
inactivation.10,38 In addition, several reports have also
shown that RyR1 from MHS individuals shows a twofold
to fourfold increase in ryanodine affinity when com-
pared with controls.6,39 In accordance with previous
reports, we found that the affinity of equilibrium binding
of [3H]ryanodine of RyR1 from R163C Het mice showed
a 2.3-fold increase in binding affinity relative to WT with
a trend toward an increased sensitivity to 4CmC activa-
tion and a significant attenuation of Mg2� inhibition
relative to WT. However, RyR1 from R163C Het mice
had a 2.1-fold decrease in maximal [3H]ryanodine bind-
ing capacity. This decrease in binding capacity may be
attributed to heterozygosity, which can lead to hetero-
geneity in the composition of the RyR1 tetramer.

Conclusions

The results presented demonstrate that the newly de-
veloped R163C Het mouse line is a valid animal model
for studying the largely unknown pathophysiology of
MH. Having shown that this mouse is a valid model for
human MH will now allow us to study it and other mice
with different MH mutations to discover the mechanisms
for how diverse mutations in RyR1 produce a similar
phenotype. MH is most acutely manifested in skeletal
muscle upon exposure to depolarizing neuromuscular
blocking agents such as succinylcholine, halogenated
alkane general anesthetics such as halothane, and tem-
perature stress.40 However, most of our knowledge of
the molecular, cellular, and pathophysiologic mecha-
nisms conferring MH susceptibility has come from por-
cine stress syndrome attributed to Hom mutation R615C.
Availability of R163C Het and other MH mice will permit
detailed investigation of both clinical and subclinical
manifestations of this pharmacogenetic disorder, whose
etiology likely extends to tissues other than skeletal
muscle. RyR1 is expressed in brain as well as skeletal
muscle, but to date, it has not been possible to study
possible phenotypic changes caused by MH RyR1 ex-
pressed in the brain. Evidence of a possible immunologic
contribution to clinical MH/CCD has been suggested by
Ducreux et al.,34 who found myotubes isolated from
MH/CCD patients release significantly higher levels of
the proinflammatory cytokine interleukin 6 compared
with myotubes cultured from WT or other MH patients.
Moreover, B cells express functional RyR1,41 and B cells
isolated from human MH and CCD patients have altered
responsiveness to caffeine, 4-CmC, and halothane,41,42

suggesting gene–environment interactions that may di-
rectly affect B-cell functions. More recently, dendritic
cells were also shown to express functional RyR1 pro-
tein in subplasmalemmal puncta and within dendrites.43

Dendritic cells are antigen-presenting cells whose pri-
mary purpose is to acquire antigens derived from self or
nonself sources and present them to naive T and B
cells.44 Ca2� signaling plays an important role in the
function of dendritic cells, although the pathways re-
sponsible have only recently received attention.43,45

Thus, in addition, its important roles in excitation–con-
traction coupling, WT, and MH RyR1 proteins are likely
to play intrinsic roles in regulating varied aspects of
central nervous system and immune system function and
dysfunction. The availability of R613C and other MH
mice will now permit investigation of MH susceptibility
as a multisystem disorder.
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