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cAMP-Dependent Signaling Restores AP Firing in Dormant SA Node Cells via Enhancement of Surface Membrane Currents and Calcium Coupling












	 
	ORIGINAL RESEARCH
published: 09 April 2021
doi: 10.3389/fphys.2021.596832





[image: image]

cAMP-Dependent Signaling Restores AP Firing in Dormant SA Node Cells via Enhancement of Surface Membrane Currents and Calcium Coupling

Kenta Tsutsui1,2, Maria Cristina Florio1, Annie Yang1, Ashley N. Wirth1, Dongmei Yang1, Mary S. Kim1, Bruce D. Ziman1, Rostislav Bychkov1, Oliver J. Monfredi1,3, Victor A. Maltsev1 and Edward G. Lakatta1*

1Laboratory of Cardiovascular Science, Biomedical Research Center, Intramural Research Program, National Institute on Aging, NIH, Baltimore, MD, United States

2Department of Cardiovascular Medicine, Faculty of Medicine, Saitama Medical University International Medical Center, Saitama, Japan

3Heart and Vascular Center, University of Virginia, Charlottesville, VA, United States

Edited by:
Alicia D’Souza, The University of Manchester, United Kingdom

Reviewed by:
Ana M. Gomez, Institut National de la Santé et de la Recherche Médicale (INSERM), France
Mark Richard Boyett, University of Copenhagen, Denmark

*Correspondence: Edward G. Lakatta, lakattae@grc.nia.nih.gov

Specialty section: This article was submitted to Cardiac Electrophysiology, a section of the journal Frontiers in Physiology

Received: 20 August 2020
Accepted: 09 March 2021
Published: 09 April 2021

Citation: Tsutsui K, Florio CM, Yang A, Wirth AN, Yang D, Kim MS, Ziman BD, Bychkov R, Monfredi OJ, Maltsev VA and Lakatta EG (2021) cAMP-Dependent Signaling Restores AP Firing in Dormant SA Node Cells via Enhancement of Surface Membrane Currents and Calcium Coupling. Front. Physiol. 12:596832. doi: 10.3389/fphys.2021.596832

Action potential (AP) firing rate and rhythm of sinoatrial nodal cells (SANC) are controlled by synergy between intracellular rhythmic local Ca2+ releases (LCRs) (“Ca2+ clock”) and sarcolemmal electrogenic mechanisms (“membrane clock”). However, some SANC do not fire APs (dormant SANC). Prior studies have shown that β-adrenoceptor stimulation can restore AP firing in these cells. Here we tested whether this relates to improvement of synchronization of clock coupling. We characterized membrane potential, ion currents, Ca2+ dynamics, and phospholamban (PLB) phosphorylation, regulating Ca2+ pump in enzymatically isolated single guinea pig SANC prior to, during, and following β-adrenoceptor stimulation (isoproterenol) or application of cell-permeant cAMP (CPT-cAMP). Phosphorylation of PLB (Serine 16) was quantified in the same cells following Ca2+ measurement. In dormant SANC LCRs were small and disorganized at baseline, membrane potential was depolarized (−38 ± 1 mV, n = 46), and ICaL, If, and IK densities were smaller vs SANC firing APs. β-adrenoceptor stimulation or application of CPT-cAMP led to de novo spontaneous AP generation in 44 and 46% of dormant SANC, respectively. The initial response was an increase in size, rhythmicity and synchronization of LCRs, paralleled with membrane hyperpolarization and small amplitude APs (rate ∼1 Hz). During the transition to steady-state AP firing, LCR size further increased, while LCR period shortened. LCRs became more synchronized resulting in the growth of an ensemble LCR signal peaked in late diastole, culminating in AP ignition; the rate of diastolic depolarization, AP amplitude, and AP firing rate increased. ICaL, IK, and If amplitudes in dormant SANC increased in response to β-adrenoceptor stimulation. During washout, all changes reversed in order. Total PLB was higher, but the ratio of phosphorylated PLB (Serine 16) to total PLB was lower in dormant SANC. β-adrenoceptor stimulation increased this ratio in AP-firing cells. Thus, transition of dormant SANC to AP firing is linked to the increased functional coupling of membrane and Ca2+ clock proteins. The transition occurs via (i) an increase in cAMP-mediated phosphorylation of PLB accelerating Ca2+ pumping, (ii) increased spatiotemporal LCR synchronization, yielding a larger diastolic LCR ensemble signal resulting in an earlier increase in diastolic INCX; and (iii) increased current densities of If, ICaL, and IK.
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INTRODUCTION

