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Malignant hyperthermia (MH) and central core disease in
humans have been associated with mutations in the skeletal
ryanodine receptor (RyR1). Heterozygous mice expressing the
humanMH/central core disease RyR1 R163C mutation exhibit
MH when exposed to halothane or heat stress. Considering
that many MH symptoms resemble those that could ensue
from a mitochondrial dysfunction (e.g.metabolic acidosis and
hyperthermia) and that MH-susceptible mice or humans have
a higher than normal cytoplasmic Ca2� concentration at rest,
we evaluated the role of mitochondria in skeletal muscle from
R163C compared with wild type mice under basal (untrig-
gered) conditions. R163C skeletal muscle exhibited a signifi-
cant increase in matrix Ca2�, increased reactive oxygen species
production, lower expression of mitochondrial proteins, and
higher mtDNA copy number. These changes, in conjunction
with lower myoglobin and glycogen contents,Myh4 and
GAPDH transcript levels, GAPDH activity, and lower glucose
utilization suggested a switch to a compromised bioenergetic
state characterized by both low oxidative phosphorylation and
glycolysis. The shift in bioenergetic state was accompanied by
a dysregulation of Ca2�-responsive signaling pathways regu-
lated by calcineurin and ERK1/2. Chronically elevated resting
Ca2� in R163C skeletal muscle elicited the maintenance of a
fast-twitch fiber program and the development of insulin resis-
tance-like phenotype as part of a metabolic adaptation to the
R163C RyR1 mutation.

Malignant hyperthermia (MH)2 is an inherited pharmaco-
genetic disorder of skeletal muscle characterized by an abnor-

mal response to muscle-depolarizing relaxants such as succi-
nylcholine and volatile anesthetics (1). In some cases MH
susceptibility is associated with central core disease (CCD;
MIM117000), a congenital myopathy defined by areas with
reduced oxidative activity due to mitochondria depletion (2,
3) and the presence of “central cores” within the longitudinal
axis of the muscle fiber (4). CCD has a typical onset in infancy
and presents with hypotonia and motor developmental delay.
MH can manifest in the absence of any clinical diagnosis of
CCD (1, 5–8) and is one of the main causes of death due to
anesthesia affecting humans, dogs, pigs, and horses (9, 10).
The fulminant MH episode is characterized by muscular ri-
gidity, rhabdomyolysis, rapid increase in body temperature,
and signs of generalized metabolic decompensation, which
can rapidly lead to death of the patient if unabated (11). MH
susceptibility and CCD are allelic conditions stemming from
predominantly dominant mutations in the type 1 ryanodine
receptor (RYR1) gene. RYR1 encodes the skeletal muscle sar-
coplasmic reticulum calcium release channel (RyR1) (12–14),
and more than 178 mutations have been identified through-
out the RYR1 gene to date, most of them missense mutations,
with a few being deletions and splicing site mutations (15–
24). A few rare mutations conferring MH susceptibility have
been associated with mutations in CaV1.1, the major subunit
of the sarcolemmal slow voltage-gated Ca2� channel
(CACNA1S, dihydropyridine receptor) (25, 26).
Genotype-phenotype correlations associated with muta-

tions in the RYR1 gene are complex and may be partly ex-
plained by how mutations in different regions of the RyR1
protein influence conformation and functional regulation of
the channel. Subtle functional differences among the large
number of mutations currently known could also explain why
a subset of mutations confer MH susceptibility without clini-
cal evidence of early onset CCD, whereas others confer MH
and CCD of varying severity (15, 20–22, 27).
Muscle fibers and myotubes isolated from knock-in mice

expressing the MH/CCD RyR1 R163C mutation have aug-
mented the SR Ca2� leak that leads to chronically elevated
cytoplasmic Ca2� (28, 29) and potentiated depolarization-
induced Ca2� entry (30–32). Collectively, these data indicate
that MH mutations dramatically impact intracellular Ca2�

balance in resting muscle as well as alter the dynamics of bidi-
rectional signaling during excitation-contraction coupling.
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How these aspects of Ca2� dysregulation influence respira-
tory parameters and mitochondrial functions in the nontrig-
gered (basal) state is poorly understood.
More than 40 years ago, it was suggested that uncoupling of

oxidative phosphorylation could explain the metabolic distur-
bances seen in MH (33). However, other laboratories were not
able to show that halothane uncoupling of oxidative phos-
phorylation could explain the rapid rise in body temperature
seen in MH (34). Furthermore, no difference was detected in
isolated mitochondria from control and MH patients during
halothane exposures (35, 36). Most of the metabolic symp-
toms associated with fulminant MH episodes can be de-
scribed as the result of an acute mitochondrial dysfunction
secondary to abrupt loss of sarcoplasmic reticulum (SR) Ca2�

regulation. Muscle biopsies from some MH-susceptible indi-
viduals show histological evidence of mitochondrial abnor-
malities, including clumping and the presence of inclusion
bodies (37–40). Studies of MH-susceptible porcine skeletal
muscle strips using 31P NMR spectroscopy suggested that
induction of anoxia in MHmuscle caused significantly more
rapid fall in intracellular phosphocreatine, elevation of inor-
ganic phosphate, and diminution of ATP, compared with nor-
mal muscle (41). Noninvasive 31P MRS studies have indicated
that leg skeletal muscles of MH-susceptible patients have
higher resting phosphodiesters/phosphocreatine and Pi/phos-
phocreatine ratios (42, 43). More recently, mitochondria were
found to be swollen and misshapen from skeletal muscle of
heterozygous Y522S mice (44), but no studies have been per-
formed to date to link any of the RyR1 mutations with
changes in mitochondrial bioenergetics under basal condi-
tions (untriggered). This study focuses on studying metabolic
differences in MH-susceptible and WT skeletal muscle under
basal conditions. To this end, C57BL6 WT mice and C57BL6
knock-in mice expressing the R163C-RyR1 mutation, which is
one of the most common human MHmutations, were uti-
lized in this study (29). We investigated the effect of this RyR1
mutation on mitochondria obtained from skeletal muscle, in
which the expression of full-length RyR1 is found, and its
downstream Ca2�-dependent effectors are tailored to suit the
distinctive function of this organ.

EXPERIMENTAL PROCEDURES

Animals—All experiments on animals from creation of
MH/CCD mice to establishment of their physiological and
biochemical phenotypes were conducted using protocols ap-
proved by the institutional animal care and use committees at
the Australian National University, Harvard Medical School,
and the University of California, Davis, essentially as de-
scribed previously (29). Heterozygous R163C malignant hy-
perthermia-susceptible (MHS) mice were generated with a
knock-in mutation-targeting vector as described previously
(29). Heterozygous C57BL6/129svJ R163C-RyR1 mice were
back-bred with congenic WT C57BL6 �10 generations, and
their genetic background was confirmed by single nucleotide
polymorphism analysis. Mitochondria for functional and bio-
chemical analyses were isolated from 7- to 10-month-old
mice killed by cervical dislocation. Where indicated, perfusion
of the animals was performed by cardiac puncture with phos-

phate-buffered saline (PBS) supplemented with 10 mM EGTA,
prior to removal of skeletal muscle.
RNA Extraction and Quantitative Real Time PCR (qPCR)—

Total RNA was extracted from tissues using the RNeasy Plus
(catalog no. 74134) extraction kit from Qiagen following the
manufacturer’s instructions. The quality and quantity of ex-
tracted RNA were performed by using the 2100 Bioanalyzer
from Agilent. Reverse transcription was performed using
Quantitect RT kit (catalog no. 205311, Qiagen) according to
the manufacturer’s instructions. Transcript-specific primers
and probes forMYH1 (Mm01332489_m1),MYH2
(Mm01332564_m1),MYH4 (Mm01332541_m1),MYH7
(Mm00600555_m1), GAPDH (Mm99999915_g1), ActB
(Mm01205647_g1), and B2M (Mm00437764_m1) were pur-
chased from Assays on Demand library (Applied Biosystems).
Real time PCR was done with TaqMan Universal Mastermix
(Applied Biosystems) with 400 nM of each primer, 80 nM of
fluorogenic TaqMan probe, and 5 �l of template at 111 ng/�l
using Mastercycler EP Realplex thermocycler (Eppendorf,
Westbury, NY). Amplification was performed using the fol-
lowing parameters: 2 min at 50 °C (activation of uracil N-gly-
cosylase enzyme), 10 min at 95 °C (deactivation of uracil N-
glycosylase and activation of AmpliTaq Gold DNA
polymerase), and 40 cycles of 15 s at 95 °C and 60 s at 60 °C.
The mean cycle time obtained by double derivatives (CalqPlex
algorithm; Eppendorf, Westbury, NY) was designated as Ct.
Each sample was analyzed in triplicate. Positive and negative
controls were run in each plate. The corresponding real time
PCR efficiencies for each gene amplification were calculated
according to the equation: efficiency � 10(�1/slope) �1. After
establishing the linear response between Ct number and tem-
plate amount (1000, 500, 250, 125, and 62.5 ng total/reaction),
efficiencies for each gene were between 95 and 104%. To
choose a gene to normalize our RT-PCR data and given the
issues regarding selection of genes for this purpose (46, 47),
we tested three genes normally selected as housekeeping
genes (B2M, ACTB, and GAPDH). The expression stability
was determined by using three types of algorithms provided
by GeNorm, NormFinder, and BestKeeper software (48–50).
No statistical differences were found between B2M and Act5b,
and both were found to be stable enough in this system to act
as housekeeping genes. Linear fold difference was determined
through the 2���Ct method.
Isolation of Mitochondria—The mitochondrial fraction was

