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V i e w p o i n t

The contraction–relaxation cycle of skeletal and car-
diac muscle is controlled by temporary increases in the 
concentration of free cytosolic Ca2+ ions. Failures of this 
excitation–contraction (EC) coupling function consti-
tute either the central feature or a salient aspect of mul-
tiple diseases of diverse etiologies.

In an attempt to organize and classify these diseases, 
Dowling et al. (2014) recently reviewed the “triadopa-
thies” of skeletal muscle, among which they included  
all diseases that originated at or substantially involved  
the triad. The triad consists of two terminal cisternae of 
the main Ca storage organelle, the SR, and one transverse 
tubule, a plasma membrane invagination which brings 
the action potential to the depths of the cell and converts 
it into a signal for Ca2+ release from the SR. Because of 
the large number of proteins present in triads (Treves  
et al., 2009; Rebbeck et al., 2014), essential for electri-
cal propagation and long-term homeostasis and house-
keeping, triadopathies include numerous diseases.
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receptor; EAD, early afterdepolarization; EC, excitation–contraction; MH, 
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In a work of similar scope for cardiac muscle, Venetucci 
et al. (2012) proposed “calcium channelopathies” as a 
category to group related diseases. Again, this covered a 
large number of conditions, comprising failures of the 
process of intracellular calcium release as well as arrhyth-
mogenic syndromes resulting from primary failures of 
action potential propagation.

Here we test a third approach. We narrow the focus 
to only include diseases that affect components of  
the couplon and thereby alter the operation of these 
functional units. However, we expand the definition to  
include diseases of skeletal and cardiac couplons, an 
extension which affords a comparative approach. The 
couplon is a structural and functional entity, originally 
defined in skeletal muscle as the set of calcium release 
channels and associated voltage sensors on one side of 
a triad junction (Stern et al., 1997) and later in cardiac 
muscle as the corresponding set of release channels 
and L-type Ca2+ channels (dihydropyridine receptors 
[DHPRs]) in a dyad (Stern et al., 1999). The couplons of 
skeletal and cardiac muscle are similar, with a few marked 
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460 Couplonopathies of skeletal and cardiac muscle

the grouping of sources facilitates efficient local signal-
ing, (3) the interchannel proximity enables synchro-
nized control by sensors of the action potential, and (4) 
the mutual proximity of RyRs enables synchronization  
of their opening because of their sensitivity to Ca2+ as 
a stimulus for channel opening, Ca2+-induced Ca2+ re-
lease (CICR; Endo, 2009). Channel proximity may also 
enable a mutual allosteric interaction that reinforces 
collective opening and closing (e.g., Stern et al., 1999), 
but firm evidence for such interactions is lacking. (5) 
Finally, clustering enhances Ca2+-dependent inactiva-
tion (CDI), which promotes channel closure and termi-
nation of Ca2+ transients (Laver, 2007).

The presence of efficient positive feedback processes 
results in a potentially unstable system. This instability 
becomes real in the paradigmatic couplonopathies  
malignant hyperthermia (MH) and catecholaminergic 
polymorphic ventricular tachycardia (CPVT), respec-
tively, in skeletal and cardiac muscle.

The couplon was defined by Stern et al. (1997) as  
a logical emergent of a mathematical simulation that at-
tempted to explain the main features of calcium tran-
sients, both local and cell wide.

In the simulation, initially developed for frog skeletal 
muscle, Ca2+ release is initiated by action potential–
induced movements in a T tubule channel protein, the 
DHPR. These movements translate the action potential 
into a signal that stimulates opening of RyRs of the fac-
ing SR membrane. The simulation found that channel 
opening spread within a cluster via CICR after one or 
two RyRs opened, producing a local Ca2+ transient that 
mimicked calcium sparks independent of the electrical 
stimulus (Cheng et al., 1993; Tsugorka et al., 1995).

Within the range of model parameters investigated 
(Stern et al., 1997), this propagation never progressed 
from the channels on one side of the triad (that is, on 
one of its terminal cisternae) to the other. Therefore, we 
defined the couplon as “the set of release channels on 
one face of one junctional strip, together with its associ-
ated voltage sensors and other triadic proteins.” This 
definition limits the couplon to elements in one “junc-
tional strip,” reflecting that junctional regions of trans-
verse tubules are discrete and never much longer than 
1 µm (Franzini-Armstrong et al., 1999). The couplon 
definition was extended in 1999 to the junctions of car-
diac muscle (Stern et al., 1999).

Multiple proteins are found in the triads of skeletal 
muscle and in the dyads of cardiac muscle. Of these, 
only DHPRs and RyRs are essential to function, but the 
absence or modification of the others usually causes 
functional and/or structural abnormalities. Three of 
these proteins are considered major because of their 
abundance (Treves et al., 2009): triadin and junctin, 
which are single-span SR membrane proteins, and 
calsequestrin, an intra-SR protein linked to the RyR via 
triadin and junctin (Zhang et al., 1997). At least seven 

differences in structure, mechanism, and functional 
output.1 Underlying the definition of couplonopathies 
is the expectation that their comparative examination 
in skeletal and cardiac muscle will yield two kinds of  
insights. For diseases caused by alterations in homolo-
gous components of the two couplons, mechanisms and 
pathogenesis of one disease, and perhaps aspects of 
diagnosis and therapeutics, are expected to apply to 
the other disease. Conversely, the pointed differences 
in some structural and functional aspects of the two 
couplons should be predictors of differences in patho-
genic mechanism. Here, we examine some couplonop-
athies, in search of the insights promised by these two 
notions. Foremost among the differences is the mechan-
ical communication between voltage sensor and Ca2+ 
release channel present in skeletal but not cardiac mus-
cle. Hence mechanical (or allosteric) interactions will 
be central to our analysis.

The focus of the article is narrow: we discuss only dis-
eases where the comparative approach appears useful, 
especially those where allosteric interactions may be rel-
evant. Comprehensive descriptions of these diseases 
can be found in Venetucci et al. (2012) and Dowling  
et al. (2014) and in reviews by Durham et al. (2007), 
MacLennan and Zvaritch (2011), and Priori and Chen 
(2011). We start by reviewing the couplon concept and 
its functional underpinnings.

The couplons of skeletal and cardiac muscle
Ca2+ release occurs via channel clusters. The Ca transients 
of EC coupling occur when, in response to action poten-
tials traveling down the plasma membrane and transverse 
(T) tubules, channels of the SR open and let Ca2+ ions 
flow from the lumen of the organelle to the cytosol. A 
major difference between the SR Ca2+ release channels, 
the ryanodine receptors (RyRs), and most channels of 
the plasma membrane is that RyRs are clustered, whereas 
Na+, K+, and Cl channels of the plasmalemma may ei-
ther be clustered or work independently (e.g., Sigworth, 
1994). This difference is consistent with the involvement 
of most plasmalemmal channels in “electrical signaling” 
and reflects a radical advantage in speed of propagation 
of the electric field versus chemical messengers, includ-
ing Ca2+ ions, which move by diffusion.2

RyR clustering confers at least five advantages: (1) the 
summation of individual channel currents contributes  
to a large Ca2+ concentration gradient and faster flux, (2) 

1Sites of close interaction between plasmalemmal and Ca storage organ-
elles, with structural and functional similarities to couplons, have been 
described in other tissues, including smooth muscle (Collier et al., 2000) 
and neurons (De Crescenzo et al., 2004).

2The difference is, in fact, more fundamental. Electrical forces act at a 
distance and do not depend on the nature of the ion that produces the 
underlying charge imbalance. For Ca signaling, instead, ions must bind to 
their target. Paraphrasing a well-worn construct: for propagation of the 
action potential, the medium (Na, Ca, K, and Cl ions) is not the message 
(depolarization). For muscle contraction instead, the medium (Ca) is also 
the message.
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and RyRs, reflecting the different mechanisms by which 
the two tissues translate membrane depolarization to 
Ca2+ release. Additionally, there is much more calse-
questrin in skeletal than cardiac muscle. Calsequestrin 1, 
the skeletal isoform, fills the large skeletal cisternae 
with its dense ramified polymeric network (Perni et al., 
2013), whereas cardiac calsequestrin is concentrated  
in tight clumps. In spite of the different appearance of 
the cisternae and calsequestrin networks, there are few 
differences in the topology of protein contacts, which  
is represented identically for both couplons in Fig. 2. 
Junctin and triadin anchor the calsequestrin network to 
the junction (Tijskens et al., 2003; Franzini-Armstrong 
et al., 2005) and establish a mechanical link between 
the RyR and calsequestrin (Zhang et al., 1997). The 
large difference in volume of skeletal and cardiac mus-
cle cisternae is believed to depend on the amount of 
protein, specifically calsequestrin, as indicated by the 
large increase in cisternal volume observed in cardiac 
muscle overexpressing calsequestrin 2 (Fig. 1 D, modi-
fied from Jones et al. [1998]).

Although they derive from a single gene, the cardiac 
and skeletal isoforms of triadin differ (Marty et al., 
2009). There are two predominant forms in skeletal 
muscle, Trisk 95 and Trisk 51, that differ in the length 
of the cytosolic C-terminal segment; both are restricted 
to the triad and linked to the RyR; both are therefore 

other junctional protein components have been identi-
fied (Treves et al., 2009; Rebbeck et al., 2014). Among 
them, JP-45 and junctate are also SR membrane span-
ning; JP-45 is notable for interacting with both the main 
subunit of the DHPR (CaV1.1) and calsequestrin. Con-
sistent with the original definition, we include in the 
couplon every protein that is in mechanical interaction, 
directly or indirectly, with either the DHPR (a heteromer 
of four or five subunits, depending on the tissue) or the 
RyR. At last count these include triadin, junctin, calse-
questrin, JP-45, two small proteins bound to the RyR 
(FKBP 12 and FKBP 12.6 [Timerman et al., 1994]), and 
histidine-rich Ca2+-binding protein (HRC), an SR-lumi-
nal component which interacts with triadin in cardiac 
myocytes (Pritchard and Kranias, 2009). Various widely 
expressed small proteins also interact, transiently or sta-
bly, with the cytosolic aspect of the RyRs. These include 
calmodulin (Meissner and Henderson, 1987), S100A1 
(Prosser et al., 2011), homer, sorcin (Farrell et al., 2003), 
CHERP, selenoprotein (reviewed by Treves et al. [2009]), 
protein kinase A (Timerman et al., 1994), calcium/
calmodulin-dependent kinase II (Wehrens et al., 2004), 
phosphodiesterase 4D3 (Lehnart et al., 2005), and pro-
tein phosphatases 1 and 2A (Hwang et al., 2012). Al-
though actually or potentially linked to disease, they 
will not be considered further here.

Skeletal and cardiac couplons are different. Similarities 
and differences in couplon structure are reflected in 
the skeletal and cardiac couplonopathies (see Fig. 1). 
Terminal cisternae of skeletal muscle are roughly tubu-
lar structures 100 nm in diameter, with a length close 
to the width of a myofibril (1 µm). As indicated in 
Fig. 2 A, skeletal muscle junctions accommodate RyRs 
in double rows. DHPRs form tetrads in the junctional 
T tubule membrane, which connect mechanically, one-
to-one, with the four protomers of an opposing RyR. 
Typically, a skeletal couplon has 20–60 RyRs (Franzini-
Armstrong et al., 1999).

In contrast, the cardiac cisternae are shallower, span-
ning 30 nm in the direction perpendicular to the junc-
tional surface (Fig. 1 C). They are also shorter in the 
direction of the T tubule axis and wider than the skeletal 
cisternae, which gives them a “pancake” shape. Within 
this pancake, the channels can be arranged in multiple 
rows (as depicted in Fig. 2 B), a feature which initially led 
to overestimation of their numbers per couplon. These 
estimates have been reduced in work that elucidated the 
two-dimensional arrangement of cardiac RyR channels 
in groups, now viewed as small clusters of irregular shape 
and orientation assembled into clusters of higher order 
(Baddeley et al., 2009; Scriven et al., 2013).

A second fundamental difference between skeletal 
and cardiac couplons (Fig. 2) is the absence in the lat-
ter of direct, stoichiometric contact between DHPRs 

Figure 1.  Sites of Ca2+ release in skeletal and cardiac muscle. 
(A and B) Transversal and longitudinal sections of a skeletal mus-
cle triad junction. TC, terminal cisternae. (C) Transversal section 
of junctions in a cardiac myocyte, between a larger transverse tu-
bule (TT) and very narrow SR cisternae. (D) Protein-filled vesicles 
(presumably dilated cisternae) in cardiomyocytes of mouse over-
expressing calsequestrin 2, to demonstrate that the volume dif-
ferences are largely determined by the quantity of calsequestrin.  
A and B show unpublished images by C. Franzini-Armstrong.  
C and D show images modified from Jones et al. (1998) with per-
mission from The American Society for Clinical Investigation, Inc.
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462 Couplonopathies of skeletal and cardiac muscle

There is no JP-45 in cardiac muscle (Zorzato, F., per-
sonal communication).

