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Physiological sensing of O2 tension (partial O2 pressure, pO2) plays
an important role in some mammalian cellular systems, but stri-
ated muscle generally is not considered to be among them. Here
we describe a molecular mechanism in skeletal muscle that acutely
couples changes in pO2 to altered calcium release through the
ryanodine receptor–Ca2+-release channel (RyR1). Reactive oxygen
species are generated in proportion to pO2 by NADPH oxidase 4
(Nox4) in the sarcoplasmic reticulum, and the consequent oxida-
tion of a small set of RyR1 cysteine thiols results in increased RyR1
activity and Ca2+ release in isolated sarcoplasmic reticulum and in
cultured myofibers and enhanced contractility of intact muscle.
Thus, Nox4 is an O2 sensor in skeletal muscle, and O2-coupled
hydrogen peroxide production by Nox4 governs the redox state
of regulatory RyR1 thiols and thereby governs muscle perfor-
mance. These findings reveal a molecular mechanism for O2-based
signaling by an NADPH oxidase and demonstrate a physiological
role for oxidative modification of RyR1.
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Specialized mammalian sensory cells transduce varying O2
levels, but the mechanisms of O2 sensing and O2-based sig-

naling have not been elucidated fully. In particular, reversible
changes in ion channel activity often are implicated in physio-
logical responses to O2, but the molecular bases of these changes
are unknown. We previously have described an O2-sensing
and -signaling mechanism in mammalian skeletal muscle that oper-
ates on the ryanodine receptor–Ca2+-release channel (RyR1), the
principal source of Ca2+ release from the sarcoplasmic reticulum
(SR) (1, 2). At relatively low partial pressure of O2 (pO2), en-
dogenously generated NO regulates RyR1 activity by S-nitro-
sylation of a single Cys thiol (1, 3). At higher pO2, RyR1 activity is
enhanced independently of NO in association with the oxidation
of a separate, small set of Cys thiols (1). Oxidation of RyR1 thiols
at high pO2 and reduction following transition from high to low
pO2 are observed in isolated SR vesicles (1). However, the mo-
lecular mechanisms within the SR that mediate this O2-based
redox cycle have not been determined. Here we show that the
redox enzymeNADPHoxidase 4 (Nox4) is a constituent of the SR
and that hydrogen peroxide (H2O2) produced by Nox4 in pro-
portion to pO2 over a physiological range serves as an essential
effector of pO2-dependent regulation of RyR1 redox status and
function. These data demonstrate physiological regulation by
reactive oxygen species (ROS) of RyR1 and suggest insights into
the molecular mechanisms of O2 sensing and O2-based signaling
in mammalian cells.

Results
RyR1 activity in an SR-enriched subcellular fraction (SR vesicles)
was enhanced progressively at pO2 of 1%O2, 5%O2, and 20%O2
(ambient pO2) (Fig. 1A); these levels largely recapitulate the
physiological muscle O2 gradient and extend to oxidative stress

(4–7). Production of ROS was enhanced similarly, as assessed
by measuring fluorescence resulting from conversion of dihy-
droethidium (DHE) (8) (Fig. 1B) (or of 29,79-dichlorofluorescin;
vide infra). The increase in RyR1 activity at high (20% O2) versus
low (1% O2) pO2 was largely eliminated by polyethylene glycol
(PEG)-catalase (Fig. 1C). Thus, an endogenous SR mechanism
generates ROS in a pO2-dependent fashion that regulates RyR1
activity, and H2O2 is apparently the active species.
Potential sources of pO2-coupled H2O2 production within the