prepared from skeletal muscle (predominantly type II fibers
mixed) in buffered mannitol/sucrose/EDTA using minor
modifications of the procedure described previously (51). The
mitochondria were isolated by mechanical cell disruption us-
ing a glass-Teflon homogenizer and subsequent centrifuga-
tion, followed by purification in a Percoll gradient (52, 53).
After cervical dislocation, where indicated, the animals were
perfused with 10 mM EGTA in PBS by cardiac puncture. Mus-
cle (brachii and hind legs) were quickly removed, immersed in
cold 0.25 M sucrose, and washed until the solution came out
clear of blood. All connective tissue and fat was removed; the
tissues were blotted and weighed. Then they were placed in
0.22 M mannitol, 70 mM sucrose, 0.5 mM EGTA, 2 mM HEPES,
0.1% fatty acid-free BSA, pH 7.4 (MSHE), kept in beakers on
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ice, cut in smaller pieces with fine scissors, and homogenized
in glass-Teflon homogenizer using a 5:1 buffer to muscle wet
weight ratio. The muscle was homogenized in a Polytron ho-
mogenizer (PT 2100) using a micro-attachment at 11,000 rpm
using one to three 5-s bursts. Large cell debris and nuclei were
pelleted by centrifuging at 600 � g for 5 min in a Sorvall re-
frigerated centrifuge. Lipid material, which packed at the sur-
face of the supernatant, was removed and the supernatant
filtered through two layers of cheesecloth. This fraction was
named total. Mitochondria were pelleted by centrifuging the
supernatant for 10 min at 10,300 � g in the same centrifuge.
This pellet was called the mitochondrial enriched fraction,
and the supernatant was the post-mitochondrial (PM) frac-
tion. The mitochondrial enriched fraction was purified using
a self-forming Percoll gradient. The pellet was suspended in
25 ml of 0.225 M mannitol, 5 mM HEPES, 1 mM EGTA, 0.1%
fatty acid-free BSA, 30% Percoll, pH 7.4, at 4 °C and spun for
30 min at 95,000 � g in a Beckman Ti-60 rotor at 4 °C. Mito-
chondria were separated from microsomal, sarcoplasmic re-
ticulum, broken mitochondria, and other contaminants lo-
cated at the top layer (52, 54, 55). Mitochondria were
collected from the second band from the top (density 1.05–
1.10 g/ml), washed carefully, resuspended in buffer MSHE
using 2–4 gentle strokes with a loose-fitting pestle in a Te-
flon-glass homogenizer, and centrifuged for 10 min at
6,300 � g. This step was repeated again, and finally the pellet
was washed using 0.15 M KCl. Mitochondrial pellets were
gently suspended in a small volume of ice-cold buffer MSHE
supplemented with protease and phosphatase inhibitors (at a
1:100 v/v dilution; Sigma catalog nos. P8340, P2850, and
P5726) to give a final protein concentration of 7–10 mg/ml.
All oxygen consumption studies were immediately per-
formed, whereas aliquots of mitochondria and PM fractions
were stored at �80 °C for further enzymatic analyses and pro-
tein evaluation. Protein was determined by the BCA protein
assay (56) using a commercially available kit from Pierce.
Mitochondrial Oxygen Consumption—Mitochondrial oxy-

gen consumption was measured using previously described
methods (51). All measurements were completed in at least
duplicates using mitochondria (0.5–1 mg/ml) in 0.22 M su-
crose, 50 mM KCl, 5 mM MgCl2, 1 mM EGTA, 10 mM KH2PO4,
10 mM HEPES, pH 7.4 (reaction buffer). Briefly, an aliquot of
mitochondria was added to the oxygen chamber that con-
tained 1 ml of reaction buffer (final protein concentration
0.5–1 mg/ml). The oxygen uptake was measured using a
Clark-type O2 electrode from Hansatech (King’s Lynn, UK) at
22 °C using constant stirring. Oxygen consumption rates were
evaluated in the presence of buffered 1 mM malate, 10 mM

glutamate followed by the addition of 1 mM ADP to record
state 3 oxygen uptake. Then 5 �M rotenone was added, fol-
lowed by the addition of 10 mM succinate. This oxygen con-
sumption was inhibited by adding 3.6 �M antimycin A. Cyto-
chrome c oxidase activity was evaluated as the (1 mM KCN)
KCN-sensitive oxygen uptake in the presence of 10 mM ascor-
bate and 0.2 mM N,N,N�,N�-tetramethyl-p-phenylenediamine.
State 3 respiration is defined as the oxygen consumption rate
in the presence of 1 mM malate, 10 mM glutamate and 1 mM

ADP. State 4 oxygen consumption was determined in the

presence of maximal amounts oligomycin (8 �g/mg mito-
chondrial protein), a specific inhibitor of the ATP synthase.
ATP synthase inhibition was confirmed by determining
whether addition of oligomycin caused further inhibition of
oxygen consumption.
Muscle Oxygen Consumption—Immediately after muscle

isolation, hind leg muscles were sectioned and permeabilized
for 30 min as described previously (57). All procedures were
performed in a cooling room on ice at 4 °C. Oxygen consump-
tion was performed using the same apparatus described above
in the presence of 10 mM NADH and 1 �M carbonyl cyanide
p-trifluoromethoxyphenylhydrazone in reaction buffer, fol-
lowed by the inhibition with rotenone or antimycin. Where
indicated, mouse diaphragm was excised and prepared for
glucose and oxygen uptake as described previously (58) with
the following modifications: 30–45 mg of wet weight muscle
was placed in the oxygen chamber using the apparatus de-
scribed above in buffered modified Ringer solution with 10
mM glucose at 22 °C, followed by the sequential addition of
the following chemicals separated by 5–8-min intervals
(enough to detect a significant rate): 5 �g/ml oligomycin, 5
nM carbonyl cyanide p-trifluoromethoxyphenylhydrazone,
and 5 �M rotenone; triplicate aliquots were taken at time 0
and at 2.5 h to evaluate glucose and lactate. These compounds
were determined using an YSI 2300 STAT Plus glucose ana-
lyzer (YSI Inc., Yellow Springs, OH).
Calcium Concentrations—Water used throughout was ob-

tained from a MilliQ water purification system at a resistivity
of 18 megohms�cm. Nitric acid (purissimum pro analysi) was
from Sigma (�3 � 10�3 ppm in calcium). Total mitochon-
drial and cytosolic calcium concentrations were determined
by inductively coupled plasma mass spectrometry at the In-
terdisciplinary Center for Plasma Mass Spectrometry, Univer-
sity of California, Davis. Briefly, the samples were diluted to 1
mg of protein/ml in 3% nitric acid, filtered to eliminate partic-
ulate matter, and digested for 6 h at 90 °C. Upon cooling, the
samples were submitted to inductively coupled plasma mass
spectrometry. Blanks contained less than 10 nM calcium, 100-
fold lower than the calcium concentration obtained with
whole muscle tissue (	1 �mol/g wet weight).
Complex Activities—Complex I activity was evaluated by

following the NADH-CoQo oxidoreductase activity. NADH-
quinone oxidoreductase was evaluated according to Ref. 59
with the following modifications. The assay was measured at
340 nm following the oxidation of NADH at 37 °C. In 160 �l
of water, 5 �g of cell protein was added and incubated for 2
min at 37 °C. Then 50 �l of buffer containing 5 mg/ml BSA,
240 �M KCN, 4 �M antimycin A, 40 mM HEPES/KOH, pH 7.5,
were added. The reaction was started with the addition of 50
�M 2,3-dimethoxy-5-methyl-1,4-benzoquinone (or CoQ0).
The absorbance changes were followed in a Molecular De-
vices Spectramax M2 plate reader using the Soft Max Pro
software version 4.7.1. Data points were taken every 34 s for
10 min. Five �M rotenone was then added, and the reaction
was followed for an additional 5 min. Rotenone-sensitive ac-
tivities were calculated from the linear part of �A versus time
plots and using an extinction coefficient of 6.22 mM�1 cm�1.
Succinate-cytochrome c reductase (SCCR), which evaluates
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complex II and III, and cytochrome c oxidase (complex IV)
activities were evaluated as described previously (59) and
were performed in a microplate reader (2–8 �g of protein/
well and all reagents were scaled down from 1 to 0.2 ml).
Complex II activity was measured by following the reduction
of 2,6-dichlorophenolindophenol at 600 nm. The reaction was
carried out with succinate, in the presence of KCN and rote-
none and initiated by the addition of ubiquinone-2. The rate
sensitive to 2-thenoyltrifluoroacetone (1 mM) was taken as
complex II activity (60). Complex V was evaluated by follow-
ing ATPase activity (61). The assay was performed at 340 nm
following the reduction of NADH. Each well contained 2–8
�g of protein, 140 �l of reaction buffer (in mM: 1.5 phos-
phoenolpyruvate, 0.25 NADH, 45 MgCl2, and 45 HEPES, 6.3
units/ml pyruvate kinase, and 4.5 units/ml lactic dehydrogen-
ase, pH 7.5). The reaction was started with the addition of 2
mM ATP and followed for 5 min. Then 5 �g/ml oligomycin
was added, and the reaction was followed for an additional 5
min. The rates were followed at 37 °C in a SpectraMax micro-
plate reader. The oligomycin-sensitive rate was expressed as
nanomoles of ATP hydrolyzed per min/mg of protein.
Citrate Synthase Activity—This activity was evaluated in

isolated mitochondria by spectrophotometry (59). Isolated
mitochondria were diluted to a final concentration of 1 mg of
protein/ml in 20 mM HEPES, pH 7.4, on ice and homogenized
for 30 s. The assay was performed at 412 nm following the
reduction of 0.1 mM 5,5�-dithiobis(2-nitrobenzoic acid) in the
presence of 5–30 �g of homogenized mitochondria, 0.2 mM

acetyl-CoA in a medium with 10 mM Tris-HCl, pH 8.1, and
0.2% Triton X-100. The reaction was started by adding 0.5
mM oxalacetic acid. The rates were calculated from the linear
part of �A/min versusmg of protein plots and using an ex-
tinction coefficient of 11,400 (M�cm)�1.
Glyceraldehyde-3-phosphate Dehydrogenase (GAPDH)

