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SUMMARY

Mice with a malignant hyperthermia mutation (Y522S) in the ryanodine receptor (RyR1) display
muscle contractures, rhabdomyolysis, and death in response to elevated environmental temperatures.
We demonstrate that this mutation in RyR1 causes Ca2* leak which drives increases generation of
reactive nitrogen species (RNS). Subsequent S-nitrosylation of the mutant RyR1 increases its
temperature sensitivity for activation, producing muscle contractures upon exposure to elevated
temperatures. The Y522S mutation in humans is associated with central core disease. Many
mitochondria in the muscle of heterozygous Y522S mice are swollen and misshapen. The mutant
muscle displays decreased force production and increased mitochondrial lipid peroxidation with
aging. Chronic treatment with N-acetylcysteine protects against mitochondrial oxidative damage and
the decline in force generation. We propose a feed forward cyclic mechanism that increases the
temperature sensitivity of RyR1 activation and underlies heat stroke and sudden death. The cycle
eventually produces a myopathy with damaged mitochondria.

INTRODUCTION

Heatstroke is a life-threatening illness characterized by elevated core body temperature (>40
°C) leading to central nervous system and multiple organ dysfunction. Exertional or
environmental heat stroke (EHS) is triggered by strenuous exercise performed under hot and
humid environmental conditions. However, some individuals are much more sensitive to EHS/
sudden death, experiencing episodes under relatively mild environmental conditions. Sudden
death in response to exertion or high environmental temperature in young, apparently fit, adults
such as athletes and military recruits can arise from pre-existing cardiac abnormalities
(Thompson, 2007) or the acute onset of organ failure (e.g., heart, kidney, liver) (Bouchama,
2002). However, death during exercise in warm environmental conditions could also arise from
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organ failure secondary to rhabdomyolysis of skeletal muscle. Consistent with this, exercise
induced sudden death has been reported in young healthy males with family histories of
Malignant Hyperthermia (MH), a condition that predisposes individuals to rhabdomyolysis
(Ellis, 1988; Pamukcoglu, 1988; Ryan, 1997). MH is a life-threatening pharmacogenetic
disorder caused by mutations in the skeletal muscle Ca2* release channel (or ryanodine
receptor, RyR1) characterized by episodes of uncontrolled muscle contracture triggered by
halogenated anesthetics such as isoflurane or halothane (Jurkat-Rott, 2000; Lichtman, 2006;
Treves, 2005).

Many similarities exist between EHS and MH. Two human RyR1 mutations (R401C and
R614C) are associated with MH, EHS and exercise-induced rhabdomyolysis (Davis, 2002;
Wappler, 2001). MH and EHS share many common pathological features, including
rhabdomyolysis, increases in serum creatine kinase, hyperkalemia, tachycardia, metabolic
acidosis, and increased muscle production of inflammatory cytokines (Bouchama, 2002;
Ducreux, 2004); effects that can trigger kidney failure and cardiac arrhythmias. In addition,
patients who have experienced heat stress are more likely to have MH-positive in vitro
contracture tests, in which the contractile sensitivity of a muscle biopsy to triggering agents
such as caffeine and halothane is enhanced (Bendahan, 2001; Hackl, 1991; Hopkins, 2000).

We (Chelu, 2006) recently created knock-in mice with a mutation (Y522S) in RyR1, which,
in humans, is associated with MH, a high incidence of central cores, and type | fiber type
predominance (Quane, 1994). Heterozygous mice (RyR1Y>225/Wty are more sensitive to
developing skeletal muscle contractures in response to caffeine treatment in vitro and to
isoflurane inhalation in vivo, both hallmarks of MH. In addition, heat alone and/or exercise
under warm conditions triggers rhabdomyolysis and death in RyR1Y%225Wt mice (Chelu,
2006). Although the mice undergo sustained whole body contractures upon heat exposure,
death also frequently occurs in the absence of detectable sustained contractures. The molecular
and cellular mechanisms whereby elevated temperatures with or without exercise leads to death
of these mice are unknown. Here we demonstrate that enhanced Ca2* leak from mutant RyR1
Ca?* release channels increases oxidative/nitrosative stress, leading to S-nitrosylation of RyR1
that further enhances Ca2* leak and increases susceptibility to heat-induced sudden death.

Heat Sensitivity of RyR1Y5225Wt mice

RyR1Y5225Wt mice exposed to elevated environmental temperatures undergo an MH-like
response characterized by rapid rhabdomyolysis and death (Chelu, 2006). Upon exposure to a
41°C heat challenge, the rectal temperature of anesthetized (nontriggering anesthetic
etomidate) RyR1Y5225Wt mice increases more rapidly than in RyR1"YWt mice (Figure 1A and
B), suggesting that the mutant mice display enhanced metabolism and/or heat-induced muscle
tension rapidly during heat exposure. Both enhanced metabolism and heat-induced muscle
tension are likely to occur since: 1) RyR1Y5225Wt mice exhibit a higher metabolic rate at 32°C
than wildtype mice (Figure 1C) and 2) solei from RyR1Y5225Wt mice display increased basal
stress at much lower temperatures than solei from wild type animals (Figure 1D and E). Both
enhanced metabolic rate and increased basal stress are likely to increase skeletal muscle
production of reactive oxygen species (ROS) and reactive nitrogen species (RNS). To assess
the role of ROS and RNS in the response of RyR1Y5225Wt mice to elevated temperatures, we
tested the effects of treating mice for 3-5 days with either the antioxidant N-acetylcysteine
(NAC, a precursor for glutathione synthesis) or the nitric oxide synthase (NOS) inhibitor, N
(©)-nitro-L- arginine methyl ester (L-NAME). Both NAC and L-NAME delayed the rapid rise
in core temperature in mutant mice (Figure 1B) and decreased the temperature sensitivity of
basal tension of isolated solei (Figure 1E). NAC and L-NAME administered together did not
improve the temperature response above either agent alone and, therefore, combined treatment
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was not pursued further. NAC treatment reduces both ROS and RNS and L-NAME prevents
both RNS and ROS production by NOS (Clark, 2004; Pou, 1999), suggesting that either or
both may be involved in the sensitization of RyR1Y5225Wt mice to temperature.

