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Over the past century, understanding the mechanisms underlying muscle fatigue and weakness has been the focus of
much investigation. However, the dominant theory in the field, that lactic acidosis causes muscle fatigue, is unlikely
to tell the whole story. Recently, dysregulation of sarcoplasmic reticulum (SR) Ca?* release has been associated with
impaired muscle function induced by a wide range of stressors, from dystrophy to heart failure to muscle fatigue.
Here, we address current understandings of the altered regulation of SR Ca?* release during chronic stress, focusing
on the role of the SR Ca?* release channel known as the type 1 ryanodine receptor.

Introduction

Skeletal muscle contraction is initiated by depolarization of the
surface membrane (the sarcolemma) of muscle cells. Depolariza-
tion of the sarcolemma leads to the formation of cross-bridges
between myosin and actin and shortening of the basic contractile
unit of muscle, the sarcomere, a process known as excitation-con-
traction (E-C) coupling. Ca?* released from intracellular stores
is the second messenger that links membrane depolarization to
muscle contraction during E-C coupling. Sarcolemmal depo-
larization propagates down the transverse tubules (T-tubules),
which are deep invaginations of the sarcolemma, and activates
voltage-gated Cavl.1 Ca?" channels (also known as L-type Ca?*
channels) on the T-tubules. Voltage-induced conformational
changes in Cavl.1 activate closely apposed Ca?* release channels
known as type 1 ryanodine receptors (RyR1s) on the terminal cis-
ternae of the sarcoplasmic reticulum (SR) (1). Ca?* release from
the SR through RyR1 channels results in a large and rapid rise in
the amount of cytoplasmic Ca?*, which binds to troponin C and
allows myosin and actin to form cross-bridges leading to the slid-
ing of actin and myosin filaments with respect to each other and
the shortening of the sarcomere. The result is muscle contraction
and generation of force (2-5). The elucidation of the sequence
of events during E-C coupling was one of the great advances in
physiology in the twentieth century (6).

In conditions of prolonged muscular stress (e.g., during the run-
ning of a marathon) or in a disease such as heart failure, both of
which are characterized by chronic activation of the sympathetic
nervous system (SNS), skeletal muscle function is impaired, pos-
sibly due to altered E-C coupling. In particular, the amount of
Ca? released from the SR during each contraction of the muscle is
reduced, aberrant Ca?* release events can occur, and Ca?* reuptake
is slowed (7-9). These observations suggest that the deleterious
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effects of chronic activation of the SNS on skeletal muscle might
be due, at least in part, to defects in Ca?* signaling.

SR Ca?* release channels form an enormous macromolecular
signaling complex comprising four approximately 565-kDa RyR1
monomers and several enzymes that are targeted to the cyto-
plasmic domain of the RyR1 channel, including calstabin1 (also
known as FKBP12), cAMP-dependent protein kinase (PKA), pro-
tein phosphatase 1 (PP1), and phosphodiesterase 4D3 (PDE4D3).
A-kinase anchor protein (mAKAP) targets PKA and PDE4D3 to
RyR1, whereas spinophilin targets PP1 to the channel (10-12)
(Figure 1). The catalytic and regulatory subunits of PKA, PP1,
and PDE4D3 regulate PKA-mediated phosphorylation of RyR1 at
Ser2843 (Ser2844 in the mouse) (7, 12). We showed that PKA-medi-
ated phosphorylation of RyR1 at Ser2844 increases the sensitivity
of the channel to cytoplasmic Ca?', reduces the binding affinity of
calstabinl for RyR1, and destabilizes the closed state of the chan-
nel (7, 13). In contrast, Meissner and colleagues reported that PKA
phosphorylation of RyR1 at Ser2843 did not reduce the binding
of calstabin1 to the channel; however, interpretation of these data
is complicated by the fact that the authors did not control for the
amount of calstabinl present in the binding reactions (14). We
reported that the concentration of calstabinl in skeletal muscle
is approximately 200 nM and that PKA phosphorylation of the
RyR1 channel reduces the binding affinity of calstabinl for RyR1
from approximately 100-200 nM to more than 600 nM (7). Thus,
under physiologic conditions, reduction in the binding affinity of
calstabin1 for RyR1, resulting from PKA phosphorylation of RyR1
at Ser2843, is sufficient to substantially reduce the amount of cal-
stabinl present in the RyR1 complex (7). Chronic PKA hyperphos-
phorylation of RyR1 at Ser2843 (defined as PKA phosphorylation
of 3 or 4 of the 4 PKA Ser2843 sites present in each RyR1 homotet-
ramer) results in “leaky” channels (i.e., channels prone to opening
at rest), which contribute to the skeletal muscle dysfunction that
is associated with persistent hyperadrenergic states such as occurs
in individuals with heart failure (7). Depletion of PDE4D3 from
the RyR1 complex contributes to PKA hyperphosphorylation of
the RyR1 channel during chronic hyperadrenergic stress (ref. 7 and
unpublished observations, A.M. Bellinger and A.R. Marks).

