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Alternating membrane potential/calcium interplay
underlies repetitive focal activity in a genetic model of
calcium-dependent atrial arrhythmias
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Key points

e Atrial fibrillation is often initiated and perpetuated by abnormal electrical pulses repetitively
originating from regions outside the heart’s natural pacemaker.

e In this study we examined the causal role of abnormal calcium releases from the sarcoplasmic
reticulum in producing repetitive electrical discharges in atrial cells and tissues.

e Calsequestrin2 is a protein that stabilizes the closed state of calcium release channels, i.e. the
ryanodine receptors. In the atria from mice predisposed to abnormal calcium releases secondary
to the absence of calsequestrin2, we observed abnormal repetitive electrical discharges that may
lead to atrial fibrillation.

e Here, we report a novel pathological rhythm generator. Specifically, abnormal calcium release
leads to electrical activation, which in turn results in another abnormal calcium release. This
process repeats itself and thus sustains the repetitive electrical discharges.

o These results suggest that improving the stability of ryanodine receptors might be useful to
treat atrial fibrillation.

Abstract Aberrant diastolic calcium (Ca) release due to leaky ryanodine receptors (RyR2s)
has been recently associated with atrial fibrillation (AF) and catecholaminergic polymorphic
ventricular tachycardia (CPVT). However, it remains unclear how diastolic Ca release contributes
to the rising of rapid repetitive focal activity, which is considered as a common AF triggering
mechanism. To address this question, we conducted simultaneous voltage/Ca optical mapping
in atrial tissue and one-/two-dimensional confocal imaging in atrial tissue and myocytes from
wild-type (WT, n = 15) and CPVT mice lacking calsequestrin 2 (Casq2~/~, n = 45), which
promotes diastolic Ca release. During B-adrenergic stimulation (100 nM isoproterenol), only
Casq2~'~ atrial myocytes showed pacing-induced self-sustained repetitive activity (31 & 21 s vs.
none in WT). Importantly, in atrial tissue, this repetitive activity could translate to Ca-dependent
focal arrhythmia. Ectopic action potential (AP) firing during repetitive activity occurred only
when diastolic Ca release achieved a sufficient level of synchronization. The AP, in turn,
synchronized subsequent diastolic Ca release by temporally aligning multiple sources of Ca
waves both within individual myocytes and throughout the atrial tissue. This alternating inter-
play between AP and diastolic Ca release perpetuates the self-sustaining repetitive activity. In
fact, pharmacological disruption of synchronized diastolic Ca release (by ryanodine) prevented
aberrant APs; and vice versa, the inhibition of AP (by TTX or 0 Na, 0 Ca solution) de-synchronized
diastolic Ca release. Taken together, these results suggest that a cyclical interaction between
synchronized diastolic Ca release and AP forms a pathological rhythm generator that is involved
in Ca-dependent atrial arrhythmias in CPVT.
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Introduction

Atrial fibrillation (AF) is the most common form of
cardiac arrhythmia, which afflicts 3 million individuals
in the US alone (Go et al. 2001, 2013; Miyasaka et al.
2006). However, despite extensive research, the under-
lying mechanisms responsible for the induction and
perpetuation of AF remain incompletely understood.
AF is often initiated and perpetuated by repetitive focal
discharges (Wit & Boyden, 2007; Dobrev & Nattel, 2010).
Ablation of such sources of focal activity has often proven
to be an effective intervention venue for the treatment of
AF (Jais et al. 1997; Haissaguerre et al. 1998). Repetitive
focal discharges could either directly drive high frequency
electrical oscillations that mark AF or resultin AF through
initiation of re-entry circuits (Wakili et al. 2011). However,
the precise mechanisms underlying how regions outside
the specialized normal pacemaker sites (e.g. sinoatrial
node and latent atrial pacemaker cells) can generate
repetitive firing remains elusive.

In recent years AF has been linked to abnormal
Ca release from the sarcoplasmic reticulum (SR) via
cardiac ryanodine receptors (RyR2s). Specifically, genetic
mutations that result in ‘leaky’ RyR2s (Capes et al. 2011)
and ventricular tachyarrhythmias (i.e. catecholaminergic
polymorphic ventricular tachycardia (CPVT)) have also
been associated with AF (Bhuiyan et al. 2007; Sumitomo
et al. 2007; Pizzale et al. 2008; Kazemian et al. 2011).
Moreover, increased susceptibility to AF was found in
genetically modified mice harbouring mutations in the
RyR2 complex (Chelu et al. 2009; Shan et al. 2012;
Glukhov et al. 2013; Faggioni et al. 2014). It has been
suggested (Chelu et al. 2009; Shan et al. 2012; Faggioni
et al. 2014) that aberrant diastolic SR Ca release (DCR)
due to abnormal gating of RyR2 can activate transient
inward current and thereby result in an ectopic depolari-
zation (Kass et al. 1978; Berlin et al. 1989; Venetucci
et al. 2008), also known as the delayed afterdepolarization
(DAD) (January & Fozzard, 1988; Ter Keurs & Boyden,
2007). However, it is not clear whether and how DCR can
repetitively generate discharges that result in repetitive
DAD-mediated firing (triggered activity) in atrial cells.
Moreover, it is uncertain whether such DCR and
DADs potentially arising in individual atrial cells could
synchronize across atrial myocardium leading to atrial

arrhythmia. Indeed, such synchronization of aberrant Ca
signalling and electrical activity is thought to be required
to overcome the source—sink mismatch, thus resulting in
ectopic drives (Houser, 2000; Xie et al. 2010; Myles et al.
2012, 2014).