The couplon concept has been linked since its incep-
tion to that of allosteric action. This term, meaning lit-
erally “another site,” was introduced to describe the 
interaction between conformational change (“allosteric 
transition”) and ligand binding in hemoglobin (Monod 
et al., 1965). The concept was rapidly extended to inter-
pret regulation of multiple polymeric enzymes (see  
Whitehead [1970] for an early review). The concerted 
model of allostery, also known as the “MWC” model, 
was first applied by Marks and Jones (1992) to ion chan-
nels to describe the effect of dihydropyridine binding 
on activation of L-type Ca2+ channels. We (Ríos et al., 
1993) realized that this concept was especially apt to de-
scribe the activation of RyR channel opening in skeletal 
muscle, where a moving voltage sensor in the T tubule 
membrane acts on cytosolic domains of the RyR to open 
the permeation path in its transmembrane region, lo-
cated >10 nm away. As Marks and Jones (1992) had 
done previously to describe effects of dihydropyridines, 

bona fide components of the couplon. The main heart 
triadin, named CT1, is identical to a further truncated 
skeletal isoform, Trisk 32, which can be found in the 
skeletal triad as well as in the longitudinal SR. All iso-
forms have calsequestrin interaction sites, but the lon-
ger isoforms appear to have more of them.

Allosteric connections are instrumental to the skeletal cou-
plon. The skeletal couplon therefore has mechanical 
connections in the “transversal” direction (i.e., between 
RyRs along their double row in the junctional mem-
brane) and “longitudinally,” starting at the DHPRs, via 
junctin and triadin all the way to calsequestrin (Fig. 2, 
arrows). There is also a parallel link from DHPR to 
calsequestrin that bypasses the RyR, mediated singly by 
JP-45 (Fig. 2; Anderson et al., 2003).

The cardiac couplons, which lack the DHPR–RyR con-
tact, may have a greater number of RyR-to-RyR connections 
in their wider junctions. As stated above, their calse-
questrin network is smaller and tightly anchored to the 
junctional membrane by junctin and shorter triadins. 

Figure 2.  Diagrammatic view of cou-
plons. (A) In skeletal muscle, a double 
row of RyR1 channels in SR membrane 
faces tetrads of DHPRs in transverse 
tubule membrane in a pattern consis-
tent with mechanical contact between 
DHPRs and alternate RyRs in each row. 
RyRs are bound to triadin (Tr) and 
junctin (Jn), transmembrane proteins 
which link to calsequestrin inside the 
SR (Casq). Formation of linear rami-
fied polymers of Casq is promoted by 
Ca2+ (dots). The SR protein JP-45 links 
DHPRs to Casq, bypassing the RyR. 
(B) In cardiac muscle, the DHPRs of 
plasmalemma and transverse tubules 
neither form tetrads nor connect me-
chanically with RyRs. These are placed 
in multiple rows, which form clusters 
of variable size and shape. Linkage of 
RyR to calsequestrin by Tr and Jn is 
depicted identically in both tissues, but 
the cytosolic segment of cardiac Tr is 
shorter. The cartoon also reflects the 
absence of JP-45 in cardiac muscle. 
Other proteins that bind to RyR and  
Casq are omitted. Allosteric interac
tions, verified or putative, are repre-
sented by arrows. In A, double arrow 1 
represents the two-way “longitudinal”  
interaction between DHPRs and RyRs  
present in skeletal muscle. The arrows  
in B represent actions proposed for  
both tissues: the “transversal” inter
action between RyRs is indicated by 
arrow 2, whereas arrows 3 depict possible 
[Ca2+]SR-dependent conformational ef-
fects of calsequestrin on RyR channels. 
See additional details in section “Skele-
tal and cardiac couplons are different.”

D
ow

nloaded from
 http://rupress.org/jgp/article-pdf/145/6/459/1794822/jgp_201411321.pdf by guest on 03 D

ecem
ber 2025



� Ríos et al. 463

in T cells (Srikanth et al., 2012). Junctin and junctate will 
not be discussed further here.

MH and CPVT1. MH is diagnosed (reviewed by MacLennan 
and Zvaritch [2011] and Dowling et al. [2014]) upon 
occurrence of the MH reaction, a hypermetabolic, 
often hyperpyrexic state, with muscle contractures and 
other activity resulting from uncontrolled Ca2+ release, 
in reaction to certain anesthetics or other stimuli. In the 
absence of such stimuli, the phenotype is typically mild 
or nonexistent; therefore, current laboratory tests are 
said to only diagnose MH susceptibility (MHS).

The primary defect in MH is an excessive proclivity of 
the RyR to open (elevated popen), which may become 
manifest at rest or with physiological stimulation. In 
60% of the cases, the defect is caused by a mutation in 
the RyR1 gene. A similar MH phenotype results from a 
mutation in the gene encoding CaV1.1, the main sub-
unit of the skeletal DHPR. It is surprising to find disease 
phenotypes with almost identical features, caused by 
mutations in separate molecules. This genetic heteroge-
neity attests to the unity of the couplon as a functional 
device and prompts the hypothesis that the mechanical 
connection is essential to this mode of pathogenesis.

Turning to the cardiac couplon, we note the striking 
correspondence of MH with CPVT (Priori and Chen, 
2011). As with MH, CPVT manifests suddenly, usually  
in situations of stress or intense exercise, in young indi-
viduals in apparently good health. Again, the disease is 
caused by an increase in the propensity of the RyR,  
in this case RyR2, to open. The link to arrhythmia is  
well understood (Venetucci et al., 2012): spontaneous 
channel openings may cause neighbors in the cluster  
to open via CICR, and the local Ca2+ transient may grow 
to evoke, via the electrogenic plasmalemmal Na–Ca ex-
changer, membrane potential changes (known as de-
layed afterdepolarizations [DADs]) that may lead to 
ectopic action potentials and cardiac arrhythmia. The 
parallels between MH and CPVT include the primary 
cause, in most cases mutations at largely similar loci of 
RyR1 and RyR2. Causative MH and CPVT mutations are 
reviewed in detail by Durham et al. (2007), MacLennan 
and Zvaritch (2011), and Priori and Chen (2011).

The comparison between these two tissues is useful  
to test our hypothesis that the genetic heterogeneity of 
MH, which may be caused by either DHPR or RyR mu
tations, relies on mechanical contact between DHPR 
and RyR. If this hypothesis is correct and given the main 
difference between the two couplons, CPVT should not 
show the same genetic heterogeneity. Indeed, CPVT 
has not been linked to a mutation in the cardiac DHPR. 
Alterations in its main subunit CaV1.2 may cause gain or 
loss of function, which results in various conditions that 
have in common alterations in the action potential and 
its propagation. These disease phenotypes are often 
polygenic and are difficult to distinguish from those 

we showed how, with little change, the MWC mathemat-
ical formalism could be adapted to describe quantita-
tively the relationship between measurable movement 
of electrical charge at the DHPR and gating of the RyR.

The allosteric interaction concept involves several in-
gredients: mechanical contact, action at a distance me-
diated by conformational changes in a protein, and the 
concerted movement of multiple subunits, which is im-
posed by symmetries in the moving moieties and is espe-
cially suited to describe gating of multimeric channels. 
In the case of DHPRs and RyRs of skeletal muscle, allo-
steric transitions affect change in the longitudinal di-
rection (the movement at DHPRs results in RyR channel 
gating, and reciprocally, RyRs affect the operation of 
DHPRs as channels, as shown by Nakai et al. [1996]). 
RyRs may also establish communication in the trans
versal direction in the form of cooperative gating in-
teractions between neighboring channels. In cardiac 
couplons, where the DHPR–RyR communication is not 
allosteric, allosteric interactions between cardiac RyRs 
(RyR2–RyR2) remain possible, but the evidence for 
them is scant (Diaz-Sylvester et al. 2014. 58th Annual 
Meeting of the Biophysical Society. Abstr. #576).

A third allosteric mechanism has been proposed  
for both skeletal and cardiac couplons, whereby Ca2+-
dependent conformational changes in calsequestrin, 
which may involve changes in the state of polymeriza-
tion, are transmitted to the RyR, via triadin or junctin, 
as a way for the SR content to modulate RyR gating and 
Ca2+ release. Whether and how [Ca2+]SR modulates Ca2+ 
release remains controversial in skeletal (Sztretye et al., 
2011; Fénelon et al., 2012) as well as cardiac muscle 
(Györke et al., 2009; MacLennan and Chen, 2009; Chen 
et al., 2014).

Couplon diseases
We define couplon diseases or couplonopathies as dis-
orders that affect one or more proteins of the couplon, 
to significantly perturb its Ca2+ release function. The al-
terations can be primary or secondary to other, more 
systemic, conditions. Our definition includes diseases of 
skeletal and cardiac muscle.

Some couplonopathies are listed in Table 1. Diseases 
that involve different couplon proteins are listed in dif-
ferent rows, with corresponding components in the two 
couplons shown in the same rows. We will examine these 
diseases, while comparing corresponding entities in the 
two couplons. Fuller lists and descriptions of the diseases 
may be found in references provided in Table 1. Junctin 
(reviewed by Dulhunty et al. [2009] and Pritchard and 
Kranias [2009]) is included in the table as a potential 
locus for disease, but no junctin polymorphisms have 
been associated with cardiomyopathies or skeletal muscle 
diseases. Junctate (a product of the same gene that can-
not be considered part of the couplon) appears to have a 
Ca2+-sensing role to implement store-operated Ca2+ entry 
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464 Couplonopathies of skeletal and cardiac muscle

stretch was identified on the primary sequence of RyR1 
(Paul-Pletzer et al., 2002), but an almost identical stretch 
in RyR2 does not confer dantrolene sensitivity to these 
channels studied in bilayers (Diaz-Sylvester et al., 2008). 
Dantrolene has inhibitory effects on cardiac muscle 
(Maxwell et al., 2012; Zamiri et al., 2014), but they  
are substantially more modest than those in skeletal 
muscle (Zapata-Sudo et al. 2002. 3rd Annual Meeting of 
the American Society of Anesthesiologists. Abstr. A-71; 
Krause et al., 2004). Apparently RyR1 in a complex with 
DHPR and other physically connected proteins consti-
tutes a better target for dantrolene than do isolated 
RyRs of any isoform. Just as MH is a “couplon disease,” 
dantrolene may be a “couplon antagonist.” This notion  
is supported by a comparison of the effects of dan-
trolene in mammalian muscle fibers and on isolated 
RyR1 (Szentesi et al., 2001).

The idea of dantrolene as a couplon antagonist  
mirrors our earlier description of the actions of per-
chlorate, an agonist of both Ca2+ release (Lüttgau et al., 
1983) and movement of the intramembranous charge  
of the DHPR voltage sensor (Csernoch et al., 1987). 
Perchlorate is more effective on the couplon than on its 

caused by mutations in other ion channels involved  
in generation and propagation of the action potential 
(Venetucci et al., 2012). Even mutations that increase 
the L-type Ca2+ channel’s propensity to open do not re-
sult in the same type of alteration of RyR popen caused by 
the MH mutations of CaV1.1.

As was the case for MH, CPVT is genetically heteroge-
neous. Indeed, CPVT may be caused by mutations in  
at least four genes. Although the dominant form (CPVT1) 
is caused by mutations in the RyR, another form 
(CPVT2) is linked to mutations in the gene encoding 
cardiac calsequestrin (Faggioni and Knollmann, 2012). 
A tempting inference is that the mechanical connection 
between RyR and calsequestrin is implicated in deter-
mining the disease phenotype (see below, where we dis-
cuss CPVT2).

