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Abstract 
Excitation-contraction (EC) coupling in skeletal and cardiac muscle depends on bi-
directional signaling interactions between sarcolemmal L-type Ca2+ channels (or dihydro-
pyridine receptors, DHPRs) and Ca2+ release channels (or ryanodine receptors, RyRs) of the 
sarcoplasmic reticulum (SR). Mutations in the skeletal muscle RyR (RyR1) result in several 
clinically distinct muscle disorders including malignant hyperthermia (MH), central core 
disease (CCD), multi-minicore disease (MmD), and nemaline rod myopathy (NM). Simi-
larly, two inherited exercise-induced arrhythmogenic disorders, catecholaminergic poly-
morphic ventricular tachycardia (CPVT) and arrhythmogenic right ventricular dysplasia 
type-2 (ARVD2), are linked to mutations in the cardiac isoform of the RyR (RyR2). This 
review examines the genetics, pathophysiology, and clinical/diagnostic characteristics of 
the “ryanodinopathies,” an emerging and eclectic array of clinically distinct muscle disor-
ders that arise from genetic and functional defects in the skeletal and cardiac muscle RyRs. 
Key words: calcium channel, cardiac, excitation-contraction coupling, muscular dystrophy, 
ryanodine receptor, skeletal muscle. 
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Skeletal and cardiac muscle excitation-contraction 
(EC) coupling involves complex signaling interactions 
between sarcolemmal L-type Ca2+ channels (or dihy-
dropyridine receptors, DHPRs) and Ca2+-release chan-
nels (or ryanodine receptors, RyRs) located in the ter-
minal cisternae of the sarcoplasmic reticulum (SR). 
During skeletal muscle EC coupling, action potentials in 
the transverse tubules induce rapid conformational al-
terations in DHPRs that trigger activation of mechani-
cally-coupled RyRs (RyR1) [97, 103], ultimately result-
ing in a massive release of SR Ca2+ into the myoplasm 
(a process termed “orthograde coupling,” [84]). Interest-
ingly, the DHPR-RyR1 interaction is bi-directional in 
skeletal muscle since the Ca2+ channel activity of the 
DHPR is strongly influenced by its interaction with 
RyR1 (termed “retrograde coupling;” [3, 45, 85]. The 
central importance of this bi-directional DHPR-RyR1 
mechanical interaction for skeletal muscle EC coupling 
is emphasized by the observation that point mutations in 
both of these proteins result in several clinically distinct 
human congenital muscle diseases including hypo-
kalemic periodic paralysis, malignant hyperthermia 
(MH), central core disease (CCD), and specific variants 
of both multi-minicore disease (MmD) and nemaline 
rod myopathy (NM). 

SR Ca2+ release channels in cardiac muscle are com-
prised of four identical cardiac RyR monomers (RyR2), 
which exhibit ~66% identity with RyR1 [91]. Similar to 
its skeletal muscle counterpart, RyR2 Ca2+ release 
channels also mediate SR calcium release during EC 
coupling in cardiac muscle [10, 99, 104]. However, 
unlike the skeletal isoform, release channel activation in 
the heart requires Ca2+ influx through sarcolemmal L-
type calcium channels, via a process termed “calcium-
induced calcium release” [26, 27, 83]. Recently, atten-
tion has focused on the roles of altered RyR2 function in 
a subset of autosomal-dominantly inherited arrhyth-
mogenic disorders including catecholaminergic poly-
morphic ventricular tachycardia (CPVT) and arrhyth-
mogenic right ventricular dysplasia type-2 (ARVD2). 
Both of these arrhythmogenic disorders are associated 
with missense mutations in RyR2 and are characterized 
by stress-induced bi-directional or polymorphic ven-
tricular tachycardia [56, 95, 112]. 
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Genetic Diseases Linked to Mutations in the 
Skeletal Muscle Ryanodine Receptor (RYR1) 

Central Core Disease (CCD) and Malignant Hyper-
thermia (MH) 

CCD, the first described human congenital myopathy 
[108], is inherited primarily in an autosomal dominant 
manner, although autosomal recessive forms have also 
been confirmed [51, 79]. Disease progression is either 
mild or static and typically presents with hypotonia and 
proximal muscle weakness during infancy (floppy infant 
syndrome). Clinical severity in adulthood is variable 
from normal to significant muscle weakness and can be 
accompanied by musculoskeletal features, including ky-
phoscoliosis, pes cavus, clubfoot, thoracic deformities, 
and congenital hip dislocation [107]. CCD is diagnosed 
through histochemical identification of amorphous cen-
tral areas (cores) that can extend down the length of 
type 1 muscle fibers. The core regions can be central, 
peripheral or eccentric, are clearly circumscribed, and 
lack mitochondria and oxidative enzymatic activity. 
Electron microscopic analysis of core regions reveals 
disintegration of the contractile machinery and altera-
tions in the structure and content of SR and t-tubule 
membranes [47, 67, 106]. CCD is often, though not al-
ways, associated with malignant hyperthermia (MH), a 
pharmacogenetic disorder of skeletal muscle in which 
depolarizing muscle relaxants (e.g. succinyl choline) 
and inhalation anesthetics (e.g. halothane) trigger un-
controlled Ca2+ release in skeletal muscle. The inci-
dence of MH is estimated to be ~1 in 15,000 anaesthe-
tized children and ~1 in 50,000-100,000 anaesthetized 
adults. MH episodes are characterized by hypermetabo-
lism, skeletal muscle rigidity, hypoxia, extreme eleva-
tion in body temperature, and can be fatal if corrective 
therapy is not initiated promptly [67]. Standardized di-
agnostic in vitro contracture tests (IVCT) for assessing 
human MH susceptibility have been developed and im-
plemented in both North America and Europe. 

