
Decreased RyR2 refractoriness determines myocardial
synchronization of aberrant Ca2+ release in a genetic
model of arrhythmia
Lucia Brunelloa, Jessica L. Slabaughb, Przemysław B. Radwa�nskia, Hsiang-Ting Hoa, Andriy E. Belevycha, Qing Loua,
Haiyan Chenc, Carlo Napolitanod, Francesco Lodolad, Silvia G. Priorid, Vadim V. Fedorovb, Pompeo Volpee, Michael Fillc,
Paul M. L. Janssenb,1, and Sándor Györkea,1

aD. Davis Heart and Lung Research Institute and bDepartment of Physiology and Cell Biology, College of Medicine, The Ohio State University, Columbus,
OH 43210; cDepartment of Molecular Biophysics and Physiology, Section of Cellular Signaling, Rush University Medical Center, Chicago, IL 60612; dDivisione di
Cardiologia, Instituto di Ricovero e Cura a Carattere Scientifico Fondazione Salvatore Maugeri, 27100 Pavia, Italy; and eDepartment of Biomedical Sciences,
University of Padova, 35121 Padova, Italy

Edited by Gerhard Meissner, University of North Carolina at Chapel Hill, Chapel Hill, NC, and accepted by the Editorial Board May 6, 2013 (received for review
January 2, 2013)

Dysregulated intracellular Ca2+ signaling is implicated in a variety
of cardiac arrhythmias, including catecholaminergic polymorphic
ventricular tachycardia. Spontaneous diastolic Ca2+ release (DCR)
can induce arrhythmogenic plasma membrane depolarizations, al-
though the mechanism responsible for DCR synchronization among
adjacent myocytes required for ectopic activity remains unclear. We
investigated the synchronization mechanism(s) of DCR underlying
untimely action potentials and diastolic contractions (DCs) in a cat-
echolaminergic polymorphic ventricular tachycardia mouse model
with a mutation in cardiac calsequestrin. We used a combination of
different approaches including single ryanodine receptor channel
recording, optical imaging (Ca2+ and membrane potential), and
contractile force measurements in ventricular myocytes and intact
cardiac muscles. We demonstrate that DCR occurs in a temporally
and spatially uniform manner in both myocytes and intact myocar-
dial tissue isolated from cardiac calsequestrin mutation mice. Such
synchronized DCR events give rise to triggered electrical activity
that results in synchronous DCs in the myocardium. Importantly,
we establish that synchronization of DCR is a result of a combination
of abbreviated ryanodine receptor channel refractoriness and the
preceding synchronous stimulated Ca2+ release/reuptake dynamics.
Our study reveals how aberrant DCR events can become synchro-
nized in the intact myocardium, leading to triggered activity and the
resultant DCs in the settings of a cardiac rhythm disorder.

calcium-induced calcium release | luminal calcium | RyR2 deactivation |
sarcoplasmic reticulum

Cardiac arrhythmias are the most common and lethal cardiac
diseases, accounting for around 450,000 deaths annually in

the United States alone (1). The majority of these deaths are
caused by irregular ectopic beats that lead to ventricular tachy-
cardia and fibrillation. The normal rhythmic beating of the heart
is maintained by the cross-talk between the action potential (AP)
and self-regenerating Ca2+-induced Ca2+ release (CICR), where
Ca2+ entry during the cardiac AP ignites CICR. The CICR is
mediated by the ryanodine receptor (RyR2) on the sarcoplasmic
reticulum (SR) and contributes to the global intracellular Ca2+

transient that drives cardiomyocyte contraction. Following Ca2+

release and contraction, relaxation ensues as Ca2+ is reseques-
tered back into the SR by the SR Ca2+ pump (2). Importantly for
normal Ca2+ cycling, the SR becomes refractory after each sys-
tolic Ca2+ release, thereby preventing spontaneous reactivation of
CICR during the diastolic period (3–5). This temporal restraint of
Ca2+ signaling is thought to be a consequence of the local de-
crease in intra-SR Ca2+ that in turn can inhibit CICR either by
reducing RyR2 Ca2+ efflux (6) and/or by deactivating RyR2s via
a mechanism that involves the SR Ca2+ binding protein calse-
questrin 2 (CASQ2) (7–9).