Oxidative/Nitrosative stress in RyR1Y5225Wt myscle

To assess oxidative/nitrosative stress in the muscle of the RyR1Y5225Wt mice, we measured
levels of the primary intracellular antioxidant buffer glutathione (GSH), its oxidized form,
glutathione disulfide (GSSG), and the GSH/GSSG ratio in skeletal muscle homogenates from
mice not exposed to elevated temperatures. RyR1Y%225Wt myscle exhibits profound basal
oxidative stress, with approximately a 50% reduction in both total GSH content (Supplemental
Figure 1) and the ratio GSH/GSSG (Figure 1F). A decreased GSH/GGSG ratio could reflect
changes in ROS and/or RNS levels in muscle. Pretreatment of RyR1Y5225Wt mice with either
NAC or L-NAME partially restores GSH levels and GSH/GSSG (Figure 1F), suggesting that
part of the effect is due to RNS production.

To assess ROS and RNS production in myotubes derived from RyR1Y5225Wt mjce, we used
confocal imaging to compare, respectively, the fluorescence of 5-carboxy-2’,7’-
dichlorodihydrofluorescein (DCF) and 4-amino-5-methylamino-2',7'-difluorofluorescein
(DAF) at room temperature and 37°C. In RyR1Y3225Wt myotubes, we found a significant
temperature dependent increase in ROS (Figures 1G and H) and RNS (Figures 11 and J). Both
increases in RNS and ROS are blocked by treatment with ryanodine and GSH ethy! ester
(GSHEE), a membrane permeant form of glutathione (Figures 1G-J). The ability of GSHEE
to block temperature dependent increases in DAF fluorescence suggests that GSHEE treatment
also reduces RNS. Importantly, L-NNA (N(Q)-nitro-L-arginine), an inhibitor of nitric oxide
synthase (NOS), blocks temperature dependent increases in DAF fluorescence but does not
significantly alter ROS production as assessed by DCF fluorescence (Figures 1G-J). While L-
NNA inhibits superoxide production by NOS (Clark, 2004), the absence of an inhibition of
DCF fluorescence by L-NNA in our experiments suggests that DAF fluorescence in myotubes
specifically reflects RNS production. Overall, these data demonstrate a temperature dependent
increase in both ROS and RNS production in RyR1Y5225Mt myotubes. Inhibition by ryanodine
of the temperature dependent increase in DCF and DAF fluorescence suggests that both ROS
and RNS production are stimulated by RyR1-mediated Ca?* release from the sarcoplasmic
reticulum (SR). Two obvious questions arise from these studies: Why is there increased ROS/
RNS production with temperature in RyR1Y5225Wt myotubes and how do increased ROS/RNS
levels relate to the enhanced temperature sensitivity of these mice?

Temperature dependent increases in resting Ca2* levels in muscle of RyR1Y5225Wt mice

To define the relationship between the mutation in RyR1 and increased oxidative/nitrosative
stress, we determined the effects of temperature and antioxidants on resting Ca2* levels in
myotubes from RyR1Y5225Wt and RyRIWUWE mice. We previously (Chelu, 2006) found
enhanced caffeine sensitivity in RyR1Y3225t myotubes in the absence of a change in global
resting Ca2* levels at room temperature. However, the mutation in RyR1 is highly likely to
produce local changes in Ca2* that are rapidly sequestered back into the SR. We re-examined
the effects of the Y522S mutation on Ca2* homeostasis in myotubes (Figure 2A-C) and muscle
fibers (Figure 2D) at more physiological temperatures. Cytosolic Ca2* levels increase with
temperature to a much greater extent in RyR1Y5225t than in wild type myotubes and muscle
fibers (Figure 2A-D). Figure 2C quantifies temperature dependent changes in the intracellular
concentration of free Ca?* (in nM) in RyR1WYWt and RyR1Y5225Wt myotubes. The lack of a
statistically significant difference in cytosolic Ca2* concentration at 23°C likely reflects the
ability of SERCA to adequately resequester local increases in Ca2* due to leak from the mutant
RyR1 (i.e., compensated leak). Temperature dependent increases in cytosolic Ca2* are blocked
by GSHEE (Figure 2A). Elevations in resting Ca2* increases are also blocked by both L-NNA
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(Figure 2B) and L-NAME (Supplemental Figure 2), suggesting that the increases in cytosolic
Ca?* at higher temperatures are primarily attributable to increased RNS rather than ROS since
L-NNA only prevents temperature dependent increases in RNS (Figure 1H and J).