The mechanical connection between skeletal muscle 
DHPR and RyR suggests a second hypothesis, which ad-
dresses a long-standing question in therapeutics. Dan-
trolene is the single drug approved by the US FDA for 
the treatment of MH and is used to treat the acute 
events of this disease. However, the mechanism of dan-
trolene action remains elusive. A dantrolene-binding 

T a ble    1

Partial list of couplonopathies

Protein Skeletal muscle Cardiac muscle

Gene Disease References Gene Disease References

DHPR CACNA1S MHS5 Monnier et al., 1997, 
2002; Pirone et al., 2010; 

Toppin et al., 2010

CACNA1C Conduction and 
other diseases

Venetucci et al., 2012

RyR RYR1 MHS1 Durham et al., 2007; 
MacLennan and Zvaritch, 

2011

RYR2 CPVT1, conventional Durham et al., 2007; Priori 
and Chen, 2011; Venetucci 

et al., 2012

EHS and ER Capacchione and 
Muldoon, 2009

CPVT1, 
unconventionale

Zhao et al., 2015

CCD and related CMs Durham et al., 2007; 
Dowling et al., 2014

Calsequestrin CASQ1 CAM Rossi et al., 2014 CASQ2 CPVT2 Faggioni and Knollmann, 
2012Unknowna Kraeva et al., 2013a

Muscle weakness, MH-
like EHSb

Paolini et al., 2007; 
Protasi et al., 2009; 

Canato et al., 2010; Olojo 
et al., 2011

Triadin TRDN Muscle weaknessb Shen et al., 2007; 
Oddoux et al., 2009

TRDN CPVT5 Roux-Buisson et al., 2012

Junctin and Junctate ASPH -c Divet et al., 2007 ASPH -b,c Yuan et al., 2007; Hong  
et al., 2008

JP-45 JSRP1 Muscle weaknessb,f Gouadon et al., 2006; 
Yasuda et al., 2013

-d

Corresponding proteins of skeletal and cardiac muscle are listed on the same row. CAM, calsequestrin aggregate myopathy; CMs, congenital myopathies 
related to CCD (multiminicore disease, congenital myopathies with cores and rods, central nuclear myopathy, and congenital fiber type disproportion); 
EHS, exertional environmental heat stroke; ER, exertional rhabdomyolysis.
aA Calsequestrin 1 variant is predicted to reduce SR Ca store but showed no disease phenotype in carriers.
bDisease phenotype observed in null or knockout animals.
cNot associated with a disease phenotype in humans. See references for studies on animal models.
dJP-45 is not present in cardiac muscle (Zorzato, F., personal communication).
eUnconventional for being accompanied by EADs instead of DADs.
fJP-45 variants found in the Swiss MH population.
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However, many patients share features of MH and CCD, 
which is not surprising as most cases of CCD are linked 
to mutations in RyR1. Although the pathogenic mecha-
nisms and mutual relationships of MH and CCD have 
not been fully elucidated, an influential systematization, 

separate molecular parts (compare González and Ríos 
[1993] with Ma et al. [1993]; see also Gallant et al. 
[1993] and Percival et al. [1994]). Fig. 3, a collage from 
figures in Ríos et al. (1993), illustrates some features of 
the effects of perchlorate that characterize it as a cou-
plon agonist. Fig. 3 A shows the EC coupling “transfer 
function,” which describes the couplon functionally, re-
lating its input (the displacement of intramembranous 
charge of the voltage sensor) to its output (the flux or 
rate of Ca2+ release). Normally, this transfer function is 
deeply concave upwards, a relationship which suggests 
cooperativity (i.e., that the movement of multiple sen-
sor particles is necessary to effect channel opening). As 
shown, the effect of perchlorate is profound; it linear-
izes the transfer function, causing a greater response at 
low charge displacement. A second defining aspect of 
perchlorate as couplon agonist, not shown, is that it causes  
a left shift of the relationship between charge displace-
ment and membrane voltage Vm; i.e., it affects the be-
havior of both couplon proteins. Fig. 3 B depicts a model 
that uses the MWC formalism to describe allosteric inter-
actions between voltage sensors and release channels. This 
model accounts well for the change in transfer function 
(as shown by the simulations in Fig. 3 C). It also predicts 
the change in Vm dependence of charge displacement.

The effect of perchlorate, in principle an RyR agonist, 
on functional manifestations of the associated DHPR  
is not unique. Indeed, activation of intracellular Ca2+ 
release and intramembranous charge movement were 
shifted to lower voltage in fibers of transgenic mice ex-
pressing heterozygously the MH RyR1 Y522S mutation 
(Andronache et al., 2009). An even greater negative shift 
of Ca2+ release activation was found in porcine myotubes 
homozygous for the MH R515C mutation (Dietze et al., 
2000). As we do here, these authors justified the shifts 
in voltage dependence of charge movement (and other 
functions of the DHPR) using the allosteric association 
with the RyR, and thereby supporting the evidence for 
“longitudinal” spread of functional alterations, bidirec-
tionally, along a mechanically linked couplon. The view 
of dantrolene as a couplon antagonist should be test-
able; if it is correct, dantrolene effects on the RyR should 
have repercussions on other couplon molecules and 
functions, including the Vm dependence of the voltage 
sensor and the EC coupling transfer function.

Congenital muscle disorders with cores. MacLennan and 
Zvaritch (2011) list seven skeletal myopathies that pre
sent with “cores,” areas inside myofibers formed by com-
pacted and contracted myofibrils, devoid of staining  
for oxidative enzymes and essentially devoid of mito-
chondria. The most common is central core disease 
(CCD), which is reportedly more frequent than MH 
(Durham et al., 2007). CCD has a more overt and variable 
functional phenotype than MH, characterized by early 
onset muscle weakness and delayed motor development. 

Figure 3.  Perchlorate as a couplon agonist. (A) The EC coupling 
transfer function; relationship between amount of voltage sensor 
charge displaced and peak Ca2+ release flux (measured in volt-
age-clamped cell of the frog semitendinosus muscle). Perchlorate 
linearizes the relationship in a dose-dependent manner. (B) An 
allosteric model, which uses the MWC formalism to describe the 
activation of release channel opening (represented by the transi-
tion from states Cj to Oj) by the operation of four voltage sen-
sors (circles); upon membrane depolarization these move to the 
activating position (represented as +) in a sequence progressing 
from left to right. The model reproduces many features of Ca2+ 
release activation, including the effects of perchlorate. This anion 
is assumed to increase the single parameter f, which embodies the 
activating effect of each moving voltage sensor. Changes in the 
transfer function (represented in C) and charge displacement 
then ensue. Panels are modified from Ríos et al. (1993).
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alteration of plasmalemmal properties (typically involv-
ing increase in store-operated calcium entry) will be a 
downstream consequence of SR depletion, acting as  
an important link to increased [Ca2+]cyto in the patho-
genic pathway.

The qualification of CCD cells as “uncoupled” is popu-
lar but seems inadequate. Indeed, in nearly every muta-
tion studied, the affected RyRs appear to have diminished 
capability to pass current but normal sensitivity to activa-
tion by voltage (or pharmacologic stimuli). These prop-
erties are clearly apparent for instance in I4895T mice, 
which express one of the most frequent and typical 
human CCD mutations (Loy et al., 2011). Although the 
channels are non- or underperforming, their coupling 
seems to work well. The term uncoupled applies well only 
to the pore region mutant R4842W, which specifically 
fails to respond to voltage while maintaining a nearly 
normal response to caffeine (Avila et al., 2003).

Comparing the skeletal and cardiac couplons provides 
a third insight. Although there is a close correspondence 
between MH and CPVT1, both of which are understood 
to emerge from RyR gain of function, there is no clear 
correspondence between CCD (which results from loss 
of function) and a cardiac disease. One reason is a rela-
tive dearth of examples of RyR2 mutations homologous 
to loss of function RyR1 mutations. In their com
prehensive survey, Durham et al. (2007) listed 13 similar 
mutations found in homologous spots of RyR1 and 
RyR2, of which only one, RyR1 T4637I/A, causes CCD. 
The homologous mutation of RyR2, S4565R, causes 
CPVT, which is surprising because CPVT is seen as a  
consequence of primary gain rather than loss of func-
tion. Clearly, there ought to be more such mutations in 
RyR2. It is possible that in the truly “hot” region for loss 
of function (the putative pore lining region or selectivity 
filter, residues 4891–4901 and 4819–4830, respectively, 
in human RyR1 and RyR2) the RyR2 mutants are not  
viable, explaining to some extent the observed deficit. 
However, and in view of the numerous examples now 
identified in RyR1, other corresponding RyR2 loss of 
function mutations ought to exist and manifest in less 
severe disease.

What sort of phenotype could be expected in viable 
loss of function mutations of RyR2? Zhao et al. (2015) 
engineered a mouse to express RyR2-A4860G, a muta-
tion which causes a catecholaminergic ventricular fi-
brillation in affected patients (Priori et al., 2002) and 
produces channels with lower popen (Jiang et al., 2007). 
The disease phenotype of the heterozygous A4860G 
mouse, listed as “unconventional CPVT1” in Table 1, was 
unique in showing distortions of the action potential 
known as early afterdepolarizations (EADs) instead of 
the DADs usually associated with CPVT1 (Zhao et al., 
2015). Whatever the interpretation of these interesting 
observations might be, it is clear that ventricular tachy-
cardia and fibrillation do not necessarily require an 

put forward by G. Avila, R.T. Dirksen, and colleagues 
(Avila and Dirksen, 2001; Avila et al., 2003), attributes 
both MH and MH + CCD phenotypes to mutations dis-
tributed along the whole RyR1 sequence, but concen-
trated in “hotspots” 1 and 2 (located within the large 
cytosolic-facing moiety of the protein; e.g., MacLennan 
and Zvaritch, 2011). In this scheme, the two disorders 
share a primary functional defect, an excessive propen-
sity of the channel to open, and differ only in degrees; 
slight alteration of popen will cause pure MH (also known 
as MHS, a susceptibility without an overt disease pheno-
type), whereas greater popen will bring about increase in 
[Ca2+]cyto and decrease in [Ca2+]SR and in total releas-
able Ca at rest, a phenotype described as “leaky” channels 
(e.g., Treves et al., 2008). As for the pure CCD presenta-
tions,3 which lack any evidence of MHS, they are mostly 
attributed to mutations in C-terminal hotspot region 3, 
specifically in the putative transmembrane segments of 
the channel-forming region (Avila and Dirksen, 2001; 
Avila et al., 2003; Kraeva et al., 2013b).

Somewhat surprisingly, the pure CCD phenotype ap-
pears to have a pathophysiology radically different from 
that of the MH + CCD disease. The former phenotype, 
which has been called “uncoupled,” is attributed to poorly 
functioning channels, with reduced Ca2+ conductance 
or popen, in the presence of conserved [Ca2+]cyto and total 
SR calcium load. In contrast, the MH and MH + CCD 
diseases share a pathophysiology of excessive RyR popen. 
This dichotomy is highlighted in a recent presentation 
by Murayama et al. (2015. 59th Annual Meeting of the 
Biophysical Society. Abstr. #1363) of 15 mutants in the 
central region of RyR1 expressed in HEK cells, in which 
every MH + CCD mutant caused a greater ER leak than 
any of the pure MH mutants.

Mechanistic considerations provide three additional 
insights. The first is based on a long-known basic law, 
first demonstrated by Friel and Tsien (1992) and recast 
more recently as the cell boundary theorem (Ríos, 2010), 
which establishes that any long-term change in concen-
tration within a cell (or an intracellular organelle) must 
be accompanied by and caused by changes in the trans-
port properties of the boundary (respectively the cell or 
the organelle membrane). The implication for present 
purposes is that a leaky couplon cannot determine per 
se a steady increase in [Ca2+]cyto. Changes directly caused 
by the leak can only be transient. The cell boundary the-
orem establishes that steady changes must depend on  
a modification in the properties of the plasmalemma. 
Indeed, changes at the plasmalemmal level have been 
found in MH models and other cells with leaky SR 
(Lopez et al., 1986; Duke et al., 2010; Eltit et al., 2010a,b, 
2011). When the primary defect is in the SR membrane, 
as is the case with mutations that increase RyR popen, the 

3Every patient with a CCD diagnosis is considered potentially MHS, deserv-
ing special precautions during anesthesia.
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phenotype, also found in the triadin-linked form of CPVT: 
one is the near complete loss of calsequestrin in most 
cases and the other is their autosomal-recessive inheri-
tance. Both indicate that mutation of attached calse-
questrin is not sufficient to establish the phenotype, 
suggesting a simpler mechanism, whereby channel gain 
of function results when the protein is lost from the 
couplon (Chen et al., 2013). Both views, however, in-
voke a “gating” change in the RyR, induced by calseques-
trin as it is modified or disappears from the couplon.

An alternative “buffering” theory (proposed by  
MacLennan and Chen [2009]) explains CPVT1, CPVT2, 
and the recently described CPVT5 as instances of facilita-
tion of SOICR, without recourse to allosteric control. In 
this view, SOICR reflects direct activation of the RyR by 
luminal Ca2+, acting at a binding site that may have been 
identified (Chen et al., 2014). In the case of CPVT1, the 
causative RyR2 mutation would increase the sensitivity to 
luminal Ca2+ (i.e., SOICR threshold would be lowered). 
In the case of CPVT2, the threshold value of [Ca2+]SR for 
triggering SOICR would not change (as RyRs are not af-
fected) but would be reached more easily upon any per-
turbation, given the lowered levels of calsequestrin 2 
observed in this form of the disease. This explanation 
should also apply to the CPVT linked to triadin muta-
tions, as these mutations result in near or complete ab-
sence of calsequestrin at SR cisternae.