MH and CCD are caused by mutations in the gene en-
coding the skeletal muscle ryanodine receptor (RyR1) 
[25, 54, 61]. The RyR1 protein forms a large tetrameric 
Ca2+ release channel located in the terminal cisternae of 
the SR in skeletal muscle that is activated to rapidly in-
crease myoplasmic Ca2+ levels during EC coupling. 
Currently, at least 67 different dominant missense muta-
tions and small deletions in the RyR1 protein are known 
to be associated with MH (43 mutations) and CCD (36 
mutations). Although at least 12 of these RyR1 muta-
tions unequivocally lead to both CCD and MH [25, 87], 
increased MH susceptibility has not been confirmed for 
many of the other CCD mutations. Moreover, three ad-
ditional RyR1 mutations have recently been shown to be 
linked to a recessive form of CCD [30, 51, 69, 79]. 
While CCD is primarily associated with mutations in 
RyR1 (but see also [28, 52]), only ~50-80% of MH 
families can be linked to the RyR1 gene. Consequently, 

alternate candidate genes for MH have also been pro-
posed (including SCN4A, CACNA2, CACNA1S). How-
ever, only two amino acid substitutions of a single, 
highly conserved residue in CACNA1S gene (which en-
codes the α1S-subunit of the skeletal muscle DHPR) 
have been identified among these other candidate loci 
[54, 80]. All of the dominant MH/CCD muta-
tions/deletions are clustered in three distinct areas of the 
RyR1 protein: MH/CCD region 1 (N-terminal region, 
residues 35-614), MH/CCD region 2 (central region, 
residues 2129-2458) and MH/CCD region 3 (C-terminal 
region, residues 3916-4973). Ikemoto and colleagues 
have hypothesized that MH/CCD regions 1 and 2 fold 
together in the 3-dimensional structure of the channel to 
form a key regulatory domain of the channel [49], while 
others have suggested that MH/CCD region 3 contrib-
utes to the transmembrane and pore-forming region of 
the channel [120]. 

The demonstration that both MH and CCD largely 
arise from mutations in RyR1 has sparked considerable 
efforts to characterize the functional effects of these mu-
tations on Ca2+ release channel activity and EC coupling 
in skeletal muscle. Initial studies were performed on the 
porcine model of MH, which arises from an R615C mu-
tation in RyR1. Skeletal myotubes and fiber bundles ob-
tained from MH pigs exhibit enhanced sensitivity to ac-
tivation by calcium, caffeine, 4-chloro-m-cresol, halo-
thane, and reduced inhibition by Mg2+ and Ca2+ (see 
[76] for review). Furthermore, voltage-gated SR Ca2+ 
release in porcine MH muscle is activated at more nega-
tive potentials while the magnitude and voltage depend-
ence of the L-type Ca2+ channel activity is unaltered 
compared to that of control muscle [24, 36, 37]. These 
abnormalities presumably sensitize release channel acti-
vation by inhalation anesthetics and depolarizing skele-
tal-muscle relaxants (for excellent reviews see [54, 61, 
74]. A similar increased sensitization to ligand-activated 
Ca2+ release has also been reported for human myotubes 
[17] and immortalized B-lymphocytes derived from MH 
susceptible individuals [41]. 

Effects of MH mutations on resting Ca2+ levels remain 
controversial. Some studies using porcine MHS skeletal 
muscle fibers report significant elevations in resting 
Ca2+ [2, 62] while others have failed to observe a differ-
ence compared to wild-type [48]. Similar discrepancies 
exist with regard to human MHS muscle as Censier et 
al. (1998) and Brinkmeier et al. (1999) found that rest-
ing Ca2+ levels were unaltered in MH susceptible skele-
tal muscle, while Lopez et al. (1992) reported an eleva-
tion in resting myoplasmic Ca2+ levels in MH patients 
[15, 17, 63]. 

Functional effects of disease mutations located in 
RyR1 MH/CCD regions 1-3 have been explored follow-
ing both heterologous expression in HEK293 or COS-7 
cells [64, 82, 113-115] and homologous expression in 
either cultured C2C12 cells [90] or skeletal myotubes de-
rived from RyR1-knockout (dyspedic) mice [122]. Tre-
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ves et al. (1994) were the first to demonstrate enhanced 
4-chloro-m-cresol sensitivity for MH mutant RyR1 
channels (R615C) heterologously expressed in COS-7 
cells [115]. In the same year, Otsu et al. (1994) reported 
that R615C mutant release channels expressed in C2C12 
cells also exhibited increased sensitivity to activation by 
caffeine and halothane [90]. Tong and colleagues (1997, 
1999) performed an extensive functional analysis on 15 
different MH and CCD mutants heterologously ex-
pressed in HEK293 cells [113, 114]. All of these mu-
tants exhibited enhanced sensitivity to activation by 
both caffeine and halothane. In addition, cells express-
ing the CCD mutants exhibited reduced ER Ca2+ store 
content and enhanced resting Ca2+ levels. These results 
indicate that CCD mutations are unique in being able to 
significantly promote Ca2+ leak from intracellular stores. 
Since RyR1 function in HEK-293 cells may not accu-
rately reflect activity within a muscle environment, a 
similar line of experimentation was conducted following 
homozygous and heterozygous expression of CCD mu-
tant RyR1 proteins in skeletal myotubes derived from 
RyR1-knockout (dyspedic) mice [4, 6]. These studies 
confirmed that many of the CCD mutations in RyR1 
(R164C, I404M, Y523S, R2163H, R2435H, and 
Y4795C) also promote SR Ca2+ leak and store depletion 
following homologous expression in dyspedic myotubes 
[4, 6]. In addition, dyspedic myotubes expressing these 
CCD mutant release channels also exhibited increased 
sensitivity to activation and a decrease in the magnitude 
of voltage-gated Ca2+ release during EC coupling. Re-
markably, strong correlations were found between the 
increased sensitivity to activation by the voltage sensor 
and the 1) increase in resting Ca2+, 2) degree of SR Ca2+ 
store depletion, and 3) magnitude of voltage-gated Ca2+ 
release [4]. Results from these studies clearly indicate 
that MH/CCD mutations located in regions 1 and 2 (and 
Y4795C in MH/CCD region 3) promote varying de-
grees of Ca2+ leak through the release channel, which 
ultimately leads to a significant reduction in releasable 
SR/ER Ca2+. 