We also examined the effects of the mutation on the magnitude, kinetics, and voltage
dependence of L-type Ca2* channel activity and SR Ca?* release that occurs during excitation-
contraction (E-C) coupling. For these experiments, myotubes derived from either RyRIW/Wt
or RyR1Y5225Wt mjce were incubated for 30 minutes in either vehicle or 5 mM GSHEE prior
to perforated voltage clamp recordings at room temperature (Figure 2E, 2F and Supplemental
Figure 3A). Additional experiments were conducted to compare E-C coupling at room
temperature (23°C) and 37°C (Figure 2G, 2H and Supplemental Figure 3B). Consistent with
previous findings (Chelu, 2006), at 23°C L-current density is slightly larger in RyR1Y5225/wt
myotubes (Figure 2E and Table 1) and the magnitude of Ca* release reduced and its voltage-
dependence shifted to more negative voltages in RyR1Y5225Wt myotubes (Figure 2F and Table
1). Preincubation of RyR1Y3225Wt myotubes with 5 mM GSHEE normalized peak L-current
density and voltage-gated Ca2* release without normalizing the voltage dependence of release
(Figure 2E, 2F and Table 1). These results are consistent with increased oxidative/nitrosative
stress in RyR1Y5228Wt myotubes reducing Ca2* release during E-C coupling, but not in
modulating the sensitivity of RyR1 to activation by the voltage sensor. The temperature
dependence of representative L-type Ca2* currents and intracellular Ca2* transients in
RyR1WUWt and RyR1Y5225Wt myotubes are shown in Supplemental Figure 3B. At 37°C, L-
current magnitude is similarly increased and its kinetics of channel activation and inactivation
accelerated in RyR1WUWt and RyR1Y5225Wt myotubes. In addition, a similar reduction in
voltage-gated Ca?* release and hyperpolarization in the sensitivity of release is also observed
in RyR1WUWt and RyR1Y5225/Wt myotubes at 37°C. The average voltage dependence of L-
current density and intracellular Ca2* transients are summarized in Figures 2G and H,
respectively. Together, these data indicate that temperature has a similar effect on maximal
Ca?* channel conductance (Gmax is increased about 180%) and voltage sensitivity of release
(Vg1 is left-shifted ~13 mV) in both RyR1WUWt and RyR1Y5225Wt myotubes indicating that
the EC coupling process in RyR1WUWt and RyR1Y5225/Wt myotubes is similarly affected by
temperature. Thus, the increased temperature sensitivity observed RyR1Y5225/Wt mjce
represents effects of temperature on the resting RyR1 channel and not the EC coupling process
per se.

Effects of ROS/RNS stress on RyR1 channel function in RyR1Y5225Wt mice

Since RyR1 channel activation is increased by both oxidative/nitrosative modifications
(Aghdasi, 1997; Marengo, 1998; Oba, 2002; Sun, 2003, 2001b), we compared the extent of
RyR1 oxidative/nitrosative modifications using antibodies that are specific for either S-
nitrosylation or S-glutathionylation in skeletal muscle SR membranes of RyR1WYWt and
RyR1Y5225Wt mice (Figure 3A-B). To normalize for differences in membrane preparation, we
also western blotted with antibodies to RyR1. The use of antibodies to detect S-nitrosylation
and S-glutathionylation with western blots was previously validated with the biotin switch in
our laboratory (Aracena-Parks, 2006) and by mass spectrometric analyses of peptides labeled
using the redox switch technology. We find significant increases in S-nitrosylation and S-
glutathionylation of RyR1 in skeletal muscles of RyR1Y%225Wt mjce (Figure 3A and B) that
are eliminated by DTT. Ascorbic acid (AA) significantly reduces S-nitrosylation (Figure 3B)
but not S-glutathionylation of RyR1 (Figure 3C). Oxidation of disulfides is also likely to occur
and we have previously detected a single intersubunit disulfide formed between subunits of
the RyR1 tetramer (Zhang, 2003). We find no significant difference in the formation of this
intersubunit crosslink in RyR1 between wild type and mutant muscle (data not shown). We
also compared the extent of S-nitrosylation and S-glutathionylation of RyR1 in mice treated
for several days with either NAC or L-NAME. Both NAC and L-NAME prevent the increase
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in S-nitrosylation of the RyR1Y5225Wt (Figure 3B), while increased S-glutathionylation is
decreased by NAC and abolished by L-NAME.

Ryanodine binds preferentially to the RyR1 open state and is widely used to assess channel
activity (Chu, 1990). We compared [3H]ryanodine binding to membranes derived from
RyR1Y5225/Wt and RyR1WUWE mice (Figures 3D—H and Supplemental Figures 4-6). The
apparent Kp for [3H]ryanodine binding is greatly decreased in SR membranes from
RyR1Y5225/Wt compared to RyR1WYWt mice, and this difference is eliminated by DTT (Figure
3D and Supplemental Figure 4). Enhanced caffeine sensitivity, arising from an increased
affinity of the activating site on RyR1 for Ca2* (Pessah, 1987), is an inherent property of the
mutant channel (Chelu, 2006). Consistent with this, RyR1 from RyR1Y5225Wt mice exhibits
increased affinity for the Ca2* activation site and this increase in affinity is maintained in the
presence of DTT (Figure 3E and Supplemental Figure 5). Thus, the Y522S mutation alters the
intrinsic sensitivity of the channel to activators (e.g. caffeine, Ca2*, voltage sensor), while the
nitrosative modifications alter the sensitivity of the channel to temperature with little or no
additional effect on its sensitivity to activators. The modifications also increase the 1Cs for
Ca?* inhibition of [3H]ryanodine binding to membranes from the muscle of RyR1Y5225Mt mjce
(Figure 3F and Supplemental Figure 5), suggesting that the redox modified mutant channel
remains open at Ca2* concentrations that normally close the channel, thus contributing to
increased Ca?* leak.

The previously described binding assays were performed at room temperature. RyR1 is,
however, not stable for extended periods of time at higher temperatures (Carroll, 1991), making
equilibrium binding studies at physiologic temperatures difficult. To circumvent this problem,
we assessed the rate of association of [2H]ryanodine to skeletal muscle membranes from
RyR1Y5225Wt and RyR1WUWt mice at different temperatures and in the presence or absence of
either DTT or AA. Representative association curves are shown in Supplemental Figure 6 and
the kops Values are shown in Figure 3G. [3H]ryanodine associates much more rapidly to muscle
membranes from RyR1Y5225Wt mice than from RyR1WUWt mice at 37°C. This difference is
eliminated by DTT and significantly reduced by AA. Since AA does not significantly alter S-
glutathionylation but reverses S-nitrosylation (Figure 3A-C), these findings indicate that S-
nitrosylation enhances the temperature sensitivity of RyR1. Our data further suggest that
Ca?* leak from the SR, arising from the Y522S mutation, increases RNS production that leads
to subsequent S-nitrosylation of RyR1, which, in turn, further enhances Ca2* leak and increases
RyR1 sensitivity to activation by temperature. This results in a vicious feed-forward cycle in
RyR1Y5225Wt mice whereby Ca?* leak increases RNS production and RNS production in turn
potentiates increased Ca?* leak at permissive temperatures.