Regulation of RyR1 by posttranslational modifications other
than phosphorylation, such as by nitrosylation of free sulfhydryl
groups on cysteine residues (S-nitrosylation), has been reported
to increase RyR1 channel activity (15, 16). S-nitrosylation of RyR1
Number 2 445

Volume 118 February 2008



review series

Oxidation

Hotspot 1
35C, 163R, 166D,
248G, 341G, 401R,
4031, 522Y, 562R,
614R

Hotspot 2
2163R, 2168V, 2208T,
2214V, 2347E, 23504,
2367A, 2428A, 2431D,
2434G, 2435R, 2452R,

2454R, 2458R

S2844 \
[B-adrenergic signaling

Cytoplasm

P PKAreg
& / PKA cat
ayr AR /

Calstabin1
¢ —Calmodulin
~" Spinophilin

i st ) ool |y

C3635
NO signaling

ik gt bl i ik s s

Hotspot 3

Lumen of the SR

. 4838L,
4826T, 4796Y, 47931
4668P, 4647-, 4637T

reduces calstabinl binding to RyR1, and both S-nitrosylation
and S-glutathionylation of RyR1 reduce the affinity with which
calmodulin binds the channel (17). Cysteine residues in RyR1
are S-nitrosylated, S-glutathionylated, or oxidized under dis-
tinct physiological conditions (18, 19). It has been proposed that
S-nitrosylation might, in some cases, protect against the inhibi-
tory effects of oxidation (20, 21). However, it remains to be deter-
mined precisely how posttranslational modifications of cysteine
residues in RyR1 regulate the function of the channel in vivo. In
addition to direct S-nitrosylation of RyR1, indirect effects of NO
on the channel have been reported (22). NO-dependent guanylyl
cyclase-mediated generation of cGMP can activate protein kinase
G, which, in turn, can phosphorylate RyR1, with functional con-
sequences that remain to be elucidated (22).

RyR1 activity is also regulated by Ca?* and by the 17-kDa Ca?*-
binding protein calmodulin, which binds RyR1 monomers with
a stoichiometry of 1:1. The Ca?*-free form of calmodulin func-
tions as a partial agonist of RyR1 at low cytoplasmic concentra-
tions of Ca?* ([Ca?']y) (i.e., less than 200 nM), whereas the Ca?'-
bound form is an inhibitor at high [Ca?*].. (i.e., greater than
1 uM) (23). For a more comprehensive discussion of signaling
pathways and physiological regulators of RyR1 channel func-
tion, see ref. 12.

Muscle stress

RyR1 activity is modulated by stable posttranslational modifica-
tions, such as phosphorylation, nitrosylation, and oxidation, all
of which can be downstream effects of stress-dependent signal-
ing pathways. Repetitive, strenuous muscle contraction imposes
strain and sheer forces on muscle extracellular matrix, mem-
branes, and cytoskeleton. Such repetitively stressed muscle must
also withstand cyclical changes in [Ca?']., on the order of 10-fold
changes (i.e., from approximately 100 nM to greater than 1 uM
with each contraction), without sustaining cell damage or death.
An unresolved question, and a challenge for future investigations,
is to understand how muscle cells can avoid activation of delete-
rious Ca?*-dependent signaling pathways (e.g., those associated
with apoptosis and proteolysis) in the face of repeated elevations
of [Ca?']. that are known to be sufficient in certain contexts to
activate cell damage and death pathways.
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Figure 1