Spontaneous electrical impulses that drive the heartbeat originate in the sinoatrial node (SAN). Early studies have discovered that automaticity of SAN pacemaker cells (SANC) is mainly driven by a combination of voltage-dependent activation and inactivation of ion channels (Noble, 1984). Pacemaker mechanism was interpreted initially as the time-dependent decline of K+ conductance, which unmasked a background inward Na+ current (Noble, 1962). This was followed by the discovery of the “funny current,” (DiFrancesco et al., 1986), i.e., an inward current If which is activated by membrane hyperpolarization, and was next believed to be the pacemaker current. Although this interpretation was later revealed to be oversimplified: other sarcolemmal ion channels, in addition to If and K+ channels, were shown to be crucial for SANC automaticity (Wilders et al., 1991; Irisawa et al., 1993; Noma, 1996; Mangoni and Nargeot, 2008; Mesirca et al., 2015). In reality, these ion channels’ functions are tightly integrated. For example, openings of low-voltage activated L-type Ca2+ channels Cav1.3 (Mangoni and Nargeot, 2008) occur during diastolic depolarization and subsequent activation of Cav1.2 channels generates an action potential (AP) upstroke. The resultant membrane depolarization activates voltage-activated K+ channels leading to AP repolarization. This chain reaction of ion channel activation has been referred as to “membrane clock” or “M clock” (Lakatta et al., 2010).

Recent progress in understanding mechanisms of SANC automaticity has revealed even more complexity in the pacemaker mechanisms that involve intracellular Ca2 + cycling (Rubenstein and Lipsius, 1989; Rigg and Terrar, 1996; Huser et al., 2000; Bogdanov et al., 2001). Spontaneous AP generation is contributed by roughly periodic, spontaneous diastolic local Ca2+ releases (LCRs), generated via spontaneous activation of ryanodine receptors (RyR2) of the sarcoplasmic reticulum (SR), i.e., “Ca2+ clock” coupled to the M clock. Diastolic activation of the Na+-Ca2+-exchanger (NCX) by LCRs, results in larger net inward current (INCX) that, in the context of actiavated If and decaying K+ conductance, accelerates diastolic depolarization toward the AP threshold, review (Lakatta et al., 2010). The most recent conceptualization of these complex interactions among multiple pacemaker mechanisms has been redefined as an ignition process (Lyashkov et al., 2018) that complements aforementioned signaling from LCRs and INCX to depolarize cell membrane with additional activation of low voltage activated Ca2+ channels (Cav1.3 and Cav3.1) generating diastolic Ca2 + current (ICaL and ICaT) and attendant Ca2+ influx to activate more LCRs via Ca2+-induced-Ca2+-release (Chen et al., 2009; Torrente et al., 2016) that, in turn, generates more INCX and membrane depolarization, forming an explosive feed-forward loop to insure the attainment of AP threshold and generation of a new pacemaker cycle.

The robust biophysical “engine” of automaticity described above is, in turn, driven and regulated by a biochemical “engine”: Ca2+-calmodulin-activated adenylyl cyclase in SANC increases cAMP (Mattick et al., 2007; Younes et al., 2008) that activates If [by shifting its activation curve (DiFrancesco and Tortora, 1991)] and cAMP-mediated PKA-dependent and CaMKII-dependent phosphorylation of clocks’ proteins resulting in increased Ca2 + releases that feed-forward activities of the proteins (L-type Ca2 + channels, RyR, PLB (phospholamban), and SERCA). The activation level of the biochemical “engine” under basal conditions is kept near a mid-range by phosphatases and phosphodiesterases (Vinogradova et al., 2008; Lakatta et al., 2010).