In various disease settings, aberrant diastolic Ca2+ release (DCR)
from the SR gives rise to arrhythmic ectopic activity (10–14). The
pathologic link between diastolic dysregulated Ca2+ release and
arrhythmia is particularly evident in catecholaminergic poly-
morphic ventricular tachycardia (CPVT), a familial form of ar-
rhythmia caused by mutations in the components of the RyR2
complex, including RyR2 and CASQ2 (15, 16). In myocytes
harboring CPVT-associated CASQ2 mutations, altered CASQ2-
dependent RyR2 modulation predisposes the SR to spontaneous
DCR. DCR occurs in the form of waves of self-propagating
CICR. These waves result in Ca2+-dependent depolarizing cur-
rents generated by the electrogenic Na+/Ca2+ exchanger activity
on the cell membrane giving rise to delayed afterdepolarizations
(DADs) and consequently to triggered arrhythmias (17–19).
Despite the fact that the mechanisms of triggered arrhythmias

have been well established on the cellular level, the relationship
between abnormal myocyte Ca2+ cycling and focal excitation at
the tissue level remains poorly understood. A key unresolved
question is how spontaneous Ca2+ release in individual myocytes
can cause a sufficiently large membrane depolarization to elicit an
ectopic event across the whole of myocardium, particularly be-
cause a local depolarizing current is expected to be absorbed by
the electrically connected neighboring myocytes serving as cur-
rent sinks (20). Consequently, it has been suggested that ectopic
activity, rather than arising in individual ventricular myocytes,
originates in the Purkinje system, which has a smaller source-sink
mismatch relative to the 3D ventricular network (21). Thus, there
is uncertainty whether and how focally activated arrhythmias such
as CPVT can originate in the ventricular myocardium. Here, our
focus is a murine model of CPVT with a point mutation in
CASQ2 (CASQ2R33Q) that causes an impairment of store-
dependent RyR2 deactivation (22). We demonstrate that this
impairment alters refractoriness of Ca2+ release, which in turn
provides a mechanism for synchronization of DCR, DADs, and
diastolic contractions (DCs) across intact myocardium. Impor-
tantly, our study provides a conceptual framework in which

Author contributions: L.B., P.B.R., A.E.B., P.V., M.F., P.M.L.J., and S.G. designed research;
L.B., J.L.S., P.B.R., H.-T.H., A.E.B., Q.L., and H.C. performed research; Q.L., C.N., F.L., S.G.P.,
V.V.F., and P.M.L.J. contributed new reagents/analytic tools; L.B., J.L.S., P.B.R., A.E.B., Q.L.,
and H.C. analyzed data; and L.B., P.B.R., P.V., M.F., P.M.L.J., and S.G. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. G.M. is a guest editor invited by the
Editorial Board.

Freely available online through the PNAS open access option.
1To whom correspondence may be addressed. E-mail: Sandor.Gyorke@osumc.edu or janssen.
10@osu.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1300052110/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1300052110 PNAS Early Edition | 1 of 6

PH
YS

IO
LO

G
Y

mailto:Sandor.Gyorke@osumc.edu
mailto:janssen.10@osu.edu
mailto:janssen.10@osu.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1300052110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1300052110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1300052110


store-dependent RyR2 deactivation on the cellular level serves
as a substrate for triggered arrhythmias at the whole heart level.

Results
SpontaneousCa2+Release IsAssociatedwithReducedRyR2Refractoriness
in CASQ2R33QMyocytes.Myocytes isolated from WT and CASQ2R33Q

hearts were paced at 1Hz in the presence of the β-adrenergic agonist
isoproterenol (ISO, 100 nM, Fig. 1A). Under these conditions, DCR
(waves and/or wavelets) occurred at a frequency of 0.24 ± 0.06
events per cycle in CASQ2R33Q myocytes, which was significantly
higher than those inWTmyocytes (0.03 ± 0.01 events per cycle, Fig.
1C). The few DCRs observed in WT myocytes were randomly
distributed through diastole. In contrast, DCRs in CASQ2R33Q

cells had a high probability of occurrence around three distinct
time points consistent with the development of up to three
DCRs during the diastolic period. The distribution of DCRs
reveals a well-defined periodicity with a fixed interrelease in-
terval of ∼260 ms (Fig. 1D). Of note, the occurrence of DCR
displayed a clear rate dependency such that the number of
events per cycle decreased and their distribution narrowed at
faster pacing rates (Fig. S1).
To gain further insights into the mechanisms of DCR, we

