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The cardiac ryanodine receptor (RyR2) governs the release of Ca2�

from the sarcoplasmic reticulum, which initiates muscle contrac-
tion. Mutations in RyR2 have been linked to ventricular tachycardia
(VT) and sudden death, but the precise molecular mechanism is
unclear. It is known that when the sarcoplasmic reticulum store
Ca2� content reaches a critical level, spontaneous Ca2� release
occurs, a process we refer to as store-overload-induced Ca2�

release (SOICR). In view of the well documented arrhythmogenic
nature of SOICR, we characterized the effects of disease-causing
RyR2 mutations on SOICR in human embryonic kidney (HEK)293
cells and found that, at elevated extracellular Ca2� levels, HEK293
cells expressing RyR2 displayed SOICR in a manner virtually iden-
tical to that observed in cardiac cells. Using this cell model, we
demonstrated that the RyR2 mutations linked to VT and sudden
death, N4104K, R4496C, and N4895D, markedly increased the
occurrence of SOICR. At the molecular level, we showed that these
RyR2 mutations increased the sensitivity of single RyR2 channels
to activation by luminal Ca2� and enhanced the basal level of
[3H]ryanodine binding. We conclude that disease-causing RyR2
mutations, by enhancing RyR2 luminal Ca2� activation, reduce the
threshold for SOICR, which in turn increases the propensity for
triggered arrhythmia. Abnormal RyR2 luminal Ca2� activation
likely contributes to the enhanced SOICR commonly observed in
various cardiac conditions, including heart failure, and may repre-
sent a unifying mechanism for Ca2� overload-associated VT.

Ventricular tachycardia (VT) is the leading cause of sudden
death in patients with heart failure (HF). Delayed afterde-

polarizations (DAD) frequently occur in failing hearts and are
a major cause of VT, but the reason for the increased incidence
of DAD-associated VT in patients with HF is not completely
clear. Abnormal Ca2� handling is believed to be involved in the
pathogenesis of VT (1–4). In keeping with this view, mutations
in Ca2� handling proteins, including the cardiac ryanodine
receptor (RyR2) and calsequestrin (CASQ2), have been linked
to catecholaminergic polymorphic VT (CPVT), which is also
thought to be DAD-based (5–10). These similarities suggest that
CPVT and DAD-associated VT in patients with HF may share
a common arrhythmogenic mechanism. Thus, knowledge gained
from investigation of inherited CPVT should lead to a better
understanding of the molecular basis of the more commonly
occurring VT in patients with HF and other cardiac diseases.

RyR2 is an intracellular Ca2� release channel located in the
sarcoplasmic reticulum (SR) (11). It is a key component of
excitation contraction (EC) coupling in cardiac muscle, which is
believed to take place via a mechanism known as Ca2�-induced
Ca2� release (CICR) (12, 13). In this process, a small Ca2� influx
through the L-type Ca2� channel upon membrane depolariza-
tion activates the RyR2 channel, resulting in a large Ca2� release
from the SR and subsequent muscle contraction. In addition to
this depolarization-stimulated Ca2� release during normal EC
coupling, it is known that when SR Ca2� content reaches a
critical level, spontaneous SR Ca2� release in the form of Ca2�

waves or Ca2� oscillations occurs in cardiac cells in the absence
of membrane depolarization (14–18). Considering its depen-
dence on the SR Ca2� store, we refer to this depolarization-
independent Ca2� overload-induced SR Ca2� release as store-
overload-induced Ca2� release (SOICR).

A number of conditions, such as physical and emotional
stresses, digitalis toxicity, elevated extracellular Ca2�, ischemia�
reperfusion, etc., can lead to SR Ca2� overload and subsequent
SOICR in cardiac cells (19), and SOICR can activate inward
currents. These Ca2�-activated inward currents can alter the
surface membrane potential and generate DAD, which in turn
can lead to triggered arrhythmia (20). It is important to note that
CPVT, an autosomal dominant genetic arrhythmogenic disorder
associated with syncope and sudden death, is triggered by
emotional and physical stresses, conditions known to induce
Ca2� overload (21). In view of its association with Ca2� overload
and DAD, it is likely that CPVT results from defective SOICR.
Consistent with this view, altered SOICR has been implicated in
a number of cardiac conditions (19).

