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ABSTRACT

Basal phosphorylation of sarcoplasmic reticulum (SR) Ca?* proteins is high in sinoatrial nodal cells (SANC),
which generate partially synchronized, spontaneous, rhythmic, diastolic local Ca®™ releases (LCRs), but low in
ventricular myocytes (VM), which exhibit rare diastolic, stochastic SR-generated Ca® ™ sparks. We tested the hy-
pothesis that in a physiologic Ca? ™ milieu, and independent of increased Ca®* influx, an increase in basal phos-
phorylation of SR Ca?* cycling proteins will convert stochastic Ca?™ sparks into periodic, high-power Ca?*
signals of the type that drives SANC normal automaticity. We measured phosphorylation of SR-associated pro-
teins, phospholamban (PLB) and ryanodine receptors (RyR), and spontaneous local Ca> " release characteristics
(LCR) in permeabilized single, rabbit VM in physiologic [Ca? ], prior to and during inhibition of protein phospha-
tase (PP) and phosphodiesterase (PDE), or addition of exogenous cAMP, or in the presence of an antibody (2D12),
that specifically inhibits binding of the PLB to SERCA-2. In the absence of the aforementioned perturbations, VM
could only generate stochastic local Ca?* releases of low power and low amplitude, as assessed by confocal Ca®*
imaging and spectral analysis. When the kinetics of Ca?>* pumping into the SR were increased by an increase in
PLB phosphorylation (via PDE and PP inhibition or addition of cAMP) or by 2D12, self-organized, “clock-like” local
Ca?™ releases, partially synchronized in space and time (Ca?™ wavelets), emerged, and the ensemble of these
rhythmic local Ca®* wavelets generated a periodic high-amplitude Ca?* signal. Thus, a Ca®* clock is not specific
to pacemaker cells, but can also be unleashed in VM when SR Ca? " cycling increases and spontaneous local Ca™
release becomes partially synchronized. This unleashed Ca®* clock that emerges in a physiological Ca? " milieu in
VM has two faces, however: it can provoke ventricular arrhythmias; or if harnessed, can be an important feature
of novel bio-pacemaker designs.

Published by Elsevier Ltd.

1. Introduction

Ca®™* signals (Ca®* waves) that, unlike “Ca®* sparks”, can be of suffi-
cient amplitude to generate abnormal spontaneous diastolic after-

Spontaneous, rare, stochastic local diastolic Ca%™ releases (“Ca®™
sparks”) [1] that occur in basal-state cardiac ventricular myocytes
(VM) provide an important SR Ca?* leak pathway [2]. 3-adrenergic re-
ceptor stimulation (B-ARs) of VM organizes those local diastolic Ca®™
releases into partially synchronized spontaneous, periodic diastolic

Abbreviations: AP, action potential; 3-ARs, 3-adrenergic receptor stimulation; Ca? ",
calcium; IBMX, isobutyl-1-methylxanthine; LCR, local Ca®* releases; PDE, phosphodies-
terase; PKA, protein kinase A; PLB, phospholamban; PP, protein phosphatases; RyRs,
ryanodine receptors; SANC, sinoatrial node cells; SERCA-2, SR Ca>* pump; SR, sarcoplas-
mic reticulum; VM, ventricular myocytes.
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depolarizations that can initiate spontaneous abnormal action potentials
(APs) [3]. During B-ARs, two distinct, but related, phosphorylation-
dependent events occur: (i) an increase in Ca® " influx into the cell, and
(ii) increased Ca?™* pumping rate into and release from SR. An increase
in intracellular Ca?*, due to an increase in Ca?* influx effected by a
B-ARs-induced increase in phosphorylation of L-type Ca®>™ channel
subunits is thought to be the major mechanism involved in organiza-
tion of local, stochastic Ca® ™ signals into spontaneous, roughly peri-
odic Ca? ™ waves [4]. One viewpoint, however, is that, although 3-ARs
initially increases Ca® ™ influx, the steady-state cell Ca®" load during
-ARs does not increase (vs. that in the basal state), because Ca?* efflux
from the cell increases to match influx [5]. Sarcoplasmic reticulum (SR)
Ca®™ cycling proteins, e.g. phospholamban (PLB) and ryanodine recep-
tors (RyRs) also become phosphorylated during 3-ARs, and an increase
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in the phosphorylation state is associated with enhanced Ca?> ™ pumping
into SR, and to changes in spontaneous activation of RyRs. A role for
enhanced SR Ca?™ cycling in the organization of partially synchro-
nized, roughly periodic spontaneous diastolic SR Ca®™ releases in
VM, in the absence of Ca?> " overload, however, has not been directly
demonstrated.

Aclue that increased SR Ca2 ™ cycling in the absence of Ca® ™ over-
load can indeed generate roughly periodic spontaneous local Ca®™
releases (referred as “LCRs”), however, has emerged from recent
studies in sinoatrial nodal pacemaker cells (SANC), in which basal
levels of phosphorylation of Ca?™ cycling proteins are well above
those in basal VM in a physiologic Ca?* milieu [6]. These studies in
SANC, in which the surface membrane had been permeabilized,
clearly demonstrated that an enhanced rate of SR Ca?™ cycling
effected by increased basal phosphorylation of SR Ca?* cycling pro-
teins enables inherently stochastic, sub-sarcolemmal LCRs via RyRs
to become organized into roughly periodic Ca? " signals (Ca% ™ wave-
lets), even when the ambient steady [Ca® "] is buffered constantly at
physiologic levels [6,7]. LCRs are Ca?™* wavelets, i.e. larger and more
organized than Ca®™ sparks, but, unlike Ca® ™ waves, propagate only
locally for relatively short distances (3 to 7 pm). Since SR generated
LCRs are roughly periodic, the SR in SANC has been dubbed a “Ca®™*
clock” [8].