examined more closely the distribution of the latencies to the
first DCR. In CASQ2R33Q myocytes, the histogram after an
initial time lag of ∼200 ms showed a sharp peak followed by
a gradual, close to exponential decay (Fig. 1E). As demonstrated
by Maltsev et al. (23) in pacemaker cells with robust Ca2+

oscillations, the high synchronicity of spontaneous firing of re-
lease sites is attributable to synchronization of refractory periods.
Thus, the 200-ms time lag before the first DCR in CASQ2R33Q

myocytes provides a metric consistent with the RyR2 refractory
period. In contrast, DCRs in WT myocytes were less frequent
and occurred more randomly, with a median time of onset occur-
ring at 751 ms, which was distinctly longer relative to CASQ2R33Q

myocytes (Fig. 1F). Based on previous work by Maltsev et al. (23),
the increased synchronicity of release events in CASQ2R33Q cells
could be ascribed to either an increased magnitude of Ca2+ release
through RyR2s and/or altered refractory properties of RyR2s
(facilitating CICR). Because the amplitude of Ca2+ transients
decreased in CASQ2R33Q compared with WT myocytes (Fig.
1B), an alteration in refractoriness of release is the likely factor
behind the increased synchronicity of DCR during CPVT.
To more closely assess the refractory properties of Ca2+ signaling

in CASQ2R33Q and WT myocytes, we measured the restitution
of SR Ca2+ release using an established S1-S2 protocol in which
the first stimulus is followed by a second one after a varying
time interval (Fig. 2A). This protocol revealed that the restitu-
tion of Ca2+ release, as evidenced by the rate of recovery of Ca2+

transient amplitude, was significantly accelerated in CASQ2R33Q

myocytes, consistent with impaired Ca2+ signaling refractoriness
in these cells (Fig. 2B). Furthermore, to examine whether these
differences in recovery of Ca2+ release are caused by potential
alterations in Ca2+ currents (ICa), we performed measurements
of ICa restitution in patch-clamped myocytes following the same
S1-S2 protocol as mentioned previously. The recovery of the
peak ICa was similar in both myocyte groups, suggesting that
ICa is unlikely to underlie the differences in release restitution
(Fig. S2).
To examine whether the altered Ca2+ signaling in CASQ2R33Q

myocytes was associated with altered RyR2 function, we performed
single-channel measurements in RyR2s incorporated into lipid
bilayers. Previously, we demonstrated that the R33Q CASQ2 var-
iant lacks the ability of its WT counterpart to inhibit RyR2 at low
luminal Ca2+ (20 μM) (24). Here we examined whether altered
modulation of RyR2 activity by CASQ2R33Q is present at a higher,
near-diastolic luminal [Ca2+] (1 mM). Indeed, at this Ca2+, RyR2
open probability (Po) was significantly higher, whereas the mean
closed time (MCT) was significantly shorter in CASQ2R33Q RyR2s
compared with WT channels (Fig. 2 C–F). Consistent with
these results in single RyR2s, diastolic Ca2+ sparks occurred
more frequently in CASQ2R33Q than in WT myocytes (4.4 ±
1.1 vs. 2.5 ± 0.3 0.1 mm−1·s−1; n = 74–621 events; P < 0.05).
Collectively, these data suggest that impaired refractory be-
havior of individual RyR2s leads to temporally aligned DCR
in CASQ2R33Q myocytes.

Highly Synchronized DCs in Intact CASQ2R33Q Muscle. To test whether
the temporal synchronization of spontaneous DCR in myocytes
isolated from CASQ2R33Q mice gives rise to synchronous DCs in
cardiac muscle, we performed force measurements in multicellular
papillary muscle and trabeculae preparations. Muscles from WT
and CASQ2R33Q mice were electrically paced at 1 Hz, and me-
chanical force was measured before and after exposure to ISO
(Fig. 3A). Under baseline conditions (upper traces), WT and
CASQ2R33Q muscles exhibited regular twitches of similar am-
plitude and time course (Fig. 3 A, E, and F). Exposure to ISO
(30–300 nM; lower traces in Fig. 3A) effectively tripled the fre-
quency of contractions because of the occurrence of unprovoked
diastolic events inCASQ2R33Q but not inWTmuscles. As expected,
ISO significantly increased average twitch force amplitude in
WT muscles. Interestingly, the average twitch force amplitude
at the peak ISO effect remained unchanged in CASQ2R33Q

muscles. This is mainly due to the increased DCR frequency de-
pleting the SR Ca2+ store (Fig. 3E). Superimposed traces from
different CASQ2R33Q muscles challenged with ISO are shown in
Fig. 3B. As in myocyte experiments, the DCs consistently arose