To further demonstrate that the temperature dependent effect on Ca2* levels arises from S-
nitrosylation of RyR1, we measured the rates of Ca2* efflux from SR vesicles from
RyR1Y5225Wt and RyR1WUWt mice using stopped flow and Ca2* Green 5N (Donoso, 2000), in
the presence and absence of AA (Figure 3H). Supplemental Figure 7 shows representative
curves using SR vesicles from RyR1Y5225/Wt gnd RyR1WUWt membranes in the presence or
absence of AA. Consistent with increased activity of the mutant channel, we found that the
rate of Ca2*-induced Ca2* release (in the presence of ImM free ATP and 10uM free Ca2*)
from RyR1Y5225Wt microsomes at 37°C was increased compared to RyRIWYWE (Supplemental
Figure 7). The observed rate constants for Ca2* efflux are shown in Figure 3G. The rate of
Ca?* efflux is significantly greater for RyR1Y5225Wt membranes at 37°C compared to that of
RyR1WYWt membranes and this difference is eliminated by AA, indicating that the increased
rate is due to RyR1 S-nitrosylation. Ryanodine (100uM) completely blocks efflux in all
conditions (data not shown).
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Effects of the Y522S mutation on mitochondrial structure and muscle function

The human Y522S mutation is associated with a myopathy characterized by central cores
devoid of mitochondria. Prolonged Ca2* leak combined with increased ROS/RNS production,
such as that observed in RyR1Y5225Wt mice, is likely to impact the structure and function of
closely apposed mitochondria, which could lead to altered muscle function. Using tetramethyl
rhodamine ethylester (TMRE) to assess mitochondrial membrane potential, we found that
TMRE fluorescence increases with temperature in RyR1Y°225Wt myotubes, but not in
RyR1WYWt myotubes (Supplemental Figure 8) indicative of a hyperpolarization of the
mitochondrial membrane potential. We also compared the ultrastructure of mitochondria in
flexor digitorum brevis (FDB) and soleus muscle fibers from 2—-3 month and 1 year old
RyR1WUWt and RyR1Y5225Wt mice. Most mitochondria in FDB fibers of wild type mice are
located circumferentially around the myofibrils at either side of the Z line in close proximity
to the triads (Rossi, 2006). In sections that cut across the inter-myofibrillar space, the
mitochondria in muscle of the RyR1WY"Wt mice are rounded or slightly elongated (Figure 4A,
panels 1-3). The internal matrix is usually dark and cristae appear well organized and parallel
to one another. A very small percentage of mitochondria in the wild type muscle are abnormal
with “myelin figures” (Figure 4A, panel 4) or a somewhat disarranged external membrane and
internal cristae, but are similar in size to the more typical mitochondria. In contrast, although
typical mitochondria are also found in FDB fibers of RyR1Y5225Wt mice (Figure 4B, panel 1),
a large number of mitochondria are abnormally shaped, swollen, and sometimes severely
altered (Figure 4B, panels 2-4). The most noticeable changes include widening and loss of
matrix density, an increase in overall size, loss/disorganization of the internal cristae (Figure
4B, panel 2), disruption of the external membrane (Figure 4B, panel 3 arrows), and
vacuolization (stars in Figure 4B, panels 2 and 4). The number of severely disrupted
mitochondria (such as those in Figure 4B, panels 2—4) varies significantly from fiber to fiber
and sample to sample, but is always much higher in fibers from RyRY5225Wt compared to
RyR1WYWt mice (9.1 vs 1.1%, Table 2, Column A). The minimum mitochondrial diameter in
RyRWIWE and RyR Y5225t mice is about 30% larger (p<0.0001) in fibers from RyRY5225/wt
mice, suggesting increased mitochondrial swelling (Table 2, Column B). The mitochondria
appear to be even more damaged at one year, but the nature of the damage varies greatly among
muscle groups. In FDB and soleus muscles form 1 year old RyRY5225t mice, most
mitochondria are severely swollen and disrupted (Figure 4D and F, stars). In contrast, in the
muscle of RyRWUWt mice, mitochondria are identical to those at 2-3 months of age, i.e. dark
in appearance and small in size (Figure 4C and E, arrows). To more quantitatively evaluate the
mitochondrial damage, we isolated samples enriched in mitochondria from the muscle of both
2 and 12 month old RyRWYWt and RyR Y5225t mice, Mitochondrial content of the samples
was confirmed as a >100-fold enrichment of succinate dehydrogenase (SDH) activity
compared to homogenates (not shown). We measured the level of thiobarbituric acid-reactive
substances (TBARS) as a marker of lipid peroxidation (i.e. oxidative damage) of mitochondrial
membranes. Consistent with the mitochondrial damage observed in EM analyses, an increase
in lipid peroxidation is observed in mitochondria isolated from 2 month old RyR1Y5225Wt mice
compared to RyR1WYWt mitochondria (Figure 4G) and this is substantially greater at 12 months.
To determine if this arises from increased oxidative/nitrosative stress, we treated mice with
NAC in their water supply for several months prior to sacrifice and mitochondrial isolation
from pooled skeletal muscles. As can be seen in Figure 4G, NAC treatment completely reversed
the increased mitochondrial lipid peroxidation observed in RyR1Y5225/Wt mjce,

To assess the functional consequences of aging under conditions of chronic oxidative/
nitrosative stress in muscle of RyR1Y5225Wt mice, we measured the ability of the soleus muscle
to generate force and found that the muscles from older ( 8 month old) RyR1Y5225Mt mice
display a significant decrease in maximal developed force and this decrease is prevented by
chronic administration of NAC in their water supply (Figure 4H and 1).
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Our findings are consistent with mitochondrial damage resulting from prolonged oxidative/
nitrosative stress contributing to contractile dysfunction in aged RyR1Y5225Wt However, SR
Ca?* leak and store depletion could also directly impact muscle function. We find that maximal
caffeine induced stress is reduced in the RyR1Y5225Wt mice and this is also prevented by
chronic feeding of NAC to the mice in their drinking water (Figure 4J). The observed reduction
in maximal caffeine-induced contracture could result from a decrease in releasable Ca2* stores,
reduced myofilament Ca2* sensitivity, or both.