The precise mechanisms of how CPVT mutations affect RyR2
channel function and SOICR are largely undefined. Given the
prominent role of SOICR in the generation of DAD, it is sensible
to propose that CPVT mutations in RyR2 may reduce the
threshold for SOICR and thus increase the susceptibility for
triggered arrhythmia. Ideally, this hypothesis would be directly
tested using cardiac myocytes isolated from patients with CPVT
or from animal models of CPVT. However, neither of these
approaches is readily available at present. As well, the extremely
large size of the RyR2 cDNA (�15 kb) also excludes the use of
adenovirus-mediated gene transfer techniques for introducing
the RyR2 mutations into adult cardiac myocytes.

To circumvent these problems, we have developed an alter-
native cell system for assessing the effect of disease-causing
RyR2 mutations on SOICR. We generated stable inducible
human embryonic kidney (HEK)293 cell lines expressing the
WT RyR2 [RyR2(wt)] and the CPVT mutants. We found that
HEK293 cells expressing RyR2(wt) or mutant RyR2 displayed
SOICR at elevated extracellular Ca2� levels in a manner indis-
tinguishable from that observed in cardiac myocytes. Impor-
tantly, we demonstrated that CPVT mutations enhanced the
propensity for SOICR. We further demonstrated that CPVT
mutations increased the RyR2 sensitivity to luminal Ca2� acti-
vation and the basal level of [3H]ryanodine binding. Our studies
demonstrate the link between defective luminal Ca2� activation
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of RyR2 and CPVT and sudden cardiac death. Enhanced SOICR
as a result of augmented RyR2 luminal Ca2� activation may
contribute to Ca2� overload-associated VT and contractile
dysfunction in various cardiac conditions.

Materials and Methods
Site-Directed Mutagenesis and DNA Transfection. The point muta-
tions N4104K, R4496C, and N4895D in the mouse RyR2 were
made by the overlap extension method and used to transfect
HEK293 cells grown on 100-mm tissue culture dishes using Ca2�

phosphate precipitation as described (22).

Generation of Stable Inducible HEK293 Cell Lines. Flp-In T-REx-293
cells (Invitrogen) were cotransfected with the inducible expres-
sion vector pcDNA5�FRT�TO containing either the RyR2(wt)
or mutant cDNA and the pOG44 vector encoding the Flp
recombinase in 1:5 ratios. Transfected cells were washed 1 day
after transfection and allowed to grow in fresh medium for
another day. The cells then were washed and replated onto new
dishes. After the cells had attached, the growth medium was
replaced with a selective medium containing 200 �g�ml hygro-
mycin. The selective medium was changed every 3–4 days until
the desired amount of cells was grown. The hygromycin-resistant
cells were pooled and stored at �80°C.

Single-Cell Ca2� Imaging. Intracellular Ca2� transients in HEK293
cells expressing RyR2(wt) or mutant channels were measured by
using single-cell Ca2� imaging as described (23). Cells were loaded
with 5�M Fura-2-acetoxymethyl ester in Krebs–Ringer–Hepes
(KRH) buffer plus 0.02% pluronic F-127 (Molecular Probes) and
0.1 mg�ml BSA for 20 min at room temperature. Cells were
perfused continuously with KRH buffer containing various con-
centrations of CaCl2 (0–1 mM) at room temperature. Fura-2
fluorescence was captured every 4 seconds through a Fluar �20
objective and a Chroma filter set by using the ImageMaster System
and the DeltaRAM rapid wavelength-switching illuminator (Pho-
ton Technology International, Lawrenceville, NJ).

Preparation of Cell Lysate and [3H]ryanodine Binding. Preparation of
cell lysate and equilibrium [3H]ryanodine binding were carried
out as described (22).

Single-Channel Recordings. Single-channel analyses were carried out
as described (23). Heart phosphatidylethanolamine and brain phos-
phatidylserine (Avanti Polar Lipids) were combined in a 1:1 ratio
(wt�wt), dried under nitrogen gas, and suspended in 30 �l of
n-decane at a concentration of 12 mg of lipid per ml. The trans
chamber (800 �l) was connected to the head stage input of an
Axopatch 200A amplifier (Axon Instruments, Foster City, CA).
The cis chamber (1.2 ml) was held at virtual ground. A symmetrical
solution containing 250 mM KCl and 25 mM Hepes (pH 7.4) was
used for all recordings. Recordings were filtered at 2,500 Hz. Data
analyses were carried out using PCLAMP 8.1 software.