In this study, we used calsequestrin 2 null (Casq2~'~)
mice, which are susceptible to aberrant DCR not only in
the ventricular (Knollmann et al. 2006) but also in atrial
myocytes (Faggioni et al. 2014), potentially resulting in
AF in vivo (Faggioni et al. 2014). Here, we demonstrate
that aberrant DCR in isolated atrial myocytes can result
in self-sustained repetitive activity, which leads to focal
arrhythmia in atrial tissue. We applied an integrative
imaging approach to reveal specifically how DCR leads
to repetitive activity at both cellular and tissue level in
Casq2~'~ mice. Our results demonstrated a new rhythm
generating system that relies on an alternating interplay
between membrane potential (V},,) and Ca for generation
of tissue-wide focal arrhythmia.

Methods
Mice

We conducted experiments in 3- to 5-month old wild-type
(WT) and Casq2~'~ mice (Knollmann et al. 2006; Faggioni
etal.2014). All animal procedures were in compliance with
the Guide for the Care and Use of Laboratory Animals (NIH
publication No. 85-23, revised 1996). Animal protocols
were approved by The Ohio State University Institutional
Animal Care and Use Committee.

Atrial myocytes

Atrial myocytes were isolated from both WT (n = 10) and
Casq2~'~ mice (n = 32) using a protocol adapted from
ventricular myocyte isolation (Ho et al. 2014; Liu et al.
2014). Briefly, mice were anaesthetized with 3% isoflurane.
Response to toe-pinch reflex was examined to ensure the
proper level of anaesthesia. The mouse heart was quickly
excised, cannulated, Langendorff-perfused using Ca-free
Tyrode’s solution (containing, in mm: 140 NaCl, 5.4 KCl,
0.5 MgCl,, 10 Hepes and 5.6 glucose; pH 7.3) at 37 °C
for 3 min. The perfusate was then switched to Ca-free

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society



J Physiol 593.6

Tyrode’s solution containing Liberase TH Research Grade
enzyme (2.22 mg/50 ml; Roche, Indianapolis, IN, USA)
for digestion. After 10—15 min digestion, atrial tissue was
placed in BSA containing Tyrode’s solution, cut into pieces
and then gently triturated until single atrial myocytes
were released into the solution. The Ca concentration of
the Tyrode’s solution containing the myocytes was slowly
brought up to 1.3 mm. Experiments with single atrial myo-
cytes were conducted in solution with 1.3 mm Ca unless
stated otherwise. To fully characterize DCR synchronicity
in isolated atrial myocytes, cells were paced (10 stimuli)
at 1 Hz. Arrhythmic potential was assessed by applying
10 stimuli at 2 Hz. SR Ca content was assessed by rapid
caffeine (20 mMm) application 5 s after a train of five stimuli
at 1 Hz.

Two-dimensional (2D) atrial tissue preparation

Isolated mouse atrial preparations were obtained from
both WT (n=10) and Casq2~'~ mice (n= 13) asdescribed
previously (Glukhov et al. 2013). Specifically, the heart
was quickly cannulated and Langendorff-perfused with
oxygenated Ca-containing Tyrode’s solution (containing,
in mm: 128.2 NaCl, 4.7 KCI, 1.19 NaH, POy, 1.05 MgCl,,
1.3 CaCl,, 20.0 NaHCO; and 11.1 glucose; pH 7.3-7.35)
at room temperature. The fat and lung connected to
the atria were carefully trimmed away, and the ventricle
was removed. Both atrial chambers were then surgically
opened, and pinned to be a 2D preparation, which was
superfused by Tyrode’s solution. Right and left atrial
appendages were separated from the SAN pacemaker
complex (intercaval region, interatrial septum) and
pulmonary veins by straight incisions and stayed quiescent
in the absence of electrode pacing. These isolated atrial
preparations were studied either by confocal imaging or
optical mapping. To maintain resting membrane potential
and excitability (Wit & Cranefield, 1977), atrial tissue was
continuously paced at 1 Hz. The pacing rate was then
switched to 3 Hz for 5-10 stimuli to induce arrhythmia.

Confocal Ca imaging

Isolated atrial myocytes and atrial tissues were stained
with intracellular Ca indicators (Fluo4FF for cells, and
Rhod2AM for tissue). Rapid confocal scanning was
performed using a Nikon AIR confocal microscope.
Temporal resolution was 2—4 ms per line for line scanning
and 8-16 ms per frame for 2D resonance scanning
(256 x 512 pixels). Confocal experiments were conducted
at room temperature. For confocal experiments in atrial
tissues (n =5 WT; n = 8 Casq2~'~), 10 uM blebbistatin
(Fedorov et al. 2007; Lou et al. 2012) was added to the
perfusate to remove motion artefacts. In isolated Casq2”’~
atrial myocytes (n = 8), confocal Ca scanning was also
performed simultaneously with action potential (AP)
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recordings by patch clamp using procedures described
previously (Belevych et al. 2012).

Optical mapping

Atrial tissues were stained with Rhod2AM and voltage-
sensitive dye RH-237 as described previously (Lou et al.
2011; Glukhov etal. 2013). V;, and Ca were simultaneously
imaged usinga THT microscope and two Ultima-L CMOS
cameras (SciMedia, Costa Mesa, CA, USA) at a temporal
resolution of 1 ms per frame and a spatial resolution
of 0.125 mm per pixel (100 x 100 pixels). Signals were
collected from the epicardium of either left or right
atrial appendages. Optical mapping experiments (n = 5
WT; n =5 Caqu’/’) were conducted at both room
temperature and at 37 °C with 10 uM blebbistatin in the
perfusate.