Recently, Allen and colleagues (2003) conducted a se-
ries of similar homologous expression experiments us-
ing several MH-selective mutations in RyR1 (G342R, 
R615C, R2163C, V2168M, R2458H, and T4825I) 
[122]. This study found that release channel sensitivity 
to activation by KCl depolarization, caffeine, and 4-
chloro-m-cresol were each increased following expres-
sion of the MH mutants in dyspedic myotubes. How-
ever, while the magnitude of caffeine and 4-chloro-m-
cresol-induced Ca2+ release was reduced, maximal 
depolarization-induced release was increased by each of 
the MH mutations tested; a result fundamentally differ-
ent from that observed for the CCD mutations in RyR1 
that promote SR Ca2+ leak [4]. 

Originally, RyR1 disease mutations were reported 
only in MH/CCD regions 1 and 2. However, Lynch et 
al. (1999) identified a mutation in the extreme C-

terminal region of RyR1 (I4898T) that results in an un-
usually severe and highly penetrant form of CCD [64], 
but did not appear to result in clinical MH. As a result, 
several subsequent genetic studies recruited CCD kin-
dreds based solely on clinically and morphologically 
expressed CCD rather than MH susceptibility [22, 79, 
81, 102, 110]. These studies identified an additional 27 
CCD mutations in the C-terminal region of RyR1 
(MH/CCD region 3). Thus, MH/CCD region 3 repre-
sents a primary molecular hot-spot for CCD. In addi-
tion, several MH-selective mutations have now been 
identified in this region [16, 38, 92]. 

Similar to that observed for CCD mutations in 
MH/CCD regions 1 and 2, ER Ca2+ leak was also en-
hanced following expression of I4897T mutant rabbit 
RyR1 proteins (analogous to the human I4898T muta-
tion) in HEK293 cells [64]. In contrast, homologous ex-
pression of I4897T-containing release channels in 
dyspedic myotubes did not promote SR Ca2+ leak. How-
ever, voltage-gated Ca2+ release was either absent or re-
duced by 50% following expression in dyspedic myo-
tubes of I4897T alone or in combination with wild-type 
RyR1, respectively [5]. Thus, the I4897T mutation ex-
erts a dominant-negative reduction in voltage-gated SR 
Ca2+ release, consistent with the autosomal-dominant 
nature of this disorder. The reduction in Ca2+ release 
during skeletal muscle EC coupling is mechanistically 
distinct from the behavior of leaky CCD mutant chan-
nels and reflects a functional uncoupling of excitation 
from the efficient release of SR Ca2+ (termed EC un-
coupling) [5]. Importantly, these results indicate that 
I4897T-containing release channels in skeletal muscle 
are not excessively leaky to Ca2+, as found by Lynch et 
al. (1999) in HEK-293 cells, but rather, release calcium 
inefficiently following activation by sarcolemmal 
DHPRs. Thus, as RyR1 function is strongly influenced 
by numerous relatively muscle-specific factors (e.g. 
skeletal DHPR, triadin, calsequestrin, FKBP12), caution 
should be made with regard to effects of disease muta-
tions on RyR1 function assessed exclusively using in 
vitro and heterologous expression approaches. 

Interestingly, single channel measurements of muta-
tions in I4897 and neighboring amino acids have pro-
vided strong evidence that this region of the protein 
comprises the pore-lining region of the channel [39, 
123]. Consistent with this idea, several other CCD mu-
tations in this sub-region of MH/CCD region 3 (includ-
ing G4890R, R4892W, G4898E, G4898R, A4905R, 
R4913G) all result in varying degrees of EC uncou-
pling, suggesting that the pore region of RyR1 repre-
sents a primary molecular locus of the EC uncoupling 
mechanism [6]. It will be important for future work to 
determine the functional effects (e.g. leaky or EC un-
coupling) of mutations in MH/CCD region 3 that are 
located clearly outside the channel’s narrow selectivity 
filter. 
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While considerable advancements in understanding 
MH and CCD pathophysiology have been made over 
the past several years, many questions still remain unan-
swered. For one, why are resting Ca2+ levels elevated 
following expression of CCD and/or MH mutants that 
promote SR Ca2+ leak if long-term resting Ca2+ levels 
are ultimately determined by net Ca2+ transport across 
the sarcolemma? One possible explanation could be that 
SR Ca2+ depletion activates a store-operated Ca2+ entry 
(SOC) pathway that may contribute to an overall in-
crease in net Ca2+ entry. In fact, recent evidence sup-
ports the presence of a SOC pathway activated by 
graded store depletion in skeletal muscle [57]. Alterna-
tively, changes in myoplasmic ATP levels secondary to 
disrupted mitochondrial function within core regions 
might result in reduced sarcolemmal Ca2+-ATPase ac-
tivity and a reduction in net sarcolemmal Ca2+ efflux. 
Finally, additional work will be required in order to de-
termine whether or not elevations in myoplasmic Ca2+ 
occur uniformly within the muscle cell or if subcellular 
Ca2+ gradients exist within structurally defined intracel-
lular sub-domains (e.g. a central core). 