SR include mitochondria, which have been implicated in pO2
sensing in multiple cell types (9–11), xanthine oxidase, which
plays a role in ROS generation in cardiac muscle (12), and one
or more forms of Nox (13, 14). However, in SR vesicles, en-
hancement of mitochondrial ROS production by antimycin A
had no affect on RyR1 activity (Fig. S1), and inhibition of xan-
thine oxidase with allopurinol affected neither ROS production
nor RyR1 activity (Fig. S2).
All forms of Nox catalyze electron transfer from NADPH

to molecular oxygen to generate superoxide and thereby H2O2
or to generateH2O2 directly in the case of the dual oxidases (Duoxs)
and perhaps Nox4 (13–15). In SR vesicles prepared from rabbit
(Fig. 2 A and B) or mouse (Fig. S3 A and B) hind-limb skeletal
muscle, addition of 1 mMNADPH resulted in substantial increases
in both ROS production and RyR1 activity at high pO2. Enhance-
ment of both ROS production and RyR1 activity at high versus low
pO2 was largely eliminated by diphenyleneiodonium (DPI), a fla-
voprotein inhibitor well-characterized as an inhibitor of Nox (Fig. 2
A and B and Fig. S3 A and B), and by the recently described Nox
inhibitor, 3-benzyl-7-(benzoxazolyl)thio-1,2,3-triazolo[4,5-d]pyrim-
idine (VAS2870) (Fig. S3 C and D) (16). Thus, the pO2-coupled
activity within the SR that regulates RyR1 throughROS production
exhibits properties of a Nox. Note that ROS production by a Nox in
SR vesicles in the absence of added NADPH would require en-
dogenous dinucleotide. We determined that NADPH+NADP is
present at 126 ± 12.8 pmol/mg protein and 98.3 ± 10.8 pmol/mg
protein in SR vesicles isolated from mouse and rabbit muscle, re-
spectively (n= 3); levels in whole mouse muscle homogenates were
785 ± 83.2 pmol/mg protein (n = 3) (NADP+/NADPH Quantifi-
cation Kit; Biovision Research Products).
We thenmeasured free thiols in RyR1 isolated from solubilized

SR vesicles (1) after incubation at low or high pO2. RyR1 at low
pO2 possessed about 40 free Cys thiols as assessed by mono-
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bromobimane labeling, and a small set (5.4 thiols) was lost at high
versus low pO2 (39.9 ± 2.8 free thiols at low pO2 versus 34.5 ± 2.4
free thiols at high pO2) (Table 1). DPI and PEG-catalase had
no apparent effect on free thiol number at low pO2 (Table 1).
However, thiol loss at high versus low pO2 was largely prevented
by both DPI (39.6 ± 1.2 free thiols at low pO2 versus 38.7 ± 0.6
free thiols at high pO2 in the presence of DPI) and PEG-catalase
(39.4 ± 2.9 free thiols at low pO2 versus 38.4 ± 2.9 free thiols at
high pO2 in the presence of PEG-catalase) (Table 1). These
results, in combination with those described above, establish a
causal relationship between O2-coupled oxidation of RyR1 Cys
thiols and RyR1 activation and indicate that H2O2 production
intrinsic to the SR is the basis of this pO2-dependent regulation.
Nox2 is associated with transverse tubules of mammalian

skeletal muscle (17). However, we saw no effect on ROS pro-
duction or pO2-regulated RyR1 activity of the Nox2 inhibitor
aminoethyl-benzenesulfono-fluoride (Fig. S4A), and pO2-cou-
pled ROS production and RyR1 activation were unaltered in SR
vesicles derived from knockout mice deficient in Nox2 (Fig. S4 B
and C). Analysis of rat hind-limb skeletal muscle by quantitative
real-time PCR (Fig. S5A) indicated that Nox2 and Nox4 and
Duox1 and Duox2 were expressed at significant levels and that
Nox4 was substantially the most abundantly expressed form
[Nox5 apparently is not expressed in rodents (18)]. We detected
Nox4 (see below) but not Duox1 or Duox2 in isolated SR vesicles

by Western blotting. Nox4 activity does not require cytosolic
subunits, and heterologously expressed Nox4 is constitutively
active (19–21), consistent with regulation of ROS production by
O2 (substrate) level.
Analysis by Western blotting following subcellular fraction-