Data analysis

All data analysis was performed in MATLAB (Mathworks,
Inc., Natick, MA, USA). DCR latency, indicative of the
recovery of the RyR2s (Belevych et al. 2012), was measured
as the average time from the peak of the preceding systolic
Ca release to individual Ca releases in a DCR event. The
standard deviation of the latencies to individual Ca releases
was measured to quantify the synchronicity of a DCR
event. The number of wave initiating sites or the wave
sources were counted and analysed for their synchronicity
for each DCR.

The amplitude of the Ca signals was measured by
dividing the total fluorescent signal by background
fluorescent signal (F/F). Frequency (Hz) was calculated
by 1/[cycle length]. The decay of each Ca transient was
quantified by the time from the peak to 80% recovery.
When constructing Ca wave propagation maps from 2D
confocal scans, the time of Ca release was measured by the
50% rise of local Ca signal. When the DCRs that triggered
an AP and the DCRs that did not trigger an AP were
compared (e.g. Fig. 4B), only the portion of DCR from its
beginning to its peak was used to calculate the latency and
standard deviation. Otherwise, the entire DCR was used
for analysis.

Statistical analysis

Quantitative data are shown as mean £ SD. A paired
two-tailed Student’s ¢ test was used to compare the
data before and after drug or pacing interventions. An
unpaired Student’s ¢ test was used to determine the
difference between WT and Casq2~/~ mice. One-way
repeated-measures ANOVA with post hoc Tukey’s test was
used when comparing multiple DCRs from the same
recordings. A value of P < 0.05 was considered statistically
significant.
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Results

Casq2~'~ myocytes are prone to self-sustained
Ca-dependent rhythmic activity

We investigated the factors underlying potential atrial
arrhythmia by monitoring Ca and V;, in atrial myo-
cytes isolated from Casq2”/~ and WT mice hearts.
To assess the cellular propensity for arrhythmogenic
spontaneous/non-driven activity, we applied our pacing
protocolin the presence and absence of isoproterenol (ISO,
100 nM). Pacing of Casq2~'~ cells in the presence of 1SO
resulted in runs of self-sustained Ca oscillations (SCOs)
(Fig. 1A). These SCOs were characterized by an average
frequency of 2.8 £ 0.8 Hz and amplitude of 2.7 + 0.8
(F/Fy) and lasted approximately 31 4= 21 s before dying out
spontaneously. Casq2~'~ myocytes that were not exposed
to ISO, or WT myocytes with ISO exposure showed no
SCOs.

Close examination of Ca changes during SCOs revealed
that Ca release during each spontaneous beat comprises
a slow ‘foot’ phase and a rapid Ca elevation. Whereas
the slow phase reflects diastolic Ca waves arising at
several locations, the rapid phase is apparently due to
synchronous, cell-wide Ca release secondary to electrical
excitation induced by the initial Ca elevation. To
further examine the mechanism of SCOs we performed
simultaneous V;, (patch clamp) and intracellular Ca
recordings (Fig. 1B). These experiments confirmed that
spontaneous Ca waves resulted in a slow membrane
depolarization (DAD) towards the AP threshold and
that the rapid phase of Ca release was closely linked
to the AP and was therefore systolic Ca release.
Thus, every beat during SCOs was associated with
diastolic Ca release triggering an AP and a secondary
voltage-dependent Ca release; failure to trigger an AP
was immediately followed by dampening Ca oscillations
and resulted in termination of spontaneous beating
(Fig. 1A).

To further examine the potential role of Ca cycling
in spontaneous beating of Casqg2~/~ cells, we pha-
rmacologically modulated SR Ca release. Direct inhibition
of RyR2 with ryanodine (3 M) completely inhibited SCOs
(Fig. 1D and E). Conversely, sensitization of RyR2s by
low doses of caffeine (0.2—-0.5 mM) resulted in SCOs in
WT myocytes that normally lacked the propensity for
SCOs (Fig. 1F and G). To examine the potential role
of pacemaker current (If) to aberrant depolarization,
we inhibited Iy with 10 uM ivabradine (Bois et al.
1996) and found that SCOs were not affected (data not
shown). Collectively, these results demonstrate for the first
time that myocytes from AF-susceptible hearts possess
the capacity for self-sustained Ca-dependent repetitive
activity.

Q. Lou and others
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Rhythmic activity in Casq2~/— myocytes is driven by
alternating interplay between V,,, and Ca, i.e. the
‘leapfrog’ mechanism

Previous studies conducted in ventricular myocytes
suggested that DCR needs to be sufficiently synchronized
to trigger an extrasystolic AP (Schlotthauer & Bers, 2000).
We quantified the synchronicity of DCR in Casq2~/~ atrial
cells by measuring the standard deviation of latencies
(SDL) to individual Ca release in a DCR event from
the preceding systolic Ca release. The SDL of the first
post-pacing DCR was significantly shorter in Casq2~/~
than WT atrial cells (56 &= 28 vs. 217 &£ 105 ms, following
2 Hz pacing, P < 0.001). This increased synchronicity of
DCR in Casq2~'~ cells was caused by Ca release arising
simultaneously from several independent foci across the
cell. On average, there were 6.3 = 1.9 DCR sources
in Casq2~/~ versus 1.7 & 0.7 in WT cells (P < 0.001).
Moreover, within the same Caqu’/ ~ cells the number of
DCR sources and their synchrony was significantly higher
for DCRs that triggered an aberrant AP than for those that
did not (Fig. 2B and C, WT cells showed no DCR that
triggered an AP). These data suggested that synchronous
DCR involving simultaneous activation of multiple release
sites is essential for triggered activity in Casg2~/~ atrial
cells.