A second question that requires significant attention is 
to what degree, if at all, alterations in muscle Ca2+ ho-
meostasis caused by CCD mutations in RyR1 contribute 
to the formation and development of core regions. 
MacLennan and colleagues originally suggested that 
elevated resting Ca2+ levels may cause Ca2+-mediated 
destruction of mitochondria in the center of the muscle 
fiber and that cores represent a cellular defense mecha-
nism designed to protect the rest of the cell from further 
Ca2+-induced damage [61]. However, cores in CCD are 
not always centrally located and can also be eccentric or 
located in peripheral regions of the fiber. More impor-
tantly, homologous expression studies indicate that rest-
ing Ca2+ levels are not elevated by CCD mutations that 
result in EC uncoupling. Therefore, it is unlikely that an 
elevation in resting Ca2+ is absolutely required for core 
formation. Alternatively, a significant reduction in Ca2+ 
release during EC coupling is a common feature of both 
leaky and EC uncoupled channels. Close structural and 
functional Ca2+ signaling microdomains between SR 
Ca2+ release and mitochondria are known to permit very 
rapid Ca2+ uptake by mitochondria under physiologic 
conditions [98]. Thus, changes in this SR-mitochondrial 
Ca2+ signaling microdomain during EC coupling may 
contribute to mitochondrial dysfunction and core devel-
opment in CCD. In addition, Sheu and colleagues have 
suggested that RyR1 may also function as an important 
rapid mitochondrial Ca2+ uptake pathway [12, 13]. Un-
der such a scenario, CCD mutations in RyR1 could 
more directly alter mitochondrial Ca2+ homeostasis by 
altering the properties of a key mitochondrial Ca2+ 
transport mechanism. Functional measurements of mi-
tochondrial matrix Ca2+ levels in normal and diseased 
skeletal muscle will be required to determine whether or 

not mitochondrial Ca2+ dynamics during EC coupling is 
altered by MH and/or CCD mutations in RyR1. 

Minicore Myopathy (MmD) 
Minicore myopathy (multi-minicore disease, MmD) is 

a clinically heterogeneous, autosomal recessively-
inherited muscle disorder. MmD is currently classified 
into three major groups; a classical form (including an 
ophthalmoplegic subgroup), an early onset form with 
arthrogryposis, and a moderate form with hand in-
volvement [29]. The most prevalent is the classical form 
(~75%), which is associated with neonatal hypotonia, 
delayed motor milestones, and axial muscle weakness 
that often occurs with scoliosis and respiratory failure 
[53, 79]. MmD is diagnosed morphologically by the 
presence of multi-focal, poorly circumscribed and short 
core-like lesions. Like central cores in CCD, minicores 
also exhibit sarcomere disorganization, depletion of mi-
tochondria, and reduced oxidative enzyme activity in 
both type I and II skeletal muscle fibers. In contrast, 
cores observed in CCD patients are predominantly 
found in type I fibers, possess sharply defined borders, 
and are typically singular and extend throughout a con-
siderable length of the muscle fiber. Thus, based on dif-
ferences in both histological and clinical presentation, 
MmD and CCD are typically regarded as two separate 
entities. However, minicores and central cores have oc-
casionally been observed in the same muscle biopsy and 
in different individuals from the same family [11, 30, 
51, 117]. Thus, the association of cores and minicores in 
select cases may involve a common or related patho-
genic mechanism. Additionally, Ferriero et al. (2002) 
reported a family in which individuals that only exhib-
ited minicores early in adulthood were found to possess 
abnormalities characteristic of CCD when biopsied 20 
years later, consistent with a pathological variant of 
CCD with transitory presentation of MmD [30]. Finally, 
the recent identification of recessively inherited muta-
tions in the RYR1 gene provides a genetic explanation 
for the clinical overlap between MmD and CCD in cer-
tain families [30, 51, 79]. 

Currently, MmD has been linked to mutations in two 
genes, SEPN1 and RYR1, which code for selenoprotein 
N (SEPN1) and skeletal muscle type ryanodine receptor 
(RyR1), respectively. A large percentage of classical 
MmD cases are attributed to nine identified mutations in 
SEPN1 [31]. While the function of SEPN1 is not 
known, selenoproteins are thought to function as cata-
lysts for redox reactions. Additionally, SEPN1 contains 
a conserved EF hand-like calcium-binding domain and 
is also known to associate with intracellular ER/SR Ca2+ 
storage compartments [78, 94].  

MmD has recently been linked to mutations in the 
RYR1 gene. To date, three separate recessive mutations 
in RyR1 (V4849I, S3572S, and an intronic splicing site 
mutation) are known to result in a variant of MmD that 
also presents as a recessive form of CCD [30, 51, 79]. 
No RYR1 mutations have been identified to date that re-
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sult in MmD in the absence of CCD involvement, while 
all identified SEPN1 mutations result solely in MmD. 
Therefore, the precise relationship between these dis-
eases still remains undefined. The V4849I MmD/CCD 
mutation in RyR1 is located in MH/CCD region 3 and 
therefore may affect ion conduction of the SR Ca2+ re-
lease channel [51]. Interestingly, the P3527S 
MmD/CCD mutation is the only currently identified 
RyR1 disease mutation located clearly outside 
MH/CCD regions 1-3. Ferreiro et al. (2002) suggested 
that the P3527S mutation may alter channel regulation 
either by introducing a novel casein kinase phosphoryla-
tion site or disrupting putative calmodulin (3614-3643) 
and/or redox (C3635) regulatory sites just downstream 
from the proline mutation [30]. However, effects of the 
recessive V4849I and P3527S MmD/CCD mutations in 
RyR1 on SR Ca2+ release channel function and EC cou-
pling have not been reported. 

As discussed above, genetic studies have linked MmD 
to mutations in both selenoprotein N and RyR1. While 
its specific function(s) in skeletal muscle is unknown, 
selenoprotein N localizes to SR membranes, contains a 
highly conserved Ca2+ binding domain, and may act to 
regulate the local cellular redox state [78, 94]. On the 
other hand, the functional role of RyR1 in muscle is 
more thoroughly understood [33]. RyR1 tetramers func-
tion as SR Ca2+ release channels that provide the Ca2+ 
ions used for contraction during EC coupling. In addi-
tion, RyR1 channels are macromolecular signaling 
complexes whose activity reflects the integrated effects 
of numerous factors including phosphorylation, regula-
tory small molecules (including Ca2+, Mg2+, NO, and 
ATP), interaction with several key regulatory proteins 
[66], and the local redox environment around the chan-
nel [75]. Thus, it is tempting to speculate that 
MmD/CCD co-incidence may arise from altered redox 
regulation of the SR Ca2+ release channel and that muta-
tions in either RyR1 or selenoprotein N alter this impor-
tant regulatory control of release channel activity. 
Clearly, further work will be required to determine 
whether or not the RyR1 redox state, and consequently 
muscle Ca2+ homeostasis, is influenced by selenoprotein 
N and if so, if MmD mutations in RyR1 and/or seleno-
protein N mutations disrupt this regulatory mechanism. 