Fig. 1. Frequency and timing of spontaneous Ca2+ release in
CASQ2R33Q isolated ventricular myocytes. (A) Representative
line-scan images of WT and CASQ2R33Q isolated cardiomyocytes
paced at 1 Hz (dots) in the presence of ISO (100 nM) show in-
creased incidence of DCR events in CASQ2R33Q cells. (B) Stimu-
lated Ca2+ transient amplitude in CASQ2R33Q and WT myocytes
paced at 2 Hz in the presence of 100 nM ISO. F/F0 (in which F is
the fluorescence at time t and F0 represents the background
signal) is 2.56 ± 0.06 vs. 2.75 ± 0.06, respectively. Summary of
DCR frequency (C) and DCR temporal distribution (D): DCRs are
more common in CASQ2R33Q myocytes and occur at three dis-
tinct time points (interrelease latencies 337, 259, and 269 ms,
respectively). (E) Distribution of the latency to the first DCR
following a delay displays a prominent early peak. (F ) The
median of the first DCR latency occurs earlier in CASQ2R33Q

cells relative to WT. (B) n = 24 and 10 cells for CASQ2R33Q and
WT, respectively; (C–F) n = 59 and 30 cells for CASQ2R33Q and WT
from five and three animals, respectively. *P < 0.05; **P < 0.01.
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around three different diastolic time points as illustrated in Fig. 3C.
These results suggest that DCs result from highly synchronized
cellular events consistent with the temporal alignment of DCR
observed in isolated myocytes.
To further assess the cellular synchronicity underlying the ob-

served DCs, we examined the amplitude and decay rate of de-
veloped force during stimulated and spontaneousCa2+ release (Fig.
3 E and F). Stimulated contraction (SC) of myocardium is maxi-
mally synchronized by electrical stimulus. Thus, we compared the
amplitude and decay rate ofDCswith SCs to determine the intrinsic
synchronicity of the DCs. As demonstrated in Fig. 3D, a significant
pool of DCs was similar in size or was even higher than SCs. Taken
together, this suggests that most DCs recruited the vast majority
of muscle cells and were likely associated with an ectopic AP.

DCR Is Synchronized in Intact CASQ2R33Q Cardiac Muscle. To directly
examine synchronization of DCR between different myocytes in
myocardium of CASQ2R33Q mice, we performed confocal Ca2+

imaging in cardiac muscle preparations. Muscles loaded with the
cytosolic Ca2+ indicator Rhod-2 were paced at 1 Hz in the
presence of ISO (Fig. 4). Consistent with the results in isolated
myocytes, DCR in the form of Ca2+ waves occurred regularly
between pacing-induced Ca2+ transients in the vast majority of
CASQ2R33Q cells within the field of view (Fig. 4 B and C) but not
in WT muscles (Fig. 4A). Once again, when we examined the
timing of cellular DCRs within cardiac muscles, we observed
three distinct time peaks similar to those observed in isolated
myocytes (Fig. 4D). As in isolated myocytes, the distribution of
DCRs and DCs in cardiac muscles was rate-dependent (Fig. S3).
Furthermore, similar to the results of force measurements, the
amplitudes of DCRs from a significant portion of myocytes were
similar to those of Ca2+ transients generated by electrical stim-
ulation (Fig. 4E).
Experiments conducted in isolated myocytes suggest that the

temporal alignment of DCR arises from the shortened RyR2
refractory period following temporally uniform stimulated Ca2+

release and the resultant synchronized reuptake. To test the role

of the stimulated Ca2+ release/reuptake in DCR synchronization,
we examined the effects of a single electrical stimulation on the
timing of DCR (Fig. 5A, Left). At rest, the muscles exhibited oc-
casional Ca2+ waves that randomly occurred in different myocytes.
Following an electrically induced Ca2+ transient, several sequential
oscillations of Ca2+ release occurred in multiple adjacent cells,
which gradually decreased in amplitude and in the degree of co-
hesiveness (Fig. 5B). Application of additional electrical stimuli
once again resynchronized the diastolic release (Fig. 5A, Right).
To quantify the degree of synchronicity of DCR, we measured the
time interval (i.e., latency) to the first DCR following stimulated
Ca2+ release and the time intervals between consecutive DCRs
(Fig. 5C). The first DCR evidenced the shortest mean latency and
smallest corresponding standard deviation (SD), suggesting the
highest level of synchronicity. The subsequent DCRs evidenced
longer latencies that were coupled to a greater variance in their
occurrence. These results suggest that temporally uniform
stimulated Ca2+ release/reuptake dynamics plays a key role in
synchronization of DCR in CASQ2R33Q muscle. Of note, Ca2+