ation of rat hind-limb muscle showed that Nox4 and RyR1
colocalize within the junctional SR (Fig. 3 A and B). Fluores-
cence immunohistochemistry of sections from rat hind-limb ex-
tensor muscle directly demonstrated colocalization of Nox4 and
RyR1 (Fig. S5B), and RyR1 and Nox4 coimmunoprecipitated
from solubilized SR vesicles (Fig. 3C).
We used knockdown with siRNA to assess the role of Nox4

using C2C12 cells, a skeletal muscle-derived cell line that provides
a well-accepted model system. C2C12 cells were largely differen-
tiated from myoblasts to multinucleated myotubes by 7 d in cul-
ture, and in differentiated C2C12 cells (9 d in culture) Nox4 was
the most abundantly expressed form of Nox as assessed by PCR
(Fig. S6A). Expression of Nox4 and RyR1 increased together as
myotubes differentiated (Fig. S6B), and both Nox4 and RyR were
most abundant in a microsomal (100,000 × g) fraction following
subcellular fractionation of differentiated cells (Fig. S6C).
In the microsomal fraction derived from differentiated C2C12

cells, RyR activity was greater at high pO2 than at low pO2 (Fig. 4).
Activity was enhanced at both low and high pO2 by NADPH,
and enhancement by NADPH was eliminated by DPI (Fig. 4).

Fig. 1. pO2-dependent regulation of RyR1 by endogenous ROS. (A and B) In
SR vesicles isolated from rabbit hind-limb skeletal muscle, RyR1 activity
assessed by [3H]-ryanodine binding (A) and ROS production assessed by DHE
fluorescence (B) were enhanced progressively as pO2 increased from 1% to
5–20% O2. Single and double asterisks indicate significant difference versus
20% O2 and 5% O2, respectively (P < 0.01; n = 3–5). (C) PEG-catalase largely
eliminated the enhancement of RyR1 activity at high versus low pO2 (n = 3).

Fig. 2. Characterization of the ROS-generating activity of SR. In SR vesicles
isolated from skeletal muscle of rabbit, (A) ROS production (DHE fluores-
cence) and (B) RyR1 activity ([3H]-ryanodine binding) were enhanced at high
versus low pO2. At high pO2, addition of NADPH (1 mM) enhanced pro-
duction of O2

−, and this enhancement was eliminated by DPI. (n = 4–6).

Table 1. pO2- and H2O2-dependent loss of free thiols within
RyR1

21% O2 1% O2

Control 34.5 ± 2.4 39.9 ± 2.8
PEG-catalase 38.4 ± 2.0 39.4 ± 2.9
DPI 38.7 ± 0.6 39.6 ± 1.2

A small set of Cys thiols within RyR1 is oxidized at high versus low pO2 as
determined by thiol labeling of SR vesicles (numbers represent free thiols per
RyR1 monomer), and the loss of thiols is blocked by removing H2O2 with mem-
brane-permeable PEG-catalase or by treatment with the Nox inhibitor DPI.