The RyR1 macromolecular complex. RyR1 forms a macromolecular
complex with PDE4D3, A-kinase anchor protein (mAKAP), the catalyt-
ic (cat) and regulatory (reg) subunits of PKA, calstabin1, calmodulin,
PP1, and spinophilin. Components of the RyR1 complex are repre-
sented schematically bound to one monomer of the homotetrameric
RyR1 channel. On the left, stress signals targeting RyR1 are shown,
including the three hotspots on RyR1 where disease-causing muta-
tions cluster (34, 114). MH-associated mutations are in red, CCD-
associated mutations are in pink, mixed mutations or those associ-
ated with multi-minicore disease or nemaline rod disease are shown
in black. —, deletion mutation.

At a simplistic level, it is evident that over prolonged periods,
skeletal muscles sustain contractile function despite mechanical
and metabolic stresses because protective mechanisms exist to limit
stress-induced irreversible cell damage and death (24). Indeed, active-
ly contracting muscles experience insults ranging from small mem-
brane tears to depletion of energy reserves without suffering irrevers-
ible damage. Thus, to assess the consequences of muscle stress, one
must consider not only the kind and amount of stress imposed on
the muscle but also the protective mechanisms that determine the
threshold of a muscle for stress-induced damage. A number of fac-
tors affect the threshold of a muscle fiber to mechanical stress. These
include the fiber type, which is reflected in the number and oxida-
tive content of the mitochondria of the fiber; the energy reserves of
the fiber; the speed and strength of the contraction of the fiber; the
size of the fiber; the relation of the fiber to its neighbors; and the
way the fiber is used (25). Type IIb fibers (fast, glycolytic fibers) have
low aerobic mitochondrial activity and fast kinetics of contraction,
whereas type I fibers (slow, aerobic fibers) have greater mitochon-
drial capacity and are more resistant to fatigue. The variability of
the threshold of a muscle for stress-induced damage can be inferred
from the observation that distinct kinds of muscle fibers and mus-
cles are affected in specific muscle diseases. Type II fibers in large
proximal muscles are most affected in Cushing syndrome (26), type
IIb fibers in the lower extremities are most affected in some muscu-
lar dystrophies (27), and small extraocular muscles are most affected
in mitochondrial myopathies (28). Different muscle stressors cause
tissue damage in distinct ways (Table 1); some directly stress the
muscle, whereas others reduce the threshold of a muscle for stress-
induced damage. One general observation is that abnormalities in
Ca?" homeostasis have been reported in muscle subjected to many
types of stress. In this Review, we examine the evidence implicating
dysregulation of RyR1-mediated Ca?* release in both inherited and
acquired conditions of muscle dysfunction.

Inherited stress-related muscle dysfunction has been linked
to mutations in the RyRI gene that result in altered Ca?* release
as well as to mutations in the genes encoding cytoskeletal and
extracellular proteins, including those associated with muscular
dystrophies, that result in increased myofiber membrane fragility
(also altering Ca?* homeostasis) (29, 30). Acquired stress-related
muscle dysfunction has been linked to environmental factors and
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Table 1