waves are capable of crossing cell boundaries apparently via
gap junctions (25). However, the rate of propagation of iso-
lated Ca2+ waves (∼50 μm/s) in our study in the absence of
pacing seems too slow to account for the high synchronicity of
release in the wake of a temporally aligned pacing-induced
Ca2+ transient.
For spontaneous Ca2+ release to become proarrhythmic, it must

cause an ectopic AP that triggers an arrhythmia. As mentioned
previously, the high amplitude of DCs and that of DCR events
in intact tissue suggest an accompanying muscle-wide triggered
electrical depolarization (i.e., extrasystolic AP). To test directly
whether synchronous DCR can result in extrasystolic electrical
activity in CASQ2R33Q muscles, we performed simultaneous Ca2+

and membrane potential (MP) imaging. Muscles were dual-labeled
with Rhod-2 and RH237 or di-4-ANBDQBS for simultaneous
Ca2+ and MP measurements, respectively, and stimulated at

Fig. 2. Abbreviated RyR2 refractoriness underlies spontaneous Ca2+ release:
single myocytes and single RyR2 channels experiments. (A) Representative
traces of SR Ca2+ release attained during an S1-S2 restitution protocol show
faster release recovery in CASQ2R33Q cardiomyocytes. Experiments were
carried out in the presence of 100 nM ISO. (B) Average time course of the
restitution of Ca2+ transients shows faster recovery of SR Ca2+ release in
CASQ2R33Q myocytes relative to WT cells (time to half-maximal recovery was
134 ± 5 vs. 166 ± 2 ms respectively, P < 0.001). Each data point was recorded
in 12–29 CASQ2R33Q and 6–11 WT myocytes, respectively. Restitution of Ca2+

transients in each group was fitted to logistic functions. (C) Sample record-
ings of RyR2 channels obtained from cardiac SR microsomes of WT and
CASQ2R33Q mice. Open events are shown as upward deflections from the
marked zero current level. CASQ2R33Q single RyR2s were more active. Bar
graphs showing the Po (D), mean open time (MOT) (E), and MCT (F) of 8 WT
and 4 CASQ2R33Q RyR2 channels. Single RyR2 Po was significantly greater and
MCT significantly smaller in CASQ2R33Q mice compared with WT mice in
a one-tail unpaired Student t test. *P < 0.05; **P < 0.01.

Fig. 3. CASQ2R33Q intact cardiac muscles show highly synchronized DCs. (A)
Representative recordings of developed (Dev) force from WT and CASQ2R33Q

cardiac muscles electrically stimulated at 1 Hz (dots). Superfusion with ISO
(30–300 nM) resulted in DCs (red asterisks) in CASQ2R33Q but not in WT
preparations. (B) Superimposed twitch recordings from four CASQ2R33Q

muscles in the presence of ISO (30–300 nM) paced at 1 Hz (black dots) show
that DCs consistently occur around the same time points (not to scale). (C)
Cumulative temporal distribution of DCs in CASQ2R33Q muscles shows three
probability peaks. (D) Distribution of DC amplitudes (as % of the mean value
of the corresponding SC) in CASQ2R33Q muscles. Average amplitude (E) and
decay rate (F) of WT and CASQ2R33Q contractions under baseline (BSL)
conditions (− ISO) and under maximum effect of adrenergic stimulation
(+ ISO, 30–300 nM). n = 5 muscles for both CASQ2R33Q and WT. *P < 0.05.
−dF/dt, maximum of the first derivative of the developed force.
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1 Hz before and after infusion of ISO. Dual-labeled muscles
evidenced an AP and a corresponding Ca2+ transient with each
electrical stimulation (Fig. S4). Neither DCRs nor extrasystolic APs
were detected in WT muscles, even in the presence of ISO (Fig.
S4). On the other hand, we observed characteristic DCRs that were
occasionally associated with extrasystolic APs in single myocytes
(Fig. S5) as well as globally (Fig. 6 A and B) in ISO-treated
CASQ2R33Q muscles. Overall, addition of ISO to CASQ2R33Q