While synchronous DCR can potentially account for
the generation of an aberrant AP, it does not explain
the self-sustained rhythmic activity observed in Casq2~'~
atrial cells. We hypothesized that rhythmic activity
involves a sequential synchronizing, i.e. ‘leapfrog), inter-
play between V;, and Ca in the settings of RyR2
dysfunction associated with CPVT. Specifically, while
synchronized DCR results in an AP, it is the AP that
in turn aligns DCR for the subsequent AP, thereby
perpetuating this cyclical phenomenon. To test this
aberrant rhythm-generating mechanism we first examined
the effect of a single pacing-induced AP in producing a
sufficiently synchronous DCR to trigger an aberrant AP.
Casq2~'~ atrial myocytes exposed to elevated Ca (6 mm)
in the bath solution displayed occasional, spontaneous
DCRs. Despite the presence of multiple release initiation
sites, these sites were out of phase and therefore not
sufficiently synchronized to produce a triggered AP
(Fig.3A).In contrast, after a pacing-induced AP, two major
DCR sources in the field of view immediately became
temporally aligned. The resultant synchrony resulted in an
aberrant AP (Fig. 3A and B). AP consistently synchronized
DCR by aligning multiple DCR sources (Fig. 3C), which in
75% of cases triggered APs (Fig. 3D). Importantly, when
triggered APs occurred they synchronized subsequent
DCR usually resulting in another sequential triggered AP
(Fig. 3A). By contrast, failure to generate a triggered AP
was followed by gradual loss of DCR synchronicity.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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To further confirm the involvement of AP in the  Asshown in Fig. 44, rapid addition of TTX (1 mMm) to the
maintenance of rhythmic activity, we abolished cellular ~ superfusate resulted in an immediate termination of AP
excitability by inhibiting Na channels with either TTX or =~ and dampening of diastolic Ca oscillation. Quantitative

by rapid elimination of Na from the extracellular solution.  analysis of Ca recordings (Fig. 4B-D) indicated that
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Figure 1. Self-sustained repetitive activity and its modulation by ryanodine and caffeine in isolated
atrial myocytes from Casq2~/~ mice

A, confocal Ca line scan showing self-sustained repetitive activity in a Casq2~/~ atrial myocyte. Diastolic Ca releases
(DCR), triggered activity (TA) and self-sustained repetitive activity are marked by pink arrows and traces. Pacing
is indicated by black line markers. B, simultaneous membrane potential (MP) and intracellular Ca recordings in
a Casq2~/~ atrial myocyte. A slow phase of Ca release represents DCR and is associated with delayed after-
depolarization (DAD), and a rapid phase of Ca releases (marked by a downward black arrow) represents systolic
Ca release and is exclusively linked to action potential (AP). C, the percentage of hearts (WT, n = 10; Casq2~/~,
n = 25) that have self-sustained repetitive activity in isolated atrial myocytes indicated as inducibility, together with
the duration of repetitive activity. D, representative Ca recordings before and after the application of ryanodine
(3 M) in Casq2~'— atrial myocytes (n = 5). E, the duration of self-sustained repetitive activity before and after
the application of ryanodine (Rya). F, representative Ca recordings before and after the application of 0.2-0.5 mm
caffeine in WT atrial myocytes (n = 6). G, the duration of self-sustained repetitive activity before and after the
application of caffeine (Caf). Isoproterenol (100 nm) was present in all conditions (A-G).
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termination of the repetitive activity by TTX was followed
by desynchronization of DCRs. Similarly, synchronous
rhythmic activity was suppressed when the superfusate
was switched to a 0 Na, 0 Ca solution (Fig. 5) that
inhibited both the Na and the Na/Ca exchanger (NCX)
currents (Schlotthauer & Bers, 2000). Of note, elevation of
extracellular Ca to 6 mM in Casq2~/~ atria was insufficient
to trigger activity. A stimulated AP was necessary to

A

Q. Lou and others
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initiate such activity (Fig. 3A). Collectively, these results
suggest that AP is necessary for synchronous DCR.
This then forms a conceptual framework for a novel
mechanism for self-sustained repetitive activity that is
based on pathological interplay between Ca and aberrant
APs. Importantly, this mechanism could provide the
trigger for AF induction in settings of defective RyR2
function.
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vs.Triggering DCR
P < 0.001 .
= . P 1st 10th
1200 10 P <0.001 Saiak. SRPI S >
4 8-
800 61 Ca
] 4l
400
. 2 ’\“\l\
o e 8001 P =0.001
>
C Caqu-/- 8 600
Line scan % ]
NT TA E:) 400+
= = 8 200;
(O] (O] i
(G (@)
0 4
3 81 P < 0.001
e 7.
3
f %) 2
. 0 V7
— T 4.
200 ms = 3]
Xyt scan ks 5
o 2
NT: 3 wave sources Z 11
0.
ms P =0.005
$120
Qo
TA: 6 wave sources =]
R —— > O 80
= i
B . 9] %40
: 3z
©
Cell 3 0