Supporting Information. A detailed Materials and Methods can be
found in Supporting Text, which is published as supporting
information on the PNAS web site.

Results
HEK293 Cells Expressing RyR2 Reproduce Cardiac SOICR. To create a
cell model for assessing the effect of disease-causing RyR2
mutations on SOICR, we generated a stable tetracycline-
inducible HEK293 cell line expressing RyR2(wt). To induce
store Ca2� overload, RyR2(wt) cells were perfused with increas-
ing extracellular Ca2� concentration ([Ca2�]o) (0–1.0 mM).
Ca2� transients were monitored by using a fluorescence Ca2�

indicator, fura 2 acetoxymethyl ester, and single-cell Ca2� im-
aging. As shown in Fig. 1, Ca2� oscillations appeared in

RyR2(wt) cells at �0.3 mM [Ca2�]o (Fig. 1 A and B), and the
number of Ca2� oscillating cells increased with increasing
[Ca2�]o (Fig. 1C). At [Ca2�]o �0.2 mM, few or no Ca2�

oscillating cells were detected. Elevating [Ca2�]o in RyR2(wt)
cells slightly increased the resting intracellular Ca2� concentra-
tion and the frequency of Ca2� oscillations, but had little effect
on the amplitude of the oscillations (Fig. 1B). The level of store
Ca2� at each [Ca2�]o was estimated by determining the magni-
tude of caffeine- (5 mM) induced Ca2� release. Fig. 1D shows
that the level of store Ca2� increased over the range of [Ca2�]o
in which there were few or no Ca2� oscillations and remained
constant over the range of [Ca2�]o in which Ca2� oscillations

Fig. 1. SOICR occurs in HEK293 cells expressing RyR2(wt) at elevated [Ca2�]o.
Stable inducible HEK293 RyR2(wt) cells were induced with tetracycline and
loaded with 5 �M fura-2 acetoxymethyl ester in Krebs–Ringer–Hepes (KRH)
buffer for 20 min at room temperature. Cells were perfused continuously with
KRH buffer without (0 mM) or with 0.1, 0.2, 0.3, 0.5, or 1.0 mM CaCl2 or 1.0 mM
CaCl2 plus 5 mM caffeine. (A) Single-cell fluorescent Ca2� images in the
presence (Upper) or absence (Lower) of 0.3 mM caffeine at various [Ca2�]o

(0–1.0 mM). (B) Fura-2 ratios of representative RyR2(wt) cells in the absence
(green trace) and presence (blue trace) of 0.3 mM caffeine and a HEK293
parental cell expressing no RyR2 (pink trace). (C) The fraction (%, mean � SEM)
of cells that display Ca2� oscillations in the presence (filled circle) and absence
(open circle) of 0.3 mM caffeine. The total numbers of cells analyzed for Ca2�

oscillations were 563 (without 0.3 mM caffeine) and 237 (with 0.3 mM caf-
feine) from three to nine separate experiments. (D) Store Ca2� content at
various [Ca2�]o, which was estimated by measuring the amplitude of caffeine-
(5 mM) induced Ca2� release from oscillating cells and normalized to the
maximum level obtained at 1.0 mM [Ca2�]o. Data shown are mean � SEM from
three to seven separate experiments.

Jiang et al. PNAS � August 31, 2004 � vol. 101 � no. 35 � 13063

PH
YS

IO
LO

G
Y



occurred. These effects of elevated [Ca2�]o on the store Ca2�

content, frequency, and amplitude of Ca2� oscillations and the
resting intracellular Ca2� level in RyR2(wt) cells are virtually
identical to those observed in cardiac myocytes (24). It should be
noted that the occurrence of Ca2� oscillations in RyR2(wt) cells
depended completely on the expression of RyR2. HEK293 cells
not expressing RyR2 showed no Ca2� oscillations under the
same conditions (Fig. 1B), indicating that RyR2 is an essential
determinant of SOICR.