Discussion

Environmental heat stress triggers sudden death in RyR1Y5225Wt mice. We suggest that this
is due to a cycle whereby elevated cytosolic Ca*, combined with temperature dependent
increases in RNS, produce nitrosative modifications of the mutant channel that enhance RyR1
channel activity at elevated temperatures. The net result is a destructive feed-forward cycle of
increased myoplasmic Ca2* and RNS with temperature (Figure 5), ultimately producing EHS
in RyR1Y5225Wt mice. Over an extended period, this cycle appears to produce a myopathy
characterized by decreased force generation and damaged mitochondria.

RyR1 blockers, ROS/RNS scavengers and inhibitors of NOS abolish temperature dependent
increases in cytosolic Ca2* and RNS. Since NOS inhibition blocks temperature dependent
increases in Ca?* and RNS, but not ROS, these results suggest that the increase in Ca?* results
from the increase in RNS. We do not know which NOS isoform(s) is involved, but skeletal
muscle is rich in nNOS and this isoform may be activated by increases in cytosolic Ca2* since
it colocalizes with ryanodine receptors in cardiac myocytes (Barouch, 2002; Hare, 2003).
Although most nNOS localizes to the sarcolemma in skeletal muscle (Wells, 2003), close
juxtapositioning of RyR1 and a subpopulation of nNOS in the triad junction might allow for
a very local RyR1-mediated Ca?* leak from RyR1 to stimulate NO production by nNOS.

We previously identified 7 specific cysteines in one subunit of RyR1 (out of 100) that can be
S-nitrosylated (Aracena-Parks, 2006). Of these, four (C315, C811, C906, C3635) are
endogenously nitrosylated. Stamler and coworkers (Eu, 2000; Sun, 2001a, 2003a, 2001b)
found that C3635 is the primary RyR1 cysteine that is S-nitrosylated at low pO,. At high
pO,, some cysteines (not C3635) are oxidized, preventing RyR1 S-nitrosylation (Sun, 2003).
Thus, C3635 is the best candidate for S-nitrosylation of RyR1Y5225Wt jn our mice and studies
are currently ongoing to determine if nitrosylation of this residue in necessary and sufficient
for enhancing RyR1 temperature sensitivity.

The Y522S mutation in humans is associated with a myopathy and central cores in muscle
fibers. Although we did not detect central cores in our mice, young mice displayed evidence
of a myopathy in terms of mitochondrial alterations, while muscle function is not greatly
compromised. In contrast, older RyR1Y5225Wt gp|ej display marked mitochondrial structural
damage and a decreased ability to generate force that is prevented by treating the mice with
NAC. Mitochondrial lipid peroxidation is greatly increased in the muscle of older
RyR1Y5225Wt mice and this is also prevented by NAC. Thus, chronic exposure to elevated
Ca?* and ROS/RNS leads to progressive mitochondrial damage and decreased ability to
generate force, suggesting that these pathways contribute to the myopathy observed in older
mice.

The temperature and exercise sensitivity of RyR1Y5225Wt mice provide new mechanistic
insight into environmental and/or exertional heat illness, disorders that have previously been
linked in humans to MH mutations in RyR1 (Davis, 2002; Wappler, 2001). Consistent with
this linkage, the probability of an MH response to exercise or volatile anesthetics in
RyR1Y5225/Wt mice s decreased by cooling (unpublished observation). Recent evidence
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indicates that intensive exercise also promotes RyR1 S-nitrosylation (Bellinger, 2008). Our
data are the first to demonstrate that exercise, EHS, and heat-induced sudden death can result
from a disease mutation in RyR1 that promotes Ca2* leak, enhances nitrosative stress and
promotes subsequent S-nitrosylation of the mutant RyR1. It remains to be determined if EHS
in humans is caused by RyR1 mutations that promote a similar feed-forward mechanism of
uncontrolled Ca2* leak and nitrosative stress.

In summary, our data demonstrate that CaZ* release channels in RyR1Y5225Wt mice are leaky,
producing elevations in resting Ca2*, ROS, RNS and basal stress at physiologically relevant
temperatures. Our data support the involvement of a destructive feed-forward cycle whereby
Ca?* leak enhances RNS production, and subsequent S-nitrosylation of RyR1 further increases
Ca?* leak, resulting in regenerative Ca?* release that underlies uncontrolled contractions
during heat stress. We also suggest that increased Ca2*, RNS,. and/or ROS ultimately
contribute to the progressive development of a myopathy characterized by decreased muscle
performance and mitochondrial damage. An intriguing aspect of this study is the possibility
that RyR1 mutations together with nitrosative stress represent a “double-hit mechanism” that
underlies a subset of human cases of enhanced susceptibility to heat stroke, exertional/
environmental illness, and/or sudden death.

Experimental Procedures

Mice

All procedures were approved by the IACUC at Baylor College of Medicine and UCAR at the
University of Rochester. For in vivo antioxidant treatment, mice were provided ad libitum
access to drinking water containing NAC (1% w/v), L-NAME (1% w/v), or NAC plus L-
NAME (both at 1% wi/v).