Activity—GAPDH activity was measured with a kit purchased
from Biomedical Research Service Center (Buffalo, NY). The
colorimetric assay is based on the reduction of iodonitrotetra-
zolium to formazan in an NADH-coupled enzymatic reaction
using glyceraldehyde-3-phosphate as substrate (62). Briefly,
3–5 �g of skeletal muscle proteins were diluted 1:1 with 2�
cell lysis solution and added to a 96-well microplate. Ten �l of
1� cell lysis solution were used as blank. The enzymatic reac-
tion was initiated by adding 50 �l of the GAPDH assay solu-
tion to each well, and the formation of formazan was moni-
tored at 492 nm for 45 min at 37 °C. The reaction exhibited a
linear range for the whole duration of the assay, and the spe-
cific GAPDH activity was expressed as nanomoles of forma-
zan formed � (min�mg protein)�1 using an extinction coeffi-
cient of 19,900 (M�cm)�1.
ROS Production—The rate of H2O2 production in mito-

chondrial preparations was followed fluorometrically using 5
units/ml horseradish peroxidase (HRP) coupled to 40 �M p-
hydroxyphenylacetic acid oxidation (63). Succinate (10 mM),
in the presence of 5-�M rotenone and 3.6-�M antimycin, was
used as substrate for this assay. Mitochondrial lysates (0.5–
0.6 mg/assay) were added to start the reaction. Increased fluo-
rescence at 22 °C was monitored by a Shimadzu fluorimeter.
Arbitrary fluorescence units per min for the reaction were

converted to amount of H2O2 by comparing the values to a
standard curve generated over a range of H2O2 concentra-
tions. H2O2 generation was expressed as nanomoles of H2O2/
min/mg protein. The addition of selective inhibitors of the
respiratory chain permitted delineation of sites of mitochon-
drial ROS production.
Evaluation of mtDNA Copy Number—The mtDNA copy

number was evaluated by the mtDNA/nDNA ratio. To this
end, real time qPCR with dual-labeled probes was performed
on genomic DNA. The targeted genes were the single copy
nuclear PK and mitochondrial CYTB, ND1, ND4, and ND2.
Species-specific primers were selected using the Primer Ex-
press 3 software (Applied Biosystems). Mouse primers for PK
were as follows: forward, 5�-CCCAGACAACTACATAC-
CAGCTAATC-3�, and reverse, 5�-CTCCATCAACAAGC-
CGAAAAG-3�; the fluorogenic probe used was Universal
Probe Library number 6 (Roche Applied Science). Primers for
CYTB were as follows: forward, 5�-CCCAGACAACTACAT-
ACCAGCTAATC-3�, and reverse, 5�-AGGCTAGGACAC-
CTCCTAGTTTATTG-3�; BHQTM-FAMTM-labeled probe
from Operon was 5�-TAAACACCCCACCCCATATTAAAC-
CCGAA-3�. ND4 primers were as follows: forward,
5�-ATCACTCCTATTCTGCCTAGCAAAC-3�, and reverse,
5�-AAGTCCTCGGGCCATGATTA-3�, and BHQTM-
FAMTM-labeled probe from Operon was 5�-CCAACTAC-
GAACGGATCCACAGCCGTA-3�. ND1 primers were as
follows: forward, 5�-CAAACACTTATTACAACCCAAGAA-
CAC-3�, and reverse, 5�-AATCATATTATGGCTATGGGT-
CAGG-3�, and Universal Probe Library number 29 was used
from Roche Applied Science. ND2 primers were as follows:
forward, 5�-CACGATCAACTGAAGCAGCAAC-3�, and
reverse, 5�-GTACGATGGCCAGGAGGATAAT-3�, and Uni-
versal Probe Library number 90 was used from Roche Applied
Science. The corresponding real time PCR efficiencies for
each mitochondrial and nuclear gene amplification were cal-
culated according to the equation: E � 10(�1/slope) �1. After
establishing the linear response between Ct number and tem-
plate amount (25, 12.5, 6.25, 3.13, and 1.56 ng total per reac-
tion), efficiencies for each gene were between 95 and 100%.
Genomic DNA was extracted from cell cultures using the
Puregene kit from Qiagen. DNA concentrations were deter-
mined by using nanodrop from Thermo Scientific. DNA was
diluted to 0.626 ng/�l and served as stock DNA template for
qPCR. qPCR was performed in a Mastercycler EP Realplex
thermocycler (Eppendorf, Westbury, NY) with 7 �l of master
mixture (TaqMan 2� PCR Master Mix; Applied Biosystems
with 400 nM of primers and 80 nM of fluorogenic probes), and
5 �l of 3.13 ng of total of template were used per reaction.
Amplification was performed using the following default
cycling parameters: 2 min at 50 °C (activation of uracil N-gly-
cosylase enzyme), 95 °C for 10 min (AmpliTaq Gold activa-
tion), followed by 40 cycles of 15 s of cycled denaturation at
95 °C, 60 s and annealing/extension at 60 °C. The mean cycle
time obtained by double derivatives (CalqPlex algorithm;
Eppendorf, Westbury, NY) was designated as Ct. Relative
mtDNA/nDNA was assessed by a comparative Ctmethod,
using the following equation: mtDNA/nDNA � 2��Ct, where
�Ct � Ctmitochondrial � Ctnuclear. Each sample was analyzed in
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triplicate. Positive and negative controls were run in each
plate. mtDNA deletions were considered if the ND4/ND1 and
CYTB/ND1 ratios were lower than the mean ratio of TD-
2.58 � S.D., or in other words, at the lowest limit of a 99%
confidence interval (64). To obtain absolute gene copy num-
ber ratios, synthetic genes were ordered through Operon by
providing the company the sequences of the amplicons of
interest. The synthetic amplicons were cloned into pCR2.1
vector, confirming the final product through sequencing. The
molecules per �l were calculated using the following formula:
molecules/�l � Avogadro number � concentration (g/�l) �
(molecular weight (g/mol))�1; where molecular weight is
equal to the total number of base pairs in plasmid plus the
number of bases in inserted amplicon multiplied by 660 g/mol
bp. The purified plasmid was then normalized to 2 � 109

molecules/�l and served as a stock solution. To generate
standard curves, a series of 11 10-fold dilutions were made.
The assays were run beginning from total of 1 � 107 mole-
cules per well. All reactions were performed in triplicate to
establish the linear response between the Ct values and the
log of known copy numbers. The copy numbers for each sam-
ple were calculated using the equation, y � mx � b, where
y � raw Ct value;m � slope from the plasmid curve; x � the
log of copy numbers; and b � the y intercept of the plasmid
curve.
Glycogen and Triglyceride Contents in Skeletal Muscle—

Muscles were harvested from euthanized mice, freeze-
clamped in liquid nitrogen, and stored at �80 °C for later
analysis. Glycogen content was evaluated essentially as de-
scribed by Ref. 65. For total lipid content, frozen pieces of
tissue were homogenized with Folch reagent (66). The or-
ganic layer was dried under a nitrogen stream, and the lipid
remaining on evaporation was weighted and evaluated by en-
zymatic analysis using a commercially available kit from
BioVision (catalog number K622-100).
Western Blotting—Proteins were denatured in SDS-PAGE

sample buffer (Bio-Rad) plus 1.5% DTT at 100 °C for 3 min.
Two to 10 �g of protein (or 10–40 �g for nitrotyrosine) were
loaded onto a 4–15% gradient SDS-polyacrylamide gel (Bio-
Rad) and electrophoresed at 150 V at 4 °C for 	60 min. Pro-
teins were transferred via semi-dry transfer (20% methanol,
0.0375% SDS except for nitrotyrosine blots, in which no
methanol or SDS was utilized) to a 0.45-�m PVDF membrane
for 30 min at 15 V, 300 mA). Membranes were washed once
for 5 min in Tris-buffered saline plus Tween 20 (TBST: 150
mM NaCl, 25 mM Tris, pH 7.4, 0.1% Tween 20) and blocked
for 1 h with 5% nonfat dry milk in TBST. For nitrotyrosine
blots, the blocking buffer was constituted by 1% nonfat dry
milk, 1% bovine serum albumin, 10% goat serum in TBST.
The nitrotyrosine blots were blocked for 2 h at room temper-
ature. Membranes were incubated overnight at 4 °C (or 48 h
at 4 °C for nitrotyrosine blots) with the primary antibody
(supplemental Table I). Membranes were washed three times
for 5 min in TBST and then incubated with the secondary
antibody conjugated to HRP. Membranes were washed three
times for 10 min in TBST and once for 5 min in TBS and visu-
alized with chemiluminescent reagents on a Kodak 2000MM

Imager or LiCor Imager for RyR1. Images were analyzed with
the software provided by the manufacturer.
Data and Statistical Analyses—The DAVID gene func-

tional classification tool (67, 68) was used to condense the list
of genes/proteins detected in our sample set into functionally
related groups. We used the novel agglomeration method to
cluster the three main gene ontology charts (Biological Pro-
cess, Molecular Function and Cellular Component) in a
meaningful network context. Student’s t test was used to
compare data between two groups. One-way analysis of vari-
ance and the Bonferroni correction were used to compare
data between three or more groups. Values were expressed as
mean 
 S.E. Values with p � 0.05 were considered statisti-
cally significant.