Fig. 3. Colocalization of Nox4 and RyR1 in skeletal muscle. (A) Subcellular
fractionation of rat hind-limb muscle showed that Nox4 and RyR1 coen-
riched and were most abundant in the SR-enriched fraction isolated from
the microsomal fraction by densit- gradient centrifugation. (B) Samples
taken progressively from the top to the bottom of the SR-enriched gradient
segment, which are progressively enriched in junctional SR (heavy SR) (45,
51), were increasingly enriched in both RyR1 and Nox4, whereas the dihy-
dropyridine receptor/Ca2+ channel (DHPR), a constituent of transverse tubule
membranes, exhibited a disparate pattern of enrichment. (C) Nox4 coim-
munoprecipitates with RyR1 from solubilized SR vesicles; results of two
separate experiments are shown.
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Treatment of C2C12 cells with an siRNA specific for Nox4 (but
not with scrambled, control siRNA) knocked down most Nox4
expression through at least 11 d in culture, without affecting RyR1
expression (Fig. S6B). Nox4 knockdown both eliminated the en-
hancement of RyR1 activity by NADPH at high pO2 and reduced
basal activity to levels indistinguishable from those observed in
the presence of DPI (Fig. 4). Knockdown of Nox4 also eliminated
the enhancement of RyR1 activity by NADPH at low pO2 (Fig. 4).
Similarly, ROS production by themicrosomal fraction was greater
at high pO2 than at low pO2, as assessed by DHE fluorescence,
and DPI eliminated this difference (Fig. S6D. Nox4 knockdown
also eliminated the difference in ROS production at high versus
low pO2, and ROS production at high pO2 was indistinguishable
from that seen in the presence of DPI (Fig. S6D). Finally, we
verified with the fluorescent reporter 29,79-dichlorofluorescin (22)
that the production of H2O2 by C2C12 microsomes was enhanced
at high versus low pO2 and by addition of NADPH (Fig. S6E).
Following Nox4 knockdown, basal production of H2O2 at high
pO2 was suppressed, and the enhanced production at high versus
low pO2 following addition of NADPHwas eliminated (Fig. S6E).
These results were replicated with a second, nonoverlappingNox4
siRNA (Fig. S7).Taken together, these results demonstrate that,
although there clearly is more than one source of ROS in C2C12
microsomes, Nox4 accounts for NADPH-dependent ROS pro-
duction and is the necessary and sufficient source of pO2-coupled
ROS production that regulates RyR1 activity.
We next explored the role of Nox4 in regulating stimulus-in-

duced Ca2+ flux. In primary skeletal muscle myocytes derived
from mouse flexor digitorum brevis, the amplitudes of Ca2+

transients induced by electrical depolarization (23), known to
reflect RyR1 activation, were greater at 20% O2 than at 1% O2,
and this difference was largely eliminated by treatment with PEG-
catalase (Fig. 5A and Fig. S8A). In differentiated C2C12 cells,
depolarization with KCl (50 mM) resulted in rapid increases in
cytoplasmic Ca2+ levels (Fig. 5 B and C and Fig. S8B) that were
eliminated by preincubation with ryanodine (Fig. 5C) and which
therefore could be ascribed to RyR activation. Depolarization-
induced Ca2+ release through RyR was greater at high versus low

pO2, and this difference was eliminated by Nox4 knockdown (Fig.
5 B and C). Ca2+ release at low pO2 was not affected by Nox4
knockdown (Fig. 5 B and C). In addition, we verified that the
effects of pO2 on KCl-induced Ca2+ release through RyR1 in
C2C12 cells were mediated by H2O2: the enhancement of Ca2+

release at high pO2 was eliminated by PEG-catalase (Fig. 5C).
Thus, Nox4 mediates regulation by O2-derived H2O2 of stimulus-
induced Ca2+ release through RyR1.
We then examined in bioassays the effects of pO2 on contractility

of isolated, intact mouse extensor digitorum longus (EDL), a pre-
dominantly fast-twitch hind-limb muscle. We reported previously
that incubation of EDL at 1% O2 and at 20% O2 results in muscle
core pO2 of about 3.5mmHg and 37mmHg, respectively (2), levels
that broadly recapitulate the pO2 gradient in skeletal muscle across
the continuum of resting muscle to moderate exercise (4–7). The
curve describing the relationship between tetanic stimulation fre-
quency and evoked force (force-frequency curve) was progressively
left-shifted at 5% O2 and 20% O2 versus 1% O2 (Fig. 6A). En-

Fig. 4. ROS generated by Nox4 mediate pO2-dependent regulation of RyR1
in C2C12 cells. RyR activity in the microsomal fraction from differentiated
C2C12 cells (assessed by [3H]-ryanodine binding) is enhanced at high versus
low pO2 and by the addition of NADPH (1 mM), and enhancement is abro-
gated byDPI (20 μM) andby siRNA-mediated knockdownofNox4. For samples
at 20%O2, asterisks indicate significant difference versus control (*P < 0.05 re
control at 20% O2; n = 4–6).