Marked variation exists in AP firing intervals among individual isolated SANC (Opthof et al., 1987; Lyashkov et al., 2007; Yaniv et al., 2014). In addition to this cell-to-cell variability of average AP intervals at baseline (inter-SANC variability), beat-to-beat variability in the AP cycle intervals also occurs in each SANC (intra-SANC variability) (Wilders and Jongsma, 1993). Emerging evidence suggests that the degree of clock synchronization (i.e., functional coupling between the Ca2+- and M clocks) fluctuates on a beat-to-beat basis, and that this is the basis of intra-SANC variability (Monfredi et al., 2013), with the more effective coupling associated with higher rates and smaller variability (Yaniv et al., 2014). Thus, we define clock coupling as various degrees of synchronization of multiple mechanisms both in the cell membrane and inside the cell with the AP cycle length (CL) and its cycle-to-cycle variability reporting the effectiveness of the coupling.

β-adrenoreceptor (AR) stimulation of isolated SANC enhances clock synchronization and coupling in part via both direct cAMP effects and also by phosphorylation of multiple clock proteins to increase the AP firing rate (Lakatta et al., 2010) and reduce the variability of AP firing intervals both within and among isolated SANC (Yaniv et al., 2016; Kim et al., 2018; Yang et al., 2020), while cholinergic receptor stimulation has the opposite effect (Lyashkov et al., 2009). Thus, flexible degrees of effectiveness of clock coupling deviating from its mid-range in SANC determine both the average AP firing intervals and AP firing interval variability harboring the entire physiologic range of steady-state AP firing.

Recent studies of single isolated SANC revealed that cells that do not fire APs (dormant cells) still generate LCRs, and a large proportion of these cells began to fire spontaneous AP-induced Ca2+ transients in response to β-AR stimulation (Kim et al., 2018). However, APs, ion currents, and protein phosphorylation were not measured in that study. Here we propose that (i) dormant cells have insufficient clock coupling to fire APs, i.e., their clock coupling extremely deviates from the aforementioned mid-range regulation, even beyond what cholinergic receptor stimulation does in AP firing cells; (ii) in transition to AP firing β-AR stimulation increases key ion currents, phosphorylation, and membrane potential oscillations, in addition to Ca2 + signaling to make clock protein functions more synchronized, i.e., enhancing clock coupling.



MATERIALS AND METHODS


SANC Isolation and Selection

All animal studies followed the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publication no. 85-23, revised 1996). Experimental protocols were approved by the Animal Care and Use Committee of the National Institutes of Health (protocol #034LCS2016). SANC were isolated from guinea pig (Kim et al., 2018). A beating cell was defined as a SANC with apparent spontaneous contractions. On the other hand, a non-beating cell was a SANC lacking contractions. Only SANC with “spindle” “spider” or “rod” appearance (Denyer and Brown, 1990; Verheijck et al., 1998; Boyett et al., 2000) were chosen. Apparently damaged cells on the basis of structure were excluded from this study.



Electrophysiology

All electrophysiological signals, APs and ion currents, were measured by a patch-clamp amplifier Axopatch 200B, digitized with DIGIDATA 1440A, and recorded (on-line) and analyzed (off-line) with pClamp software version 10 (all from Molecular devices, PA, United States).

A perforated patch clamp method was used to measure membrane potentials (Rigg et al., 2000). Briefly, isolated SANC fixed in a heated bath (36 ± 0.5°C) were superfused at a rate of 1 ml/min with the HEPES-based solution of which temperature was kept at 36 ± 0.5°C and consisted of the following composition: 140 NaCl; 5 KCl; 5 HEPES; 0.33 NaH2PO4; 5.5 Glucose; 0.5 MgCl2; 1.8 CaCl2, titrated to pH 7.3 with NaOH. Glass micro-pipettes (resistance 3–5 MΩ) were filled to closely emulate intracellular composition (mM): 143 KCl; 10 NaCl; 2 Mg ATP; 5 HEPES; 10 EGTA; pH 7.3 adjusted with KOH. Amphotericin B (250 μM) was used to measure the membrane potential of SANC. The continuous recording was undertaken before, during and after application of either β-AR agonist isoproterenol (100 nM) or cell-permeable CPT-cAMP (300 μM).