Both the “gating” and the “buffering” explanations  
of the gain of function syndrome found upon mutations 
of calsequestrin 2 (or triadin) are plausible. The gating 
mechanism is consistent with observations in bilayers, 
with the autosomal-recessive mode of inheritance (as the 
putative gating control may still be exerted when the con-
centration of calsequestrin is reduced), and is indirectly 
supported by observations consistent with control of RyR1 
gating by calsequestrin 1 (Sztretye et al., 2011). In con-
trast, the “buffering” model is appealing in its simplicity 
and explains best the linkage of the phenotype, with vari-
able severity, to mutations that cause varied degrees of 
loss of calsequestrin (Faggioni and Knollmann, 2012). 
There is a distinct possibility that both are correct.

Diseases of skeletal muscle linked to mutations in triadin 
and calsequestrin. Although the cardiac diseases caused 
by mutations of triadin and calsequestrin 2 are rare, dis-
eases caused by corresponding alterations of the skeletal 
couplon are even more so. We believe that this robust-
ness against disease is related to the lesser stability of cal-
cium control in heart muscle, manifested for instance in 
the greater propensity for spontaneous discharge of SR 
Ca2+ of cardiomyocytes relative to skeletal myofibers. We 
argue that these are consequences of the radical differ-
ence in buffering power of their Ca2+ stores.

Consider first the phenotype of calsequestrin 1– and 
triadin-null mice. Calsequestrin 1–null mice (Paolini et al., 
2007) have moderate muscle weakness and characteristic 

underlying gain of RyR function. Instead, the example 
supports the expectation that Ca2+ signaling changes 
caused by RyR2 loss of function mutations will cause 
varied alterations in cardiac rhythm, which go beyond 
the characteristic parameters of CPVT. See Priori and 
Chen (2011) for additional consideration of RyR2 mu-
tations that cause loss of function.

CPVT caused by mutations in triadin and calsequestrin. 
Continuing along the couplon, we find forms of CPVT 
associated with mutations in triadin (CPVT5) and in 
calsequestrin 2 (CPVT2). 3 mutations of triadin (Roux-
Buisson et al., 2012) and 15 mutations in calsequestrin 2 
have been linked to CPVT (Faggioni and Knollmann, 
2012); CPVT2 accounts for 3–5% of all CPVT cases. No 
junctin defects were apparent in the families exhibiting 
the CPVT linked to triadin mutations (Roux-Buisson  
et al., 2012). Therefore, junctin cannot substitute func-
tionally for triadin, even though both proteins cooperate 
to tether calsequestrin to the junction and keep cardiac 
cisternae thin and compact (Tijskens et al., 2003; Franzini-
Armstrong et al., 2005). Note that all triadin mutations 
and most of those in calsequestrin 2 are associated with 
genetically recessive disease.

This group of diseases constitutes another condition, 
in addition to MH, where the “couplon” explanation for 
genetic heterogeneity works; in this case, mutations at 
various levels of the cardiac couplon cause similar CPVT 
phenotypes. But, how good is the analogy? Do triadin 
and calsequestrin mutations alter the RyR2 gating prop-
erties in the same, allosteric, way that CaV1.1 mutations 
alter the control of RyR1 to cause MH?

The answer has implications for an ongoing contro-
versy about control of Ca2+ release by intra-SR [Ca2+]. A 
striking manifestation of this control is store overload-
induced Ca2+ release (SOICR), the spontaneous Ca2+ 
release seen in normal cardiac SR upon Ca overload 
(Jiang et al., 2005). Is this control direct, by luminal SR 
Ca2+ acting on the RyR, or does it require calsequestrin? 
Experiments in bilayers and cardiomyocytes show that 
calsequestrin exerts allosteric control, essentially an in-
hibitory role of gating of the RyR (e.g., Györke et al., 
2009; Qin et al., 2009). Given the demonstrated inter
actions of calsequestrin with junctin and triadin, this 
control must be physically mediated by one or both of 
these proteins. In experiments with bilayer-reconstituted 
channels, different calsequestrin mutations modify the 
interaction in different ways, resulting, for example for 
the case of R33Q, in a partial loss of the inhibition of 
the release channel attributed to the presence of wild-
type calsequestrin or a total loss of this inhibition for 
the L167H mutant (Qin et al., 2008). These observations 
explain the mutation-linked arrhythmia as a consequence 
of release from inhibition while the mutated calseques-
trin remains attached to the couplon. A somewhat differ-
ent view is suggested by other features of the CPVT2 
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should therefore persist in these patients, exerted by the 
WT calsequestrin still present in them; no gain of function 
should be expected. In contrast, total loss of the protein as 
seen in calsequestrin 1–null mice causes an MH-like gain 
of function phenotype (Protasi et al., 2009). This effect, of 
obviously recessive propagation, is consistent with relief 
from the basal-repressive action that the protein is be-
lieved to exert. Thus, we believe that the loss of function 
disease phenotype associated with mutations of calseques-
trin 1 or triadin is fully explained by the loss of buffer.

Beyond this fairly elaborate explanation, there is a fun-
damental difference between the skeletal and cardiac EC 
coupling machineries, which is probably at the root of the 
divergent phenotypes that result from homologous muta-
tions in the two couplons. This is the notable difference  
in volume, calsequestrin content, and therefore capacity 
of the calcium stores (Fig. 1). In cardiac cells, decay in 
[Ca2+]SR during a local or global Ca2+ transient reduces the 
resting concentration by 50 to nearly 100%, depending on 
the estimation methods. In contrast, it took averaging 
6,000 events to quantify the minute “skraps” of SR Ca2+ 
depletion that accompany Ca2+ sparks of skeletal muscle 
(Launikonis et al., 2006); the depletion that results from 
Ca2+ release during an action potential is also small (Pape 
et al., 1993; Launikonis et al., 2006). The more robust sup-
port of Ca2+ release by the calcium store in skeletal muscle 
implies that this muscle will have more resilience in the 
face of calsequestrin mutations and will be less prone to 
swings in SR Ca2+ concentration, spontaneous discharges 
of Ca2+ content, and the ensuing alterations of RyR gating. 
This resilience should narrow the range of mutations that 
will result in overt disease to those that affect the RyR di-
rectly, or via its DHPR link. Consistent with these expecta-
tions, the calsequestrin 1 variant M87T, found in 16 of 205 
MH probands by Kraeva et al. (2013a), did not cosegre-
gate with a disease phenotype in spite of being scored 
“probably damaging” by commercial software.

We conclude that the allosteric effects by triadin, 
junctin, and calsequestrin are either less relevant in skel-
etal muscle or not radically altered within the more lim-
ited range of changes in [Ca2+]SR that occur there during 
physiological Ca cycling. Ca2+ release should also be more 
tolerant to changes in Ca2+ buffering power in skeletal 
muscle because of the much greater SR volume and calse-
questrin endowment, which provide a superior functional 
reserve. These considerations help explain the different 
functional phenotypes that result from homologous  
mutations in the two tissues, as well as the lower inci-
dence of uncontrolled Ca2+ release events and the lower 
prevalence and comparatively milder phenotypes of cou-
plonopathies in skeletal muscle.

Large-scale alterations disrupt couplon functions in a transmis-
sion-specific manner. Several diseases are not primarily as-
sociated with mutations but still involve changes in the 
structure and function of the couplon and its component 

changes in cytosolic Ca2+ transients, caused by loss of Ca 
storage capacity (Canato et al., 2010; Olojo et al., 2011).4 
Triadin-null mice (Shen et al., 2007; Oddoux et al., 2009), 
which lack all skeletal and cardiac products of the single 
triadin gene, combine a cardiac phenotype of CPVT 
and a skeletal phenotype of weakness, together with a 
sharply reduced expression of calsequestrin 1.

In patients with CPVT-linked triadin mutations, triadin 
is effectively absent (Roux-Buisson et al., 2012). Not sur-
prisingly therefore, the functional phenotype is similar 
to that in triadin-null mice, including skeletal muscle 
weakness. As we stated earlier, the CPVT phenotype is 
attributed in most cases to a gain of function at the cou-
plon level, whereas skeletal muscle weakness is usually 
caused by a reduced cytosolic Ca2+ signal, loss of func-
tion. How could the same mutation cause divergent 
phenotypes in the two types of muscle? Clues can be 
found in the only human disease known to be linked to 
a mutation in the gene encoding calsequestrin 1.

This disease, described as a “protein aggregate myopa-
thy” by Rossi et al. (2014), cosegregates with the calse-
questrin 1 mutation D244G in an autosomal-dominant 
manner. Its phenotype is a clear loss of function (muscle 
weakness, together with reduced sensitivity to caffeine) 
accompanied by structural alterations, electron-dense 
bodies containing calsequestrin plus other couplon pro-
teins. The formation of calsequestrin aggregates is at-
tributed to misfolding and/or abnormal polymerization 
caused by loss of the electric charge of aspartate at a site 
involved both in high-affinity Ca2+ binding and in (low-
affinity) Ca2+-dependent interaction between calseques-
trin protomers (Rossi et al., 2014).

We now have the elements to justify the discrepancy 
between the phenotype of loss of function in triadin- 
and calsequestrin 1–linked diseases of skeletal muscle 
(and in animal models where the proteins are absent) 
and the gain of function in cardiac diseases caused by 
mutations in triadin and calsequestrin 2. As stated ear-
lier, the allosteric effect of calsequestrin demonstrated 
in bilayers (e.g., Chen et al., 2013) and shown to oper-
ate physiologically (Sztretye et al., 2011) is an inhibition 
of RyR channel opening. The loss of function pheno-
type linked to loss or misplacement of D244G calseques-
trin 1 cannot therefore be attributed to a diminished 
allosteric effect, which should result in greater channel 
activity. We believe that it is instead caused by loss of 
releasable Ca, consequent to the misplacement of calse-
questrin (and perhaps other couplon proteins) plus the 
degradation of its buffering properties caused by defec-
tive polymerization. Tellingly, and unlike most forms of 
CPVT2, the D244G-linked disease is transmitted in a 
dominant manner. The putative allosteric inhibition 

4These manifestations of loss of function are somewhat offset by others 
that cause effective functional gain, including loss of the inhibitory effect 
on Ca2+ release that manifests upon partial SR depletion (Sztretye et al., 
2011) and an MH-like reaction to high temperature (Protasi et al., 2009).
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It is not surprising that the effects of structural disruption 
in cardiac and skeletal muscle differ, given the differences 
in transmission mechanisms. However, the emergence of 
local and global Ca release in skeletal muscle is not easy 
to explain. Kirsch et al. (2001) and Wang et al. (2005) 
attributed their appearance to the release of the basal 
inhibition of RyR1 that according to Shirokova et al. 
(1999) is exerted by DHPRs (see also Zhou et al. [2006]). 
Apostol et al. (2009), however, demonstrated that a full 
response to the osmotic treatment requires DHPRs in a 
functionally available state. A conclusion consistent with 
all observations is that the alterations of EC coupling 
upon fatiguing exercise and osmotic disruption of the 
skeletal couplon do not reflect a simple breakage of the 
mechanical DHPR–RyR1 connection.

A control mechanism unique to skeletal muscle. Finally, we 
apply our mechanistic and comparative approach to the 
functional deficits caused by variants in JP-45, a protein 
outside the main longitudinal allosteric chain of cou-
plon molecules. The location of JP-45 as mechanical 
bypass between DHPR and calsequestrin (Fig. 2) is sug-
gestive of a servomechanism for control of the voltage 
sensor by [Ca2+]SR. That the link has functional conse-
quences on the DHPR is demonstrated by the observa-
tion that two variants of JP-45 (which do not cause an 
actual couplonopathy in humans) induce a similar right 
shift of the Vm dependence of sensor charge movement 
and activation of Ca release flux (Yasuda et al., 2013). 
That calsequestrin 1 is instrumental to this control is 
proven by the observation of a massive increase in Ca2+ 
influx via L-type channels in mice with knockout of 
both JP-45 and calsequestrin 1 (Mosca et al., 2013) but 
not in single calsequestrin 1 nulls.

If present in cardiac muscle, JP-45 could be an effec-
tive control device, as it would tether DHPRs to calse-
questrin molecules exposed to much greater swings in 
[Ca2+]SR. However, JP-45 interacts exclusively with calse-
questrin 1 (Zorzato et al. 2015. 59th Annual Meeting of 
the Biophysical Society. Abstr. #1355), which implies 
that the regulation mediated by JP-45 is specific to skel-
etal muscle. This form of modulation of the DHPR of 
skeletal muscle thus joins the set of major differences 
between the two couplons. An extra control seems ap-
propriate for CaV1.1 given that it performs two func-
tions, voltage sensor and Ca2+ influx pathway, which are 
separate to the point of requiring different conforma-
tional transitions in CaV1.1 (e.g., Feldmeyer et al., 1990).