A novel and unexpected mutation in the RyR1 gene 
was very recently identified from a patient diagnosed 
with a particularly severe form of classic MmD associ-
ated with opthalmoplegia (the proband presented with 
severe scoliosis, respiratory insufficiency, and lost gait 
at 12 years of age). After screening for mutations in 
RYR1, a cryptic splice-site mutation +2990 bp from 
exon 101 was identified that results in a frameshift and 
premature stop codon prior to the last transmembrane 
domain [79]. Although the splice site intronic mutation 
allowed production of both normal and truncated tran-
scripts, normal RyR1 mRNA was reduced by 90%. A 
similar quantitative reduction in functional SR Ca2+ 

channels would likely result in a large reduction in func-
tioning EC coupling “units” and thus represents a 
unique form of “EC uncoupling” (reduced depolariza-
tion-induced Ca2+ release in the absence of increased SR 
Ca2+ leak) [79]. Additionally, it is also possible that if 
sufficiently stable, a large fraction of truncated RyR1 
monomers might also exert a dominant-negative effect 
on release channel function by inhibiting wild-type 
tetramer formation. Functional studies of the effects of 
the truncated construct upon co-expression with wild-
type RyR1 will be required to more rigorously test this 
hypothesis. 

Core-Rod Myopathy 
Nemaline rod myopathy (NM) is a rare congenital 

neuromuscular disorder affecting 1 in every 50,000 live 
births that can range clinically from a severe fatal neo-
natal form to a slowly progressive adult form [46]. NM 
is typically characterized by skeletal muscle weakness 
at birth (floppy infant syndrome), hypotonia, small 
muscles, slender extremities and proximal muscle 
weakness [102]. NM is also characterized by the pres-
ence of nemaline bodies (or rods) composed mostly of 
the Z-line protein α-actinin arranged in irregular clus-
ters in the periphery and/or at the Z-line [19]. However, 
the pathology of rod formation and its relationship to 
disease phenotype are unknown. Nemaline rods, visual-
ized using Gomori’s trichrome stain, are present in both 
type I and II skeletal muscle fibers. Nemaline myopathy 
is known to arise from mutations in α-tropomyosin-3 
(TPM3, autosomal dominant and recessive forms), α-
actin (ACTA1, autosomal dominant and recessive 
forms), nebulin (NEB, autosomal recessive), β-
tropomyosin (TPM2, autosomal recessive) and troponin 
T (TNNT1, autosomal recessive). Several studies have 
also reported the simultaneous occurrence of both cen-
tral cores and nemaline rods in the same muscle biopsy 
[1, 11, 43, 82, 93, 102, 105, 117], suggesting a “core-
rod myopathy” that represents a clinical overlap be-
tween CCD and NM. As in CCD, cores in core-rod 
myopathy are characterized as well-demarcated regions 
devoid of oxidative enzymes and mitochondria that ex-
tend throughout type I fibers. Until recently, the genetic 
basis of core-rod myopathy was only linked to muta-
tions in the gene that encodes the skeletal muscle ry-
anodine receptor (RYR1), while classic NM has been 
associated with mutations to genes that encode thin 
filament proteins of the sarcomere [118]. However, 
Gommans and colleagues (2003) reported a family with 
core-rod myopathy that was linked to chromosome 
15q21-q23, indicating the existence of an alternate ge-
netic locus of core-rod myopathy [43].  

Currently, three mutations in the RyR1 gene are asso-
ciated with core-rod myopathy. Monnier et al. (2000) 
identified a Y4796C mutation in MH/CCD region 3 in 
one family [82]. The proband in this family tested 
strongly positive for MH susceptibility in a standardized 
IVCT. Additionally, resting Ca2+ levels were increased 
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and SR Ca2+ content was reduced following either het-
erologous expression of Y4796C channels in HEK293 
cells [82] or homologous expression in dyspedic myo-
tubes [6]. In addition, the sensitivity of voltage-gated 
SR Ca2+ release increased while its magnitude decreased 
in Y4796C-expressing dyspedic myotubes [6], similar 
to that observed previously for CCD mutations in 
MH/CCD regions 1 and 2 that result in increased SR 
Ca2+ leak [4]. Thus, the Y4796C mutation represents the 
first CCD mutation in MH/CCD region 3 shown so far 
to lead to increased SR Ca2+ leak following expression 
in dyspedic myotubes, demonstrating that the leaky 
channel mechanism is not linked solely to mutations in 
MH/CCD regions 1 and 2. Interestingly, separate stud-
ies have identified two different mutations of another 
amino acid (T4637I [23] and T4637A [102]) that result 
in a rather mild core-rod clinical phenotype. For exam-
ple, the T4637I mutation resulted in the occurrence of 
rods in only ~10% of muscle fibers. Additionally, many 
patients possessing the T4637A mutation were given 
general anesthesia without experiencing an MH episode, 
therefore this mutation is unlikely to be strongly associ-
ated with MH unlike that observed for the Y4796C 
core-rod mutation [23, 102]. The functional effects of 
the Y4637A/I mutations on SR Ca2+ release channel 
function and EC coupling (leaky or EC uncoupling) 
have not been reported. In addition, it will be important 
for future work to determine the mechanisms by which 
mutations to T4637 and Y4796 promote rod pathology 
while nemaline rods are not observed for other CCD 
mutations in RyR1. 