Figure 2. Synchronization of diastolic Ca release (DCR)

A, latency from the preceding systolic Ca release to the DCR (or DCR latency) and number of wave sources of the
first DCR following 2 Hz pacing in WT (n = 10) and Casq2~/~ (n = 15) atrial myocytes. B, DCR latency, number
of wave sources and synchronization of wave sources (quantified by SD of latency from the preceding systolic Ca
release to individual wave sources) in Casq2~/~ atrial myocytes (n = 33). These parameters were quantified for
the last three DCRs that did not trigger an AP (NT) and for the first and 10th DCRs that triggered an AP (TA). The
P values are only shown for comparisons between last NT and first TA. C, representative 1D and 2D scans of DCRs
associated with NT and TA in Casq2~/~ atrial myocytes. The downward black arrows mark the systolic Ca release,
indicative of the presence of an AP. The colours in the 2D map indicate the time of Ca release. The transition
from blue to red colour indicates the sequence of Ca wave propagation. The spatial origins of Ca waves (or wave

sources) are marked by white asterisks.
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Rhythmic activity is modulated by Ca current, SR Ca
uptake and RyR2 function

The rate or frequency of repetitive activity may reflect its
pro-arrhythmic potential. To determine how to modulate
the frequency, we tested the effects of altered Ca current,
SR Ca uptake and RyR2 function on the frequency of
repetitive activity.

Application of the Ca channel agonist Bay K8644 (BayK,
50 nM; Schramm et al. 1983) during repetitive activity
consistently increased the oscillatory frequency (Fig. 6A
and B). Similarly, augmentation of the inward Ca current
(Hess & Tsien, 1984) by rapid application of high Ca
(6 mMm) Tyrode’s solution also consistently increased the
oscillatory frequency (Fig. 6C and D). Taken together,
these results suggest that increased Ca influx through
voltage-gated Ca channels accelerates repetitive activity.

Next, we assessed the role of Ca re-sequestration into
the SR as a factor influencing rhythmic activity. Studies
in ventricular myocytes suggested that synchronization
of arrhythmogenic DCR is enhanced by accelerated SR Ca
reuptake affecting RyR2 functional recovery (Wasserstrom

Alternating V,,/Ca interplay underlies repetitive focal activity
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etal.2010). We perturbed SR reuptake by rapid application
of cyclopiazonic acid (CPA). CPA (25 um) within seconds
prolonged the decay of Ca transient (Fig. 7A). Importantly,
this prolongation was accompanied by a deceleration of
SCO (Fig. 7A). Of note, a strong linear correlation between
the decay of Ca transient and the frequency of repetitive
activity was observed (Fig. 7A). As inhibition of SR Ca
uptake by CPA in addition to slowing the kinetics of uptake
also lowers the SR Ca content (Fig. 7A) (Baudet etal. 1993),
both of these factors could contribute to the CPA-induced
slowing of repetitive activity.

Lastly, we enhanced RyR2 activity by the application
of caffeine. Caffeine (0.2 mMm) instantly shortened DCR
latency and increased the frequency of SCOs (Fig 7B and
E). Thus, rhythmic activity appears to be influenced by Ca
current, SR Ca reuptake and Ca release functions.

Synchronization of SCOs in atrial tissue

An important unresolved question about the role of DCR
in the genesis of atrial arrhythmia is whether and how

A
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[Ca]y =6mM
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Figure 3. AP synchronized DCR
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C sD of DCR D Inducibility
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500, P=_0.006
400
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B T @@

A, representative Ca recording where one pacing stimulus synchronized the previously out-of-phase Ca waves

and induced the self-sustained repetitive activity in Casq2

~/= atrial myocytes. B, close-up view of the diastolic Ca

releases (DCR) before and after the pacing. C, SD of the DCR latency before and after a single stimulus (n = 10).
D, percentage inducibility of DCR-induced triggered activity (TA).

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society



1450

spontaneous Ca oscillations that arise in individual myo-
cytes synchronize in a cellular agglomeration to lead
to triggered activity in the tissue. To directly examine
the ability of DCR to synchronize and thereby result in
tissue-wide atrial arrhythmia, we carried out confocal
Ca imaging in atrial preparations derived from Casq2~'~
mice. Consistent with the results of isolated atrial myocyte
experiments, when paced in the presence of ISO, Casq2~'~
atrial preparations exhibited bursts of spontaneous Ca
oscillations that occurred synchronously in neighbouring
cells in the field of view (Fig. 8A) at an average frequency of
2.8+ 1 Hz (n=>5) lasting for 16 & 8 s. The Ca transients in

A
Pacing Repetitive activity
—b

g
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Pacing Repetitive
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each cell of the atrial preparation were preceded by slower
Ca elevations comprising several independent Ca waves
similar to DCRs observed in isolated myocytes (Fig. 8 Band
D). DCR latencies among different neighbouring cells pre-
sented similarly narrow distributions (Fig. 8B), suggesting
a high level of DCR synchronicity not only within a
given cell but also across different cells of the atrial pre-
paration, thereby overcoming the source—sink mismatch
and facilitating the generation of focal activations in atrial
tissue.

Next, to test the role of an AP in synchronization of sub-
sequent diastolic release in atrial tissue, we examined the

1mMTTX

#0 #1 #2

C SD of DCR latency (ms)

300 4
250 1
200 1
150 1
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50 1
0 d

P =0.007

n.s.