Conclusions
We define a novel category of diseases of striated mus-
cle, the couplonopathies, as those that have in common 
a substantial disruption of the functional unit of Ca2+ 
release for EC coupling, the couplon. Consideration  
of similarities and differences between the couplons  

proteins. We include here two types of alterations: (1) 
changes in the properties and mutual relationships of the 
membranes where couplons reside, often associated with  
a modified supramolecular arrangement and physical size 
of the couplons, and (2) posttranslational modifications, 
which are multiple and alter the functions of couplon mol-
ecules in many ways. Posttranslational modifications will 
not be considered other than to note that they may coexist 
with large alterations in structure, or even cause them, as 
documented in rat cardiomyocytes for the arrangement of 
RyRs in checkerboard clusters, which is promoted by RyR 
phosphorylation (Asghari et al., 2014). Following the com-
parative approach adopted in this article, we predict that 
similar disruptions in structure should have different con-
sequences in cardiac and skeletal muscle.

In cardiac muscle, large alterations in couplon structure 
occur in cardiac failure (HF). This involves a major re-
modeling of transverse tubules, with comparatively minor 
changes in the SR. These changes (extensively reviewed in 
a recent issue of Cardiovascular Research, starting with Kohl 
and Lehnart [2013]) may include loss of T tubule network 
density, extent, and connections to plasmalemma, in-
crease in mean distance between L-type channels and 
RyRs (caused by loss of T tubules or increase in physical 
distance between membranes), loss of density of L-type 
channels, and reduction of couplon size and numbers of 
RyRs per couplon. The chief functional alteration found 
in HF patients and animal models consists in a loss of cou-
pling between L-type current and Ca release, interpreted 
since Gómez et al. (1997) as the degradation of CICR 
caused by the structural changes. In late stages of HF, this 
is compounded with loss of stored calcium, which both 
reduces Ca release flux and hastens its termination by 
reducing the inter-RyR feedback that sustains release 
(Gillespie and Fill, 2013; Laver et al., 2013).

There is no condition comparable with HF in skeletal 
muscle, but major alterations in transverse tubule mem-
brane structure have been induced by extracellular solu-
tions of high osmolarity (demonstrated in detail by Apostol 
et al. [2009]). Similar structural changes have been ob-
served in amphibian muscle upon fatiguing stimulation, 
where they are attributed to the intratubular accumula-
tion of osmolytes, largely lactate (Lännergren et al., 2000, 
2002). As in cardiac muscle, these changes, including 
dilation and clipping of transverse tubules, should cause 
misalignment of triadic junctions and an alteration of 
coupling between DHPRs and RyRs. In contrast with car-
diac muscle, where the HF-associated structural changes 
are accompanied by EC coupling loss of function, the 
consequences of osmotically induced distortion in skeletal 
muscle should be put in the gain of function category, as 
they consist largely of local calcium release events5 and a 
diffuse increase in [Ca2+]cyto (Apostol et al., 2009).

5ECRE or elementary events of Ca release is the term preferred by Apostol 
et al. (2009), as these include events similar to Ca sparks and others that 
are very different (Kirsch et al., 2001).
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quired for the MH phenotype usually linked to 
mutations in the RyR channel to also associate with mu-
tations in CaV1.1. As an extension of this idea, we pro-
pose that the same allosteric interaction underpins the 
beneficial effects of dantrolene. The absence of a cor-
responding mechanical connection in cardiac muscle 
explains the absence of CPVT diseases caused by muta-
tions in CaV1.2. Based on mechanistic considerations ap-
plicable to both couplons, we identify the plasmalemma 
as a site of alterations in transport properties, typically 
consisting of an increase in store-operated calcium 
entry, secondary to couplon mutations that promote 
Ca2+ release. These secondary changes constitute sig-
nificant factors in the pathogenesis of MH. Mutations  
in triadin and calsequestrin have tissue-specific conse-
quences: in the heart they cause couplonopathies asso-
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control of the DHPR that is unique to skeletal muscle 
and may be prescribed by the separate channel and sen-
sor functions of the skeletal muscle DHPR.

We are indebted to Drs. Clara Franzini-Armstrong and Martin 
Morad for the images in Fig. 1, to Clara Franzini-Armstrong for 
advice on Fig. 2, to Dr. Héctor Valdivia for comments and unpub-
lished information on loss of function mutations in RyR2, and to 
Dr. Francesco Zorzato for unpublished information on JP-45.

Work was supported by grants from the National Institute of 
Arthritis and Musculoskeletal and Skin Diseases (AR-049184 and 
AR032808) and the National Institute of General Medical Sciences 
(GM-111254) to E. Ríos and a Merit Award from the University of 
Toronto Department of Anesthesia to S. Riazi.

The authors declare no competing financial interests.

Robert T. Dirksen served as guest editor.

Submitted: 4 November 2014
Accepted: 27 April 2015

R E F E R E N C E S
Anderson, A.A., S. Treves, D. Biral, R. Betto, D. Sandonà, M. Ronjat, 

and F. Zorzato. 2003. The novel skeletal muscle sarcoplasmic re-
ticulum JP-45 protein. Molecular cloning, tissue distribution, de-
velopmental expression, and interaction with 1.1 subunit of the 
voltage-gated calcium channel. J. Biol. Chem. 278:39987–39992. 
http://dx.doi.org/10.1074/jbc.M305016200

Andronache, Z., S.L. Hamilton, R.T. Dirksen, and W. Melzer. 2009. 
A retrograde signal from RyR1 alters DHP receptor inactivation 
and limits window Ca2+ release in muscle fibers of Y522S RyR1 

D
ow

nloaded from
 http://rupress.org/jgp/article-pdf/145/6/459/1794822/jgp_201411321.pdf by guest on 03 D

ecem
ber 2025

http://dx.doi.org/10.1073/pnas.0812661106
http://dx.doi.org/10.1073/pnas.0812661106
http://dx.doi.org/10.1007/s10974-009-9179-8
http://dx.doi.org/10.1007/s10974-009-9179-8
http://dx.doi.org/10.1161/CIRCRESAHA.115.303897
http://dx.doi.org/10.1161/CIRCRESAHA.115.303897
http://dx.doi.org/10.1085/jgp.118.3.277
http://dx.doi.org/10.1085/jgp.118.3.277
http://dx.doi.org/10.1085/jgp.200308791
http://dx.doi.org/10.1085/jgp.200308791
http://dx.doi.org/10.1073/pnas.0908971106
http://dx.doi.org/10.1073/pnas.0908971106
http://dx.doi.org/10.1073/pnas.1009168108
http://dx.doi.org/10.1073/pnas.1009168108
http://dx.doi.org/10.1213/ane.0b013e3181a9d8d9
http://dx.doi.org/10.1213/ane.0b013e3181a9d8d9
http://dx.doi.org/10.1085/jgp.201311022
http://dx.doi.org/10.1085/jgp.201311022
http://dx.doi.org/10.1038/nm.3440
http://dx.doi.org/10.1126/science.8235594
http://dx.doi.org/10.1126/science.8235594
http://dx.doi.org/10.1085/jgp.115.5.653
http://dx.doi.org/10.1113/jphysiol.1987.sp016695
http://dx.doi.org/10.1113/jphysiol.1987.sp016695
http://dx.doi.org/10.1523/JNEUROSCI.4286-03.2004
http://dx.doi.org/10.1074/jbc.M305016200


� Ríos et al. 471

Franzini-Armstrong, C., F. Protasi, and P. Tijskens. 2005. The  
assembly of calcium release units in cardiac muscle. Ann. N. Y. 
Acad. Sci. 1047:76–85. http://dx.doi.org/10.1196/annals.1341
.007

Friel, D.D., and R.W. Tsien. 1992. A caffeine- and ryanodine-sensi-
tive Ca2+ store in bullfrog sympathetic neurones modulates effects 
of Ca2+ entry on [Ca2+]i. J. Physiol. 450:217–246. http://dx.doi
.org/10.1113/jphysiol.1992.sp019125

Gallant, E.M., N.S. Taus, T.F. Fletcher, L.R. Lentz, C.F. Louis, and 
J.R. Mickelson. 1993. Perchlorate potentiation of excitation-con-
traction coupling in mammalian skeletal muscles. Am. J. Physiol. 
264:C559–C567.

Gillespie, D., and M. Fill. 2013. Pernicious attrition and inter-RyR2 
CICR current control in cardiac muscle. J. Mol. Cell. Cardiol. 
58:53–58. http://dx.doi.org/10.1016/j.yjmcc.2013.01.011

Gómez, A.M., H.H. Valdivia, H. Cheng, M.R. Lederer, L.F. Santana, 
M.B. Cannell, S.A. McCune, R.A. Altschuld, and W.J. Lederer. 
1997. Defective excitation-contraction coupling in experimen-
tal cardiac hypertrophy and heart failure. Science. 276:800–806. 
http://dx.doi.org/10.1126/science.276.5313.800

González, A., and E. Ríos. 1993. Perchlorate enhances transmission 
in skeletal muscle excitation-contraction coupling. J. Gen. Physiol. 
102:373–421. http://dx.doi.org/10.1085/jgp.102.3.373

Gouadon, E., R.P. Schuhmeier, D. Ursu, A.A. Anderson, S. Treves, 
F. Zorzato, F. Lehmann-Horn, and W. Melzer. 2006. A possible 
role of the junctional face protein JP-45 in modulating Ca2+ re-
lease in skeletal muscle. J. Physiol. 572:269–280. http://dx.doi
.org/10.1113/jphysiol.2005.104406

Györke, S., S.C.W. Stevens, and D. Terentyev. 2009. Cardiac calse-
questrin: quest inside the SR. J. Physiol. 587:3091–3094. http://
dx.doi.org/10.1113/jphysiol.2009.172049

Hong, C.-S., S.-J. Kwon, M.-C. Cho, Y.-G. Kwak, K.-C. Ha, B. Hong, H. 
Li, S.-W. Chae, O.H. Chai, C.H. Song, et al. 2008. Overexpression 
of junctate induces cardiac hypertrophy and arrhythmia via al-
tered calcium handling. J. Mol. Cell. Cardiol. 44:672–682. http://
dx.doi.org/10.1016/j.yjmcc.2008.01.012

Hwang, J.H., F. Zorzato, N.F. Clarke, and S. Treves. 2012. Mapping 
domains and mutations on the skeletal muscle ryanodine recep-
tor channel. Trends Mol. Med. 18:644–657. http://dx.doi.org/10
.1016/j.molmed.2012.09.006

Jiang, D., R. Wang, B. Xiao, H. Kong, D.J. Hunt, P. Choi, L. Zhang, 
and S.R.W. Chen. 2005. Enhanced store overload-induced Ca2+ 
release and channel sensitivity to luminal Ca2+ activation are com-
mon defects of RyR2 mutations linked to ventricular tachycardia 
and sudden death. Circ. Res. 97:1173–1181. http://dx.doi.org/10
.1161/01.RES.0000192146.85173.4b

Jiang, D., W. Chen, R. Wang, L. Zhang, and S.R.W. Chen. 2007. Loss 
of luminal Ca2+ activation in the cardiac ryanodine receptor is 
associated with ventricular fibrillation and sudden death. Proc. 
Natl. Acad. Sci. USA. 104:18309–18314. http://dx.doi.org/10.1073/
pnas.0706573104

Jones, L.R., Y.J. Suzuki, W. Wang, Y.M. Kobayashi, V. Ramesh, 
C. Franzini-Armstrong, L. Cleemann, and M. Morad. 1998. 
Regulation of Ca2+ signaling in transgenic mouse cardiac myo-
cytes overexpressing calsequestrin. J. Clin. Invest. 101:1385–1393. 
http://dx.doi.org/10.1172/JCI1362

Kirsch, W.G., D. Uttenweiler, and R.H. Fink. 2001. Spark- and em-
ber-like elementary Ca2+ release events in skinned fibres of adult 
mammalian skeletal muscle. J. Physiol. 537:379–389. http://dx.doi
.org/10.1111/j.1469-7793.2001.00379.x

Kohl, T., and S.E. Lehnart. 2013. Imaging T-tubules: dynamic mem-
brane structures for deep functions. Cardiovasc. Res. 98:162–164. 
http://dx.doi.org/10.1093/cvr/cvt058

Kraeva, N., E. Zvaritch, W. Frodis, O. Sizova, A. Kraev, D.H. MacLennan, 
and S. Riazi. 2013a. CASQ1 gene is an unlikely candidate for 

Ca2+, Mg2+, and ATP. Am. J. Physiol. Cell Physiol. 294:C1103–C1112. 
http://dx.doi.org/10.1152/ajpcell.90642.2007

Dietze, B., J. Henke, H.M. Eichinger, F. Lehmann-Horn, and W. Melzer. 
2000. Malignant hyperthermia mutation Arg615Cys in the porcine  
ryanodine receptor alters voltage dependence of Ca2+ release. 
J. Physiol. 526:507–514. http://dx.doi.org/10.1111/j.1469-7793
.2000.t01-1-00507.x