To compare the ion current density profile of dormant SANC with that of firing SANC, a whole-cell patch clamp method was used as previously described (Monfredi et al., 2018). In short, the voltage protocols and pipette solution were designed to measure major ionic currents consecutively in the same cell (always in the following order: ICaL, If, and IK). The patch pipettes had resistances ranging between 2 and 3 MΩ, and were filled with the following solution (in mM): K+ gluconate 100, MgATP 2.5, Na2ATP, HEPES 5, KCl 20, EGTA 5, CaCl2 2; titrated to pH 7.2 with KOH. Tetrodotoxin (10 μM) was added to the bathing solution to block Na+ currents that could otherwise interfere with ICaL measurements. The cell capacitance and series resistance were electronically compensated by the amplifier to the point just preceding positive feedback oscillations. Seal resistance was measured at the beginning of each experiment and was routinely >10 GΩ. If the seal resistance was lower than this, data from the cell were discarded. Capacitance currents were measured by applying a ramp from −60 to −80 mV. We used a ramp with a 10 V/s rate of change of membrane potential (20 mV over 2 ms) and measured resultant current at the end of the ramp, which we used to assess electrical membrane capacitance. Measured ionic currents were normalized to cell capacitance, to yield a current density in pA/pF (Monfredi et al., 2018).


ICaL Measurements

In line with previous studies (Honjo et al., 1996), depolarizing steps lasting 300 ms from a holding potential of −45 mV were undertaken, with a first level of −40 mV, in 5 mV increments, to a final level of +40 mV. IV curves were plotted in each cell, and the ICaL current density was taken to be the peak current at 0 mV.



If Measurements

In line with previous studies (Honjo et al., 1996), hyperpolarizing steps lasting 1000 ms from a holding potential of −35 mV were undertaken, with a first level of −40 mV, in −10 mV increments, to a final level of −120 mV. IV curves were plotted in each cell, and the If current density was taken to be the mean current at −110 mV over a 50 ms period beginning 300 ms after the hyperpolarizing pulse. This protocol has a short, 300 ms pulse duration that does not fully saturate If activation, and aims to quickly evaluate effective If magnitude during diastole, rather than its maximum conductance, activation curve, and kinetics. Thus, the If magnitude increase in our experiments with β-AR stimulation reflects both the shift of the activation curve to more positive potentials and acceleration of activation kinetics.



IK Measurements

In line with previous studies (Lei and Boyett, 1999; Lei et al., 2000), depolarizing steps lasting 1000 ms from a holding potential of −60 mV were undertaken, with a first level of −60 mV, in +10 mV increments, to a final level of 50 mV. IV curves were plotted in each cell, and the IK current density was taken to be the mean current at +40 mV over a 50 ms period beginning 300 ms after the hyperpolarizing pulse.



2D Intracellular Ca2+ Signal Measurement

Cells were loaded with 5 μM Fluo-4AM for 20 min at a room temperature before the measurement. During measurement, cells were continuously perfused with HEPES-based saline at 36 ± 0.1°C by temperature controller TC2BIP 2/3Ch (Cell MicroControls, Norfolk, VA, United States). Ca2+ signals were imaged with a 2D camera sCMOS PCO edge 4.2 with a 13.2 mm square sensor of 2048 × 2048 pixels resolution. To resolve LCR dynamics, we acquired images at a rate of 100 frames/second that was possible only using a part of the sensor (1280 × 1280). The recording camera was mounted on Zeiss Axiovert 100 inverted microscopes (Carl Zeiss, Inc., Germany) with a ×63 oil immersion lens and a fluorescence excitation light source CoolLED pE-300-W (CoolLED Ltd., Andover, United Kingdom). Fluo-4 fluorescence excitation (470/40 nm) and emission light collection (525/50 nm) were performed using the Zeiss filter set 38 HE. When the Ca2+ signals were simultaneously measured with membrane potential, we programmed the patch clamp amplifier to timely shoot out a short TTL signal, wired to the 2D camera that was also set to start recording upon receiving the synchronizing pulse from patch amplifier. The 2D video-recording of intracellular Ca2+ dynamics was exported and analyzed by a computer program that detects LCRs and quantifies the size, period (a time interval between the peak of the prior AP-induced Ca2+ transient and the onset of an LCR), and the ensemble area of LCRs (the sum area of all detected LCR signals) as previously described (Maltsev et al., 2017). Our previous studies using confocal microscopy in the line-scanning mode demonstrated that β-AR stimulation indeed increases number of LCRs (Figure 4A in Vinogradova et al., 2002). However, in the present study, using 2D non-confocal imaging, we measured and LCR ensemble area. We report this parameter because the total area of all LCRs is what activates NCX current and contributes to the diastolic depolarization.