The identity of rod myopathy associated with muta-
tions in RyR1 raises the question of how mutations in 
functionally distinct proteins (e.g. α-tropomyosinslow, α-
actin, nebulin, β-tropomyosin, troponin T, and RYR1) 
can result in a single common structural phenotype (rod 
formation). Based on extensive expression profiling of 
skeletal muscle biopsies obtained from patients with 
presumed mutations in NEB or ACTA1, it was suggested 
that Ca2+ homeostasis is likely to be altered in skeletal 
muscle of NM patients [101]. If NM mutations in genes 
coding for thin filament proteins result in elevations in 
resting Ca2+ levels similar to that documented for the 
Y4796C core-rod mutation in RyR1, then a possible 
common mechanism for rod formation may involve al-
terations in Ca2+-regulated gene transcription (i.e. α-
actin). However, if changes in Ca2+-regulated gene tran-
scription initiate nemaline rod biogenesis, then it is not 
clear why nemaline rods are not also observed for CCD 
mutations in MH/CCD regions 1 and 2, which also in-
crease myoplasmic resting Ca2+ levels. Clearly, more 
work will be required to address this question. 

Genetic diseases linked to mutations in the cardiac 
ryanodine receptor (RYR2) 

Although a rich history of literature suggests an indi-
rect involvement of RyR2 in cardiac diseases [42, 59, 

72, 77, 88, 100, 121], recent evidence has indicated a 
more direct role of RyR2 in causing cardiac arrhythmias 
that lead to sudden cardiac death. CPVT and ARVD2 
are autosomal dominant clinical disorders that are asso-
ciated with missense mutations in RyR2 that confer a 
“gain of function” phenotype by promoting the trigger 
of extrasystoles and arrhythmogenesis [56, 95, 112]. Al-
though the clinical phenotype for both disorders has 
been appreciated for a number of years now, genetic 
linkage of these disorders to the cardiac ryanodine re-
ceptor gene (RYR2) has only recently been demon-
strated. 

Catecholaminergic Polymorphic Ventricular Tachy-
cardia (CPVT) 

Coumel et al. first described CPVT in 1978 as a novel 
clinical entity in which catecholaminergic-induced ven-
tricular tachyarrhythmias occur in juveniles in the ab-
sence of structural heart disease [20]. A follow up study 
of these patients 16 years later showed that while resting 
ECGs and echocardiograms along with other clinical 
parameters remained normal in these individuals, physi-
cal exercise and other methods designed to increase 
heart rate triggered premature ventricular complexes 
that could precipitate into polymorphic and bi-
directional ventricular tachycardia [58]. Interestingly, 
the ECG patterns in affected individuals closely resem-
bled those of patients suffering from digitalis toxicity in 
which calcium overload triggers oscillatory SR Ca2+ re-
lease, activation of a Ca2+-dependent sarcolemmal con-
ductance (e.g. electrogenic Na+/Ca2+ exchange), and the 
subsequent development of delayed after depolariza-
tions (DADs) [32], [65]. 

Through genetic analysis of affected individuals in 
two families, Swan et al. (1999) mapped the gene locus 
of CPVT to chromosome 1q42-43 while pedigree analy-
sis confirmed an autosomal dominant mode of inheri-
tance [109]. Several genes have been mapped to this lo-
cus including RyR2 (RYR2), G-protein γ4 subunit 
(GNG4), and the type-3 muscarinic receptor (CHMR3) 
[55, 89]. However, based on the observation that ECG 
recordings were consistent with arrhythmias triggered 
by oscillatory SR calcium release, the RyR2 gene was 
considered a leading candidate. This hypothesis was 
later confirmed in a study of 30 individuals showing 
symptoms of CPVT from four different families [56]. 
This study refined the genetic locus on chromosome 
1q42-43 and identified RYR2 as the defective gene caus-
ing the clinical phenotype. Three missense mutations 
(P2328S, Q4201R and V4653F) in RyR2 were identi-
fied from three of the four families investigated [56]. In 
an independent study published by Priori et al. (2001) of 
30 CPVT probands, four additional single amino acid 
substitutions (S2246L, R2474S, N4104K and R4497C) 
were identified from a cohort of four families with a his-
tory of syncope and sudden death associated with physi-
cal or emotional stress [95]. Three of these mutations 
were sporadic mutations consistent with the conclusions 
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of Leenhardt et al. (2001) that many patients may repre-
sent the only affected individuals within a particular 
family [58]. However, the fourth mutation was found in 
five heterozygous members of the same family confirm-
ing an autosomal dominant mode of inheritance [95]. To 
date, a total of 15 missense mutations in RyR2 linked to 
CPVT have been identified (S2246L, E2311D, P2328S, 
R2474S, E3778F, G3946S, N4104K, Q4201R, R4497C, 
V4653F, V4711I, A4860G, I4867M, N4895D, and 
E4950K). 

The cellular and ionic mechanisms by which CPVT 
mutations in RyR2 promote catecholaminergic-induced 
arrhythmias are controversial and are only now begin-
ning to be unraveled. One hypothesis is based on func-
tional studies of one of these mutants (R4497C) follow-
ing heterologous expression in HEK293 cells [50]. This 
study found that compared to wild-type RyR2, R4497C 
channels exhibit increased activity at very low levels of 
Ca2+ that results in an increased frequency of spontane-
ous basal Ca2+ oscillations. These findings led the au-
thors to suggest that CPVT mutations in RyR2 promote 
stress-induced ventricular arrhythmias by enhancing 
spontaneous RyR2 activity. Under non-stress condi-
tions, normal Ca2+ homeostatic mechanisms may com-
pensate for this defect. However, under conditions of 
SR Ca2+ overload induced during catecholaminergic 
stimulation, the mutant channels may support unwar-
ranted diastolic SR Ca2+ release, thus resulting in the 
occurrence of stress-induced DADs [50]. 