Divet, A., S. Paesante, C. Grasso, D. Cavagna, C. Tiveron, C. Paolini, 
F. Protasi, C. Huchet-Cadiou, S. Treves, and F. Zorzato. 2007. 
Increased Ca2+ storage capacity of the skeletal muscle sarcoplas-
mic reticulum of transgenic mice over-expressing membrane 
bound calcium binding protein junctate. J. Cell. Physiol. 213:464–
474. http://dx.doi.org/10.1002/jcp.21121

Dowling, J.J., M.W. Lawlor, and R.T. Dirksen. 2014. Triadopathies: an 
emerging class of skeletal muscle diseases. Neurotherapeutics. 11:773–
785. http://dx.doi.org/10.1007/s13311-014-0300-3

Duke, A.M., P.M. Hopkins, S.C. Calaghan, J.P. Halsall, and D.S. 
Steele. 2010. Store-operated Ca2+ entry in malignant hyperther-
mia-susceptible human skeletal muscle. J. Biol. Chem. 285:25645–
25653. http://dx.doi.org/10.1074/jbc.M110.104976

Dulhunty, A., L. Wei, and N. Beard. 2009. Junctin - the quiet achiever. 
J. Physiol. 587:3135–3137. http://dx.doi.org/10.1113/jphysiol.2009
.171959

Durham, W.J., X.H.T. Wehrens, S. Sood, and S.L. Hamilton. 
2007. Diseases associated with altered ryanodine receptor ac-
tivity. In Calcium Signalling and Disease: Molecular Pathology of 
Calcium. Subcellular Biochemistry. Vol. 45. E. Carafoli, and M. 
Brini, editors. Springer, New York. 273–321. http://dx.doi.org/ 
10.1007/978-1-4020-6191-2_10

Eltit, J.M., W. Feng, J.R. Lopez, I.T. Padilla, I.N. Pessah, T.F. Molinski, 
B.R. Fruen, P.D. Allen, and C.F. Perez. 2010a. Ablation of skeletal 
muscle triadin impairs FKBP12/RyR1 channel interactions essential 
for maintaining resting cytoplasmic Ca2+. J. Biol. Chem. 285:38453–
38462. http://dx.doi.org/10.1074/jbc.M110.164525

Eltit, J.M., T. Yang, H. Li, T.F. Molinski, I.N. Pessah, P.D. Allen, and 
J.R. Lopez. 2010b. RyR1-mediated Ca2+ leak and Ca2+ entry deter-
mine resting intracellular Ca2+ in skeletal myotubes. J. Biol. Chem. 
285:13781–13787. http://dx.doi.org/10.1074/jbc.M110.107300

Eltit, J.M., H. Li, C.W. Ward, T. Molinski, I.N. Pessah, P.D. Allen, 
and J.R. Lopez. 2011. Orthograde dihydropyridine receptor signal 
regulates ryanodine receptor passive leak. Proc. Natl. Acad. Sci. USA. 
108:7046–7051. http://dx.doi.org/10.1073/pnas.1018380108

Endo, M. 2009. Calcium-induced calcium release in skeletal muscle. 
Physiol. Rev. 89:1153–1176. http://dx.doi.org/10.1152/physrev.00040
.2008

Faggioni, M., and B.C. Knollmann. 2012. Calsequestrin 2 and arrhyth-
mias. Am. J. Physiol. Heart Circ. Physiol. 302:H1250–H1260. http://
dx.doi.org/10.1152/ajpheart.00779.2011

Farrell, E.F., A. Antaramian, A. Rueda, A.M. Gómez, and H.H. 
Valdivia. 2003. Sorcin inhibits calcium release and modulates 
excitation-contraction coupling in the heart. J. Biol. Chem. 278:
34660–34666. http://dx.doi.org/10.1074/jbc.M305931200

Feldmeyer, D., W. Melzer, B. Pohl, and P. Zöllner. 1990. Fast gat-
ing kinetics of the slow Ca2+ current in cut skeletal muscle fibres 
of the frog. J. Physiol. 425:347–367. http://dx.doi.org/10.1113/
jphysiol.1990.sp018107

Fénelon, K., C.R.H. Lamboley, N. Carrier, and P.C. Pape. 2012. 
Calcium buffering properties of sarcoplasmic reticulum and cal-
cium-induced Ca2+ release during the quasi-steady level of release 
in twitch fibers from frog skeletal muscle. J. Gen. Physiol. 140:403–
419. http://dx.doi.org/10.1085/jgp.201110730

Franzini-Armstrong, C., F. Protasi, and V. Ramesh. 1999. Shape, size, 
and distribution of Ca2+ release units and couplons in skeletal 
and cardiac muscles. Biophys. J. 77:1528–1539. http://dx.doi.org/
10.1016/S0006-3495(99)77000-1

D
ow

nloaded from
 http://rupress.org/jgp/article-pdf/145/6/459/1794822/jgp_201411321.pdf by guest on 03 D

ecem
ber 2025

http://dx.doi.org/10.1196/annals.1341.007
http://dx.doi.org/10.1196/annals.1341.007
http://dx.doi.org/10.1113/jphysiol.1992.sp019125
http://dx.doi.org/10.1113/jphysiol.1992.sp019125
http://dx.doi.org/10.1016/j.yjmcc.2013.01.011
http://dx.doi.org/10.1126/science.276.5313.800
http://dx.doi.org/10.1085/jgp.102.3.373
http://dx.doi.org/10.1113/jphysiol.2005.104406
http://dx.doi.org/10.1113/jphysiol.2005.104406
http://dx.doi.org/10.1113/jphysiol.2009.172049
http://dx.doi.org/10.1113/jphysiol.2009.172049
http://dx.doi.org/10.1016/j.yjmcc.2008.01.012
http://dx.doi.org/10.1016/j.yjmcc.2008.01.012
http://dx.doi.org/10.1016/j.molmed.2012.09.006
http://dx.doi.org/10.1016/j.molmed.2012.09.006
http://dx.doi.org/10.1161/01.RES.0000192146.85173.4b
http://dx.doi.org/10.1161/01.RES.0000192146.85173.4b
http://dx.doi.org/10.1073/pnas.0706573104
http://dx.doi.org/10.1073/pnas.0706573104
http://dx.doi.org/10.1172/JCI1362
http://dx.doi.org/10.1111/j.1469-7793.2001.00379.x
http://dx.doi.org/10.1111/j.1469-7793.2001.00379.x
http://dx.doi.org/10.1093/cvr/cvt058
http://dx.doi.org/10.1152/ajpcell.90642.2007
http://dx.doi.org/10.1111/j.1469-7793.2000.t01-1-00507.x
http://dx.doi.org/10.1111/j.1469-7793.2000.t01-1-00507.x
http://dx.doi.org/10.1002/jcp.21121
http://dx.doi.org/10.1007/s13311-014-0300-3
http://dx.doi.org/10.1074/jbc.M110.104976
http://dx.doi.org/10.1113/jphysiol.2009.171959
http://dx.doi.org/10.1113/jphysiol.2009.171959
http://dx.doi.org/10.1007/978-1-4020-6191-2_10
http://dx.doi.org/10.1007/978-1-4020-6191-2_10
http://dx.doi.org/10.1074/jbc.M110.164525
http://dx.doi.org/10.1074/jbc.M110.107300
http://dx.doi.org/10.1073/pnas.1018380108
http://dx.doi.org/10.1152/physrev.00040.2008
http://dx.doi.org/10.1152/physrev.00040.2008
http://dx.doi.org/10.1152/ajpheart.00779.2011
http://dx.doi.org/10.1152/ajpheart.00779.2011
http://dx.doi.org/10.1074/jbc.M305931200
http://dx.doi.org/10.1113/jphysiol.1990.sp018107
http://dx.doi.org/10.1113/jphysiol.1990.sp018107
http://dx.doi.org/10.1085/jgp.201110730
http://dx.doi.org/10.1016/S0006-3495(99)77000-1
http://dx.doi.org/10.1016/S0006-3495(99)77000-1


472 Couplonopathies of skeletal and cardiac muscle

Marty, I., J. Fauré, A. Fourest-Lieuvin, S. Vassilopoulos, S. Oddoux, 
and J. Brocard. 2009. Triadin: what possible function 20 years 
later? J. Physiol. 587:3117–3121. http://dx.doi.org/10.1113/
jphysiol.2009.171892

Maxwell, J.T., T.L. Domeier, and L.A. Blatter. 2012. Dantrolene pre-
vents arrhythmogenic Ca2+ release in heart failure. Am. J. Physiol. 
Heart Circ. Physiol. 302:H953–H963. http://dx.doi.org/10.1152/
ajpheart.00936.2011

Meissner, G., and J.S. Henderson. 1987. Rapid calcium release from 
cardiac sarcoplasmic reticulum vesicles is dependent on Ca2+ and 
is modulated by Mg2+, adenine nucleotide, and calmodulin. J. 
Biol. Chem. 262:3065–3073.

Monnier, N., V. Procaccio, P. Stieglitz, and J. Lunardi. 1997. 
Malignant-hyperthermia susceptibility is associated with a muta-
tion of the 1-subunit of the human dihydropyridine-sensitive 
L-type voltage-dependent calcium-channel receptor in skeletal 
muscle. Am. J. Hum. Genet. 60:1316–1325. http://dx.doi.org/
10.1086/515454

Monnier, N., R. Krivosic-Horber, J.-F. Payen, G. Kozak-Ribbens, Y. 
Nivoche, P. Adnet, H. Reyford, and J. Lunardi. 2002. Presence of 
two different genetic traits in malignant hyperthermia families: 
implication for genetic analysis, diagnosis, and incidence of ma-
lignant hyperthermia susceptibility. Anesthesiology. 97:1067–1074. 
http://dx.doi.org/10.1097/00000542-200211000-00007

Monod, J., J. Wyman, and J.P. Changeux. 1965. On the nature of 
allosteric transitions: a plausible model. J. Mol. Biol. 12:88–118. 
http://dx.doi.org/10.1016/S0022-2836(65)80285-6

Mosca, B., O. Delbono, M. Laura Messi, L. Bergamelli, Z.-M.  
Wang, M. Vukcevic, R. Lopez, S. Treves, M. Nishi, H. Takeshima, 
et al. 2013. Enhanced dihydropyridine receptor calcium channel 
activity restores muscle strength in JP45/CASQ1 double knock-
out mice. Nat. Commun. 4:1541. http://dx.doi.org/10.1038/
ncomms2496

Nakai, J., R.T. Dirksen, H.T. Nguyen, I.N. Pessah, K.G. Beam, and 
P.D. Allen. 1996. Enhanced dihydropyridine receptor channel 
activity in the presence of ryanodine receptor. Nature. 380:72–75. 
http://dx.doi.org/10.1038/380072a0

Oddoux, S., J. Brocard, A. Schweitzer, P. Szentesi, B. Giannesini, 
J. Brocard, J. Fauré, K. Pernet-Gallay, D. Bendahan, J. Lunardi,  
et al. 2009. Triadin deletion induces impaired skeletal muscle 
function. J. Biol. Chem. 284:34918–34929. http://dx.doi.org/10
.1074/jbc.M109.022442

Olojo, R.O., A.P. Ziman, E.O. Hernández-Ochoa, P.D. Allen, M.F. 
Schneider, and C.W. Ward. 2011. Mice null for calsequestrin 1 
exhibit deficits in functional performance and sarcoplasmic re-
ticulum calcium handling. PLoS ONE. 6:e27036. http://dx.doi
.org/10.1371/journal.pone.0027036

Paolini, C., M. Quarta, A. Nori, S. Boncompagni, M. Canato, P. Volpe, 
P.D. Allen, C. Reggiani, and F. Protasi. 2007. Reorganized stores 
and impaired calcium handling in skeletal muscle of mice lack-
ing calsequestrin-1. J. Physiol. 583:767–784. http://dx.doi.org/10
.1113/jphysiol.2007.138024

Pape, P.C., D.S. Jong, W.K. Chandler, and S.M. Baylor. 1993. Effect 
of fura-2 on action potential-stimulated calcium release in cut 
twitch fibers from frog muscle. J. Gen. Physiol. 102:295–332. http://
dx.doi.org/10.1085/jgp.102.2.295

Paul-Pletzer, K., T. Yamamoto, M.B. Bhat, J. Ma, N. Ikemoto, L.S. 
Jimenez, H. Morimoto, P.G. Williams, and J. Parness. 2002. 
Identification of a dantrolene-binding sequence on the skeletal 
muscle ryanodine receptor. J. Biol. Chem. 277:34918–34923. http://
dx.doi.org/10.1074/jbc.M205487200

Percival, A.L., A.J. Williams, J.L. Kenyon, M.M. Grinsell, J.A. Airey, 
and J.L. Sutko. 1994. Chicken skeletal muscle ryanodine receptor 
isoforms: ion channel properties. Biophys. J. 67:1834–1850. http://
dx.doi.org/10.1016/S0006-3495(94)80665-4

malignant hyperthermia susceptibility in the North American 
population. Anesthesiology. 118:344–349.