Muscle stressors and Ca?+ abnormalities

review series

Stressor Mediators Involvement of Caz Refs.
Physical
Trauma ? ? 115
Heat/cold Mitochondrial superoxides, HSP ? 116
Contraction (muscle fatigue) Phosphate precipitation, calpain, membrane tears Yes 80, 117
Biophysical
Repetitive exercise Catecholamines, ROS? Yes (cytosolic, mitochondrial) 117
Eccentric exercise (downhill running) Stretch sensors (titin), Yes 118
stretch-activated channels, TRPC1
Neurohormonal
Sympathetic nervous system Catecholamines Yes 7
Heart failure Catecholamines, ROS, NO Yes 89, 97
Hypothalamus-pituitary-adrenal axis Cortisol ?
Metabolic
Ischemia Ca?* overload, ROS Probably 82
Acidosis Cl- channels, H+ No 108
Oxidative ROS ? 102
Fiber loss
Atrophy Fox03, Atrogin-1 ? 113
Aging Atrogin-1, decreased UCP-3, ROS, HSP ? 119
Regenerative ROS? ? 111
Inflammatory
Other chronic diseases (e.g., renal Caspase-3, ubiquitins ? 98, 115
failure, cancer, and COPD)
Drug-induced
Rhabdomyolysis (rapamycin and FK506) Dissociation of calstabin1 from RyR1 Probably 72,73,120, 121
Genetic/altered susceptibility to stress
MH Calcium Yes 29
CCD Calcium Yes 44,49
Other RyR1 dystrophies ? Yes 31
DMD Phospholipase A2, stretch-activated Yes (cytosolic, mitochondrial?) 30,118, 122
channels, calpains
Other dystroglycan complex deficiencies ? Probably 123,124
(e.g., sarcoglycan and sarcospan)
Impaired membrane repair ? Probably 125

(e.g., dysferlin mutations)

COPD, chronic obstructive pulmonary disease; FoxO3, forkhead box O3; HSP, heat shock protein; TRPC1, transient receptor potential cation channel,

subfamily C, member 1; UCP-3, uncoupling protein 3.

extreme exercise. This Review focuses on factors that limit exer-
cise capacity during repetitive strenuous exercise and in chronic
diseases such as heart failure. One common feature of repetitive
strenuous exercise and certain chronic diseases (e.g., heart failure)
is a persistent hyperadrenergic state.

Inherited forms of skeletal muscle dysfunction

Mutations in the gene encoding RyR1. It is potentially informative to
examine the consequences of missense mutations in the RyRI gene
that have been linked to skeletal myopathies, the basis for which is
presumably altered Ca?* homeostasis (31). These genetic disorders
provide critically important insights into mechanisms of RyR1
dysregulation that result in impaired skeletal muscle function.
The most extensively studied RyRI mutations are those that cause
malignant hyperthermia (MH), which is characterized by suscep-
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tibility to a severe, life-threatening rise in body temperature and
muscle rigidity upon exposure to a fluorinated inhalation anes-
thetic such as halothane (29). The basis for this fatal disorder is
the triggering of a rapid and sustained rise in intracellular Ca?* in
muscle due to hyperactivation of RyR1 channels (32).

Multiple MH-associated RyRI mutations have been identified
and found to cluster in three regions of RyR1, the amino terminus
(aa 35-614), a central region (aa 1,787-2,458), and the carboxyl ter-
minus (aa 4,796-4,973) (33). In general, MH mutant RyR1 channels
exhibit a reduced threshold for Ca?*-dependent activation in the
presence of a trigger of MH (34, 35). This causes a profound altera-
tion in Ca?" homeostasis, leading to metabolic catastrophe (36).

MH episodes can also in rare instances be triggered in suscep-
tible individuals by exposure to the depolarizing muscle relaxant
succinylcholine and strenuous exercise, as well as overheating in
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infants, suggesting that other environmental stressors can lower
the activation threshold of MH mutant RyR1 channels and cause
pathologic SR Ca?" release (37, 38). It should be noted that rare
mutations in the gene encoding Cavl.1 can also cause MH, sug-
gesting that impaired coupling between Cavl.1 and RyR1 can
similarly lead to increased sensitivity to RyR1-activating agents
(39). Treatment for an acute MH episode currently consists of
administration of dantrolene, which reduces RyR1-mediated Ca?*
release (40), although the mechanism by which it mediates this
effect is not fully understood.

In contrast to MH, which presents as an acute crisis in an other-
wise normal individual, another group of RyRI mutations cause
central core disease (CCD), a congenital myopathy that presents
in infancy and is characterized by poor muscle tone, muscle weak-
ness, and musculoskeletal abnormalities (41-44). A number of
RyRI mutations linked to CCD are associated with leaky RyR1
channels (44, 45). The resulting chronic leak of SR Ca?* elevates
myoplasmic Ca?* levels, leading to mitochondrial dysfunction,
myofibrillar disorganization, and muscle damage (44-46). The
disease is characterized by lesions in the center of type I myofibers
(so-called core lesions), a deficiency of oxidative enzymes, myofi-
brillary disorganization, variable interstitial fibrosis, and a defi-
ciency of type II fibers (47). CCD-associated RyRI mutations in
the pore region of RyR1 lead to uncoupling of SR Ca?* release from
excitation of the sarcolemma (48).