SOICR in cardiac myocytes can be modulated by caffeine (25,
26). To determine whether SOICR in RyR2(wt) cells is also
sensitive to caffeine modulation, we examined Ca2� oscillations
in these cells while perfusing them with increasing [Ca2�]o and
low concentrations of caffeine. As seen in Fig. 1, in the presence
of 0.3 mM caffeine, Ca2� oscillations were detected in �10% and
�40% of the cells perfused with 0.1 and 0.2 mM [Ca2�]o,
respectively, although few or no Ca2� oscillations were observed
in the absence of caffeine at these [Ca2�]o (Fig. 1 A–C). These
data indicate that caffeine increases the occurrence of SOICR,
suggesting that caffeine reduces the threshold for SOICR. In
addition, caffeine increases the frequency and reduces the
amplitude of Ca2� oscillations in RyR2(wt) cells (Fig. 1B). These
effects of caffeine on the propensity for SOICR and the fre-
quency and amplitude of Ca2� oscillations in RyR2(wt) cells are
nearly identical to those seen in cardiac myocytes (26). Taken
together, our results demonstrate that HEK293 cells expressing
RyR2 can reproduce cardiac SOICR and thus offer a readily
manageable cell model for investigating the impact of disease-
causing RyR2 mutations on SOICR.

RyR2 Mutations Associated with CPVT Enhance the Propensity for
SOICR. To determine whether CPVT mutations alter SOICR, we
generated stable inducible HEK293 cell lines expressing the CPVT
RyR2 mutants, N4104K, R4496C, and N4895D, and assessed the
properties of Ca2� oscillations induced by elevated [Ca2�]o in each
of these cell lines. As shown in Fig. 2, Ca2� oscillations in R4496C
cells appeared at lower [Ca2�]o compared with those in RyR2(wt)
cells. In the range of 0.1–0.2 mM [Ca2�]o, in which few or no Ca2�

oscillations were observed in RyR2(wt) cells (Fig. 1), Ca2� oscil-
lations were detected in �30–60% of R4496C cells (Fig. 2 A–C).
These observations demonstrate that R4496C cells exhibit an
enhanced propensity for SOICR. To see whether this is a common
feature of the CPVT RyR2 mutants, we performed the same study
with N4104K and N4895D cells. Both N4104K and N4895D cells
displayed an increased propensity for SOICR (Fig. 2C). Moreover,
HEK293 cells expressing CPVT RyR2 mutants showed an in-
creased frequency of Ca2� oscillations and decreased store Ca2�

content as compared to WT cells (Fig. 2D) (P � 0.002). These
effects of the CPVT RyR2 mutations on Ca2� oscillations and store
Ca2� content are very similar to those of low concentrations of
caffeine in WT cells (Fig. 2D) and in cardiac myocytes (26). The
expression levels of WT and the CPVT mutants were comparable,
as revealed by Western blotting analysis of GST-FKBP12.6 pull-
down (Fig. 2E). These observations are consistent with the view
that CPVT RyR2 mutations reduce the threshold for SOICR.

CPVT RyR2 Mutations Increase the Sensitivity of Single RyR2 Channels
to Activation by Luminal Ca2�. Because SOICR is triggered by
elevated SR luminal Ca2�, activation of RyR2 by luminal Ca2�

is likely to be involved in SOICR. To explore the molecular basis
of the enhanced SOICR observed in CPVT RyR2 mutants, we
incorporated single WT and CPVT mutant channels into planar
lipid bilayers and examined their response to increasing concen-
trations of luminal Ca2�. As shown in Fig. 3, a single WT channel
exhibited little activity at low cytoplasmic (45 nM) and luminal
(45 nM) Ca2� concentrations (Fig. 3Aa). Raising the luminal
Ca2� concentration to 300 �M increased the open probability
(Po) of the WT channel (Figs. 3Ab). The average Po of single

WT channels at 300 �M luminal Ca2� was 0.023 � 0.007
(mean � SEM, n � 21) (Fig. 3E). Similar to the WT channels,
single CPVT mutant channels displayed little activity at 45 nM
cytoplasmic and 45 nM luminal Ca2� (Figs. 3 Ba, Ca, and Da),
but increasing the luminal Ca2� concentration enhanced the Po
of single CPVT mutant channels far more markedly than the WT
(Figs. 3 Bb, Cb, and Db). At 300 �M luminal Ca2�, the average
Po values of single N4104K, R4496C, and N4895D mutant
channels were 0.275 � 0.051 (n � 7), 0.084 � 0.017 (n � 14), and
0.308 � 0.048 (n � 10), respectively, significantly greater than
that of single WT channels (Fig. 3E) (P � 0.001). These
observations directly demonstrate that CPVT mutations in-
crease the channel sensitivity to activation by luminal Ca2�.