In vivo temperature sensitivity

Mice were anesthetized with etomidate, which does not trigger MH episodes in either MH
susceptible humans (Robertson, 1992) or RyR1Y5225/Wt mice. Two minutes following
etomidate injection, mice were placed in an environmental chamber at 41°C. The initial core
body temperature, as well as the temperature every minute thereafter, was monitored over the
next 15 minutes of exposure.

Contractile studies

Muscle collection and contractile studies were performed as previously described (Chelu,
2006). For determination of maximal developed stress, the data were fitted to a sigmoidal curve
with the peak value of this curve reported as the maximal stress.

Isolation of sub-cellular fractions from mouse skeletal muscle

Muscle from each mouse was quickly collected, snap frozen in liquid nitrogen and stored at
—80°C for up to 2 weeks. Microsomes or mitochondrial-enriched samples were obtained from
thawed muscle by differential centrifugation (see Supplemental Information).

Ca?* flux studies

Microsomal vesicles (1mg/ml) from RyR1WYWt or RyR1Y5225/Wt skeletal muscle were
passively loaded with Ca2* and Ca?* release kinetics was analyzed at 25°C, as described
previously (Donoso et al., 2000), using a KinTek SF-2002 thermoregulated stopped-flow
spectrometer (KinTek Corp.). Studies at 37°C were performed after 5-minute equilibration of
samples in the equipment. Release rate constants were obtained from peak differential analysis
of raw fluorescence data.
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Lipoperoxidation assay

Basal lipoperoxidation levels were measured using thiobarbituric acid reactive substances
(TBARS) as described elsewhere (Letelier, 2005).

Glutathione assays

Total GSH and GSSG were assayed using deproteinized muscle homogenates in a 96-well
format according to Tietze (Tietze, 1969), as modified by Griffith (Griffith, 1980).

Primary cultures and fluorescent microscopy

Primary myotube cultures were grown on Matrigel (BD Biosciences) coated glass coverslips
from 1-4 day old mice as previously described (Pollard, 1948). ROS and RNS imaging were
performed using the probes DCF or DAF, as detailed in Supplemental Experimental
Procedures. Ca2* imaging was performed as previously described in Long et al (Long, 2007).
Perforated patch clamp recordings of L-type Ca2* currents (L-currents) and intracellular
Ca?" transients were recorded as described in Chelu et al (Chelu, 2006). Details are described
in Supplemental Experimental Procedures.

Western blotting

Western blotting with mouse anti-glutathione 1:10,000 (Virogen) and rabbit anti-S-
nitrosocysteine 1:10,000 (Sigma) were performed and analyzed as previously described
(Aracena-Parks, 2006). Stripping of membranes was performed with Li-COR Stripping
Solution, following the manufacturer’s directions. Stripped membranes were re-probed with a
mouse anti-RyR1 1:10,000 (Affinity Bioreagents) only to confirm the identity of the analyzed
band. This antibody displays different affinities for RyR1 electrophoresed under reducing or
non-reducing conditions. Thus, fluorescent data was normalized to the Coomasie stain of the
blots.

[3H]ryanodine binding

Equilibrium binding was performed with microsomes as detailed previously (Aracena-Parks,
2006). Ca?* titration of binding was performed with 5 nM [3H]ryanodine as described by
Rodney et al. (Rodney, 2000). Kinetic assays with 5 nM [3H]ryanodine at 23°C or 37°C were
measured as detailed in Hawkes et al. (Hawkes, 1992). Details of buffers used can be found in
Supplemental Experimental Procedures.

Preparation and analysis of samples for electron microscopy (EM)

EM was performed in FDB muscles from 2—-3 month and 1 year-old mice as detailed in Paolini
et al (Paolini, 2007). Details are described in Supplemental Experimental Procedures.

Statistical analyses
All analyses were performed in Sigma Plot (Systat Software, Inc).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effects of warming on RleYSZZS/wt mice

A. Rectal temperatures in RyR1YYWt mice. Mice were anesthetized with etomidate (i.p.) and
placed in an environmental chamber (41°C) and rectal temperatures were measured as a
function of time in RyR1"YWt mice (e, n=10) and in mice treated for 3-5 days with NAC (o,
n=6), L-NAME (gray circles, n=4) or combined NAC and L-NAME (<>, n=4). B. Rectal
temperatures in RyR1Y5225Wt mjce. Similar measurements were made with RyR1Y5225/wt
mice (m, n=7) and mice treated with NAC (o, n=4), L-NAME (gray squares, n=4), and
combined NAC and L-NAME (<>, n=4). The dashed line represents the WT curve from Figure
1A for comparison. When the curves were compared by F-tests, NAC (p<0.05), L-NAME
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(p<0.001) and NAC + L-NAME (p<0.001) significantly attenuated the response versus no
treatment in the RyR1Y5225Wt mice. C. VO, is increased at thermoneutral conditions in
RyR1Y5225Wt mice. VO, was measured at 32°C using 4-5 mice in each group *p<0.05 vs.
RyR1WYWt D Temperature sensitivity of basal stress in RyRIWYWtsolei. Solei from
RyR1WYWt (with and without prior treatment with NAC or L-NAME) were isolated, attached
to force transducers, and heated progressively from an initial temperature of 25°C to 41°C.
n=3-8 mice/group. E. Temperature sensitivity of basal stress in RyR1Y5225Wt solei. Group,
temperature, and interaction effects were significant (p<0.0001) when data were analyzed by
2-way ANOVA. *p<0.05 to p<0.001 RyR1Y5225/Wtys RyR1Y5225Mt NAC, #p<0.05 to p<0.01
RyR1Y5225Wt s RyR1Y5225Mt | _[NAME. For clarity, significant differences between L-
NAME and NAC treated groups at 39°C and 41°C are not indicated on the graph. F. GSH/
GSSG ratios. The data (n=3-4) were compared between untreated mice of each genotype and
the mice receiving the indicated treatment. *p<0.05. G. Fluorescence imaging of myotubes
loaded with DCF. All imaging data were obtained from multiple cells across at least three
independent myotube preparations. Representative images obtained with DCF-loaded
RyR1WIWt and RyR1Y5225Mt myotubes at 25°C and 37°C in the presence and absence of
ryanodine (20 uM). H. Changes in DCF fluorescence with temperature. ROS production
was detected with DCF in the presence absence of ryanodine (20uM), L-NNA (50 uM) and
GSHEE (5mM). I. Fluorescence imaging of myotubes loaded with DAF-AM.
Representative images obtained with DAF-AM loaded RyR1WYWt and RyR1Y5225Wt myotubes
at 25°C and 37°C in the presence and absence of ryanodine (20 uM). J. Changes in DAF
fluorescence with temperature. RNS production was detected with DAF in the presence or
absence of ryanodine (20uM), L-NNA (50 uM) and GSHEE (5mM). All data in this figure are
shown as mean + S.E.M.
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Figure 2. Temperature dependent increases cytosolic Ca?* levels in RleYE’ZZS/""t myotubes and