There is no clear division between MH and CCD, either clini-
cally or in terms of RyR1 function (31, 33, 45), and interestingly,
some RyRI1 mutations have been linked to a combined MH and
CCD phenotype (31). A comprehensive explanation for the phe-
notypic differences between MH and CCD is currently lacking.
However, it has been suggested that a functional classification
based on the leakiness of RyR1 might be informative, with mod-
est “compensated leak” (i.e., a Ca?" leak that is balanced by Ca?*
reuptake at steady state) resulting in an MH phenotype and
“decompensated leak” (i.e., a Ca?* leak that is not effectively
balanced by Ca?* reuptake) resulting in a mixed MH and CCD
phenotype (33, 49).

To complicate matters further, rare recessive mutations in RyR1
have been identified in families presenting with a spectrum of
myopathies. These myopathies range from multi-minicore dis-
ease, which is characterized by muscle weakness associated with
multiple areas of myofibrillary disorganization and loss of oxida-
tive enzymes similar to CCD (50), to a phenotype characterized by
more severe generalized muscle weakness that is possibly associat-
ed with defects in either the assembly or stability of RyR1 leading
to a reduction in RyR1 SR Ca?" release channels in the SR (31).

Mutations that cause muscular dystrophies. Altered Ca?* homeo-
stasis is probably central to the pathogenesis of the most com-
mon forms of muscular dystrophy caused by either a lack or only
partial expression of dystrophin, Duchenne muscular dystrophy
(DMD) and Becker muscular dystrophy (BMD), respectively.
Absence of dystrophin leads to disruption of a large dystrogly-
can complex that spans the muscle membrane and connects the
intracellular actin cytoskeleton to the ECM. Disruption of the
dystroglycan complex causes increased membrane fragility and
indirectly impairs Ca?* homeostasis (51, 52), although the precise
mechanisms involved in the latter remain to be fully elucidated.
Increased flux of Ca?* across the sarcolemma and activation of cell
death pathways has been proposed as a mechanism that contrib-
utes to the pathogenesis of DMD (52). Interestingly, alterations
448
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in SR Ca?* stores and release have recently been observed in the
mdx (dystrophin-deficient) mouse model of DMD (30, 53-55).
Increased mitochondrial Ca?* uptake resulting in cell death has
been proposed as a contributing factor to the muscle weakness
associated with DMD (53). How alterations in RyR1 function
might contribute to abnormalities in Ca?* homeostasis in mus-
cular dystrophies remains to be determined.

Acquired muscle stress

SR Ca?* release and skeletal muscle fatigue. A defect in E-C coupling that
resulted in a reduction in the amount of Ca?* released from the SR
during a contraction could impair muscle contraction and force gen-
eration. In 1963, Eberstein and Sandow suggested that inhibition of
Ca?* release contributes to muscle fatigue (56). Reduction in SR Ca?*
release during repeated tetanic stimulation occurs in single muscle
fibers from mice (9, 57), single whole (58) and cut (59) fibers from
frogs, whole muscle from bullfrogs (60), and rats run to exhaustion
(61). The decrement in force production resulting from fatiguing
stimulation can be largely, though temporarily, reversed by the RyR1
activator caffeine (62), although administering sufficient caffeine to
a living animal to improve muscle fatigue would probably be toxic.
Moreover, T-tubule function is intact and myofilament Ca?* sensi-
tivity normal during fatigue (63), suggesting that indeed SR Ca?*
release defects play a role in muscle fatigue. Preceding the decline in
SR Ca?* release during repetitive tetanic stimulation, characteristic
changes in Ca?* cycling occur, including a prolongation of the decay
phase of Ca?" release (which is determined by the rate of SR Ca?*
reuptake) and a progressive rise in resting [Ca*']o (62). Prolonga-
tion of the decay phase of Ca?* release is consistent with continued
release of Ca?" after the initial opening event and with impaired
function of the SR Ca?* reuptake pump, sarcoplasmic/endoplasmic
reticulum calcium ATPase 1 (SERCA1a), possibly due to oxidation
(64). Elevated [Ca?']., has been suggested as another mechanism
that might inhibit SR Ca?* release during fatigue, perhaps through
impaired coupling between Cavl.1 and RyR1 or through direct
inhibitory effects on RyR1-mediated Ca?* release (65, 66).