muscles resulted in a significant increase in the frequency of cellular
DCRs and a corresponding rise in the rate of extrasystolic APs (Fig.
6C). The generation of cell-wide triggered activity is further sub-
stantiated by the similarity in the amplitudes of extrasystolic and
electrically stimulated globally averaged AP signals (Fig. 6D).
Taken together, these data suggest that aberrant SR Ca2+ release
can indeed elicit a triggered arrhythmia in a cardiac muscle.
Last, we explored whether stabilization of the release machinery

can potentially reverse the proarrhythmic spontaneous Ca2+ re-
lease events. Recent studies have shown that the muscle relaxant
dantrolene may normalize abnormal Ca2+ handling associated with
heart failure and CPVT by stabilizing the interdomain interactions
within the RyR2 and by increasing the threshold for spontaneous

Ca2+ release in cardiac myocytes (26, 27). The confocal line-scan
images in a CASQ2R33Q cardiac muscle in Fig. 7A reveal that
addition of dantrolene (+Da) reduced DCR relative to ISO alone.
Notably, the tissue-wide extrasystolic Ca2+ transients characteristic
of CASQ2R33Q (Fig. 7A) were virtually absent following dantrolene
exposure. Desynchronization of DCR by dantrolene is further il-
lustrated by increased width of distribution (Fig. 7B) as well as
prolonged time to the median (Fig. 7C) of the first DCR la-
tency in dantrolene-treated muscles. Additionally, dantrolene
significantly reduced the frequency of DCR (from 4 to 2.45
per cycle) and the amplitude of the first DCR (Fig. 7D). Thus,
stabilization of RyR2 by dantrolene indeed alleviated aber-
rant Ca2+ cycling in CASQ2R33Q muscle.

Discussion
In this study, we investigated the defective SR Ca2+ handling mech-
anisms that underlie triggered arrhythmias associated with CPVT on
the molecular, cellular, and tissue levels. Our major finding is that
DCR in the form of Ca2+ waves, commonly thought to result from
spontaneous events in individual cells, occurs in a temporally and
spatially uniform manner simultaneously in multiple cells across the
myocardium of CPVT-susceptible mice. Such highly synchronized
Ca2+ release events give rise to triggered electrical activity and syn-
chronous DCs in intact cardiac muscle. Importantly, we determined
that this coordinated, aberrant SR Ca2+ cycling is due to a combina-
tion of impaired refractory behavior of RyR2 channels and syn-
chronous stimulated Ca2+ release/reuptake dynamics. Our study
reveals how DCRs can be synchronized in the myocardium and lead
to triggered activity in the setting of a cardiac rhythm disorder.

Synchronicity of DCR and DC in Cardiac Muscle. In this study, we focus
on arrhythmogenesis associated with CPVT resulting from a defect
in SR Ca2+ handling caused by a point-mutation (R33Q) in the SR
Ca2+-binding protein, CASQ2 (22, 24, 28). Previous studies showed
that this and other CASQ2 mutations compromise RyR2 regulation
by luminal Ca2+, thereby causing DCR and DADs in car-
diomyocytes (29–31). However, the precise mechanisms as well as
the mode(s) of action through which such impaired myocyte Ca2+

handling on the cellular level leads to CPVT and other forms of
Ca2+-dependent arrhythmias in intact tissue remain to be defined.
Here, we show that DCR in CASQ2R33Q myocytes occurs in
a highly temporally uniform manner with a robust probability,
which peaks around 200 ms after stimulated Ca2+ release (Fig. 1 E
and F). This temporal alignment of DCR could provide a basis for
synchronization of proarrhythmic Ca2+ signaling in the myocar-
dium, as noted previously by Stern et al. (32). We directly confirmed
this notion by using measurements of contractile force as well as

Fig. 4. Confocal Ca2+ imaging and timing of DCR in CASQ2R33Q

intact cardiac muscles. Representative line-scan images of WT (A)
and CASQ2R33Q (B and C) muscle preparations (Upper) along
with fluorescence profiles from the top four myocytes within the
tissue (Lower). Dashed white lines on the images show myocytes
borders. Red asterisks indicate tissue-wide extrasystolic Ca2+

transients. Muscles were electrically stimulated at 1 Hz (black
dots) in the presence of 100 nM ISO. (D) Temporal distribution of
DCR in CASQ2R33Q muscles, showing three probability peaks. n =
21 cells from three preparations. (E) Distribution of DCR ampli-
tudes (as % of the mean value of the corresponding stimulated
Ca2+ transient) in myocytes from CASQ2R33Q muscles. n = 15 cells
from three muscles.