Fig. 5. Nox4 regulates stimulus-induced Ca2+ release through RyR1. (A) In
primary skeletal muscle myocytes, electrically induced Ca2+ transients are
greater at high than at low pO2, and this difference is largely eliminated by
PEG-catalase (n = 3–4; asterisk indicates P < 0.05). (B) In C2C12 cells, maximal
cytoplasmic Ca2+ levels following depolarization by KCl (50 mM) are greater
at high than at low pO2, and this difference is eliminated by Nox4 knock-
down with Nox4-specific siRNA. Nox4 knockdown does not affect Ca2+ levels
at low pO2 or the time to peak amplitude at high pO2. Each data point was
obtained by integrating fluorescence emission over three to five entire
myofibers within a single microscopic field of view during a single experi-
ment (myofibers were depolarized only once); n = 6–9. Asterisks indicate
significant differences (P < 0.05). (C) For each condition, maximal de-
polarization-induced Fluo 3 fluorescence was measured by integrating
within 12 subfields distributed within three to five fibers, in each of six to
nine experiments. As indicated by an asterisk, ANOVA indicated a significant
difference (P # 0.016) between the magnitude of Ca2+ release at high pO2 in
control siRNA-treated samples and all other conditions; there were no sig-
nificant differences (P $ 0.465) between any other pair of conditions (ex-
cluding the effects of ryanodine). Note that ryanodine eliminated K+-
induced Ca2+ release (n = 3), which therefore may be ascribed to RyR activity,
and that elimination of H2O2 with PEG-catalase also eliminated the en-
hancement of Ca2+ release at high pO2 (n = 5).
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hanced contractility at higher pO2 was reduced by incubation with
PEG-catalase (Fig. 6B). Thus, excitation–contraction coupling in
skeletal muscle is pO2 sensitive, and H2O2 conveys at least a sig-
nificant part of the pO2-coupled regulatory signal.
To verify a role for Nox4 in pO2-coupled regulation of con-

tractility, we used local administration of an adeno-associated
viral vector, AAV6, to express Nox4-directed shRNA in intact
EDL muscle, followed after 4 wk by bioassay. As used (Materials
and Methods), percutaneous hind-limb injection of vector resulted
in variable degrees of Nox4 knockdown in EDL as assessed by
Western blotting (Fig. S9), but the extent of Nox4 knockdown was
correlated strongly with the observed decrease in tetanic force
generation (Fig. 6C), and knockdown decreased force production
to a greater extent at 20% O2 than at 1% O2 (Fig. 6C). For EDL
muscles in which Nox4 knockdown was $60%, tetanic force
production at 20% O2 was decreased by about 70% (Fig. 6D).

Discussion
Our results may provide insights into the molecular mechanisms
of O2 sensing and O2-based signaling in mammalian cells and
into the nature and functional significance of redox-based reg-
ulation of skeletal muscle function. In particular, although a po-
tential role for Noxs in O2 sensing has long been considered (24,
25), and a role for Nox4 has received support from in vitro ev-
idence derived from heterologous expression (26) and recently
from analysis of hypoxic pulmonary vasoconstriction (27), no
molecular mechanisms have been adduced. In addition, although
oxidation of Cys thiols within RyR1 is associated with multiple
disease states (28–30), a physiological role for Cys thiol modifi-

cation by ROS has not been suggested heretofore, and in situ
sources of ROS that might act upon RyR1 under physiological
conditions have not been identified. Here we demonstrate a role
for H2O2 that is derived from SR-localized Nox4 in O2-coupled
regulation of RyR1 under physiologically relevant conditions.
We reported previously that RyR1 is activated by oxidation of