One argument against purely metabolic mechanisms of muscle
fatigue, and in favor of an important role for defects in SR Ca?*
release, is the finding that after strenuous exercise, human muscle
exhibits a sustained depression in force generation that can per-
sist for up to several days (67). This period of time corresponds to
the period over which prolonged inhibition of SR Ca?* release is
observed (68). A component of the decrease in SR Ca?* release dut-
ing fatiguing exercise can be explained by a reduction in the free Ca*
in the SR due to precipitation of Ca?* phosphate salts (69, 70).

Strenuous fatiguing exercise induces spontaneous Ca?* release
events through clusters of RyR1 channels at a higher frequency
than observed in either resting muscle or mildly exercised muscle
(71). As the frequency of these quantal Ca?" release events, known
as sparks, depends on RyR1 activity, these data suggest that RyR1
channels may be leaky in fatigued muscle.

The association of calstabin1 with RyR1 stabilizes the closed state
of the channel (72) and facilitates coupled gating between neighbor-
ing channels (13). Dissociation of calstabinl from RyR1 has been
associated with a loss of depolarization-induced contraction in intact
skeletal muscle (73). Depletion of calstabin1 from the RyR1 channel
complex can impair E-C coupling with reduced maximal voltage-
gated SR Ca?* release (without a change in SR Ca?* store content) (74).
Genetic deletion of calstabin1 in the mouse induced no gross histologi-
cal or developmental defect in skeletal muscle, although severe devel-
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opmental cardiac defects were observed that resulted in heart failure
(75). Skeletal muscle-specific deletion of calstabin1 resulted in reduced
Cavl.1-evoked SR Ca?* release and increased Cavl.1 current in iso-
lated myotubes (76). The extensor digitorum longus muscle, but nei-
ther the soleus muscle nor diaphragm, had reduced muscle strength
at higher stimulation frequencies (76). It has also been reported that
dissociation of calstabin1 from RyR1 relieves channel inhibition by
Mg?', H', and high [Ca?'] (73, 76). In general, as is the case with
many gene deletion models, compensatory adaptations in the ani-
mals might account for the relatively modest phenotype observed in
the absence of calstabins.

The myosin ATPase and SERCAla consume a large fraction of
the energy expended by muscle cells (78, 79). Indeed, the energy
consumption of skeletal muscle cells can increase 100-fold during
high-intensity exercise (80). The energetics of Ca?* cycling is a prin-
cipal characteristic of muscle fibers and varies among fiber types,
affecting regulation of metabolism, cell growth and damage, and
cellular stress. One potential deleterious consequence of SR Ca?*
leak through RyR1 channels could be to increase ATP consump-
tion due to compensatory SERCAla ATPase activity (81).

In addition, skeletal muscle contains calpains, Ca?*-activated
neutral proteases that are implicated in numerous muscle dam-
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age pathways (82). Calpains contribute to proteolytic cleavage
of cytoskeletal and Ca?*-handling proteins (83). Inhibition of
calpains in a murine dystrophic model reduced muscle dam-
age (84). It is not known whether SR Ca?* release via leaky RyR1
channels activates calpains.