Kraeva, N., E. Zvaritch, A.E. Rossi, S.A. Goonasekera, H. Zaid, W. 
Frodis, A. Kraev, R.T. Dirksen, D.H. Maclennan, and S. Riazi. 
2013b. Novel excitation-contraction uncoupled RYR1 mutations in 
patients with central core disease. Neuromuscul. Disord. 23:120–132.

Krause, T., M.U. Gerbershagen, M. Fiege, R. Weisshorn, and F. 
Wappler. 2004. Dantrolene—a review of its pharmacology, 
therapeutic use and new developments. Anaesthesia. 59:364–373. 
http://dx.doi.org/10.1111/j.1365-2044.2004.03658.x

Lännergren, J., J.D. Bruton, and H. Westerblad. 2000. Vacuole for-
mation in fatigued skeletal muscle fibres from frog and mouse: ef-
fects of extracellular lactate. J. Physiol. 526:597–611. http://dx.doi
.org/10.1111/j.1469-7793.2000.00597.x

Lännergren, J., H. Westerblad, and J.D. Bruton. 2002. Dynamic vacu-
olation in skeletal muscle fibres after fatigue. Cell Biol. Int. 26:911–
920. http://dx.doi.org/10.1006/cbir.2002.0941

Launikonis, B.S., J. Zhou, L. Royer, T.R. Shannon, G. Brum, and E. 
Ríos. 2006. Depletion “skraps” and dynamic buffering inside the 
cellular calcium store. Proc. Natl. Acad. Sci. USA. 103:2982–2987. 
http://dx.doi.org/10.1073/pnas.0511252103

Laver, D.R. 2007. Ca2+ stores regulate ryanodine receptor Ca2+ release 
channels via luminal and cytosolic Ca2+ sites. Clin. Exp. Pharmacol. 
Physiol. 34:889–896. http://dx.doi.org/10.1111/j.1440-1681.2007
.04708.x

Laver, D.R., C.H.T. Kong, M.S. Imtiaz, and M.B. Cannell. 2013. 
Termination of calcium-induced calcium release by induction 
decay: an emergent property of stochastic channel gating and mo-
lecular scale architecture. J. Mol. Cell. Cardiol. 54:98–100. http://
dx.doi.org/10.1016/j.yjmcc.2012.10.009

Lehnart, S.E., X.H.T. Wehrens, S. Reiken, S. Warrier, A.E. Belevych, 
R.D. Harvey, W. Richter, S.-L.C. Jin, M. Conti, and A.R. Marks. 
2005. Phosphodiesterase 4D deficiency in the ryanodine-receptor 
complex promotes heart failure and arrhythmias. Cell. 123:25–35. 
http://dx.doi.org/10.1016/j.cell.2005.07.030

Lopez, J.R., L.A. Alamo, D.E. Jones, L. Papp, P.D. Allen, J. Gergely, 
and F.A. Sréter. 1986. [Ca2+]i in muscles of malignant hyperther-
mia susceptible pigs determined in vivo with Ca2+ selective micro-
electrodes. Muscle Nerve. 9:85–86.

Loy, R.E., M. Orynbayev, L. Xu, Z. Andronache, S. Apostol, E. 
Zvaritch, D.H. MacLennan, G. Meissner, W. Melzer, and R.T. 
Dirksen. 2011. Muscle weakness in Ryr1I4895T/WT knock-in mice 
as a result of reduced ryanodine receptor Ca2+ ion permeation and 
release from the sarcoplasmic reticulum. J. Gen. Physiol. 137:43–57.

Lüttgau, H.C., G. Gottschalk, L. Kovács, and M. Fuxreiter. 1983. How 
perchlorate improves excitation-contraction coupling in skel-
etal muscle fibers. Biophys. J. 43:247–249. http://dx.doi.org/10
.1016/S0006-3495(83)84346-X

Ma, J., K. Anderson, R. Shirokov, R. Levis, A. González, M. Karhanek, 
M.M. Hosey, G. Meissner, and E. Ríos. 1993. Effects of perchlorate 
on the molecules of excitation-contraction coupling of skeletal and 
cardiac muscle. J. Gen. Physiol. 102:423–448. http://dx.doi.org/10
.1085/jgp.102.3.423

MacLennan, D.H., and S.R.W. Chen. 2009. Store overload-induced 
Ca2+ release as a triggering mechanism for CPVT and MH episodes 
caused by mutations in RYR and CASQ genes. J. Physiol. 587:3113–
3115. http://dx.doi.org/10.1113/jphysiol.2009.172155

MacLennan, D.H., and E. Zvaritch. 2011. Mechanistic models for 
muscle diseases and disorders originating in the sarcoplasmic re-
ticulum. Biochim. Biophys. Acta. 1813:948–964. http://dx.doi.org/
10.1016/j.bbamcr.2010.11.009

Marks, T.N., and S.W. Jones. 1992. Calcium currents in the A7r5 
smooth muscle-derived cell line. An allosteric model for calcium 
channel activation and dihydropyridine agonist action. J. Gen. 
Physiol. 99:367–390. http://dx.doi.org/10.1085/jgp.99.3.367

D
ow

nloaded from
 http://rupress.org/jgp/article-pdf/145/6/459/1794822/jgp_201411321.pdf by guest on 03 D

ecem
ber 2025

http://dx.doi.org/10.1113/jphysiol.2009.171892
http://dx.doi.org/10.1113/jphysiol.2009.171892
http://dx.doi.org/10.1152/ajpheart.00936.2011
http://dx.doi.org/10.1152/ajpheart.00936.2011
http://dx.doi.org/10.1086/515454
http://dx.doi.org/10.1086/515454
http://dx.doi.org/10.1097/00000542-200211000-00007
http://dx.doi.org/10.1016/S0022-2836(65)80285-6
http://dx.doi.org/10.1038/ncomms2496
http://dx.doi.org/10.1038/ncomms2496
http://dx.doi.org/10.1038/380072a0
http://dx.doi.org/10.1074/jbc.M109.022442
http://dx.doi.org/10.1074/jbc.M109.022442
http://dx.doi.org/10.1371/journal.pone.0027036
http://dx.doi.org/10.1371/journal.pone.0027036
http://dx.doi.org/10.1113/jphysiol.2007.138024
http://dx.doi.org/10.1113/jphysiol.2007.138024
http://dx.doi.org/10.1085/jgp.102.2.295
http://dx.doi.org/10.1085/jgp.102.2.295
http://dx.doi.org/10.1074/jbc.M205487200
http://dx.doi.org/10.1074/jbc.M205487200
http://dx.doi.org/10.1016/S0006-3495(94)80665-4
http://dx.doi.org/10.1016/S0006-3495(94)80665-4
http://dx.doi.org/10.1111/j.1365-2044.2004.03658.x
http://dx.doi.org/10.1111/j.1469-7793.2000.00597.x
http://dx.doi.org/10.1111/j.1469-7793.2000.00597.x
http://dx.doi.org/10.1006/cbir.2002.0941
http://dx.doi.org/10.1073/pnas.0511252103
http://dx.doi.org/10.1111/j.1440-1681.2007.04708.x
http://dx.doi.org/10.1111/j.1440-1681.2007.04708.x
http://dx.doi.org/10.1016/j.yjmcc.2012.10.009
http://dx.doi.org/10.1016/j.yjmcc.2012.10.009
http://dx.doi.org/10.1016/j.cell.2005.07.030
http://dx.doi.org/10.1016/S0006-3495(83)84346-X
http://dx.doi.org/10.1016/S0006-3495(83)84346-X
http://dx.doi.org/10.1085/jgp.102.3.423
http://dx.doi.org/10.1085/jgp.102.3.423
http://dx.doi.org/10.1113/jphysiol.2009.172155
http://dx.doi.org/10.1016/j.bbamcr.2010.11.009
http://dx.doi.org/10.1016/j.bbamcr.2010.11.009
http://dx.doi.org/10.1085/jgp.99.3.367


� Ríos et al. 473

Miller, et al. 2007. Triadins modulate intracellular Ca2+ homeo-
stasis but are not essential for excitation-contraction coupling in 
skeletal muscle. J. Biol. Chem. 282:37864–37874. http://dx.doi
.org/10.1074/jbc.M705702200

Shirokova, N., R. Shirokov, D. Rossi, A. González, W.G. Kirsch, J. García, 
V. Sorrentino, and E. Ríos. 1999. Spatially segregated control of Ca2+ 
release in developing skeletal muscle of mice. J. Physiol. 521:483–
495. http://dx.doi.org/10.1111/j.1469-7793.1999.00483.x

Sigworth, F.J. 1994. Voltage gating of ion channels. Q. Rev. Biophys. 
27:1–40. http://dx.doi.org/10.1017/S0033583500002894

Srikanth, S., M. Jew, K.-D. Kim, M.-K. Yee, J. Abramson, and Y. Gwack. 
2012. Junctate is a Ca2+-sensing structural component of Orai1 and 
stromal interaction molecule 1 (STIM1). Proc. Natl. Acad. Sci. USA. 
109:8682–8687. http://dx.doi.org/10.1073/pnas.1200667109

Stern, M.D., G. Pizarro, and E. Ríos. 1997. Local control model of 
excitation-contraction coupling in skeletal muscle. J. Gen. Physiol. 
110:415–440. http://dx.doi.org/10.1085/jgp.110.4.415

Stern, M.D., L.S. Song, H. Cheng, J.S. Sham, H.T. Yang, K.R. 
Boheler, and E. Ríos. 1999. Local control models of cardiac exci-
tation-contraction coupling. A possible role for allosteric interac-
tions between ryanodine receptors. J. Gen. Physiol. 113:469–489. 
http://dx.doi.org/10.1085/jgp.113.3.469

Szentesi, P., C. Collet, S. Sárközi, C. Szegedi, I. Jona, V. Jacquemond, 
L. Kovács, and L. Csernoch. 2001. Effects of dantrolene on steps  
of excitation-contraction coupling in mammalian skeletal muscle 
fibers. J. Gen. Physiol. 118:355–376. http://dx.doi.org/10.1085/
jgp.118.4.355

Sztretye, M., J. Yi, L. Figueroa, J. Zhou, L. Royer, P. Allen, G. Brum, 
and E. Ríos. 2011. Measurement of RyR permeability reveals a role 
of calsequestrin in termination of SR Ca2+ release in skeletal mus-
cle. J. Gen. Physiol. 138:231–247. http://dx.doi.org/10.1085/jgp
.201010592

Tijskens, P., L.R. Jones, and C. Franzini-Armstrong. 2003. Junctin 
and calsequestrin overexpression in cardiac muscle: the role of 
junctin and the synthetic and delivery pathways for the two pro-
teins. J. Mol. Cell. Cardiol. 35:961–974. http://dx.doi.org/10.1016/
S0022-2828(03)00181-0

Timerman, A.P., T. Jayaraman, G. Wiederrecht, H. Onoue, A.R. 
Marks, and S. Fleischer. 1994. The ryanodine receptor from ca-
nine heart sarcoplasmic reticulum is associated with a novel FK-
506 binding protein. Biochem. Biophys. Res. Commun. 198:701–706. 
http://dx.doi.org/10.1006/bbrc.1994.1101

Toppin, P.J., T.T. Chandy, A. Ghanekar, N. Kraeva, W.S. Beattie, 
and S. Riazi. 2010. A report of fulminant malignant hyperther-
mia in a patient with a novel mutation of the CACNA1S gene. 
Can. J. Anaesth. 57:689–693. http://dx.doi.org/10.1007/s12630-
010-9314-4

Treves, S., H. Jungbluth, F. Muntoni, and F. Zorzato. 2008. 
Congenital muscle disorders with cores: the ryanodine recep-
tor calcium channel paradigm. Curr. Opin. Pharmacol. 8:319–326. 
http://dx.doi.org/10.1016/j.coph.2008.01.005

Treves, S., M. Vukcevic, M. Maj, R. Thurnheer, B. Mosca, and F. 
Zorzato. 2009. Minor sarcoplasmic reticulum membrane compo-
nents that modulate excitation-contraction coupling in striated 
muscles. J. Physiol. 587:3071–3079. http://dx.doi.org/10.1113/
jphysiol.2009.171876

Tsugorka, A., E. Ríos, and L.A. Blatter. 1995. Imaging elemen-
tary events of calcium release in skeletal muscle cells. Science. 
269:1723–1726. http://dx.doi.org/10.1126/science.7569901