a small set of Cys thiols at higher pO2, and that oxidation also
prevents S-nitrosylation of a separate Cys thiol that activates
RyR1 at low pO2 (1, 2). However, the molecular mechanism
responsible for oxidation of these allosteric thiols and thus for
pO2-dependent regulation of RyR1 activity remained unknown.
We now show that this mechanism is provided by SR-resident
Nox4. We also reported previously that RyR2, the principal form
of RyR in the SR of cardiac striated muscle, is activated at high
versus low pO2 in association with loss of a small set of Cys thiols
(31). The present results suggest that H2O2 produced by Nox4
likely serves to regulate RyR2 in cardiac muscle as well. The
relationship between RyR1 Cys residues modified in a Nox4- and
pO2-dependent fashion and those identified as redox sensitive
in previous studies (32, 33) remains to be determined. In situ,
muscle activation is associated with a decline in pO2 (and
therefore in Nox4-derived ROS) and also with enhanced NO
production (34). The present results thus suggest that the gen-
eration of H2O2 by Nox4 provides a molecular basis for the co-
ordinated actions of NO and O2 on RyR1 that subserve redox
regulation of skeletal muscle contractility over the physiological
range of pO2.
Specialized oxygen-sensing cells apparently share a common

approach to transducing alterations in pO2: Regulation of K+-

Fig. 6. pO2-dependent regulation of muscle contractility by endogenous ROS. (A) Contractile force evoked by tetanic stimulation (40–250 Hz) of isolated, intact
mouse EDL muscles at 1% O2, 5% O2, or 20% O2 and (B) the effects of PEG-catalase (500 U/mL). (A) Plots of force generation versus stimulus frequency reveal
a leftward (facilitatory) shift as a functionof increasingpO2. *P< 0.05, 1%and20%O2; **P< 0.05, 1%versus 5%O2 (two-wayANOVA;n=3–4). (B) Force generation
is reducedby PEG-catalase at 20%and at 5%O2 but not at 1%O2. *P< 0.05, control values versus values in the presence of PEG-catalase (two-wayANOVA;n = 3–4).
(C) Contractile force inducedbymaximal tetanic stimulation (250Hz) of isolated, intactmouse EDLmuscle decreases inproportion to thedegreeof shRNA-mediated
Nox4knockdown. (D) Ahistogram illustrates the decrease in tetanic forcegeneration formuscles inwhichknockdownofNox4was$60% (*P< 0.05 re control;n=5).
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channel activity (hypoxia-coupled inhibition) results in modula-
tion (enhancement) of Ca2+ influx through voltage-gated Ca2+

channels (35–37). Consistent with a potential role for Nox(s) (24,
25), the reported effects on K+ channel activity and hypoxic sig-
naling of exogenous thiol oxidants (enhancement) and reductants
(suppression) generally have been consistent with coupling be-
tween endogenous ROS production and channel activity (38).
However, the evidence bearing on a role for Nox(s) in O2 sensing
is contradictory (10, 11, 35, 37), and in general studies in knockout
mice have not supported a role for Nox2 (39–41). Our present and
previous (1) findings indicate that, in the case of RyR1, O2-based
signaling is mediated by reversible channel oxidation/reduction
coupled to H2O2 production by Nox4 that results in channel
activation/deactivation. Thus, in at least some other cell types,
hypoxia-coupled decreases in K+ channel activity may represent
a disfacilitation of channel activation otherwise maintained by
pO2- and Nox4-coupled channel oxidation.
Aberrant oxidation of Cys thiols within RyR1 and RyR2, which

may be linked to dysregulated S-nitrosylation, contributes to Ca2+

leak through RyR1 in muscle pathophysiologies including ex-
treme exercise-induced fatigue, central core disease, malignant
hypothermia, and muscular dystrophy (28–30) and in the case of
RyR2may contribute to aberrant cardiac contractility (30, 42–44).
All these disorders are characterized by tissue O2 deficits and/or
aberrant O2 processing, as are a wide range of additional diseases,
including sickle cell disease, sepsis, diabetes, and heart failure, in
which myopathy is an established but poorly understood feature.
It may be worthwhile to examine the role of Nox4 in muscle
disorders and more generally in pathophysiological conditions
characterized by disordered tissue oxygenation.