Skeletal muscle manifestations of beart failure. During heart failure,
patients experience profoundly impaired exercise capacity that
cannot be explained by the degree of cardiac dysfunction (85, 86).
The fatigue can be so marked, and its correlation with decreased
cardiac output and peripheral arterial perfusion so poor, that it
has been hypothesized that there is an intrinsic defect in the skel-
etal muscle during heart failure (7, 87). The effects of heart failure
on intrinsic skeletal muscle function and Ca?* handling have been
assessed in animal models at several levels, from whole muscle to
isolated single fibers, with relatively consistent results. In muscle
bundles from rats with heart failure, reduced force production
was accompanied by reduced quantitative Ca?* release during
contraction, prolonged decay phase of Ca?" release, and acceler-
ated fatigue (88, 89). Slowed kinetics of Ca?* release and reuptake
were also observed in single type I and type II fibers (8) and in in
situ perfused muscles (90) from rats with heart failure, without
substantial changes in SR or sarcolemmal protein expression.
Volume 118 449
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In heart failure, individual spontaneous Ca?* sparks exhibit an
increase in temporal and spatial width with an associated decrease
in amplitude compared with the spontaneous Ca?* sparks in the
skeletal muscle of healthy animals (7, 89). In addition, an increased
frequency of wavelets, nonpropagating Ca?" release events larger
than sparks, was observed (7). In planar lipid bilayer experiments,
single skeletal muscle RyR1 channels from animals with heart fail-
ure were more sensitive to activation by nanomolar concentrations
of Ca?", indicating that the channels are leaky (91). In summary,
skeletal muscle from animals with heart failure demonstrates
increased Ca?* spark frequency, decreased Ca?* spark amplitude,
and increased Ca?* spark duration consistent with leaky SR Ca?*
release and with decreased SR Ca?* content.

Heart failure is associated with high levels of circulating cat-
echolamines and with chronic activation of adrenergic signaling
pathways in many tissues (92). Acute f-adrenergic signaling in
the heart increases contractility and heart rate (93), and in skel-
etal muscle, it increases the force of contraction, regulates blood
flow, and alters glucose metabolism (94, 95). Chronic adren-
ergic signaling, however, can lead to maladaptive activation of
intracellular stress pathways in both the heart and skeletal
muscle, impairing muscle function and even leading to myocyte
death (96). PKA hyperphosphorylation of RyR1 at Ser2843 and
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subsequent dissociation of calstabin1 from RyR1 destabilizes the
closed state of the RyR1 channel, resulting in leaky channels (7).
In rats with heart failure, the level of RyR1 PKA phosphoryla-
tion correlates with early fatigue in isolated soleus muscle during
repetitive tetanic contractions (7). Furthermore, preventing the
dissociation of calstabin1 from the RyR1 complex and fixing the
RyR1 channel leak in heart failure skeletal muscle using novel
small molecules (known as rycals) can improve muscle fatigue
in mice with heart failure (97). These data have led us to propose
(97) that heart failure is a generalized E-C coupling myopathy in
which PKA hyperphosphorylation of RyR2 and RyR1 results in
Ca?* leak in cardiac and skeletal muscle, impairing cardiac func-
tion and exercise capacity (Figure 2).

Other hormones and inflammatory mediators, including Ang II,
TNF-a, ROS, and NO, have been implicated in the skeletal mus-
cle defect in heart failure (98-100). Increases in ROS in hind-limb
muscles from failing animals (101) and resultant oxidation of myo-
fibrillar proteins (102) as well as other targets have been reported.
Interestingly, the frequency of Ca?* sparks in permeabilized skeletal
muscle inversely correlates with the mitochondrial content and
redox potential of the muscle fiber, suggesting that ROS scavenging
mechanisms in the mitochondria might play an important protec-
tive role in preventing pathological Ca?* release in skeletal muscle
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(103), perhaps due to protection from oxidation of RyR1. Changes
in expression of eNOS (also known as NOS1) have been reported,
and skeletal muscle expression of iNOS (also known as NOS2) is ele-
vated in heart failure (99). ROS and NO have been shown to modify
RyR1 channel function (15, 19, 20, 22) and are potentially implicat-
ed in the Ca?* handling defects in heart failure. Further studies are
required to identify direct roles for ROS and NO in altering RyR1
function and inducing skeletal muscle dysfunction in heart failure.