solei

A. Temperature dependent increases in cytosolic Ca2* levels measured with fura-2.
Myotubes loaded with fura-2AM were warmed to the indicated temperatures in the presence
and absence of 5mM GSHEE. Values are mean + SEM for 3 independent cultures for each

group: RyRIWUWL (¢ n=27), RyR1WMt + GSHEE (o, n=31), RyR1Y5225/Wt (g n=29),

RyR1Y5228/Wt + GSHEE (g, n=32) (*p < 0.001, one-way ANOVA followed by Scheffe's
comparison). B. Effect of L-NNA on temperature dependent increase in resting Ca?*.
Myotubes loaded with fura-2AM were warmed to the indicated temperatures in the presence
or absence of 50uM L-NNA. RyR1Y5225/Wt (g n=27) RyR1Y5225Mt + | _NNA (o, n= 31),
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RyRIWUWL (¢ n=28)and RyRIWUWL+ | -NNA (o, n=33). *p<0.05, one way ANOVA followed
by Scheffe’s comparison. C. Temperature dependent increases in cytosolic free Ca2*
concentration in RyR1Y5225Wt myqtubes. Indo-1-loaded myotubes were warmed to the
indicated temperatures and indo-1 ratios were calibrated as described in Methods. *p<0.05
compared to RyR1WUWt at 23°C. D. Temperature dependent increases in cytosolic Ca2* in
solei fibers. Solei fibers of RyR1Y5225Wt mice were loaded with fura-2 and resting Ca2* was
measured in the presence or absence of ryanodine (20uM). RyR1Y5225/Wt (g n=17),
RyR1Y5225Wt 1 20;,M ryanodine (o, n=10), RyR1W/Wt (e, n= 12) and RyR1WYWt + 20uM
ryanodine (o, n= 4). *p<0.05, one-way ANOVA. E. Effects of GSHEE on the voltage
dependence of L-type Ca2* currents. Voltage dependence of average (= SEM) peak L-
currents at room temperature in RyR1WYWt myotubes (), RyR1Y5225Wt myotubes (m), and
RyR1Y5225Wt myotubes preincubated with 5 mM GSHEE (o). F. The effects of GSHEE on
the voltage dependence of intracellular Ca%* release. Ca2* transients at room temperature
were measured in RyR1WYWt myotubes (o), RyR1Y5225Wt myotubes (m), and RyR1Y5225/wt
myotubes preincubated with 5 mM GSHEE (o). G. Temperature dependence of L-type
Ca?* currents in RyR1WYWt gnd RyR1Y5225Wt myotubes. Voltage dependence of average
(= SEM) peak L-currents at 23°C (closed symbols) and 37°C (open symbols) in RyR1W/Wt
myotubes (circles) and RyR1Y5225Mt (squares) myotubes. Each dataset was fit (smooth solid
lines) using equations described previously (Chelu, 2006) in order to determine Gmax, VG1/2,
kg, and Vey at both 23°C (167 nS/nF, 7.8 mV, 8.6 mV, and 72.6 mV for RyRIW/Wt and 242
nS/nF, 17.3mV, 7.1 mV, and 73.0 mV for RyR1Y5225Mt respectively) and 37°C (309 nS/nF,
-3.0mV, 7.0 mV, and 72.5 mV for RyR1W"Wt and 442 nS/nF, —0.6 mV, 4.5 mV, and 78.2 mV
for RyR1Y5225Mt respectively). H. Temperature dependence of intracellular CaZ*
transients in RyR1WYWt and RyR1Y5225Wt myotubes. Voltage dependence of average (+
SEM) peak Ca2* transient amplitude at 23°C (closed symbols) and 37°C (open symbols) in
RyR1WYWt myotubes (circles) and RyR1Y5225Wt (squares) myotubes Each dataset was fit
(smooth solid lines) using equations described previously (Chelu, 2006) in order to determine
Fmax, VE1/2, and kg at both 23°C (3.1, —16.8 mV, and 6.2 mV for RyR1W/Wt and 2.7, —23.1
mV, and 7.5 mV for RyR1Y5225Wt respectively) and 37°C (1.4, —31.8 mV, and 5.7 mV for
RyR1WYWt and 1.0, —35.6 mV, and 8.2 mV for RyR1Y5225/Wt respectively for RyR1Y5225/wt,
respectively). All data in this figure are shown as mean + S.E.M.
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Figure 3. Redox modifications of RyR1 and functional consequences