RESULTS

Similar RyR1 Protein Expression in Skeletal Preparations
fromWild Type (WT) and R163C Mice—To ensure that the
genetically modified mice had the same level of RyR1 protein
as WT, protein expression was evaluated by Western blot
analysis of whole skeletal muscle membranes using mono-
clonal antibody 34C that selectively recognizes mouse RyR1
over RyR2 by Western blotting (69). No significant differences
in RyR1 expression were detected between WT and R163C
skeletal muscles (Fig. 1, A and B). Moreover, Western blotting
of RyR1 levels in the mitochondrial and PM fractions pre-
pared fromWT and R163C skeletal muscle used to study
bioenergetics were not significantly different (data not
shown). Collectively, these data indicate that any changes ob-
served in R163C mice have to be attributed to the RyR1 mis-
sense mutation and not to altered expression of protein levels.

FIGURE 1. A, representative Western blot of RyR1 protein in the whole mem-
brane fraction of skeletal muscle isolated from WT and R163C mice. RyR1
expression was detected by separating the proteins by SDS-PAGE, followed
by Western blotting as described under “Experimental Procedures.” Total
protein applied was 10 �g/lane. B, summary densitometry data of RyR1 pro-
tein in WT and R163C mice expressed in fluorescence units per �g of pro-
tein. Densitometry was performed on at least four separate blots. a.u., arbi-
trary units. C, representative Western blot of myoglobin, ATPase �-subunit,
and complex II 70-kDa subunit in the mitochondrial (M) and post-mitochon-
drial (PM) fractions from skeletal muscle obtained from WT mice. Experi-
mental details were given under “Experimental Procedures.”
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Lower State 3-dependent Oxygen Uptake Rates in RyR1
R163C Skeletal Muscle Mitochondria—The mitochondrial
fraction was prepared from skeletal muscle (predominantly
type II fibers mixed) in buffered mannitol/sucrose/EDTA by
differential centrifugation, followed by purification in a Per-
coll gradient. Our procedure resulted in preparations of rela-
tively high yield, similar to those published by other laborato-
ries for WT muscle; however, the mitochondrial mass
(evaluated by the milligrams of mitochondrial protein per g of
tissue wet weight) of R163C muscle was 61% of WT (Table 1).
The most important criteria of membrane integrity and cou-
pling between electron transfer and ATP synthesis are the
respiratory control ratio (rate of oxygen utilization in state 3
under phosphorylating conditions divided by the rate in state
4 or nonphosphorylating conditions (70, 71)) along with the
P/O ratio (dependence of oxygen utilization on the availability
of ADP (72). Skeletal muscle mitochondria isolated fromWT
mice consistently showed relatively high RCR values (6.1 

0.7; Table 1) comparable or higher than literature values using
a wide range of techniques in various species (Table 1). Simi-
larly, the P/O values (2.3 
 0.1) were in the range of those
reported before (Table 1). Although P/O values measured
with R163C mitochondria did not differ fromWT, the major-
ity of R163C mitochondria were uncoupled when compared
with controls (88%; RCR � 1.6 
 0.3; p � 0.05; Table 1).
Purified skeletal muscle mitochondria fromWT and R163C

mice consumed oxygen in the presence of NAD-linked
(malate-glutamate) or FAD-linked (succinate) substrates
when supplemented with ADP (state 3-dependent oxygen
uptake rate; Table 2). State 3 respiration rate is the rate mea-
sured where all required substrates are present in excess and
the respiratory chain itself is the rate-limiting factor, i.e. the
state of “active” respiration. The rates of oxygen uptake by
R163C skeletal muscle mitochondria relative to WT were
62 
 3% with an NAD-linked substrate (malate-glutamate)
and 32 
 3% with an FAD-linked substrate (succinate; Table
2). To discern between mitochondrial dysfunction and a sim-
ple decrease in mitochondrial number, the rates of oxygen
uptake in state 3 were normalized to the activity of citrate

synthase (73) due to its tight correlation with morphometric
data (74, 75). The rates of oxygen uptake in state 3 from
R163C were more pronounced when normalized to citrate
synthase activity (NADH oxidase 40 
 3% of WT values; suc-
cinate oxidase 21 
 2%; Table 2).
Mitochondrial Dysfunction in Permeabilized R163C Skeletal

Muscle—Permeabilized skeletal muscle from R163C supple-
mented with NADH indicated that the maximal oxygen up-
take (oxygen uptake with carbonyl cyanide p-trifluorome-
thoxyphenylhydrazone sensitive to rotenone inhibition) was
52 
 9% of WT (16 
 4 and 8.2 
 0.5 nmol of oxygen con-
sumed (min�mg protein)�1; p � 0.05), similar to the values
obtained with isolated mitochondria supplemented with a
NAD-linked substrate (Table 2).
Mitochondrial Dysfunction in Intact R163CDiaphragm—

To evaluate mitochondrial dysfunction in a more intact bio-
logical system, the glucose uptake sensitive (associated with
OXPHOS) and resistant (associated with all other glucose
consumption) to oligomycin was evaluated in intact dia-
phragm muscles fromWT and R163C mice (Table 3). The
oligomycin-sensitive glucose uptake was three times lower in
R163C muscle than WT (Table 3). The lower glucose con-
sumption by OXPHOS suggested that either there was a mi-
tochondrial dysfunction in situ or that the total glucose up-
take was lower, proportionally decreasing the amount of

TABLE 2
State 3 oxygen uptake rates of skeletal muscle mitochondria from
wild type and R163C mice
State 3 oxygen uptake rates were evaluated in the presence of the indicated
substrate and ADP and expressed as nanomoles of oxygen consumed � (min�mg
protein)�1. These rates were normalized by citrate synthase activities and
multiplied by 100.

Malate-glutamate Succinate

State 3 oxygen uptake rates
Wild-type 21 
 1 34 
 1
R163C 13.0 
 0.4a 11 
 1a

State 3 oxygen uptake rate normalized to citrate synthase
activity

Wild-type 5.5 
 0.5 8.9 
 0.8
R163C 2.2 
 0.1a 1.9 
 0.2a

a All these R163C numbers were significantly different fromWT with p � 0.05.

TABLE 3
Glucose uptake and ATP produced during anaerobic and aerobic
glycolysis in diaphragm from WT and R163C mice

WT R163C p value Percentage of WT

Glucose consumeda
Total 9 
 1 7.3 
 0.6 0.04 81 
 10
Anaerobic 5.52 
 0.08 6.1 
 0.1 0.015 111 
 2
OXPHOS 3.35 
 0.09 1.1 
 0.2 0.0003 33 
 5

ATP produced
Total 109 
 2 50 
 3 0.04 46 
 3
Anaerobic 11.0 
 0.2 12.1 
 0.2 0.015 110 
 2
OXPHOS 98 
 3 38 
 5 0.0003 39 
 5

a The amount of glucose consumed or ATP produced in 2.5 h was expressed as
micromoles of glucose (or ATP)/g muscle wet weight. Glucose was determined
in aliquots taken at various time points for 2.5 h as described under “Experimen-
tal Procedures.” To determine the amount of glucose consumed in anaerobic
glycolysis, lactate was evaluated in parallel aliquots taken at the same time
points as glucose and considering the stoichiometry of two lactate produced per
glucose consumed. Glucose consumed during OXPHOS was evaluated by mea-
suring the oligomycin-sensitive oxygen consumed by muscle in glucose-supple-
mented buffered Ringer solution and considering the stoichiometry of six oxy-
gens per glucose consumed. The amount of ATP produced during OXPHOS
was evaluated by using the experimental P/O ratio. The amount of ATP pro-
duced during anaerobic glycolysis was calculated by using the stoichiometry of
two ATP/lactate produced.