Leaky RyR1: a common mechanism for stress-induced impairment of
exercise capacity? Are there similar mechanisms underlying the
impaired exercise capacity of heart failure patients and of healthy
individuals during prolonged strenuous exercise? Lunde et al.
suggested that although Na* and K* accumulation contributes
to muscle fatigue during exercise in healthy individuals, abnor-
malities in Ca?* release from the SR might play a more important
role in limiting exercise capacity in heart failure patients (104).
Recent data have suggested that “classic” causes of muscle fatigue
(e.g., lactic acidosis) (105) might not contribute to muscle fatigue
(106-108). In the context of exploring alternative explanations
for fatigue and impaired exercise capacity, we have focused on
the possibility that, in heart failure patients and athletes partici-
pating in prolonged strenuous exercise, sustained activation of
the B-adrenergic system could have similar pathophysiological
effects on SR Ca?* release (Figure 3). Indeed, both heart failure
and strenuous exercise are characterized by an elevation in cir-
culating catecholamines and increased production of ROS and
reactive nitrogen species (92, 99, 102).

There are important and obvious differences between healthy
athletes and heart failure patients. However, heart failure and
strenuous exercise are both characterized by reduced SR Ca?*
release (89, 109). Leaky RyR1 channels have been shown in heart
failure skeletal muscle (7, 71) and in dystrophic muscle (71).
In exercise, Ca?'-dependent proteolytic pathways mediated by
calpains are also activated (110). That similar mechanisms are
activated in stress conditions that primarily (muscle fatigue) or
secondarily (heart failure) affect skeletal muscle suggests that
therapeutic strategies designed to repair defective Ca?* signaling
might improve exercise capacity in heart failure patients and in
patients with other chronic diseases associated with impaired exer-
cise capacity (e.g., cancer, AIDS, renal failure, and chronic obstruc-
tive pulmonary disease [COPD]).

Therapeutic implications

Efforts to develop therapeutics that improve exercise capacity have
met with limited success. A big focus has been to activate muscle
regeneration pathways, either by recruiting bone marrow-derived
muscle progenitor cells or by inducing satellite cells (resident in
mature skeletal muscle) to proliferate (111, 112). Another impor-
tant approach has been to inhibit the muscle atrophy that occurs
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in aging and in chronic diseases (113). We have explored an alter-
native approach focused on limiting the damage that might be
caused by a pathologic leak of Ca?' from the SR. The contribu-
tion of leaky SR Ca?* release to stress-induced muscle damage is
the subject of ongoing studies in our laboratory. We propose that
rycals, which inhibit the SR Ca?* leak by preventing the depletion
of calstabin1 from the RyR1 complex and stabilize the closed state
of the channel, might reduce the myofiber damage and death asso-
ciated with stress signaling pathways targeting RyR1 (Table 1).

In heart failure, the quality of life of patients is limited by skele-
tal muscle fatigue, which impairs exercise capacity and might con-
tribute to shortness of breath (due to fatigue of the diaphragm).
Inhibiting SR Ca?* leak through RyR1 could be a novel therapeutic
approach to improve exercise capacity and decrease shortness of
breath in patients with heart failure. The fatigue associated with
other chronic diseases might also be ameliorated by reducing SR
Ca?* leak, although this is highly speculative at this point. In CCD,
which is caused by RyRI mutations that cause leaky channels, fix-
ing the leak in RyR1 channels with a rycal could reduce myofiber
death and sarcopenia. Since this debilitating disease currently
has no treatment, stabilization of RyR1 function could provide a
potentially life-saving therapy.

Summary

Insights gained from the study of genetic disorders such as MH
suggest that leaky RyR1 channels can cause skeletal muscle
pathology. RyR1 leak also occurs in chronic diseases associated
with stress, such as heart failure, as a consequence of persistent
PKA hyperphosphorylation of the channel and depletion of the
stabilizing protein calstabin1. In other genetic disorders, such as
DMD, secondary defects in RyR1 might contribute to or modify
disease severity by altering Ca?* homeostasis.

Future studies will address such questions as: What is the role, if
any, of leaky RyR1 channels in limiting exercise in healthy individu-
als? Can targeting leaky RyR1 channels improve exercise capacity in
healthy individuals and in patients with chronic diseases? To what
extent is Ca?" leak responsible for activating Ca?*-dependent down-
stream signaling pathways resulting in muscle damage and death?
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