Dual Immunostaining of Phospholamban

Immediately after Ca2 + measurements up to 1 h, the cells were fixed for 10 min at room temperature with 4% formaldehyde in phosphate buffer (PBS), and the samples were stored in 0.1% Triton/PBS at 4°C for subsequent immunostaining and confocal imaging.

Dishes were washed twice with washing solution (0.1% Triton/PBS) and permeabilized with 0.5% Triton-X-100 in PBS for 15 min at room temperature. The samples were again washed twice then blocked by incubating overnight in a solution containing: 2% BSA/PBS, 5% normal goat serum, 0.02% NaN3, and 0.1% Triton. SANC were then incubated with anti-PLB total antibody (mouse, 1:200, Badrilla, Cat. No. A010-14) and anti-phosphorylated phospholamban (PLB) at Ser 16 antibody (rabbit, 1:200, Badrilla, Cat. No. A010-12AP) at 4°C overnight. Cell were then washed 5–10 min followed by labeling with Atto647 goat anti-mouse IgG (1:1000, Sigma, Cat. No. 50185) and Cy3 goat anti-rabbit IgG secondary antibody (1:1000, Jackson ImmunoResearch, Cat. No. 111-165-144) followed by additional incubation for 1 h at room temperature, and finally washed with plain PBS for 5 min. Plates were mounted with ProLong Gold antifade reagent (Thermo Fisher Scientific, Cat. No. P36934).



Confocal Imaging

Fluorescence was imaged by a Zeiss LSM 880 confocal microscope (Carl Zeiss Inc., Germany) using a 40×/1.3 N.A. oil immersion lens. The Atto647 and Cy3 fluorophores were excited with 633 nm (DPSS 10 mW) and 561 nm (He-Ne 5 mW) lasers, respectively. Individual SANC captured in live Ca2+ imaging was identified by its grid location and cell morphology. Images were processed and the intensity of immunofluorescent signal was quantified using ZEN 2.3 lite software (Carl Zeiss Inc., Germany). The fluorescence density of phosphorylated phospholamban was normalized to that of the total phospholamban.



Preparation for Live Intracellular Imaging

Laminin (Sigma-Aldrich, St. Louis, MO, United States; Cat. No. L2020) – coated dishes and physiological bathing solution (Tyrode, or HEPES-based saline) were prepared fresh the day of each experiment. Glass bottom gridded dishes (MatTek Corporation, Ashland, MA, United States; Cat. No. P35G-1.5-14-CGRD) were coated with 40 μg laminin/mL PBS + 1.0% PS in the center of the coverslip and incubated for 1 h before aspirating.



Statistical Analysis

Data are presented as mean ± SEM. p < 0.05 was considered statistical significance. Unpaired, two-tailed t-test was used to test differences in current densities and AP characteristics between (i) dormant and firing SANC in baseline and (ii) DMSO- and ivabradine (IVA)-pretreated responder dormant SANC. One-way ANOVA with Tukey’s multiple comparisons test was used to compare current densities and AP characteristics. Fisher’s exact test was used to compare the response% of cyclopiazonic acid (CPA)- or IVA-treated dormant SANC with that of DMSO-pretreated dormant SANC.



RESULTS


Characterization of Membrane Potential, Ion Current Density Profile, and LCRs in Dormant SANC at Baseline

We surveyed AP firing behavior of 34 freshly isolated single SANC from 10 guinea pig hearts. Of the 34 SANC, 11 manifested spontaneous AP firing at baseline (“firing SANC”) while 23 did not (“dormant”) (Figure 1A). In contrast to SANC that fired spontaneous APs at baseline, in which the maximum diastolic potential (MDP) was −58.5 ± 1.2 mV (Table 1), the membrane potential of dormant SANC was more depolarized to −39 ± 0.2 mV (Figure 1B top left and Table 1).


TABLE 1. Membrane potential characteristics of initially firing/dormant guinea pig SANCs.
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FIGURE 1. (A) The proportion of baseline behavior of freshly isolated guinea pig SANC we studied total 34 cells. About 1/3 and 2/3 were AP present (firing) and AP absent (dormant), respectively. (B) Illustrative examples of simultaneous voltage (magenta), global cytosolic Ca2+ (green) and LCR ensemble area (blue) in dormant SANC (left) and firing SANC (right) at baseline. The corresponding frequency analysis by fast Fourier transform (FFT) and autocorrelation analysis (AC) are shown below. (C) Major ion current density of voltage-dependent L-type Ca2+ channel, voltage-dependent K channel and the funny current in dormant (black) and firing (yellow) SANC at baseline; those of dormant SANC were reduced compared to those of firing SANC. The protocol is shown in the right panel.