CPVT RyR2 Mutations Enhance the Basal Level of [3H]ryanodine
Binding to RyR2. We have previously demonstrated that a CPVT
mutation, R4496C, enhances the basal activity of RyR2 (23). To

Fig. 2. Effects of CPVT RyR2 mutations on SOICR. Stable inducible HEK293
cells expressing RyR2 mutants were loaded with fura-2-acetoxymethyl ester
and perfused continuously with various [Ca2�]o, as described in the legend to
Fig. 1. (A) Single-cell fluorescent Ca2� images of R4496C cells at various [Ca2�]o

(0–1.0 mM). (B) Fura-2 ratios of a representative R4496C cell (blue trace) and
RyR2(wt) cell (green trace) at various [Ca2�]o. (C) Fraction (%, mean � SEM) of
N4104K (filled diamond), R4496C (filled circle), or N4895D (filled square) cells
that display Ca2� oscillations. The total numbers of cells analyzed for Ca2�

oscillations were 563 for RyR2(wt), 327 for N4104K, 378 for R4496C, and 191
for N4895D from three to nine separate experiments. (D) Frequency of Ca2�

oscillations and store Ca2� level in HEK293 cells expressing RyR2(wt) in the
absence (WT) and presence (Caff) of 0.3 mM caffeine and in HEK293 cells
expressing the RyR2 mutants N4104K (NK), R4496C (RC), and N4895D (ND).
Both the store Ca2� content and the frequency of Ca2� oscillations were
determined at 1.0 mM [Ca2�]o. Values were normalized to the WT level
(100%). Data shown are mean � SEM from three to seven separate experi-
ments. RyR2(wt) and the mutant proteins were pulled down by GST-FKBP12.6
from the same amount of cell lysate and Western blotted with an anti-RyR
antibody (E).
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see whether this is a common characteristic of CPVT mutations,
we carried out [3H]ryanodine binding to WT and the CPVT
mutants in the presence of very low concentrations of Ca2�

(�3 nM, pCa � 8.49; pCa � �log10[Ca2�]) and increasing
concentrations of KCl. As shown in Fig. 4A, the basal level of
[3H]ryanodine binding to WT and CPVT mutants increased to
different extents with increasing KCl concentrations. Elevating
the concentration of KCl slightly increased the basal level of
[3H]ryanodine binding to WT but substantially augmented the
basal levels of [3H]ryanodine binding to the CPVT mutants. For
instance, in the presence of 800 mM KCl, the WT showed 10 �
0.8% (mean � SEM, n � 7) of maximum [3H]ryanodine binding,
although the CPVT mutants, N4104K, R4496C, and N4895D,
exhibited 54 � 2.2% (n � 3), 25 � 1.0% (n � 6), and 37 � 0.7%
(n � 3) of maximum [3H]ryanodine binding, respectively, sig-
nificantly greater than that of the WT (P � 0.0001).

We have also previously shown that the overall Ca2� response
of the R4496C mutant was comparable to that of the WT (23).

Similarly, we found that CPVT mutations, N4104K and N4895D,
did not markedly alter the overall Ca2� response of [3H]ryano-
dine binding (Fig. 4B). Analysis of the Ca2� dependence of
[3H]ryanodine binding by the Hill equation yielded EC50 values
of 0.13 � 0.009 �M (mean � SEM, n � 4) for N4104K, 0.22 �
0.016 �M (n � 4) for R4496C, and 0.24 � 0.016 �M (n � 6) for
N4895D, similar to that for WT (0.28 � 0.017 �M, n � 15).
Differences in [3H]ryanodine binding between WT and the
CPVT mutants were mostly observed at low Ca2� concentrations
between �20 and �200 nM. These observations are consistent
with the view that the CPVT mutations result in an increased
basal activity of RyR2.