#0 #1

#2 #3 #4 #5 #6 #7

Figure 4. Abolishment of AP desynchronized DCR

D Amplitude of DCR (F/FO)

P =0.020
2.2: n.s.
161
1.4:
1:
#0 #1 #2 #3 #4 #5 #6 #7

A, simultaneous membrane potential (MP) and Ca recordings without (left) and with (right) rapid application of
1 mm TTX during the repetitive activity. B, a representative Ca recording with 1 mm TTX application in Casq2~/~
atrial myocytes. C, SD of DCR latency for the last beat associated with a systolic Ca transient (#0) and seven
subsequent DCRs (n = 6). D, the amplitude of Ca oscillation for the last beat associated with a systolic Ca transient

(#0) and seven subsequent DCRs.
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effects of an isolated electrical stimulus on the properties of
subsequent diastolic release in atrial preparations bathed
in a solution with elevated Ca (6 mmMm). At rest, occasional
DCRs occurred randomly in various individual cells
within the tissue. Application of a single electrical stimulus
resulted in synchronization of DCRs across the tissue, as
evidenced by both increased amplitude of tissue-averaged
DCR and decreased standard deviation of latencies to
DCR (Fig. 8C). These results suggest that an AP is able
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to synchronize DCR both on the cellular level as well as in
tissue, giving rise to tissue-wide self-sustained repetitive
activity.

DCR-dependent repetitive focal activity in atrial

appendages from Casq2~/~ mice

To determine the contribution of a Ca-dependent
triggered mechanism to atrial arrhythmia, we conducted

A Repetitive activity

Figure 5. Inhibition of Na and NCX currents
did not prevent the desynchronization of
DCR

A, a representative Ca recording when 0 Ca, 0
Na (substituted by Li) solution was rapidly

1209
100 1

applied during repetitive activity in Casq2~/~ 80 1
atrial myocytes. B, SD of DCR latency for the last 60 -
beat associated with a systolic Ca transient (#0) 40+
and seven subsequent DCRs (n = 7). C, the ~

amplitude of Ca oscillation for the last beat
associated with a systolic Ca transient (#0) and 0-
seven subsequent DCRs.
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Figure 6. Effects of Ca current enhancement on the frequency of repetitive activity

A, a representative Ca recording of repetitive activity with rapid application of 50 nm Bay K8466 (BayK).
B, summarized effects of BayK on the frequency of repetitive activity (n = 5). C, a representative Ca recording of
repetitive activity with rapid application of high Ca (6 mm) Tyrode’s solution. D, summary of the effects of 6 mm
Ca on the frequency of repetitive activity (n = 5).
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macroscopic optical mapping of both V;,, and Ca in atrial
tissue preparations derived from WT mice and Casq2~'~
mice (Glukhov et al. 2013; Faggioni et al. 2014) prone to
AF (Fig. 9). SAN pacemaker complex was removed so that
the native pacemaking mechanism would not potentially
contribute to such aberrant events. Vulnerability to atrial
arrhythmia in atrial appendages was assessed by applying
an electrical pacing protocol (3 Hz) in the presence of ISO
(100 nm). Pacing consistently induced runs of repetitive
self-sustained oscillations in V,, and intracellular Ca in
atrial preparations from Casq2~'~ (in 5 out of 5) but
not WT mice (Fig. 94 and B). Runs of rhythmic activity

A Repetitive activity

Q. Lou and others

25uM CPA

J Physiol 593.6

consisted of reoccurring APs and corresponding Ca trans-
ients occurring at a frequency of 7.0 £ 0.3 Hz at 37 °C
(2.5 & 0.6 Hz at room temperature) lasting 19 & 11 s. As
demonstrated in the activation maps in Fig. 9E, rhythmic
activity consistently originated from the same focal area,
thus pointing to focal firing as basis of the activity.
Importantly, at the site of origin, the upstrokes of AP
during the runs of rhythmic activity were always pre-
ceded by intracellular Ca elevations (Fig. 9C), thereby
further suggesting that focal firing was mediated by a
Ca-dependent leapfrog mechanism rather than V;,-driven
automaticity.
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Figure 7. Regulation of repetitive activity by the rate of Ca re-uptake and functional recovery of RyR2s
A, a representative Ca recording showing the immediate effect of 25 um cyclopiazonic acid (CPA) in the 80% decay
time of a Ca transient and the frequency of repetitive activity. Line scan images from the same recording before and
after CPA is shown on the right. Frequency vs. 80% Ca decay time is plotted for each individual beat following the
application of CPA. The effect of 1 min treatment with 25 M CPA on the amplitude of 20 mm caffeine-induced Ca
transient (indicative of the SR Ca content) is shown in the bar graph. *P < 0.05. B, a representative Ca recording
showing the effect of 0.2 mm caffeine on the frequency of repetitive activity. The line scan image at the moment
of caffeine application is shown. C—F, effects of CPA (1 um, n = 5) and caffeine (0.2 mm, n = 7) on 80% Ca decay
time (C), DCR latency (D), frequency (E) and duration (F) of the self-sustained repetitive activity are summarized.
To better show the direction of change, paired data points are plotted and connected with thin lines in C. The

averages are shown as thick horizontal lines in C.
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Discussion

Alternating V,,/Ca interplay underlies repetitive focal activity 1453

of focal atrial arrhythmia in the setting of familial
Ca-dependent arrhythmia (i.e. CPVT) caused by deletion

We used a multi-scale approach, including atrial optical ~ of Casq2. Our major findings are: (1) atrial arrhythmia
Vmm/Ca mapping and confocal Ca imaging, in atrial tissue ~ could be generated through ectopic self-sustained
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Figure 8. DCR synchronization in Casq2~/~ atrial tissue preparations