Materials and Methods
Subcellular Fractionation of Skeletal Muscle, Preparation of SR Vesicles, and
Purification of RyR1. SR vesicles were prepared essentially as described (1, 45).
Briefly, hind-limb muscle from rabbit or mouse was homogenized in buffer
containing 20 mM Hepes (pH 7.4), 2 mM EDTA, 0.2 mM EGTA, 0.3 M sucrose,
and protease inhibitors (100 nM aprotinin, 20 μM leupeptin, 1 μM pepstatin,
0.2 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine). Homogenates
then were subjected to differential centrifugation: 100 × g for 10 min (to
remove unbroken cells and debris); 1,000 × g for 10 min (to pellet nuclei);
10,000 × g for 20 min (to pellet mitochondria); and 100,000 × g for 1 h
(to generate a membrane-enriched microsomal pellet and cytosol-enriched
supernatant).

To isolate SR vesicles, the pellet generated at 100,000 × g (the membrane
fraction) was resuspended and fractionated on a continuous 20–45% sucrose
gradient (without KCl) by centrifugation at 100,000 × g for 14 h. Heavy and
light SR vesicle fractions were eluted separately and, after collection by
centrifugation at 120,000 × g, were resuspended, aliquoted, and stored in
liquid nitrogen. RyR1 was purified from SR vesicles solubilized with CHAPS
by sucrose density gradient centrifugation as described (1, 46). Protein
concentrations were determined with a bicinchoninic acid-based assay.

Assay of RyR1 Activity by 3H-Ryanodine Binding. RyR1 activity was assayed es-
sentially as described (1). Isolated SR vesicles or microsomal membranes were
incubated overnight with 5 nM [3H]-ryanodine at room temperature in medium
containing 20 mM imidazole/125 mM KCl (pH 7.0), 0.3 mM Pefabloc (Roche),
30 μM leupeptin, and 10 μM free Ca2+. The medium was bubbled continuously
with a gas mixture containing a fixed concentration of O2 as specified, 5% CO2,
remainder N2. Nonspecific binding was determined using a 1,000-fold excess of
unlabeled ryanodine. After incubation, samples were diluted with 20 vol H2O
at 4 °C and placed on Whatman GF/B filters soaked with 2% (wt/wt) poly-
ethyleneimine. Filters were washed three times by vacuum with 5 mL buffer
per wash (1 mM Pipes, 0.1 M KCl, pH 7.0), and the radioactivity remaining on
the filters was quantified by liquid scintillation counting.

Quantification of Protein Sulfhydryls (Free Thiols). The free thiol content of
RyR1 was quantified by monobromobimane fluorescence (MBB; Molecular
Probes) (47). As described (1), MBB labeling was carried out in SR vesicle
preparations in the presence of 10 μM Ca2+.

Assay of ROS Production by DHE Conversion. Isolated SR vesicles or C2C12
microsomal fractions were incubated with 10 μM DHE (Molecular Probes) (8)
for 20 min at room temperature and controlled pO2 (glove box) in 200 μL
buffer per sample [20 mM imidazole/125 mM KCl (pH 7.0), 10 μM Ca2+] in 96-
well microplates (0.4 μg protein/μL), and plates were read with a fluores-
cence microplate reader (excitation 510 nm; emission 590 nm). When used,
DPI, NADPH, VAS2870, or PEG-catalase was added 30 min before DHE.

Assay of H2O2 with 29,79-Dichlorofluorescein. H2O2 production was measured
essentially as described (22). Isolated C2C12 microsomes were incubated with
10 μM 5-(and-6)-chloromethyl-29,79-dichlorodihydrofluorescein diacetate,
acetyl ester (CM-H2DCFDA; Molecular Probes) for 20 min at room tempera-
ture and controlled pO2 (glove box) in 200 μL buffer per sample [20 mM
imidazole/125 mM KCl (pH 7.0), 10 μM Ca2+, and 100 mg/mL HRP, ± 1 mM
NADPH) in 96-well microplates (0.3 μg protein/μL), and plates were read with
a fluorescence microplate reader (excitation 485 nm; emission 520 nm).