Discussion
The present study has revealed that SOICR, commonly observed in
cardiac myocytes, can be reproduced in HEK293 cells expressing
RyR2. Using this cell model, we have demonstrated that the RyR2
mutations associated with CPVT, N4104K, R4496C, and N4895D
markedly increase the occurrence of SOICR at elevated [Ca2�]o.
We have further shown, at the molecular level, that these RyR2
mutations enhance the sensitivity of single RyR2 channels to
activation by luminal Ca2� and augment the basal level of [3H]ry-
anodine binding. These data indicate that an enhanced luminal
Ca2� activation and basal level of [3H]ryanodine binding are
common defects of CPVT RyR2 mutations. Considering the ar-
rhythmogenic characteristics of SOICR, we propose that CPVT

Fig. 3. CPVT RyR2 mutations increase the sensitivity of single RyR2 channels
to luminal Ca2� activation. Single-channel activities of RyR2(wt) (A), N4104K
(B), R4496C (C), and N4895D (D) were recorded in a symmetrical recording
solution containing 250 mM KCl and 25 mM Hepes (pH 7.4). EGTA was added
to either the cis or trans chamber to determine the orientation of the incor-
porated channel. The side of the channel to which an addition of EGTA
inhibited the activity of the incorporated channel presumably corresponds to
the cytoplasmic face. The Ca2� concentration on both the cytoplasmic and the
luminal face of the channel was adjusted to �45 nM. The luminal Ca2�

concentration was then increased to various levels by the addition of aliquots
of CaCl2 solution. The control current traces for RyR2(wt) or mutants are
shown in a, whereas single-channel current traces at 300 �M luminal Ca2� are
depicted in b. The holding potential was �20 mV. Openings are downward.
Po, arithmetic mean open time (To), and arithmetic mean closed time (Tc) are
indicated on top. A short line to the right of each current trace indicates the
baseline. (E) The relationships between Po and luminal Ca2� concentrations of
single RyR2(wt) (open triangle), N4104K (filled diamond), R4496C (filled cir-
cle), and N4895D (filled square) are shown. Data points shown are mean �
SEM from 21 RyR2(wt), 7 N4104K, 14 R4496C, and 10 N4895D single channels.

Fig. 4. Effects of CPVT RyR2 mutations on [3H]ryanodine binding. [3H]ry-
anodine binding to cell lysate prepared from RyR2(wt) (open circle), N4104K
(filled diamond), R4496C (filled circle), and N4895D (filled square) cells was
carried out at �3 nM Ca2�, various concentrations of KCl (50–1,000 mM), and
5 nM [3H]ryanodine (A), and at various concentrations of Ca2� (�0.2–0.1 mM),
100 mM KCl, and 5 nM [3H]ryanodine (B). [3H]Ryanodine binding shown in A
was normalized to the binding measured in the presence of 800 mM KCl and
100 �M Ca2�, whereas [3H]ryanodine binding shown in B was normalized to
the binding obtained at 100 mM KCl and 100 �M Ca2�. Data points shown are
mean � SEM from three to seven experiments.
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RyR2 mutations, by reducing the threshold for SOICR as a result
of enhancing luminal Ca2� activation, increase the susceptibility to
VT and sudden death under conditions of Ca2� overload. Our
findings link defective luminal Ca2� activation of RyR2 to VT and
sudden death and suggest RyR2 luminal Ca2� activation as an
alternative target for antiarrhythmic treatment.

Recapitulation of Cardiac SOICR in HEK293 Cells. Investigation of the
causative mechanisms of CPVT has been hampered by the lack
of animal models for CPVT and methods for introducing large
DNA such as the RyR2 cDNA (�15 kb long) into cardiac
myocytes. The present study demonstrates that HEK293 cells
expressing RyR2 could be used as an alternative means to
investigate the behavior of RyR2 under conditions of Ca2�

overload and the molecular basis of CPVT RyR2 mutations. We
have shown that, despite the lack of a number of cardiac-specific
Ca2� handling proteins, HEK293 cells expressing RyR2 produce
SOICR at elevated [Ca2�]o in a manner virtually identical to that
observed in cardiac cells (Fig. 1). We have also shown that
HEK293 cells not expressing RyR2 do not display SOICR at
elevated [Ca2�]o (Fig. 1). These observations indicate that RyR2
is essential for SOICR, and that SOICR is not unique to cardiac
cells; rather, it reflects the intrinsic properties of RyR2. Hence,
HEK293 cells expressing RyR2 provide a readily accessible cell
model for molecular analysis of the impact of various CPVT
RyR2 mutations on SOICR.