Fig. 5. High degree of DCR synchronicity in CASQ2R33Q intact cardiac mus-
cles. (A) Line-scan images of a CASQ2R33Q muscle challenged with 100 nM ISO
and 10 mM [Ca2+]o, showing DCR timing properties at rest and after a single
electrical stimulation (Left) or a train of three stimuli (Right). (B) Fluores-
cence signals from each myocyte in the line-scan image of the CASQ2R33Q

muscle shown in A, Left. (C) Mean and SD of the interrelease latencies for
the first three Ca2+ oscillations as marked by the brackets in the line-scan
image in A, Left. Data are representative of five experiments.
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imaging of the intracellular Ca2+ and MP in electrically paced
ventricular muscles. These studies revealed that indeed both DCRs
and DCs occurred in a highly regular manner in CASQ2R33Q, but
appeared to be random in WT muscles (Fig. 3 B and C). Impor-
tantly, the stabilization of the Ca2+ release machinery with dan-
trolene improved regulation of Ca2+ cycling (27) and ameliorated
the CPVT phenotype in our model. Of note, most DCs had am-
plitude and duration characteristics similar to those of contractions
elicited by electrical stimulation. This suggests that, similar to SCs,
most DCs involved rapid depolarization of many cells within the
tissue and were likely associated with an ectopic AP (Fig. 3D). This
assertion was directly confirmed by monitoring intracellular Ca2+

and MP in the muscle preparation with confocal microscopy. These
experiments revealed that synchronization of DCR in adjacent
myocytes was actually able to elicit triggered activity (Fig. 6). Taken
together, these data demonstrate the capacity of DCR to syn-
chronize in ventricular muscle and thereby elicit ectopic activity.

Mechanism of Synchronization of DCR. Based on our findings and
results of previous studies (33–36), the mechanism of DCR syn-
chronization inCASQ2R33Qmyocardiumdepends on the efficiency
of store-dependent RyR2 deactivation. In normal myocytes, re-
duction of luminal Ca2+ following release prompts RyR2s to de-
activate via CASQ2, thereby rendering SR release refractory to
spontaneous reactivation (7). In addition, depletion of SR Ca2+

content can facilitate release refractoriness by reducing Ca2+ efflux
via RyR2s, thus interrupting local CICR signaling (6). In the
CASQ2R33Q muscle, on the other hand, store-dependent RyR2
deactivation is compromised due to impaired RyR2 regulation by
CASQ2, thus leaving SR release vulnerable to spontaneous reac-
tivation (15, 37). In this study, we show that periodic DCR in
CASQ2R33Q myocytes is associated with impaired Ca2+ signaling
refractoriness, indicated by both shortened restitution of SR
Ca2+ release and increased single RyR2 activity at diastolic lu-
minal Ca2+ (Fig. 2). As suggested byMaltsev et al. (23), impaired
Ca2+ signaling refractoriness increases the propensity of release
sites to fire more synchronously by facilitating CICR and local
recruitment of neighboring sites. This results in a transition of

spontaneous local release events to global waves in cells prone to
Ca2+ oscillations. Moreover, the prolongation of Ca2+ release re-
fractoriness by dantrolene significantly reduces the probability
of the aforementioned release sites to fire synchronously, reducing
the proarrhythmic wave burden. Another critical factor in syn-
chronization of DCR revealed here is the temporal uniformity
introduced by electrically stimulated Ca2+ release and reup-
take across the myocardium. Thus, impaired refractoriness
along with synchronized SR Ca2+ reuptake provides a dynamic
substrate for self-regenerating CICR.