Nox4 Expression. RNA isolation, quantitative PCR, immunoprecipitation,
Western blot analysis, and immunohistochemistry were carried out as de-
scribed in SI Materials and Methods.

Analysis of Nox4/RyR1 in C2C12 Cells. Culture of C2C12 cells, siRNA-mediated
knockdown of Nox4, and assay of intracellular Ca2+ release with Fluo 3-AM
were carried out as described in SI Materials and Methods.

Assay of Intracellular Ca2+ Release: Primary Myocytes. Single fibers were iso-
lated from the flexor digitorum brevis hind-limb muscle of mice essentially as
described (48, 49). Muscle bundles were dissected and incubated in Tyrode’s
solution containing 2 mg/mL collagenase (type II; Worthington) for 3 h at
37 °C and then were transferred to DMEM supplemented with BSA as well as
50 U/mL penicillin and 50 mg/mL streptomycin. Individual myofibers were
generated by trituration, collected by centrifugation at 1,000 × g for 3 min,
and resuspended in DMEM. Myofibers then were incubated at 37 °C under
5% CO2, remainder room air, for 2–3 d.

To obtain measurements of Ca2+ transients, myofibers were loaded with
Fluo 3-AM (5 μM) for 45 min with or without PEG-catalase (10 units/mL).
Myofibers were suspended in Tyrode’s solution and placed in a sealed
chamber designed for field stimulation (RC-21BRFS; Warner Instruments)
that was superfused with a continuous linear flow of Tyrode’s solution ex-
ternally sparged with room air or 1% O2/5% CO2 (remainder nitrogen).
Myofibers were visualized using an inverted Axiovert microscope (Zeiss) and
simulated at 1 Hz (1-ms duration; ∼40–50 V). Ca2+ signals (Fluo 3-AM fluo-
rescence emission) were recorded with a CCD camera system (PentaMAX;
Princeton Instruments). Ca2+ transient amplitude was measured as the dif-
ference between peak systolic and baseline diastolic levels and was nor-
malized to baseline fluorescence (F/Fo).

Intact Muscle Bioassay. Muscle bioassays were carried out essentially as de-
scribed (2). EDL muscles were obtained from male mice at 8–10 wk of age.
Each assay comprised both EDL muscles from two mice. Individual muscles
were suspended from proximal and distal tendons, in series with force
transducers, in organ baths containing Kreb’s solution (pH 7.4) at 37 °C and
were continuously gassed with 20% O2 and 5% CO2 (remainder NO2). After
equilibration (see below), each muscle was adjusted to the length at which
isometric twitch-force generation was maximal (optimal muscle length, Lo)
and subjected to a single train of tetanic stimulation (160 Hz) to assess force
generation qualitatively. Stimulation consisted of trains of pulses (train du-
ration 75 ms; individual pulse duration, 2 ms; pulse frequency, 40–250 Hz;
pulse amplitude, 60 V, which is about 75% of the amplitude that elicited
maximal twitch force) delivered through platinum electrodes (7.0 mm wide)
placed parallel to the long axis of the muscle. At least 2 min elapsed be-
tween trains of tetanic stimuli. For each muscle, Lo was measured after
testing, the muscle was weighed wet, and the effective cross-sectional area
was calculated by approximating the muscle as a cylinder of length Lo and
a density of 1.06 g$cm−3 (2). Force production was normalized with respect
to EDL cross-sectional area (N/cm2).

After the determination of Lo, muscles were allowed to equilibrate for
∼10 min at 20% O2, after which pO2 was maintained at 20% O2 or was
switched to 1% O2 or 5% O2. Force production was assessed 10 min or 90
min later. When used, PEG-catalase was added to the bath after the initial
10-min equilibration, and muscles were incubated for 90 min at 20% O2,
followed by 10-min exposure at 1% O2, 5% O2, or 20% O2 before testing.
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Nox4 Knockdown in Intact Muscle. Construction and administration of the
Nox4 shRNA-AAV vector were as described in ref. 50 and in SI Materials
and Methods.
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