A. Redox modifications of RyR1. Representative blots obtained with 3 independent
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microsomal preparations were obtained from RyR1WYWt (top) and RyR1Y>225Wt (hottom)
mice. Density of the bands corresponding to the redox modifications of RyR1 were obtained
under control conditions (middle) or in the presence of either ascorbic acid (left) or DTT (right).
B. Fluorescence signals for S-nitrosylation normalized to the Coomassie stain of each
band. Data (mean *+ SD, n=3-5) are presented as the ratio to untreated microsomes. *p<0.05
compared to control. C. Fluorescence signals for S-glutathionylation normalized to the
Coomassie stain of each band. Data (mean + SD, n=3-5) are presented as the ratio to untreated
microsomes. *p<0.05 compared to control. D-F. Equilibrium [3H]ryanodine binding.
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Scatchard plot analysis (see Supplemental Figure 4) determination of Kp values for [3H]
ryanodine binding to microsomes from RyRIW!Wt and RyR1Y5225Wt myscle (D). [3H]
ryanodine binding was titrated at different Ca2*concentrations to calculate ECs (E) and
ICsq (F) values from traces as those shown in Supplemental Figure 5. *p<0.05 compared to
RyR1WYWt or untreated controls. G. Temperature dependence of the association kinetics of
[3H]ryanodine binding. Microsomes from untreated mice were pre-incubated in vitro with
buffer (untreated), AA or DTT as in (A). [*H]ryanodine binding was assessed at different time
points (1-90min) and Kqps values (mean + SD) were determined from 3—4 independent
experiments. Statistical significance for all panels was obtained by two-way ANOVA. *p<0.05
compared to RyR1WYWt or untreated controls. H. Rate of Ca?* efflux from SR vesicles.
Ca%*-induced Ca?* release in the presence of 1mM free ATP and 9-10 uM free Ca2* was
measured using stopped-flow spectrofluorometry. Ca2* release was measured in RyR1WUWt
and RyR1Y5225M yesicles using extravesicular Calcium Green-5N under control conditions
or following treatment with AA. Release rate constant values (k) were obtained by peak
differential analysis of fluorescence data (representative traces shown in Supplemental Figure
7). All data in this figure are shown as mean = S.E.M.
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Figure 4. Effects of the Y522S mutation on mitochondrial structure and muscle function

A-F. Mitochondrial ultrastructure is altered in muscle of RyR1Y5225Wt mijce A,
Mitochondria of RyR1WYWt fibers at 2-3 months of age are usually regularly shaped, appearing
either round (panels 1 and 2) or slightly elongated (panel 3), with a dark/dense internal matrix.
Abnormal mitochondria (panel 4) are rare in RyR1W/W fibers. B. In RyR1Y5225Wt fihers, some
normal mitochondria are present (panel 1), but abnormal mitochondria are frequent (panels 2—
4). C-F. At 1 year, a much larger percentage of mitochondria are severely swollen/disrupted
than at 2-3 months of age in both in FDB and soleus muscles from RyR1Y5225Wt mjce (D and
F, stars). Inwt FDB (C) and soleus (E) muscles, on the other hand, mitochondria appear similar
to those at 2-3 month of age. G. Mitochondrial lipid peroxidation in young and aged
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mice. Mitochondrial enriched fractions from 2 or 12 month-old mice with or without chronic
NAC-treatment (> 2 months) were isolated and TBARS were measured in acid supernatants
after protein precipitation, as detailed in Methods. Shown are the mean of 3 independent
determinations + SD. H-J. Effect of chronic NAC treatment on skeletal muscle function
of aged mice. One year old male RyR1"YWt and RyR1Y5225/Wt mice were treated with NAC
(1% wi/v) in their drinking water for at least 2 months prior to sacrifice. Solei were removed
and stimulated in vitro, as described in Experimental Procedures. Shown are data for stress
developed at increasing frequency of electrical stimulation (H) and the maximal tension per
cross-sectional area obtained by maximal electrical stimulation (I) or application of 20mM
caffeine (J). All data in this figure are shown as mean + S.E.M.
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Figure 5. Proposed model of exertional/environmental heat stress and myopathy in
RleYSZZS/Wt mice

(D SR Ca?* release channels in RyR1Y5225Wt mice are more sensitive to voltage, ligand, and
Ca?* activation and open more readily, producing small, possibly local, increases in resting
Ca%*. @ Increased cytosolic Ca2* levels enhance ROS/RNS production. Increases in RNS are
likely to be produced by nitric oxide synthases (NOS). Possible sources of ROS include
mitochondria, xanthine oxidase (XO) and NAD(P)H oxidases (NOX). @ Although both S-
glutathionylation and S-nitrosylation of RyR1Y5225Wt occuyrs, our data suggest that S-
nitrosylation alone enhances the temperature sensitivity of RyR1. @ S-nitrosylation of
RyR1Y522S/Wt jncreases its sensitivity to temperature and decreases its sensitivity to Ca2*
inhibition further promoting SR Ca2* leak. ® Ca?* increases further enhance ROS/RNS
production. ® In response to heat stress, Ca2* release from the modified RyR1Y5225/Wt jg
greatly and persistently augmented, leading to heat stroke. @ and ® Chronically-elevated
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levels of Ca?* and ROS/RNS damage mitochondria and contribute to the development of
myopathy.
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Table 2
Electron microscopic examination reveals frequent severely disrupted and larger mitochondria in Y522S
fibers
Column A: The relative percentage of severely disrupted mitochondria in FDB fibers from 2 month old
RyRIWUWE and RyR1Y522SMt mjce. n, total number of mitochondria; Column B: Differences in mitochondria
mean diameter in FDB fibers from RyR1WUWt and RyR1Y 5225t mice. n, number of measurements. (*p<0.0001).
Data are mean + S.E.M

Genotype/age Column A | Column B
% of severely disrupted mitochondrigl Average diameter of mito, nm # SD|
RyR1"™ (2-3 months) 11 187 £ 53
(n =1019, 2 mice) (n =643, 2 mice)
RyR17°22M (2_3 months) 9.1% 243+ 72 %
(n = 1493, 4 mice) (n = 1069, 4 mice)
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