In SANC with intact sarcolemma, spontaneous, periodic Ca%*
wavelets during diastole generated by the SR Ca?* clock are of suffi-
cient amplitude to effect local membrane depolarization (via activa-
tion of Na*/Ca?* exchanger) that are critically linked to the
occurrence of spontaneous, rhythmic APs, i.e. normal automaticity
of the cardiac impulse [8]. Since high basal levels of Ca?>* cycling pro-
tein phosphorylation in SANC organize stochastic Ca® " releases into
local wavelet-like rhythmic LCRs, i.e. Ca2* clock, we hypothesized
that suppression of basal SR Ca?* cycling in VM linked to a suppres-
sion of basal phosphorylation of SR Ca? " cycling, prevents the emer-
gence of periodic, organized LCRs (i.e. prevents the emergence of a
Ca%* clock in VM); instead only stochastic, low-amplitude “Ca® ™"
sparks” occur. Specifically, we hypothesized that even in a physio-
logic Ca?™ milieu, when the basal SR Ca? " cycling rate increases,
e.g. either in response to an increase in SR Ca?* protein phosphory-
lation in VM when protein phosphatase (PP) and phosphodiesterase
(PDE) activities are inhibited, or when PLB-SERCA interaction is
inhibited by a specific monoclonal antibody, spontaneous stochastic
sparks will self-organize into synchronized, periodic LCRs, i.e., a
“Ca®™ clock” will emerge in VM.

2. Methods

Spontaneous local Ca? ™ release characteristics (LCR), the phosphor-
ylation status of SR-associated proteins, PLB and RyRs in permeabilized
rabbit VM bathed in 100 nM free [Ca® "], and cytosolic Ca®™ signal in
electrically stimulated rabbit VM with intact sarcolemma were mea-
sured. Shortly, intact VM were permeabilized with 0.01% saponin.
After washing out saponin, solution was exchanged to the recording
solution that contained 0.03 mM fluo-4 pentapotassium salt,
0.114 mM CaCl, (free [Ca®T]~ 100 nM), 100 mM C4HgNO4K
(DL-aspartic acid potassium salt), 25 mM KCl, 10 mM NacCl, 3 mM
MgATP, 0.81 mM MgCl,, 20 mM Hepes, 0.5 mM EGTA, 10 mM phos-
phocreatine, and creatine phosphokinase (5 U/ml), pH 7.2 [6]. The
cytosolic free Ca®* at given total Ca> ™, Mg?*, ATP, and EGTA concen-
trations was calculated using a computer program (WinMAXC 2.50,
Stanford University). A detailed description of all methods is avail-
able in the Online Data Supplementary.

Data were reported as mean + SEM. A Student's ¢ test, or, when
appropriate, one-way ANOVA, was applied to determine statistical sig-
nificance of the differences. A P value <0.05 was considered statistically
significant.

3. Results

3.1. Phosphorylation of sarcoplasmic reticulum Ca® " cycling proteins,
PLB and RyRs increases in permeabilized VM when PP and PDE activities
are inhibited

Inhibition of protein phosphatase (PP) by Calyculin A (CyA, 0.5 uM)
or by CyA plus a broad spectrum PDE inhibitor IBMX (20 M) markedly
increased PLB phosphorylation at a protein kinase A (PKA)-specific
Ser'® site, detected by Western blots (Fig. 1) and RyR phosphorylation
at PKA-dependent Ser?®% site, detected by duo-immunolabeling
(Fig. 2).

3.2. Periodic, high-power Ca® " signals emerge from stochastic Ca® * sparks
when phosphorylation of SR Ca®* cycling proteins becomes increased in
response to PP and PDE inhibition or exogenous cAMP

In a free [Ca® "] of 100 nM spontaneous Ca®™ sparks in VM are
stochastic, non-periodic event of low power in the frequency domain,
and of a low amplitude in the space-time domain (Control,
Figs. 3A-D). When, in response to PP inhibition by CyA, PKA-
dependent PLB phosphorylation is increased (Fig. 1) and the kinetics
of SR Ca®™ cycling increase, multiple wavelet-like, rhythmic local
Ca?™ oscillations, i.e. LCRs, emerge (CyA, Fig. 3A and B). When studied
in the frequency domain by Fourier analysis, LCRs are synchronized at
a dominant frequency of 2.5 Hz (Fig. 3B) and in the space-time domain
of the confocal image resulted in high-amplitude individual LCRs Ca?*
signals (CyA, Fig. 3C) and summation of these individual Ca®* signals
produced a high-amplitude whole-cell (macroscopic) Ca* signal
(ensemble of LCRs) (CyA, Fig. 3D). In other terms, a “Ca’>* clock”
emerges in VM in a physiologic Ca?>* milieu. In the presence of CyA
the addition of IBMX, a broad spectrum PDE inhibitor that increases
cAMP, and leads to an increase in PKA-dependent phosphorylation [9]
(Figs. 1 and 2), further increases the power of the partially synchronized
Ca* signal in the frequency domain (CyA + IBMX, Fig. 3B) and this
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Fig. 1. Enhancement of PLB phosphorylation at a protein kinase A (PKA)-specific Ser'® site
detected by Western blots in response to PP and PP + PDE inhibition in permeabilized
VM. (A) Representative Western blots. (B) Average data of phosphorylated PLB normal-
ized to total PLB in response CyA (0.5 uM) or CyA + IBMX (20 uM) (n = 3 blots).
*P < 0.05.
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