TABLE 1
Comparison of mitochondrial content, yield, and parameters from
this study and those published in the literature

WT R163C Literaturea

Mitochondrial content of skeletal
muscleb (mg of mitochondrial
protein/g of tissue wet weight)

1.8 
 0.2 1.1 
 0.8c 0.1–5.0

Protein yieldd (mg of mitochondrial
protein/100 mg of homogenate
protein)

46 
 4 44 
 3 12–48

RCR 6.1 
 0.7 1.6 
 0.3c 1.9–10.8
P/O 2.3 
 0.1 2.2 
 0.1 1.6–3.0

a Values were obtained with rat, mouse, or human skeletal muscle by using a vari-
ety of procedures (buffered KCl/EDTA, buffered mannitol/sucrose/EDTA, or
sucrose; supplemented with ATP, MgCl2, heparin, fatty acid-free BSA, among
others; mechanical cell/tissue disruption versus enzymatic digestion; use of mi-
tochondria purification in Percoll or sucrose gradients (45, 52, 120, 152–160)).

b Data were evaluated as the activity of citrate synthase in the mitochondrial frac-
tion (expressed in milligrams of mitochondrial protein) relative to the activity in
whole muscle (expressed in grams of tissue wet weight).

c Data were significantly different fromWT with p � 0.03.
d Data were evaluated as the activity of citrate synthase in the mitochondrial frac-
tion (expressed in milligrams of mitochondrial protein) relative to the activity in
whole muscle (expressed in milligrams of tissue protein).
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glucose available to OXPHOS. Although the total glucose up-
take was 20% lower in R163C muscle than WT, it could not
account for the lower utilization of glucose by OXPHOS (3-
fold lower; Table 3). In R163C, the lower OXPHOS was ac-
companied by a relative increase in the amount of glucose
utilized to produce lactate (11% higher; Table 3). Based on
these experimental data, it was possible to calculate the
amount of ATP produced by OXPHOS and anaerobic glycol-
ysis. In R163C muscle, there was a significant decline in the
total amount of ATP produced (about 50%) mainly caused by
the lower amount provided by OXPHOS (39% of WT), which
was not compensated by anaerobic glycolysis (only 10%
higher) as expected from a Pasteur effect.
Higher Mitochondrial Calcium in RyR1 R163C Skeletal

Muscle Is Not the Direct Cause forMitochondrial Dysfunction—
A consistent observation in the MHS myotubes (28–30), skel-
etal muscle myoballs (76), and intact skeletal muscle from
several species (76–78) is that all have a chronic elevation in
their intracellular steady-state calcium concentration. Given
that exposure of mitochondria to a sustained higher calcium
concentration may lead to higher calcium uptake and net cal-
cium accumulation, dissipation of the electrochemical gradi-
ent, decreased ATP production, and/or organelle swelling or
bursting (79–81), the calcium concentrations in mitochon-
drial and PM fractions were evaluated in WT and R163C skel-
etal muscle by ICP-MS. The values for total calcium contents
of WT were within those reported for rodent skeletal muscle
using ICP-MS or other techniques (690–1500 nmol/g muscle
wet weight) (82–86). Skeletal muscle mitochondria from
R163C mice had 5.7 times more Ca2� than WT, and the Ca2�

concentration in the cytosolic fraction was 1.8-fold higher
than WT (Table 4). The concentrations of PM calcium in
R163C are consistent with the higher (2–4-fold) resting intra-
cellular Ca2� concentrations in intact MHS skeletal muscle
from various species (76–78) and indirectly with the presence
of swollen mitochondria in skeletal muscle from aged Y522S
MHmice (44) and mitochondria loss in CCD skeletal muscle
fibers (2). These results indicated that skeletal muscle mito-
chondria from R163C-RyR1 mice have accumulated more
calcium than controls under basal conditions (i.e. in the ab-
sence of a fulminant MH episode). Considering that a sub-
population of mitochondria has been found closely attached
to SR (87, 88), and these mitochondria are exposed to higher
local resting Ca2� concentrations in skeletal muscle (89, 90),
it is likely that our calcium values represent an underestima-
tion of the actual calcium concentrations that could be found
in mitochondria closely associated with SR (90).

If the overload of calcium were the main defect in the
R163C mitochondria, then perfusion of animals with EGTA
(91) prior to the removal of muscle should restore (improve)
the oxygen uptake rates of R163C mitochondria relative to
WT. However, EGTA at concentrations high enough to che-
late most, if not all, free Ca2� did not significantly change
(10–30%) the state 3 rates of oxygen uptake of skeletal muscle
mitochondria isolated from either WT or R163C mice. Rather
it improved the coupling between electron transport and ATP
synthesis in R163C mitochondria. The RCR of WT skeletal
muscle mitochondria (before or after perfusion) was un-
changed, whereas the RCR for R163C improved 2-fold (from
1.6 
 0.3 to 3.4 
 0.9; p � 0.05; Table 1). Although the RCR
was partially restored after chelating labile calcium, the ma-
jority of R163C skeletal muscle mitochondria (53%) was still
uncoupled under basal conditions. The partial improvement
on the RCR after EGTA treatment was due to a decrease in
state 4 oxygen uptake rate (53 
 13% loss) with no change in
state 3 oxygen uptake rate indicating that calcium overload
was not the direct/main cause for the relatively low state
3-dependent oxygen uptake rate in R163C skeletal muscle.
Lower Activities of mtDNA-encoded Complexes in R163C

Skeletal Muscle—Considering that the state 3-dependent oxy-
gen uptake rates obtained with NAD- and FAD-linked sub-
strates (Table 2) did not allow us to discriminate what com-
plexes were affected in R163C skeletal muscle mitochondria,
the specific activities of each complex (complexes I–V) were
individually assessed (Table 5). Complex I (34 
 15% of WT),
complex III (68 
 3%), and complex IV (50 
 3%) in R163C
were significantly lower than WT but not complex II or V
(Table 5). The relative activities of the respiratory chain com-
plexes are consistently conserved in functional mitochondria
because a tight balance between respiratory chain activities is
required to allow oxidation of various substrates. The ratios of
complex activities normalized to complex II activities were (in
average) 3-fold lower in R163C than WT for complexes I, III,
and IV. These results indicated that the oxidation of both
NAD- and FAD-linked substrates (i.e. fatty acids and glucose)
would be altered in R163C skeletal muscle.
Complex II is the only one in the electron transport chain

with all subunits encoded by the nDNA. Thus, we proceeded
to test the hypothesis that the changes in mitochondrial activ-
ities observed in R163C skeletal muscle mitochondria might
be attributed to defects at the transcriptional or translational
levels. Western blots probing for mitochondrial proteins en-
coded by either nuclear DNA (complex II 70-kDa subunit,
manganese-dependent superoxide dismutase, voltage-depen-

TABLE 4
Mitochondrial and cytosolic calcium in skeletal muscle mitochondria
from wild type and R163C mice
Calcium content was determined by ICP-MS in each fraction.

Calcium content ((nmol of
calcium � (g of tissue wet

weight)�1)
Mitochondria Cytosol

Wild-type mice 35 
 3 839 
 2
R163C mice 198 
 2a 1512 
 3a

a Data were significantly different fromWT with p � 0.05.

TABLE 5
Complex activities in skeletal muscle mitochondria from WT and
R163C mice

Activitya

Complex WT R163C p value R163C/WT

%
I 11.9 
 0.3 4 
 2 0.004 34
II 2.7 
 0.3 3.59 
 0.04 0.14 133
II and III 68.1 
 0.7 46 
 2 0.012 68
IV 38 
 2 19.1 
 0.8 0.003 50
V 45 
 2 51 
 5 0.23 113

a All activities were expressed as nanomoles � (min�mg protein)�1.
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dent anion channel-1, ATPase �-subunit, cytochrome c) or
mitochondrial DNA (cytochrome c oxidase subunits I and II,
NADH dehydrogenase subunits 1 and 6; normalized to equal
total cellular protein) were (on average) 63% of WT values
(Fig. 2A). However, when the expression levels were stratified
into nDNA- or mtDNA-encoded proteins, a 2-fold difference
was apparent (81 
 8 and 41 
 5% for nDNA and mtDNA-
encoded proteins; p � 0.007). These results obtained with
protein expression levels matched those obtained with com-
plex activities (activities of complexes encoded by both ge-
nomes were 50% lower than that encoded solely by nDNA;
Table 5) suggesting that there is a mitochondrial defect at the
translational or transcriptional levels.

It has been proposed that variations in expression of mito-
chondrial genes in striated muscle are determined predomi-
nantly by gene dosage, rather than by modulation of tran-
scriptional efficiency (74, 92–94). In some cases, over-
replication of mtDNA aids with the normalization of mRNA
levels of deleted genes as well as those nondeleted (74). Con-
sistent with this view, the mtDNA copy number in R163C was
1.34-fold higher in R163C than in WT (mtDNA copy number:
3,064 
 39 and 4,102 
 149; p � 0.002), whereas the mRNA
levels of three mitochondrial genes (CYTB, CCO II, and ND1)
and two nuclear genes (ATPase �-subunit and mitochondrial
ribosomal protein L10), all encoding for mitochondrial pro-
teins, were, on average, not significantly different fromWT
values (Fig. 2B). These data support the notion that R163C in
muscle elicits an adaptation consistent with defects in mito-
chondrial number and function.
Calcineurin-initiated Pathway Is Modulated in R163C Skel-

etal Muscle—We further tested the hypothesis that the lower
OXPHOS capacity of R163C skeletal muscle originated from
a calcium-dependent activation of a switch to a fast-fiber type.
This would entail the specific down-regulation of slow fiber-
specific genes controlled by the calcineurin (Cn) pathway in
skeletal muscle (95–97). The expression of Cn protein in MH
muscle, estimated by Western blots, was 47 
 15% of that of
controls (Fig. 3). The expression of RCAN3 (but not that of
RCAN1) when normalized to the expression of Cn was 2–3-

FIGURE 2. Protein and transcript levels of mitochondrial proteins in
skeletal muscle from R163C relative to WT. A, mitochondrial protein ex-
pression expressed as percentage of WT values. Western blots of the indi-
cated mitochondrial proteins were performed on mitochondrial fractions
from WT and R163C skeletal muscle. Dashed lines indicate the average of
protein expression for nDNA- or mtDNA-encoded proteins. Abbreviations
used are as follows: SDHA, complex II 70-kDa subunit; CCO I, cytochrome c
oxidase subunit I; ATPB, ATPase �-subunit; VDAC-1, voltage-dependent an-
ion channel 1; MnSOD, manganese-dependent superoxide dismutase; CCO
II, cytochrome c oxidase subunit II; ND1 and ND6 subunits 1 and 6 of NADH
dehydrogenase. B, transcript level of each gene was normalized to actin
and then expressed as the fold difference to the WT values. All experimental
details for RNA extraction, cDNA preparation, and PCR conditions were ex-
plained in detail under “Experimental Procedures.” Dashed line indicates the
WT values. Abbreviations used are as follows: CYTB, cytochrome b; MRPL10,
mitochondrial ribosomal protein L10. Asterisks indicate statistically signifi-
cant differences when compared with their respective WT values (p � 0.007
and 0.01, for CYTB and ND1, respectively).