A, confocal line scanning from 18 atrial myocytes showing repetitive activity following the cessation of pacing. The
scanning line was placed perpendicular to the cell axis. B, Ca transients from eight neighbouring atrial myocytes
during repetitive activity. DCRs preceding the systolic Ca release are marked in pink. On the right is the DCR
latency distributions of neighbouring atrial myocytes. C, on the left is a representative Ca recording where one
pacing stimulus synchronized the previously out-of-phase Ca waves in neighbouring myocytes in atrial tissue.
Cell boundaries are marked by white dashed lines. On the right are amplitude and SD of DCRs across atrial
myocytes before and after the single stimulus. D, confocal line scanning from two neighbouring atrial myocytes.
The scanning line was placed along the cell axis. The downward arrow indicates the systolic Ca release reflecting
the occurrence of an action potential (AP). E, schematic illustration of the alternating ‘leapfrog’ interplay between
AP and synchronized DCR during self-sustained repetitive activity. That is, AP first synchronizes tissue-wide DCR,
which results in an ectopic AP; the AP, in turn, temporally aligns the next DCR. As such, this process repeats itself
and maintains the self-sustained repetitive activity.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society



1454

and intact atrial tissue in the form of spatiotemporally
synchronized, rapid SCOs; and (2) SCOs arise via a
novel rhythm-generating mechanism that involves a
sequential synchronizing interplay between V,, and SR
Ca in the settings of dysregulated RyR2 function. These
findings suggest a link between abnormal Ca handling and
triggering mechanisms for AF and provide a mechanistic
basis for using RyR2 modulators to treat AF.

The composite V,,/Ca oscillator

Despite early efforts, the molecular to macroscopic mecha-
nisms of AF remain poorly understood. Recently,
abnormal Ca handling has been recognized as a major
factor in AF (Nattel & Dobrev, 2012). In particular, several
studies have suggested that aberrant DCR due to leaky
RyR2s may contribute to AF by causing ectopic activity
that can serve as a trigger for either re-entry (King
et al. 2013) or focal arrhythmia (Faggioni et al. 2014).

Q. Lou and others
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However, it is unclear how triggered activity can lead
to the repetitive characteristic of focal atrial arrhythmia.
Similarly it remains elusive how aberrant Ca signals in
individual cells are synchronized across the atrial tissue
to overcome the current source-sink mismatch thus
culminating in ectopic activity. Here we demonstrate anew
mechanism of abnormal cardiac rhythm generation that
involves a sequential synchronizing, i.e. ‘leapfrog), inter-
play between V,,, and SR Ca in the settings of dysregulated
RyR2 function. Specifically, in a setting of abbreviated
RyR2 refractoriness as is evidenced in CPVT, temporal
alignment of DCR in neighbouring atrial myocytes by
preceding AP results in synchronized DCR sufficient to
trigger an aberrant AP. This aberrant AP, in turn, injects
Ca and aligns refractory periods of RyR2s to result in a
subsequent synchronized DCR. The process repeats itself,
resulting in self-sustained rhythmic activity in Casq2~/~
atrial cells (Fig. 8E).

In addition to accounting for repetitive firing in myo-
cytes, this mechanism also explains how DCR becomes
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Figure 9. Optical mapping demonstrating repetitive focal activity in Casq2~/~ atrial tissue preparations
A, representative Ca transient during and after pacing in WT atrial preparation. B, representative Ca transient during
and after pacing in Casq2~/~ atrial preparations. Pink colour indicates the presence of self-sustained repetitive
activity. C, simultaneous optical membrane potential (Vi) and Ca signals during the initiation of self-sustained
repetitive activity (marked by green dotted rectangles in B). Diastolic Ca releases (DCRs) are marked by the pink
arrows. D, inducibility and duration of the repetitive activity under 100 nm isoproterenol in WT (n = 5) and
Casq2~/~ atrial tissue (n = 5). E, activation maps showing the sequence of electrical conduction from blue to red
colours during pacing, 1st non-paced beat, and 90th non-paced beat during the recording in B. Bottom left is a
representative unwrapped 2D atrial tissue preparation, where the left atrial appendage (LAA) is separated from
the pacemaker complex and studied. RAA, right atrial appendage; SVC, superior vena cava; IVC, inferior vena

cava; PVs, pulmonary veins.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society



J Physiol 593.6

synchronized across atrial tissue, thus resolving a principal
question in the generation of focal atrial arrhythmia.
Note that the ability of an AP to serve as a tissue-wide
synchronizing event depends on its rapid propagation
across the tissue. It could be inferred that a slower
propagation of an AP may result in a desynchronized DCR
in tissue, which would decrease the potential of an ectopic
focal arrhythmia. On the other hand, factors that slow AP
propagation (such as fibrosis and reduced gap junctional
coupling) also reduce the source-sink mismatch and
thereby may promote ectopic focal arrhythmia (Myles
et al. 2012). In addition, slow propagation is a key
facilitator of re-entrant arrhythmia (Kleber & Rudy, 2004).
It therefore remains to be determined whether slowing AP
propagation could desynchronize the DCR, and whether
the resultant desynchronized DCR would outweigh the
pro-arrhythmic effects of slowed conduction.