RyR2, a Critical Determinant of the SOICR Threshold. It is well
documented that elevated [Ca2�]o produces SR Ca2� overload,
and that once a threshold level of SR Ca2� content is reached,
SOICR occurs. Interestingly, further Ca2� loading has no effect
on SR Ca2� content. SR Ca2� content increases only when there
is no SOICR (24). Essentially the same relationship between
store Ca2� content and SOICR was observed in HEK293 cells
expressing RyR2 (Fig. 1). It is also known that the activity of
RyR2 influences the threshold for SOICR in cardiac myocytes.
For instance, modest activation of RyR2 by caffeine reduced the
threshold for SOICR and SR Ca2� content, although moderate
inhibition of RyR2 by tetracaine increased both the threshold for
SOICR and SR Ca2� content (26, 27). Consistent with this view,
we have shown that mutations in RyR2, N4104K, R4496C, and
N4895D increased the occurrence of SOICR and the frequency
of Ca2� oscillations and reduced the store Ca2� content (Fig. 2).
Taken together, these observations suggest that RyR2 is a critical
determinant of the threshold for SOICR and consequently for
the SR Ca2� content.

Molecular Mechanisms Underlying the Action of CPVT RyR2 Mutations.
How do CPVT RyR2 mutations alter the threshold for SOICR?
Given that SOICR is triggered by SR Ca2� overload, and that
elevated SR luminal Ca2� activates RyR2 (28, 29), it is likely that
CPVT RyR2 mutations alter the channel sensitivity to activation
by luminal Ca2�. In support of this view, we obtained direct
evidence that the RyR2 mutations N4104K, R4496C, and
N4895D substantially increased the channel sensitivity to acti-
vation by luminal Ca2� (Fig. 3). However, it remains to be
determined how these CPVT mutations exert their effects on
RyR2 luminal Ca2� activation. One possibility is that CPVT
RyR2 mutations affect domain–domain interactions in RyR2
that mediate luminal Ca2� activation. CPVT mutations are
largely clustered in three domains of RyR2 (21). It has been
proposed that interactions among these domains are involved in
conformational changes associated with channel gating (30). It
is possible that mutations in these domains may weaken the
interactions among them and destabilize the closed state of the
channel, rendering the channel more sensitive to activation by
stimuli. Consistent with this, we found that CPVT RyR2 muta-
tions enhanced basal channel activity (Fig. 4). Another possi-

bility is that CPVT RyR2 mutations affect protein–protein
interactions among RyR2 and its associated proteins such as
FKBP12.6, CASQ2, triadin, and junctin, which may regulate
luminal Ca2� activation. Wehrens et al. (31) have shown that
CPVT RyR2 mutations reduced the affinity of FKBP12.6 bind-
ing. On the contrary, however, George et al. (32) have recently
demonstrated that CPVT RyR2 mutations augmented SR Ca2�

release in a manner independent of FKBP12.6. Thus, whether
CPVT RyR2 mutations alter FKBP12.6 binding requires addi-
tional investigations. Regardless of what the exact molecular
mechanisms might be, abnormal RyR2 luminal Ca2� activation
may underlie the ultimate outcome of CPVT RyR2 mutations.
A detailed understanding of the molecular basis and regulatory
mechanism of RyR2 luminal Ca2� activation will be necessary to
appreciate the precise impact of CPVT RyR2 mutations.

A Proposed Model of CPVT. Based on the results of the present
study and those of previous investigations, we propose a simple
model to account for CPVT (Fig. 5). In this model, we hypoth-
esize that the threshold for SOICR is primarily determined by
RyR2. In normal SR, the threshold for SOICR is higher than the
SR free Ca2� level under both resting and stimulated conditions
(catecholamines or stresses). Therefore, there is little or no Ca2�

spillover from the normal SR in either the resting or stimulated
states (Fig. 5A). On the other hand, in the CPVT SR, the
threshold for SOICR is reduced by mutations in the RyR2
channel. Under resting conditions, the reduced threshold for
SOICR is still higher than the resting SR free Ca2� level, so that
there is little or no Ca2� spillover. However, under stimulated
conditions, the CPVT SR is abruptly overloaded with Ca2�.
Because of the reduced threshold, SOICR will be more likely to