FIGURE 3. Densitometry of protein bands detected by Western blotting
in R163C skeletal muscle. Western blots for myoglobin, calcineurin, and
RCAN3 were obtained for WT and R163C skeletal muscle. The intensities of
the bands were normalized to actin (used as a loading control). Western
blots of pAMPK (Thr-172) and pACC (Ser-79) were normalized to each re-
spective total and unphosphorylated protein (i.e. AMPK and acetyl-CoA car-
boxylase). Western blots for pPKC� (Ser-660) and pPKC� (Thr-638/641) were
normalized to a pan-PKC and PKC�, respectively. All results shown in the
figure were expressed as percentage of WT values. No statistical differences
were observed for total PKC, AMPK, or ACC2 when normalized to actin be-
tween WT and R163C.
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fold higher in R163C skeletal muscle, when compared with
WT (Fig. 3).
The following results were consistent with an RCAN-medi-

ated inhibition of the Cn: (a) lower OXPHOS capacity in iso-
lated mitochondria and in permeabilized skeletal muscle; (b)
lower expression of PGC1-� protein (20% of controls; p �
0.05); (c) lower glycogen content (35% of the WT value; 7 
 5
and 20 
 9 �mol glycogen/g muscle wet weight; p � 0.018),
both contents are consistent with muscles mainly constituted
by fast-twitch fibers (and in both cases mainly byMyh4; Fig.
4B); and (d) lower expression of myoglobin protein (21 

10%; p � 0.05; Fig. 3).
However, other experimental data did not support the

slow- to fast-twitch fiber transition, expected from the sole
and complete inhibition of the Cn-mediated pathway. First,
lower mean expression of allMyh transcripts was observed in
R163C muscle (54 
 11% of WT; Fig. 4A) with significantly
lower gene expression of isoformsMyh7 (30% of WT),Myh2
(49% of WT), andMyh4 (51% of WT; Table 6) indicating that
R163C muscle was still mainly constituted by fast-twitch fi-
bers as in the WT (99.9%). The only difference was attributed
to the higher contribution of type IIX/D at the expense of IIB
and IIA fibers. Second, higher triglyceride deposits were ob-
served in R163C muscle (1.5-fold of WT; 91 
 15 and 140 
 7
mg triglyceride/g tissue for WT and R163C; p � 0.05), oppo-
site to the expectation of a slow-twitch (in which the major
fuel storage is fat) to fast-twitch (in which the major fuel stor-
age is glycogen) transition but consistent with a lower
OXPHOS capacity. Consistent with a lower oxidation of fatty
acids in R163C, the pACC2/ACC2 and pAMPK/AMPK were

15 
 12 and 32 
 12% of WT values indicating that �-oxida-
tion of fatty acids was disfavored in R163C muscle (Fig. 3).
Third, decreased glycolytic capacity was observed in R163C
muscle based on the lower transcript level of GAPDH nor-
malized to actin (54 
 2% of WT; 27.4 
 0.4 and 14.8 
 0.7;
p � 10�4), lower GADPH activity (41 
 1% of WT; 177.1 

0.6 and 73 
 2 nmol � (min�mg protein)�1, and less glucose
consumed by intact muscle (20% decrease; Table 3).
Other Calcium-activated Pathways Contribute Minimally

to Metabolic Changes in Skeletal Muscle—Several pathways
can be activated by calcium in skeletal muscle in addition to
the Cn already explored above. Among them are calcium/
calmodulin-dependent protein kinases and protein kinase Cs
(PKC�, -�, and -� activated by calcium and diacylglycerol).

The involvement of the calcium/calmodulin-dependent
protein kinase family does not seem critical because their acti-
vation results in a cascade of signals that results in cell prolif-
eration (hypertrophy (98)) and activation of AMPK (99). The
brachii muscle weight-to-body weight ratio was not signifi-
cantly different between WT and R163C mice in the range of
7–10 months old, indicating no skeletal muscle hypertrophy
(data not shown), and a relatively lower activation of AMPK
was observed in R163C mice, as indicated above (Fig. 3).
The PKC family expression and phosphorylation were stud-

ied by Western blotting (Fig. 3). No differences between WT
and R163C muscles were observed in expression of total
PKCs when probed with a pan-PKC antibody (data not
shown). In addition, no expression of phosphorylated PKC�,
-���, -�, -	, and -� (PKD) was apparent (data not shown).
However, R163C preparations had levels of phosphorylated

FIGURE 4. A, transcript levels of Myh isoforms in WT and R163C skeletal muscle. All R163C values were significantly different from WT with p � 0.03. B, direct
association between oxidative capacity (evaluated as citrate synthase or succinate dehydrogenase activities as markers for mitochondria) and glycogen
content has been observed (147–150); thus glycogen content in mouse muscles with various proportions of type IIB fibers was evaluated. Glycogen content
was assayed on lower hind leg muscles tibialis anterior (TA), extensor digitorum longus (EDL), soleus, gastrocnemius (GST), the upper hind leg muscle, quad-
riceps (QUAD), the back muscle spinalis thoracis (SPN), and brachii muscles (BRC) from female WT and R163C (brachii muscles only). The percentage of Myh4
was evaluated as described under “Experimental Procedures” or as calculated from Ref. 151 using the percentage of type IIB in the population of fibers for
that particular muscle(s). The data points were fitted to a linear regression (r2 � 0.81 with a p � 0.05 using 
2 goodness of fit). Glycogen content decreased
from muscles constituted mainly of type I (or slow-twitch) fibers to those that have a higher proportion of fast-twitch fibers.

TABLE 6
Transcript levels of myosin heavy chain isoforms in skeletal muscle from WT and R163C mice

Myh isoform Main component of fiber type Contraction time WT R163C p value R163C/WT

Myh1 IIX/D Fast twitch 1.69 
 0.01 1.41 
 0.02 3 � 10�4 0.83
Myh2 IIA Fast twitch 0.89 
 0.02 0.438 
 0.005 3 � 10�5 0.49
Myh4 IIB Fast twitch 13.8 
 0.4 7.0 
 0.3 2 � 10�4 0.51
Myh7 I Slow twitch 0.0182 
 0.0002 0.0053 
 0.0004 1 � 10�5 0.30
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PKC� (at Ser-660) and -� (at Thr-638/641) that were 43 
 12
and 58 
 15% as measured in WT preparations (p � 0.05).
Lower levels of active PKC� might prevent the known PKC�-
mediated enhanced energy production and glucose uptake
(100) by proteins whose functions influence directly ATP pro-
duction on multiple levels (e.g. numerous glycolytic enzymes
such as glyceraldehyde-3-phosphate dehydrogenase and eno-
lase, specific subunits of various citric acid cycle enzymes
such as isocitrate dehydrogenase and succinate dehydrogen-
ase, and proteins related to mitochondrial metabolism, in-
cluding the adenine nucleotide transporters and voltage-de-
pendent anion channel (101)). Although lower activities of
GAPDH were observed (see before), no significant changes in
complex II activity were obtained (succinate dehydrogenase;
Table 5) or voltage-dependent anion channel protein expres-
sion (Fig. 2A), thus minimizing the role of PKC� in R163C
skeletal muscle.
Increased Oxidative Stress in R163C Skeletal Muscle—

Dysfunctional mitochondria with impaired OXPHOS could
be accompanied by an increased production of ROS (102). A
3-fold increase in ROS production by complex III was found
in R163C skeletal muscle mitochondria when compared with
WT (Table 7). These significant differences indicated an in-
creased cellular oxidative stress.
The Y522S MHS mutation causes calcium leak and in-

creased the S-nitrosation of the mutant RyR1. This post-
translational modification increases its temperature sensitiv-
ity for activation, producing muscle contractures upon
exposure to elevated temperatures (44). Although increased
ROS production was observed in skeletal muscle from R163C
mice, a lower rate of nitric oxide production was found (data
not shown), consistent with the lack of activation of endothe-
lial NOS by AMPK. In addition, Western blots for nitroty-
rosine (a stable and hallmark of protein modification by reac-
tive nitrogen and oxygen species) showed no statistical
change in C-nitration R163C skeletal muscle proteins (110 

27% of WT). Thus, in R163C MHS model, it seems unlikely
that S-nitrosation of RyR1 plays a significant role for the bio-
chemical changes observed in R163C mice.
It has been reported that increased oxidative stress in-

creases phosphorylation and activation of ERK1/2 in various
cellular settings (103–106). In other studies, it has been found
that ERK1/2 activity was more than 2-fold higher in high gly-
colytic fast-twitch fibers than in slow-twitch fibers (107), sug-
gesting that ERK1/2 pathway may play an important role for
maintaining the high glycolytic fast-twitch fiber phenotype

(108), independently of the ROS level of that particular fiber
type. In our experimental model, pERK1/2 in R163C skeletal
muscle was significantly activated (phosphorylated) to 300–
500% of WT values (Fig. 3; p � 0.05). Consistent with previ-
ous reports, the increases in ERK phosphorylation could be
attributed to increased oxidative stress in R163C muscle, sus-
taining the fast-twitch fiber program.