Venetucci, L., M. Denegri, C. Napolitano, and S.G. Priori. 2012. 
Inherited calcium channelopathies in the pathophysiology of ar-
rhythmias. Nat. Rev. Cardiol. 9:561–575. http://dx.doi.org/10.1038/
nrcardio.2012.93

Wang, X., N. Weisleder, C. Collet, J. Zhou, Y. Chu, Y. Hirata, X. Zhao, 
Z. Pan, M. Brotto, H. Cheng, and J. Ma. 2005. Uncontrolled calcium 

Perni, S., M. Close, and C. Franzini-Armstrong. 2013. Novel details 
of calsequestrin gel conformation in situ. J. Biol. Chem. 288:31358–
31362. http://dx.doi.org/10.1074/jbc.M113.507749

Pirone, A., J. Schredelseker, P. Tuluc, E. Gravino, G. Fortunato, 
B.E. Flucher, A. Carsana, F. Salvatore, and M. Grabner. 2010. 
Identification and functional characterization of malignant hyper-
thermia mutation T1354S in the outer pore of the Cav1S-subunit. 
Am. J. Physiol. Cell Physiol. 299:C1345–C1354. http://dx.doi.org/
10.1152/ajpcell.00008.2010

Priori, S.G., and S.R.W. Chen. 2011. Inherited dysfunction of  
sarcoplasmic reticulum Ca2+ handling and arrhythmogenesis. 
Circ. Res. 108:871–883. http://dx.doi.org/10.1161/CIRCRESAHA
.110.226845

Priori, S.G., C. Napolitano, M. Memmi, B. Colombi, F. Drago, M. 
Gasparini, L. DeSimone, F. Coltorti, R. Bloise, R. Keegan, et al. 2002. 
Clinical and molecular characterization of patients with catechol-
aminergic polymorphic ventricular tachycardia. Circulation. 106:69–
74. http://dx.doi.org/10.1161/01.CIR.0000020013.73106.D8

Pritchard, T.J., and E.G. Kranias. 2009. Junctin and the histidine-rich 
Ca2+ binding protein: potential roles in heart failure and arrhyth-
mogenesis. J. Physiol. 587:3125–3133. http://dx.doi.org/10.1113/
jphysiol.2009.172171

Prosser, B.L., E.O. Hernández-Ochoa, and M.F. Schneider. 2011. 
S100A1 and calmodulin regulation of ryanodine receptor in stri-
ated muscle. Cell Calcium. 50:323–331. http://dx.doi.org/10.1016/j
.ceca.2011.06.001

Protasi, F., C. Paolini, and M. Dainese. 2009. Calsequestrin-1: a new 
candidate gene for malignant hyperthermia and exertional/ 
environmental heat stroke. J. Physiol. 587:3095–3100. http://
dx.doi.org/10.1113/jphysiol.2009.171967

Qin, J., G. Valle, A. Nani, A. Nori, N. Rizzi, S.G. Priori, P. Volpe, and 
M. Fill. 2008. Luminal Ca2+ regulation of single cardiac ryanodine 
receptors: insights provided by calsequestrin and its mutants. J. Gen. 
Physiol. 131:325–334. http://dx.doi.org/10.1085/jgp.200709907

Qin, J., G. Valle, A. Nani, H. Chen, J. Ramos-Franco, A. Nori, P. 
Volpe, and M. Fill. 2009. Ryanodine receptor luminal Ca2+ regu-
lation: swapping calsequestrin and channel isoforms. Biophys. J. 
97:1961–1970. http://dx.doi.org/10.1016/j.bpj.2009.07.030

Rebbeck, R.T., Y. Karunasekara, P.G. Board, N.A. Beard, M.G. 
Casarotto, and A.F. Dulhunty. 2014. Skeletal muscle excitation-con-
traction coupling: who are the dancing partners? Int. J. Biochem. Cell 
Biol. 48:28–38. http://dx.doi.org/10.1016/j.biocel.2013.12.001

Ríos, E. 2010. The cell boundary theorem: a simple law of the control 
of cytosolic calcium concentration. J. Physiol. Sci. 60:81–84. http://
dx.doi.org/10.1007/s12576-009-0069-z

Ríos, E., M. Karhanek, J. Ma, and A. González. 1993. An allosteric 
model of the molecular interactions of excitation-contraction cou-
pling in skeletal muscle. J. Gen. Physiol. 102:449–481. http://dx.doi
.org/10.1085/jgp.102.3.449

Rossi, D., B. Vezzani, L. Galli, C. Paolini, L. Toniolo, E. Pierantozzi, 
S. Spinozzi, V. Barone, E. Pegoraro, L. Bello, et al. 2014. A muta-
tion in the CASQ1 gene causes a vacuolar myopathy with accumula-
tion of sarcoplasmic reticulum protein aggregates. Hum. Mutat. 
35:1163–1170. http://dx.doi.org/10.1002/humu.22631

Roux-Buisson, N., M. Cacheux, A. Fourest-Lieuvin, J. Fauconnier, 
J. Brocard, I. Denjoy, P. Durand, P. Guicheney, F. Kyndt, A. 
Leenhardt, et al. 2012. Absence of triadin, a protein of the cal-
cium release complex, is responsible for cardiac arrhythmia with 
sudden death in human. Hum. Mol. Genet. 21:2759–2767. http://
dx.doi.org/10.1093/hmg/dds104

Scriven, D.R.L., P. Asghari, and E.D.W. Moore. 2013. Microarchitecture 
of the dyad. Cardiovasc. Res. 98:169–176. http://dx.doi.org/
10.1093/cvr/cvt025

Shen, X., C. Franzini-Armstrong, J.R. Lopez, L.R. Jones, Y.M. 
Kobayashi, Y. Wang, W.G.L. Kerrick, A.H. Caswell, J.D. Potter, T. 

D
ow

nloaded from
 http://rupress.org/jgp/article-pdf/145/6/459/1794822/jgp_201411321.pdf by guest on 03 D

ecem
ber 2025

http://dx.doi.org/10.1074/jbc.M705702200
http://dx.doi.org/10.1074/jbc.M705702200
http://dx.doi.org/10.1111/j.1469-7793.1999.00483.x
http://dx.doi.org/10.1017/S0033583500002894
http://dx.doi.org/10.1073/pnas.1200667109
http://dx.doi.org/10.1085/jgp.110.4.415
http://dx.doi.org/10.1085/jgp.113.3.469
http://dx.doi.org/10.1085/jgp.118.4.355
http://dx.doi.org/10.1085/jgp.118.4.355
http://dx.doi.org/10.1085/jgp.201010592
http://dx.doi.org/10.1085/jgp.201010592
http://dx.doi.org/10.1016/S0022-2828(03)00181-0
http://dx.doi.org/10.1016/S0022-2828(03)00181-0
http://dx.doi.org/10.1006/bbrc.1994.1101
http://dx.doi.org/10.1007/s12630-010-9314-4
http://dx.doi.org/10.1007/s12630-010-9314-4
http://dx.doi.org/10.1016/j.coph.2008.01.005
http://dx.doi.org/10.1113/jphysiol.2009.171876
http://dx.doi.org/10.1113/jphysiol.2009.171876
http://dx.doi.org/10.1126/science.7569901
http://dx.doi.org/10.1038/nrcardio.2012.93
http://dx.doi.org/10.1038/nrcardio.2012.93
http://dx.doi.org/10.1074/jbc.M113.507749
http://dx.doi.org/10.1152/ajpcell.00008.2010
http://dx.doi.org/10.1152/ajpcell.00008.2010
http://dx.doi.org/10.1161/CIRCRESAHA.110.226845
http://dx.doi.org/10.1161/CIRCRESAHA.110.226845
http://dx.doi.org/10.1161/01.CIR.0000020013.73106.D8
http://dx.doi.org/10.1113/jphysiol.2009.172171
http://dx.doi.org/10.1113/jphysiol.2009.172171
http://dx.doi.org/10.1016/j.ceca.2011.06.001
http://dx.doi.org/10.1016/j.ceca.2011.06.001
http://dx.doi.org/10.1113/jphysiol.2009.171967
http://dx.doi.org/10.1113/jphysiol.2009.171967
http://dx.doi.org/10.1085/jgp.200709907
http://dx.doi.org/10.1016/j.bpj.2009.07.030
http://dx.doi.org/10.1016/j.biocel.2013.12.001
http://dx.doi.org/10.1007/s12576-009-0069-z
http://dx.doi.org/10.1007/s12576-009-0069-z
http://dx.doi.org/10.1085/jgp.102.3.449
http://dx.doi.org/10.1085/jgp.102.3.449
http://dx.doi.org/10.1002/humu.22631
http://dx.doi.org/10.1093/hmg/dds104
http://dx.doi.org/10.1093/hmg/dds104
http://dx.doi.org/10.1093/cvr/cvt025
http://dx.doi.org/10.1093/cvr/cvt025


474 Couplonopathies of skeletal and cardiac muscle

sparks act as a dystrophic signal for mammalian skeletal muscle. 
Nat. Cell Biol. 7:525–530. http://dx.doi.org/10.1038/ncb1254

Wehrens, X.H.T., S.E. Lehnart, S.R. Reiken, and A.R. Marks. 2004. 
Ca2+/calmodulin-dependent protein kinase II phosphorylation 
regulates the cardiac ryanodine receptor. Circ. Res. 94:e61–e70. 
http://dx.doi.org/10.1161/01.RES.0000125626.33738.E2

Whitehead, E. 1970. The regulation of enzyme activity and alloste-
ric transition. Prog. Biophys. Mol. Biol. 21:321–397. http://dx.doi
.org/10.1016/0079-6107(70)90028-3

Yasuda, T., O. Delbono, Z.-M. Wang, M.L. Messi, T. Girard, A. 
Urwyler, S. Treves, and F. Zorzato. 2013. JP-45/JSRP1 variants af-
fect skeletal muscle excitation-contraction coupling by decreas-
ing the sensitivity of the dihydropyridine receptor. Hum. Mutat. 
34:184–190. http://dx.doi.org/10.1002/humu.22209

Yuan, Q., G.-C. Fan, M. Dong, B. Altschafl, A. Diwan, X. Ren, 
H.H. Hahn, W. Zhao, J.R. Waggoner, L.R. Jones, et al. 2007. 
Sarcoplasmic reticulum calcium overloading in junctin defi-
ciency enhances cardiac contractility but increases ventricular au-
tomaticity. Circulation. 115:300–309. http://dx.doi.org/10.1161/
CIRCULATIONAHA.106.654699

Zamiri, N., S. Massé, A. Ramadeen, M. Kusha, X. Hu, M.A. Azam, J. 
Liu, P.F.H. Lai, E.J. Vigmond, P.M. Boyle, et al. 2014. Dantrolene im-
proves survival after ventricular fibrillation by mitigating impaired 
calcium handling in animal models. Circulation. 129:875–885. 
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.005443

Zhang, L., J. Kelley, G. Schmeisser, Y.M. Kobayashi, and L.R. Jones. 
1997. Complex formation between junctin, triadin, calsequestrin, 
and the ryanodine receptor. Proteins of the cardiac junctional 
sarcoplasmic reticulum membrane. J. Biol. Chem. 272:23389–23397. 
http://dx.doi.org/10.1074/jbc.272.37.23389

Zhao, Y.T., C.R. Valdivia, G.B. Gurrola, P.P. Powers, B.C. Willis, R.L. 
Moss, J. Jalife, and H.H. Valdivia. 2015. Arrhythmogenesis in a cate-
cholaminergic polymorphic ventricular tachycardia mutation that 
depresses ryanodine receptor function. Proc. Natl. Acad. Sci. USA. 
112:E1669–E1677. http://dx.doi.org/10.1073/pnas.1419795112

Zhou, J., J. Yi, L. Royer, B.S. Launikonis, A. González, J. García, and 
E. Ríos. 2006. A probable role of dihydropyridine receptors in 
repression of Ca2+ sparks demonstrated in cultured mammalian 
muscle. Am. J. Physiol. Cell Physiol. 290:C539–C553. http://dx.doi
.org/10.1152/ajpcell.00592.2004

D
ow

nloaded from
 http://rupress.org/jgp/article-pdf/145/6/459/1794822/jgp_201411321.pdf by guest on 03 D

ecem
ber 2025

http://dx.doi.org/10.1038/ncb1254
http://dx.doi.org/10.1161/01.RES.0000125626.33738.E2
http://dx.doi.org/10.1016/0079-6107(70)90028-3
http://dx.doi.org/10.1016/0079-6107(70)90028-3
http://dx.doi.org/10.1002/humu.22209
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.654699
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.654699
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.005443
http://dx.doi.org/10.1074/jbc.272.37.23389
http://dx.doi.org/10.1073/pnas.1419795112
http://dx.doi.org/10.1152/ajpcell.00592.2004
http://dx.doi.org/10.1152/ajpcell.00592.2004