Previouslyithasbeen demonstrated (Maltsev & Lakatta,
2009; Lakatta et al. 2010) that oscillations in intracellular
Ca can contribute to normal heart rhythm by influencing
the pacemaking automaticity (i.e. two separate interacting
oscillators: V;, clock and Ca clock). The mechanism of
self-sustained repetitive activity described here is different
in the sense that neither the Ca nor the V,, component
is individually capable of generating rhythmic activity
but instead these components come together to form a
composite V;,/Ca oscillator. Moreover, this mechanism
does not involve the pacemaker current. While it remains
to be determined whether the mechanism described here
contributes to normal pacemaking, the main implication
of our study is that the composite V;,,/Ca oscillator forms
a pathological rhythm generator that can potentially pre-
cipitate AE

Subcellular and molecular mechanisms of the V,,/Ca
oscillator

Recently we showed (Brunello ef al. 2013) that aberrant
DCR in the setting of CPVT is associated with impaired
Ca signalling refractoriness. These events are caused by
the failure of RyR2s to deactivate, thereby predisposing
Ca release units to spontaneous activation. Here we
demonstrate that loss of Casq2 affects atrial myocyte Ca
cycling in a similar way, resulting in DCR with decreased
latency. We also demonstrate that an AP is required
for synchronous DCR both within and across the cell
boundary, thus serving as a synchronizing event for DCR
(Belevych et al. 2012; Brunello et al. 2013; Izu et al
2013). These results are consistent with the concept of
store-dependent deactivation previously developed for
ventricular myocytes (Terentyev et al. 2002; Zima et al.
2008) and thereby synchronization of DCR is a result
of a combination of abbreviated RyR2 refractoriness
and the preceding synchronous Ca release/reuptake
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dynamics resulting from an AP (Brunello et al. 2013).
Furthermore we demonstrate that besides leading to iso-
lated trigger events, shortened RyR2 refractoriness gives
rise to self-sustained repetitive activity due to sequential
synchronizing interplay between synchronized DCR and
AP (Fig. 8E). It remains to be determined whether such
pro-arrhythmic repetitive activity occurs in ventricular
myocytes/tissue.

Our findings also provide insights into the molecular
and subcellular factors affecting the properties of repetitive
triggered activity including their frequency and duration.
In particular our results demonstrate that the cycle
length of repetitive triggered activity is influenced by
DCR latency, which is in turn dependent on RyR2
refractoriness (Belevych etal. 2012; Radwanski ef al. 2013).
Indeed, further shortening RyR2 refractoriness by low
concentrations of caffeine (Venetucci et al. 2007; Belevych
etal.2012) shortened cycle length and increased frequency
of repetitive triggered activity, whereas increased DCR
latency by CPA prolonged cycle length and decreased
the frequency of repetitive activity in Casg2~/~ myocytes
(Fig. 7D and E). On the other hand, our study suggests
that the duration of the oscillation is determined by intra-
cellular Ca reserve and, in particular, by the levels of Ca
that the myocyte is able to recycle back to SR during SCOs.
Indeed, SCOs evidently die out when intra-SR Ca falls
below a certain level, thus resulting in reduced release
that fails to trigger an extrasystolic AP. For example, both
increasing leak by caffeine and slowing SR Ca uptake rate,
interventions that would inhibit SR Ca re-accumulation,
shortened the duration of SCOs (Fig. 7F). This proposed
view also accounts for the pro-arrhythmic effects of
B-adrenergic stimulation in this and other studies of AF
mechanisms in CPVT (Chelu et al. 2009; Shan et al. 2012;
Faggioni et al. 2014). Indeed, accelerating SR Ca uptake
should increase both the frequency and the duration of
SCOsby increasing SR refilling and abbreviating Ca release
restitution.

Limitations

One potential limitation of our study is the difference in
atrial Ca handling between mice and humans (Bers, 2008;
Rudy et al. 2008). It remains to be determined whether
the specific phenomena and mechanisms observed herein
apply to the human variant of AF (Wit & Boyden,
2007). Recent studies have functionally demonstrated
dysregulated RyR2s in isolated atrial myocytes from AF
patients (Hove-Madsen et al. 2004; Neef et al. 2010;
Voigt et al. 2012, 2014). Future studies are warranted
to evaluate whether the RyR2 dysfunction due to
Casq2 deletion could functionally recapitulate the RyR2
dysregulation and associated atrial arrhythmias in AF
patients.
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To avoid the involvement of pacemaker current in the
role of observed atrial arrhythmias, we only studied atrial
appendages, which is also a limitation of this study. We
have previously observed focal atrial arrhythmias in the
intercaval region and pulmonary veins from Casq2~/~
mice (Glukhov et al. 2013), which were not studied
here. It remains to be determined whether the same
Vin/Ca oscillator underlies repetitive focal activity in those
regions, and whether these regions are associated with
shortened RyR2 refractoriness or accelerated Ca uptake
dynamics, both of which are shown to enhance the rate of
repetitive triggered activity in this study.

Conclusions

This study presents a novel mechanistic insight into
repetitive triggered atrial activity. Specifically, abbreviated
RyR2 refractoriness sets the stage for aberrant oscillations
of both intracellular Ca and membrane potential. AP and
synchronized DCR regenerate each other and thereby
maintain a ‘leapfrog’-like oscillation. This repetitive
activity may serve as an important mechanism for
initiation and perpetuation of AF. Besides revealing a
new mechanism for ectopic rhythm generation, our study
shows that desynchronizing aberrant DCR and prolonging
DCR latency by modulating RyR2 refractoriness may be
effective means of treating atrial arrhythmias.
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