Fig. 5. A proposed mechanism for CPVT associated with RyR2 mutations. The
relationship between the threshold for SOICR and the SR-free Ca2� level in
normal (A) and CPVT SR (B) in the resting and stimulated states is schematically
shown. The threshold for SOICR, which is primarily determined by RyR2, is
depicted by a red bar. Note that the threshold for SOICR is reduced in the CPVT
SR as a consequence of the RyR2 mutations. The SR free Ca2� level, which is
predominantly determined by CASQ2, is represented by the blue area. Note
that the resting level of SR-free Ca2� in the CPVT SR might have adapted to a
reduced level due to the existence of SR autoregulation (33). An abrupt
increase of SR-free Ca2� as a result of stimulations by catecholamines or
stresses is depicted by the yellow area. When the SR-free Ca2� level reaches the
SOICR threshold, SOICR occurs, leading to a large SR Ca2� spillover, which in
turn can generate DAD and triggered arrhythmia.
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occur during SR Ca2� loading (Fig. 5B). The resulting large SR
Ca2� spillover can lead to DAD and triggered arrhythmia. It is
important to note that, due to SR autoregulation, the resting
level of SR free Ca2� in the CPVT SR might have adapted to a
reduced level (33), and that a modest reduction in the threshold
for SOICR should not produce a sustained effect on excitation
contraction coupling (34). This may explain the absence of
functional and structural heart abnormalities in patients with
CPVT under resting conditions.

SOICR and SR Ca2� Buffering. It is clear from the proposed model
that, besides the threshold for SOICR, another major determi-
nant of the propensity for SOICR is the SR-free Ca2�, which
depends largely on SR Ca2� buffering. Strong SR Ca2� buffering
would slow down the rate of increase of SR free Ca2� and delay
the occurrence of SOICR. On the other hand, in the presence of
weak SR Ca2� buffering, SR-free Ca2� would be expected to
increase rapidly to the threshold level and trigger SOICR readily.
Indeed, mutations in CASQ2, a low-affinity high-capacity SR
Ca2�-binding protein essential for SR Ca2� buffering, have also
been linked to CPVT (9, 10). Moreover, cardiac myocytes
expressing a CPVT CASQ2 mutant that is believed to have no
Ca2� buffering capability exhibited arrhythmic Ca2� transients
and DAD when stimulated with isoproterenol, which increases
the loading of SR Ca2�. Intriguingly, the abnormal Ca2� tran-
sient in cardiac myocytes expressing this CASQ2 mutant was
restored to normal by loading the cell with citrate, a low-affinity
Ca2� buffer (35, 36), indicating that simply increasing the
capacity of SR Ca2� buffering is sufficient to suppress the Ca2�

overload-induced arrhythmic Ca2� transients. These observa-
tions, together with our data, demonstrate that reducing either
the SOICR threshold or the capacity of SR Ca2� buffering can
increase the propensity for SOICR and thus triggered arrhyth-
mias. Hence, our model offers a unifying hypothesis for both
RyR2- and CASQ2-linked CPVT.

Implications for VT in Various Cardiac Diseases. VT frequently
occurs in a variety of cardiac conditions, such as HF, hypertro-

phy, and ischemic heart diseases (1–4). Cardiac myocytes and
muscles isolated from failing hearts displayed a high incidence of
Ca2� aftertransients, DADs, and triggered activities under con-
ditions that increase SR Ca2� content (37, 38). Consistent with
this, it has also been shown that diastolic SR Ca2� leak in HF
depends steeply on SR Ca2� load and is greater than that in
normal hearts for any given SR Ca2� load (39). These observa-
tions imply that the threshold for SOICR in failing hearts was
reduced. A reduced threshold for SOICR has also been observed
in hypertensive, hypertrophied, and ischemic�reperfused hearts
(19). Thus, a reduced threshold for SOICR is common to many
cardiac settings and may contribute to the enhanced propensity
for DAD-based VT in these settings. Given the central role of
RyR2 in SOICR, altered RyR2 function is likely a major cause
of the reduced threshold for SOICR and hence increased
susceptibility for VT.

Conclusion
The present study reveals mechanistic insight into the molecular
basis of CPVT and proposes a unifying hypothesis for Ca2�

overload-associated VT. We demonstrate that CPVT RyR2
mutations enhance SOICR by increasing the channel sensitivity
to activation by luminal Ca2�. Alterations in RyR2 function are
likely to contribute to the reduced threshold for SOICR, the high
incidence of DAD-associated VT, and the decreased SR Ca2�

content commonly observed in a number of cardiac settings.
Therefore, normalizing the threshold for SOICR by controlling
the activity of RyR2 offers a promising therapeutic strategy for
the treatment not only of CPVT but also of VT in various cardiac
conditions.
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