Relation to Previous Studies. Our results are consistent with and
expand on previous findings obtained from a postmyocardial in-
farction canine model of arrhythmia (31) that showed impaired
Ca2+ store-dependent deactivation and compromisedCa2+ release
refractoriness in isolated myocytes (33). Our findings are sup-
ported by experiments in whole hearts of CASQ2−/− mice that
evidenced shortened Ca2+ release restitution (37). Furthermore,
it has been previously reported that the time course of SR Ca2+

load influences the timing of spontaneous Ca2+ release in rat
hearts (38), consistent with our current findings. In this previous
study, however, SR Ca2+ release was only mildly synchronous be-
cause of the apparently largely preserved refractory behavior of SR
Ca2+ release of normal rat hearts. This in part may explain why the
arrhythmogenic potential of synchronized spontaneous SR Ca2+

release was not fully revealed as demonstrated here. Last, in
accord with reports obtained frommyocytes isolated fromCPVT
mouse (26) and failing rabbit hearts (27), we demonstrate that
synchronized spontaneous SR Ca2+ release can be disrupted by

Fig. 6. Simultaneous recording of Ca2+ and MP signals in CASQ2R33Q cardiac
muscle. (A and B) Confocal line-scan images of a CASQ2R33Q cardiac muscle
simultaneously loaded with Rhod-2 (A) and di-4-ANBDQBS (B). Fluorescence
signals of cytosolic Ca2+ and MP summated from the raw signals from all cells
are shown below the line-scan images. The red asterisk indicates the extra-
systolic beat. (C) Number of DCRs and extrasystolic APs per cycle with and
without ISO. n = 6–21 cells. (D) Amplitude of the averaged stimulated AP
and extrasystolic (unstimulated) AP. Data obtained from six muscles.

Fig. 7. RyR2 inhibitor dantrolene hampers simultaneous DCR in CASQ2R33Q

cardiac muscle. (A) Confocal line-scan images of a CASQ2R33Q cardiac muscle
before (− Da) and after (+ Da) exposure to 30 μM dantrolene for 30 min.
Superimposed fluorescence profiles from the individual cells shown below
the corresponding line-scans highlight the synchronization of DCR over time
(− Da) or the lack thereof after treatment with dantrolene (+ Da). (B) Dis-
tribution of the latency to the first DCR before and after treatment with
30 μM dantrolene for 30 min. (C) Dantrolene significantly prolonged the
median to the first DCR in CASQ2R33Q myocardium. (D) Dantrolene also sig-
nificantly reduced the amplitude of the first DCR. Experiments were per-
formed in the presence of 100 nM ISO, 3 mM [Ca2+]o, n = 70 DCRs from three
muscles, **P < 0.01. Stim, stimulated.
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pharmacological stabilization of the RyR2 complex and sub-
sequent prolongation of SR Ca2+ release refractoriness.

Summary. We show that impaired Ca2+ release refractoriness
combined with uniform SR Ca2+ release in intact cardiac muscle
synchronizes the DCR that underlies triggered arrhythmias in
CPVT. These aberrant DCRs can be mitigated by pharmacolog-
ical stabilization of the release machinery that improves abnor-
mally abbreviated SRCa2+ release refractoriness. It remains to be
determined whether, and to what extent, such synchronization of
Ca2+ release in ventricular myocardium as opposed to other
tissue types (i.e., Purkinje fibers) contributes to clinically rele-
vant arrhythmic episodes in CPVT and other forms of Ca2+-
dependent arrhythmias in the intact heart. Targeting DCR
synchronization through reagents affecting RyR2 refractory
behavior such as dantrolene may be an innovative strategy for
development of mechanism-based antiarrhythmia therapies.

Materials and Methods
All animal procedures were approved by The Ohio State University In-
stitutional Animal Care and Use Committee and conformed to the Guide for

the Care and Use of Laboratory Animals published by the US National
Institutes of Health [(NIH) Publication No. 85-23, revised 1996], and by the
Animal Care and Use Committee of the University of Padova. Ventricular
myocytes were obtained by enzymatic isolation as previously described (39).
ICa were recorded using whole-cell patch-clamp technique. Fluo-3 (an in-
tracellular Ca2+ indicator) fluorescence was recorded in the line scan mode
of the confocal microscope. SR microsomes were prepared from homoge-
nized WT and CASQ2R33Q mouse ventricular muscle, and single channels
were recorded as previously described (24). Trabeculae or papillary muscles
were used for force measurement as described previously (40). For confocal
Ca2+ and MP imaging, muscles were loaded with the cytosolic Ca2+ indicator
Rhod-2 AM (40 μM). For some experiments, the muscles were also stained
with MP indicator RH237 or di-4-ANBDQBS (Richard D. Berlin Center for Cell
Analysis and Modeling, University of Connecticut Health Center). Detailed
material and methods can be found in SI Materials and Methods.
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