An alternate arrhythmogenic mechanism proposed by 
Marks and colleagues involves a disruption of 
FKBP12.6 binding/regulation of RyR2 by the combined 
effects of PKA phosphorylation of RyR2 during adren-
ergic stimulation and intrinsic effects of the CPVT mu-
tations. FKBP12.6 is an important modulator of RyR2 
channel gating by acting to stabilize the channel in its 
closed state during diastole [14]. Under normal adrener-
gic stimulation, PKA phosphorylation of one or two 
RyR2 monomers increases release channel activity, and 
thus, SR Ca2+ release and contractility during cardiac 
EC coupling. However, during chronic hyperadrenergic 
disease states (e.g. heart failure), RyR2 release channels 
become hyperphosphorylated. Hyperphosphorylation of 
RyR2 promotes FKBP12.6 dissociation, increased re-
lease channel open probability during diastole and the 
development of DADs [70-72]. Marks and colleagues 
have proposed a similar mechanism for arrhythmogene-
sis caused by CPVT mutations in RyR2 during even 
normal levels of adrenergic stress. According to this hy-
pothesis, CPVT mutations themselves reduce the affin-
ity of FKBP12.6 for RyR2 such that an additional re-
duction in affinity resulting from a modest degree of 
PKA phosphorylation during normal stress is sufficient 
to fully dissociate FKBP12.6 from RyR2. Consistent 
with this hypothesis, Wehrens et al. (2003) found that 
FKBP12.6 binding to RyR2 is reduced by three differ-
ent CPVT mutations (S2246L, R2474S, R4497C) and 

that PKA phosphorylation of each mutant resulted in a 
significantly higher channel open probability than that 
of wild-type RyR2 channels [119]. The authors sug-
gested that the CPVT mutations coupled with even 
moderate PKA phosphorylation during normal stress 
would be sufficient to fully dissociate FKBP12.6 and 
lead to increased channel open probability, diastolic SR 
Ca2+ release, and the generation of arrhythmogenic 
DADs [119]. 

One potential problem with the unifying hypothesis 
proposed by Marks and colleagues is that identified 
CPVT mutations are widely dispersed across three very 
disparate regions of RyR2 (analogous to the MH/CCD 
regions 1-3 of RyR1). As it is somewhat unlikely that 
each region contributes equally to FKBP12.6 binding, it 
will be important for future work to more rigorously test 
this hypothesis by correlating the severity and clinical 
phenotype associated with each mutation with quantita-
tive effects on the affinity of RyR2 for FKBP12.6. In 
addition, although residues in the central cytoplasmic 
region of RyR2 strongly influence FKBP12.6 binding to 
RyR2 [35], other regions of the protein have also been 
shown to contribute to FKBP12.6 binding [73, 124]. 
Thus, precise identification of all RyR2 regions impor-
tant for determining FKBP12.6 binding would help to 
explain how mutations in vastly different regions of the 
primary sequence of RyR2 might influence the affinity 
for FKBP12.6 binding. Finally, additional uncertainty 
with regard to the possible role of altered FKBP12.6 
regulation of RyR2 in the pathogenesis of CPVT comes 
from a recent study by George et al. (2003) who charac-
terized Ca2+ release in HL-1 cardiomyocytes transfected 
with either wild-type RyR2 or one of several different 
CPVT-linked RyR2 mutants (S2246L, N4104K, 
R4497C). This study found that CPVT RyR2-
expressing cardiomyocytes exhibited increased Ca2+ re-
lease and enhanced sensitivity to agonist activation (caf-
feine, 4-chloro-m-cresol and isoproterenol) and that 
these functional effects occurred in the absence of al-
tered FKBP12.6 binding to RyR2 [40]. 

Arrhythmogenic Right Ventricular Dysplasia Type-2 
(ARVD2) 

A second clinical entity associated with mutations in 
RyR2 is arrhythmogenic right ventricular dysplasia 
type-2 (ARVD2), a subtype of arrhythmogenic right 
ventricular cardiomyopathies (ARVC). ARVCs are a 
group of diseases characterized by progressive degen-
eration of the right myocardial ventricle resulting from 
fibrous and fatty tissue deposition [9]. Another primary 
clinical manifestation of this group of diseases include 
exercise-induced arrhythmias that lead to syncope and 
sudden death [85]. Diagnosis of ARVC has been diffi-
cult due to the absence of a single test that could estab-
lish or exclude this disorder in individuals [21]. Several 
distinct forms of ARVC have been identified and 
ARVD2 stands out from the rest due to distinct stress-
induced ventricular tachycardia and a high penetrance in 



RyR-linked genetic diseases 

 - 346 -

individuals independent of gender [85]. Pedigree analy-
sis of ARVD2 affected families has demonstrated an 
autosomal dominant pattern of inheritance [112] and 
ARVD2 is now definitively linked to the gene for RyR2 
on chromosome 1q42-43 [96]. Currently, a total of 6 
missense mutations in RyR2 have been linked to 
ARVD2 (R176Q, R420W, L433P, N2386I, Y2392C, 
and T2504M). 

Although functional studies have not yet been reported 
for ARVD2 mutations, pathophysiological mechanisms 
similar to those proposed for CPVT may contribute to 
stress-induced arrhythmogenesis in ARVD2 [112]. In 
this regard, a recent study used a yeast two-hybrid 
analysis to show that ARVD2 mutations exert a nega-
tive effect on the association of RyR2 and FKBP12.6 
[111]. The ventricular myopathy observed in ARVD2 
may result from erroneous Ca2+ signaling events that 
trigger death signals leading to apoptosis [68, 116], al-
though the precise mechanisms that underlie this proc-
ess are poorly understood. Finally, it is unknown how 
point mutations in RyR2 lead to a myopathy that local-
izes primarily to the right ventricular myocardium. 