To determine the baseline functional profile of the M clock in dormant and firing SANC, we sequentially measured current density profiles of the L-type Ca2+ current (ICaL), funny current (If), and summed repolarizing K+ currents (IK) in another 7 firing and 15 dormant cells, as previously described (Monfredi et al., 2018). Current-voltage (I–V) relationships of all three currents (Figure 1C) reflect a reduction in all three currents in dormant SANC vs those firing spontaneous APs at baseline (Figure 1C, p < 0.05 indicated as ∗).

To characterize baseline intracellular Ca2+ signaling of dormant and spontaneously firing SANC, we loaded other 14 firing SANC and 45 dormant SANC with Fluo-4, a fluorescent Ca2+ indicator. Consistent with our previous study (Kim et al., 2018), all SANC studied, both dormant and those firing spontaneous APs, exhibited LCRs at baseline (Figure 1B top). Fast Fourier transform (FFT) and autocorrelation analyses in SANC firing APs at baseline showed robust rhythmicity in membrane potential, global cytosolic Ca2+ signal, and LCR ensemble area, and vice versa confirmed a lack of spontaneous rhythmicity of these parameters in dormant SANC (Figure 1B bottom). Thus, while firing SANC produce rhythmic ensemble LCR signals synchronized to late diastole, LCRs of dormant SANC were smaller and less organized.

PLB phosphorylation at Serine 16 (Figure 2A), a crucial determinant of LCR kinetics and synchronization (Sirenko et al., 2012), was reduced in dormant SANC vs AP firing SANC at baseline (p < 0.001, Figure 2B).
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FIGURE 2. (A) Double immunolabeling of phosphorylated phospholamban (p-PLB) at Serine 16 (green) and total PLB (red) and the merged images of SANC that were dormant at baseline (top), firing at baseline (middle) and dormant at baseline but began firing in response to isoproterenol (bottom). (B) The p-PLB/total PLB ratio of SANC firing at baseline (N = 3/n = 10) vs dormant at baseline (N = 3/n = 10) (At baseline, firing cells have much higher pPLB S16/PLB ratio than non-firing cells)] and (C) The p-PLB/total PLB ratio of SANC firing in isoproterenol (N = 5/n = 15) vs firing at baseline (N = 3/n = 10) (Firing cells in ISO have higher pPLB S16/PLB ratios than firing cells at BL). t-test, ***p < 0.001, **p < 0.01.




Dormant SANC Begin to Generate Spontaneous AP in Response to Enhanced cAMP-PKA Signaling

Because enhancing cAMP-PKA signaling by β-AR stimulation increases an AP firing rate in firing SANC via facilitation of the functional coupling between Ca2+ and M clocks (Vinogradova et al., 2002; Tsutsui et al., 2018), we sought to discover whether cAMP-PKA signaling was capable of inducing de novo spontaneous APs in dormant SANC at baseline.