DISCUSSION

Contraction of skeletal muscle depends on the increase of
intracellular Ca2� concentrations, which are initiated by the
action potential. Myoplasmic Ca2� can vary from 0.12 �M

under resting conditions to as much as 1 �M during contrac-
tion or 10 �M in contractures (109). Considering that the
R163C RyR1 mutation in skeletal muscle resulted in a signifi-
cantly increased cytosolic Ca2� (about 2-fold of the normal
resting concentration, this study and that by Yang et al. (30),
an activation of several calcium-dependent pathways was ex-
pected leading to the activation of a slow-twitch fiber pro-
gram to increase the resistance to fatigue, the oxidative capac-
ity, and the calcium buffering capacity of mitochondria. The
values for total calcium contents of WT mitochondria evalu-
ated in this study were within the range of those previously
reported for rodent skeletal muscle using ICP-MS or other
techniques (82–86). The significantly higher concentrations
of mitochondrial calcium content in R163C reported here
may stem from the chronically elevated (2–4-fold) resting
intracellular Ca2� concentrations in intact MHS skeletal mus-
cle from various species (76–78). Our results indicate that
skeletal muscle mitochondria from R163C-RyR1 mice have
accumulated more calcium within their matrix (presumably
mainly as Ca2�-phosphate precipitate (110)) than controls
under basal conditions (i.e. in the absence of a fulminant MH
episode). One possible caveat is that EGTA used in the isola-
tion buffer could have reduced the free Ca2� within mito-
chondria thereby resulting in an underestimate of mitochon-
drial calcium. Despite this possible limitation, we were able to
identify significant differences in total matrix calcium be-
tween genotypes. Considering that a subpopulation of mito-
chondria has been found closely attached to SR (87, 88), and
these mitochondria are exposed to higher local resting Ca2�

concentrations in skeletal muscle (89, 90), it is likely that our
calcium values represent an underestimation of those actually
found in mitochondria closely associated with SR (90). Possi-
ble consequences of higher mitochondrial calcium might be
mitochondrial swelling, as it has been observed in skeletal
muscle from aged Y522S MHS mice (44), and mitochondria
loss, known to occur in CCD skeletal muscle fibers (2).
However, chronically elevated resting Ca2� in R163C skele-

tal muscle elicited the maintenance of a fast-twitch fiber pro-
gram with clear mitochondrial defects. These defects included
decreased mitochondrial number and altered mitochondrial
function in permeabilized muscle and intact muscle, with the
development of an insulin resistance-like phenotype as part of
a metabolic adaptation to the R163C RyR1 mutation.
Several possibilities may explain the differences in state

3-dependent oxygen uptake between WT and R163C mice.
First, the mitochondrial pellet may be contaminated with

TABLE 7
ROS production by skeletal muscle mitochondria
The rates of H2O2 production and O2 consumption were measured in the
presence of succinate, rotenone, and antimycin. The rates were linear for at least
5–6 min. Other details were indicated under “Experimental Procedures.” The
values are mean with S.D. �12% mean.

Wild type R163C

Rate of H2O2 production (nmol of
H2O2 � (min�mg protein)�1)

0.2 0.6a

Rate of O2 consumption (nmol of
O2 � (min�mg protein)�1)

2.1 4.9a

Fraction of O2 uptake in state 4
destined to H2O2 production (%)

9.5 12.2a

a R163C numbers were significantly different fromWT with p � 0.05.
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nonmitochondrial protein (i.e.myosin, fragmented myofibrils,
or myoglobin). Any contaminating protein is assayed in the
BCA reaction (56), resulting in an underestimation of the oxy-
gen consumption rate when related to mitochondrial protein
concentration. The normalization of oxygen uptake rates to a
mitochondrial enzyme such as cytochrome c oxidase rather
than to mitochondrial protein may eliminate this problem in
normal studies, but it is not appropriate in diseased muscle
where specific mitochondrial enzymes may be selectively de-
pressed. The presence of a significant contamination of non-
mitochondrial protein was excluded in our study based on the
low recovery of both a highly abundant protein such as myo-
globin (0.03 and 0.08% in WT and R163C; Fig. 1C) and the
oligomycin-resistant ATPase activity (111, 112) (1.6 and 2.0%
in WT and R163C) in the mitochondrial fractions. These re-
sults supported the notion that the contamination from cyto-
solic (myoglobin) or SR/plasmalemma (oligomycin-resistant
ATPase) was negligible (�1% on average).
A second possibility is that slow respiratory rates with all

substrates with loose coupling, as in the case with R163C (Ta-
bles 1 and 2), may indicate a damaged preparation. However,
the biochemical characteristics of muscle mitochondria from
WT, run in parallel to those of R163C, were of similar or
higher quality than those published by others (Table 1) sug-
gesting that this is not the case.
Another possible explanation is that during mitochondrial

isolation, homogenization of diseased muscle may free a
higher percentage of total muscle mitochondrial fractions
with a higher proportion of damaged organelles, resulting in a
falsely low respiration rate. If this hypothesis is correct, oxy-
gen uptake rates should be lowest in preparations with higher
mitochondrial protein yields. This alternative can also be ex-
cluded because the mitochondrial protein yield from R163C
and WT mice was not significantly different (Table 1),
whereas the state 3-dependent oxygen uptake in R163C was
62 
 3% of WT (Table 2). In addition, data on the maximal
oxygen uptake sustained by NADH obtained with permeabi-
lized muscle to test for mitochondrial function in situ was
52 
 9% that of WT, similar to the differences seen with iso-
lated mitochondria supplemented with an NAD-linked sub-
strate (Table 2). The slight discrepancy between these num-
bers could be explained by considering that all mitochondrial
populations are assayed in permeabilized muscle with limited
cytoskeletal disruption, whereas the preparation with isolated
mitochondria is likely to be more enriched with intact, less
dysfunctional organelles (113), suggesting that the changes
observed with isolated mitochondria could underestimate the
putative mitochondrial dysfunction in vivo.

In this study no attempt was made to differentially isolate
subsarcolemmal (SSM) and intermyofibrillar mitochondrial
populations, mitochondria with different morphology, organ
localization, and biochemical characteristics (114, 115); how-
ever, it is likely that our preparation was richer in SSM than
intermyofibrillar due to the lack of protease use during the
isolation procedure (which helps to improve the recovery of
intermyofibrillar) and based on the rates of state 3 oxygen
consumption rates (116, 117). The electron transport chain
activity of SSM has been found decreased in individuals with

type 2 diabetes (118, 119) to values similar to ours (2–3-fold
lower state 3 oxygen uptake using NAD- and FAD-linked sub-
strates). Considering that SSM provides energy for mem-
brane-related processes, including processes involved in insu-
lin action, glucose uptake, and storage (115, 118), then the
presence of dysfunctional SSM in R163C could be result in an
insulin resistance-like phenotype.
Taken together, these data support the hypothesis that the

R163C RyR1 mutation in skeletal muscle results in defects in
mitochondrial number and function. Moreover, the mutation
also elicited lower glucose utilization by both OXPHOS and
glycolysis (Table 3). To gain insight into the interaction be-
tween pathways, we used the DAVID gene functional classifi-
cation tool (67, 68) to condense the list of pathways enriched
in the proteins and/or transcripts found altered in R163C
mice. The resulting distribution highlighted overrepresented
Gene Ontology categories. Besides the OXPHOS pathway,
others that ranked high in the hierarchy were the following:
Cn/NFAT, insulin, and calcium and muscle contraction
(Fig. 5).
The specific regulation of slow fiber-specific genes is con-

trolled by the Cn pathway (95). Cn, a Ca2�-activated, calmod-
ulin-dependent protein Ser/Thr phosphatase that senses in-
tracellular Ca2� levels, dephosphorylates NFAT, which
translocates to the nucleus and regulates the transcription of
target genes (95). Transgenic mice overexpressing an acti-
vated form of Cn in skeletal muscle presented a marked shift
in glucose (decreased glucose oxidation with increased glyco-
gen formation) and lipid (increased fatty acid oxidation and