All 21 CPVT and ARVD2 mutations discussed here 
are located in three highly conserved regions of RyR2 
(N-terminal, central, and C-terminal), suggesting in-
volvement of these regions in regulating channel func-
tion. Interestingly these regions loosely correspond to 
three homologous regions in RyR1 shown to harbor the 
MH and CCD mutations [111]. Although both CPVT 
and ARVD2 exhibit stress-induced cardiac arrhythmias, 
the inevitable question still remains as to why mutations 
in the same gene that may exhibit similar arrhyth-
mogenic mechanisms can result in a structural myocar-
dial abnormality in one case and not in the other. One 
possibility is that CPVT and ARVD2 mutations may 
tend to localize to different functional domains. In fact, 
all identified ARVD2 mutations localize to only the N-
terminal and central regions, while the CPVT mutations 
localize to the central and C-terminal domains. A simi-
lar genotype-phenotype dichotomy is also found for the 
CCD mutations in RyR1. CCD mutations located in the 
cytoplasmic region of RyR1 are associated with a 
“leaky channel” phenotype, while only mutations in the 
C-terminal pore-lining domain have been shown to ex-
hibit “EC uncoupling” [4-6]. However, whether differ-
ences in clinical phenotype (e.g. ARVD2 versus CPVT) 
arise from mechanistic differences resulting from muta-
tions to functionally distinct domains will require com-
parative functional studies of CPVT and ARVD2 mu-
tant channels reconstituted within transgenic animals 
and/or muscle cell culture models where cardiac EC 
coupling can be assessed [44]. 

Conclusions and Perspectives 
This review has examined the genetics, clinical prop-

erties, pathophysiology, and genotype-phenotype corre-
lations for the currently identified ryanodinopathies; an 
assorted collection of inherited muscle disorders that 

arise from mutations in genes that encode the skeletal 
(RYR1) and cardiac (RYR2) muscle ryanodine receptors. 
In both cases, identified mutations are primarily located 
in three distinct regions in the linear RyR sequence (N-
terminal, central, and C-terminal domains). Another 
similarity between the cardiac and skeletal muscle ry-
anodinopathies is that mutations are identified that re-
sult in two clinically distinct disorders: MH and CCD 
for RyR1 and CPVT and ARVD2 for RyR2. Moreover, 
only one of these disorders for each tissue (CCD and 
ARVD2) is known to result in a significant myopathic 
phenotype. Finally, although the cellular pathophysi-
ologic mechanisms by which disease mutations in RyR1 
and RyR2 lead to altered skeletal and cardiac muscle 
function are just beginning to be unraveled, recent evi-
dence suggests that at least some of the RyR1 and RyR2 
mutations lead to increased SR Ca2+ leak. However, as 
arrhythmogenesis resulting from RyR2 mutations most 
likely involves increased incidence of DADs secondary 
to uncontrolled diastolic Ca2+ release, it seems unlikely 
that any of the RyR2 mutations will operate via an “EC 
uncoupling” mechanism like that identified for CCD 
mutations in the pore region of RyR1. Consistent with 
this notion, although 11 different CPVT mutations have 
been identified in the C-terminal region of RyR2, none 
of these mutations appear to involve residues that com-
prise the putative pore-forming region (residues 4816-
4841, [120]) or selectivity filter (residues 4820-4829, 
[123]). 

Currently, the ryanodinopathies are only associated 
with inherited disorders in skeletal and cardiac muscle. 
However, given the widespread tissue distribution and 
functional roles of RyR Ca2+ release channels in neu-
rons, glia, smooth muscle, and non-excitable cells (in-
cluding pancreatic beta/acinar cells and lymphocytes), it 
would seem reasonable to also expect manifestations of 
the ryanodinopathies to extend to certain non-muscle 
related phenotypes/disorders. For example, since RyR2 
is the most prominent RyR isoform expressed in the 
brain, CPVT and ARVD2 mutations in RyR2 (and pos-
sibly other mutations in RyR2 that do not lead to in-
creased arrhythmogenesis) might also lead to altered 
CNS activity.  A similar argument could also be made 
for disease mutations in RyR1 since these release chan-
nels are also expressed at lower levels in a variety of 
neuronal cells including cerebellar Purkinje cells, den-
tate gyrus of the hippocampus, CA1 and CA3 cells of 
the Ammons’ horn and the olfactory bulb [99]. In addi-
tion, localized Ca2+ release through RyR2 channels 
(Ca2+ sparks) leads to local activation of Ca2+-activated 
K+ (BK) channels, hyperpolarization of vascular smooth 
muscle cells, and ultimately arteriolar vasodilation [86]. 
Thus, future work will be required to determine whether 
blood pressure control during adrenergic stimulation is 
also altered by CPVT/ARVD2 disease mutations in 
RyR2. Finally, the type III ryanodine receptor (RyR3) is 
known to contribute to Ca2+ release in the diaphragm 
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and during early developmental stages of skeletal mus-
cle [18]. In addition, RyR3 also plays a role in certain 
forms of synaptic plasticity in the hippocampus [7, 34] 
and in regulating Ca2+ spark frequency and BK channel 
activation in vascular smooth muscle [60]. Given the 
vast array of RyR3 functional roles and its high conser-
vation with RyR1 (~65% identity) and RyR2 (~68% 
identity), it would not be surprising if future genetic 
studies identified other inherited disorders that are 
linked to mutations in the gene for RyR3. For example, 
mutations in RyR3 (or even RyR2) that promote SR 
Ca2+ depletion in vascular smooth muscle might result 
in an inherited form of essential hypertension (by reduc-
ing Ca2+ spark mediated activation of BK channels). In 
addition, RyR mutations that lead to an increased fre-
quency of spontaneous Ca2+ release within particular 
neuronal circuits could conceivably contribute to or ex-
acerbate certain forms of epilepsy or other seizure dis-
orders. However, one thing that seems certain is that fu-
ture advances in identifying additional RyR-linked dis-
orders and the fundamental mechanisms by which these 
mutations alter RyR function will increase our under-
standing of the pathophysiological mechanisms that un-
derlie disease progression and clinical presentation of 
the inherited ryanodinopathies. 
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