FIGURE 5. Scheme of the metabolism and signal transduction pathways
in R163C skeletal muscle. See explanation in the text. Bold letters indicate
the parameters evaluated in this study. The scheme was based on the data
obtained in this study and classified according to the DAVID functional clas-
sification tool (67, 68).
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mitochondria biogenesis) metabolism via coordinated expres-
sion of metabolic genes, as well as transcription regulators,
including peroxisome proliferator-activated receptor �, per-
oxisome proliferator-activated receptor �, and PGC1-� (96),
with increased expression of slow contractile machinery (97).
Conversely, pharmacological inhibition of Cn activity induces
a slow to fast myosin ATPase transformation in rat soleus
muscle (95). The expression of downstream Cn/NFAT-regu-
lated genes provides a reliable measure of Cn activation. To
test the hypothesis that the Cn-mediated pathway was inac-
tive in R163C mice, we evaluated the protein expression of
Cn, RCAN (endogenous inhibitors of Cn (106, 121)), PGC1-�
and myoglobin (96, 97), glycogen and triglyceride contents
(96), and the transcript expression of myosin heavy chains
isoforms (Myh 1 (type IIX/D),Myh2 (type IIA),Myh4 (type
IIB), andMyh 7 (type I) (97)). As predicted, in R163C skeletal
muscle, we observed overexpression of RCAN3 and lower
expression of Cn (Fig. 5). This outcome was somewhat similar
to that encountered by cells incubated with thapsigargin, an
inhibitor of SR Ca2�-ATPase, in which the short term eleva-
tion in Ca2� resulted in an increased expression of the Cn
inhibitor RCAN1 (122). It has been shown that overexpres-
sion of RCAN3 in Jurkat cells inhibits calcium-Cn-mediated
NFAT nuclear translocation and RCAN1 gene expression.
Furthermore, RCAN3 gene expression is neither under intra-
cellular calcium regulation nor under the physiological regu-
lation of Cn activity (121). It has been suggested that RCAN3
may interact with one of the catalytic isoforms of Cn different
from that that interacts with RCAN1, indicating different
roles for RCAN-Cn (123). Consistent with this concept, not
all Cn activity seemed to be halted; for some NFAT isoforms
(likely c2, c3, and c4 (124), but not others (e.g. NFATc1), are
expected to activate the fiber-type IID/X expression and re-
press type I expression. Under in vivo conditions, the rapid
activation of calcium uptake sites and calcium exchangers
evoked by RyR-mediated local calcium signals allow mito-
chondria to respond rapidly to single calcium spikes (90). The
higher cytosolic calcium, in addition to the proximity to
RyR1, allows mitochondria to buffer the excess of calcium at
the expense of the dissipation of the electrochemical gradient
(uncoupling), preventing the incorporation of nDNA-en-
coded proteins. If those proteins required for the translation
of mitochondrial proteins (e.g. aminoacyl tRNA synthetases)
were affected, then mitochondrial protein synthesis would lag
behind the nuclear one. This would explain the increased mi-
tochondrial calcium content and the relatively lower protein
expression of mtDNA-encoded subunits. The development of
mitochondrial dysfunction could be understood as the result
of calcium recycling (in vivo) in addition to a lower OXPHOS
capacity in complexes with mtDNA-encoded subunits (in vivo
and in vitro). Central to this mitochondrial dysfunction is the
increase in ROS (2- to 3-fold). Increases in oxidative stress
lead to the phosphorylation of ERK1/2 (activation), which
sustains the fast-twitch fiber type program, reinforcing the
NFAT-Cn pathway. The lower activation of AMPK observed
in this study indicates that the production of ATP (via glycol-
ysis and oxidative phosphorylation) matches the energy ex-
penditure of R163C muscle at rest. Furthermore, if AMP is

the main activator of AMPK, then a lower steady-state con-
centration of AMP in R163C muscle could be achieved by
decreasing the activity of adenylate kinase (125), and/or by
increasing the AMP deaminase activity (which is calcium-
activated (126, 127)). Other contributing factors could involve
a negative feedback on any of the upstream kinases of AMPK
by hormone or metabolite-mediated cascade signaling (128).
In any case, the lower AMPK activation in R163C muscle re-
sulted in lower phosphorylation of ACC2, increased activity of
ACC2, and lower fatty acid oxidation. The lower activation of
AMPK leads to inactivation of peroxisome proliferator-acti-
vated receptor �, preventing the transcription of genes in the
fatty acid oxidation pathway and increasing triglyceride con-
tent in muscle (129). Inactivation of AMPK leads to a de-
creased transcription of myocyte enhancer factor 2C
(MEF2C) and dephosphorylation of PGC1-�, which in turn
decreases mitochondrial content, oxidative capacity, tran-
scription/activity of the antioxidant enzyme MnSOD, and
oxidative-fiber type composition. Lower AMPK activity leads
to lower translocation of GLUT4 (decreased glucose uptake)
and lower glycogen deposits (Fig. 5).
The functional consequence of deficient fatty acid oxida-

tion and impaired electron transport chain activity might be
the accumulation of fat and fat metabolites (diacylglycerol,
ceramide, and fatty acyl-CoA) that can activate Ser kinases
that inhibit insulin signaling and glucose transport (130–133),
resulting in a decrease in insulin sensitivity. Alternatively, ac-
tivated ERK1/2 phosphorylates Ser-612-IRS-1 and inhibits its
association with PI3K and in turn Akt activation, thus gener-
ating a negative feedback loop that down-regulates insulin-
stimulated glucose uptake (134). In any case, the increased
MAPK/ERK signaling along with the decrease in mitochon-
drial proteins observed in muscle from obese individuals or
with type 2 diabetes (135–137) underline the biochemical
similarities between MHmuscle and insulin-resistant muscle.
The presence of dysfunctional mitochondria, lipid deposits,
lower glycogen, lower glucose uptake and/or utilization, and
increased ROS in R163C skeletal muscle (this study), higher
blood insulin levels (absolute values or normalized to glucose)
in malignant hyperthermia-susceptible individuals (5, 138),
higher base-line [lactate] and [lactate]/[pyruvate] ratio in
MHS pigs than MH-nonsusceptible pigs (139) resemble the
characteristics presented by individuals with insulin resis-
tance and type 2 diabetes. However, opposite to these cases
(136, 140), no decrease in the expression of genes encoding
proteins of mitochondrial OXPHOS in R163C skeletal muscle
was observed, pointing at the metabolic adaptive response
that allows R163C mutant carriers to develop a normal life. If
exposed to triggers such as halogenated anesthetics or higher
ambient temperatures, the dysfunctional mitochondria, in
addition to the lower glucose uptake in skeletal muscle of in-
dividuals carrying this RyR1 mutation, would attempt to
dampen the deleterious effects (uncoupling, heat production
by mitochondria, and lactic acid production) initiated by MH
triggers.
Then, the key question would be as follows. What is the

link between chronically elevated Ca2� in muscle and the ap-
pearance of a phenotype with characteristics similar to those
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of insulin resistance? It has been reported that insulin elicits
either localized (near membrane (141)) or global (142) Ca2�

increases and that such increases are sufficient to activate a
CaMKII-dependent signaling pathway in rat soleus (143).
Thus, an adaptive response to cope with a “leaky” RyR1 would
be to increase insulin resistance in muscle to attenuate/coun-
teract the insulin response that could be already potentiated
by the relatively higher resting intracellular calcium. This
could explain the occurrence of MH-like episodes in acute
metabolic complications of diabetes such as diabetic
ketoacidosis and hyperglycemic hyperosmolar nonketotic
syndrome (144–146).
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Supplementary Table I: List of primary and secondary antibodies utilized in this study 
 

Antibody Host Species Source Catalog Dilution 
34C (RyR1/3) Mouse Iowa Hybridoma Bank,  

culture media 
N/A 1:500 

Acetyl-CoA Carboxylase Rabbit Cell Signaling 3676 1:1,000 
Phospho-Acetyl-CoA  
Carboxylase (Ser79) 

Rabbit Cell Signaling 3661 1:1,000 

Actin Goat Santa Cruz  sc-1615 1:5,000 
AMPK α Rabbit Cell Signaling 2603 1:1,000 
Phospho-AMPK α (Thr172) Rabbit Cell Signaling 2535 1:1,000 
Complex II, 70 kDa subunit Mouse Molecular Probes A11142 1:10,000 
Cytochrome c Mouse 7H8.2C12 Ascites  1:1,000 
Cytochrome c oxidase subunit I   Mouse Santa Cruz  sc-58347 1:200 
Cytochrome c oxidase subunit II Mouse Molecular Probes A6404 1:2,000 
F1-ATPase β subunit Mouse BD Biosciences 612518 1:5,000 
MnSOD Rabbit Upstate 06-984 1:5,000 
Myoglobin Goat Santa Cruz  sc-8081 1:100 
NDUFS2 (IP49K) Rabbit Gift from Mutsuo Yamaguchi  

(Scripps Institute) 
N/A 1:1,000 

Nitrotyrosine Mouse Upstate 05-233 1:2,000 
p44/42 MAPK (Erk1/2) Rabbit Cell Signaling 9102 1:1,000 
Phospho-p44/42 MAPK (Erk1/2)  
(Thr202/Tyr204) 

Mouse Cell Signaling 9106 1:1,000 

PKC ε Rabbit Cell Signaling 2683S 1:1,000 
Phospho-PKC (pan) (βII Ser660) Rabbit Cell Signaling 9371 1:1,000 
PKC α Rabbit Cell Signaling 2056 1:1,000 
Phospho-PKC α/βII (Thr638/641) Rabbit Cell Signaling 9375 1:1,000 
Phospho-PKCδ (Thr505) Rabbit Cell Signaling 9374 1:1,000 
Phospho-PKCδ/θ/ (Ser643/676) Rabbit Cell Signaling 9376 1:1,000 
Phospho-PKCζ/λ (Thr410/403) Rabbit Cell Signaling 9378 1:1,000 
Phospho-PKCθ (Thr538) Rabbit Cell Signaling 9377 1:1,000 
PKD/PKCµ Rabbit Cell Signaling 2052 1:1,000 
Phospho-PKD/PKCµ (Ser744/748) Rabbit Cell Signaling 2054 1:1,000 
Phospho-PKD/PKCmu (Ser916) Rabbit Cell Signaling 2051 1:1,000 
PP2B-A Rabbit Santa Cruz  sc-9070 1:200 
RCAN-1 (DSCR-1) Rabbit Santa Cruz  sc-66864 1:10,000 
VDAC1 Goat Santa Cruz sc-8828 1:200 
     
Anti-Mouse HRP Goat Zymed 62-6520 1:5,000 
Anti-Goat HRP Donkey Santa-Cruz sc-2020 1:1,000 
Anti-Rabbit HRP Goat Cell Signaling 7074 1:,2,000 
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