β-AR stimulation with 100 nM isoproterenol of SANC firing APs at baseline reduced AP CL by 46% (892 ± 39 to 484 ± 39 ms, Table 1), accompanied by an increase in AP amplitude and MDP, a reduced ignition period, and a reduction in cycle-to-cycle interval variability (coefficient of variance) (Figure 3A and Table 1). Among 12 initially dormant SANC, a half (six cells) began to spontaneously fire APs in response to β-AR stimulation (“responder”) (Supplementary Video 1) while the remainder (six cells) failed to do so (“non-responder”) (Figure 3B and Table 1). Steady state AP firing in the presence of β-AR stimulation in initially dormant SANC at baseline (pre-β-AR stimulation, Figure 3D) is comparable to those SANC that fired rhythmic APs at baseline of which rate accelerated in response to β-AR stimulation (Table 1 “Firing SAN β-AR stimulation” vs “Dormant SANC Responder β-AR stimulation”). Prior to β-AR stimulation, the baseline membrane potential of dormant responders did not differ from those of non-responders (Table 1). In some responder dormant SANC, membrane potential spontaneously hyperpolarized prior to the first de novo spontaneous AP (Figure 3C). The initial APs during β-AR stimulation were small and dysrhythmic. Bona fide APs subsequently began to occur within ∼20 s (Figure 3C). When β-AR stimulation was disconitinued (isoproterenol washout), the responder cells became dormant again (Figure 3E). In non-responder dormant SANC, the membrane potential did not change following β-AR stimulation (Table 1).
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FIGURE 3. (A) Membrane potential tracings of SANC that fire spontaneous APs at baseline (black) that accelerated in response to isoproterenol (magenta). (B) Among 12 initially dormant SANC, 44% fired APs in response to β-AR stimulation (“responder”) while 56% failed to do so (“non-responder”). This was significantly different from the corresponding time control group (n = 8) in which spontaneous AP firing did not occur (p < 0.05).) When isoproterenol was washed out, the β-AR stimulation-induced APs stopped. Detail of the beginning (C), steady state (D) and wash-out (E) phases of the β-AR stimulation-induced AP in a SANC that was dormant under initial baseline conditions. (F) The cell permeable CPT-cAMP recapitulated the β-AR stimulation-induced APs in other set of SANC that were dormant at baseline. Note the similarity to panel (B–E).


To determine whether β-AR stimulation-induced activation of dormant SANC was dependent on increased cAMP signaling, we repeated the same experiment with cell-permeable CPT-cAMP. CPT-cAMP recapitulated the β-AR stimulation-induced automaticity in 46% of dormant SANC studied [6/13, p < 0.05 vs time control (0/8, 0%), Figure 3F], indicating that the resumption of AP firing in initially dormant SANC is indeed caused by cAMP-dependent mechanisms.



The Full Spectrum of Clock Coupling Emerges in Dormant SANC That Fire APs in Response to an Increase in cAMP

Simultaneous recordings of membrane potential and 2D Ca2+ signals (Figures 4, 5) at critical stages of the transition from the dormancy to the spontaneous AP firing state in response to increased intracellular cAMP signaling inform on how enhanced clock coupling evolves in response to cAMP.
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FIGURE 4. Time domain (left column) and the Ca2+-voltage phase-plot loops (right column) of simultaneous membrane potential (red), whole-cell Ca2+ transient (green) and LCR ensemble area (blue) measurement at the early stage of AP induction in response to β-AR stimulation in a SANC that was electrically dormant at baseline. Note that, to minimize both phototoxicity and bleaching of the Ca2+ indicator, Ca2+ signals could be recorded only for short time window, although membrane potential could be recorded for prolonged periods: (A) Baseline, (B) The first AP, and (C) Following early phase that is characterized by APs with a small amplitude and failed ignition (arrows). Blue line shows the integrated area of detected individual LCRs by our image analysis program (Maltsev et al., 2017).
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FIGURE 5. Later stage of the β-AR stimulation-induced AP induction sequence observed in other SANC that was initially dormant at baseline. Time domain (left), Ca2 + -Vm loop (middle) and FFT of Ca2+ signals (right) during the baseline dormancy (A), early stages (B,C), and steady state (D) of AP induction in response to β-AR stimulation. The Ca-Vm loop evolves to expand as the AP cycle length shortens in response to β-AR stimulation.


At baseline, while the dormant SANC failed to produce rhythmic APs or LCRs (Figure 4A), the phase-plane diagram of membrane potential vs global cytosolic Ca2+ signal during this sequence depicts stalled fluctuations in membrane potential and whole-cell Ca2+ levels in dormant SANC at baseline as a tight cluster of dots (Figure 4A right panel). In response to cAMP, the same SANC in Figure 4A generated small and slow membrane potential oscillations accompanied by a simultaneous fluctuation in whole cell Ca2+ and LCRs (Figure 4B left panel) progressively increasing in amplitude over time (Figure 4C left panel). Although some early small-sized APs induced small whole-cell Ca2+ transients, at this time the coupling degree of the two clocks failed to produce regular APs (Figure 4B left panel). As cAMP exposure time increased, AP failure still occurred but became less frequent. There was an increase in synchronization between membrane potential and Ca2+ toward normal size APs and Ca2+ transients, shown as an increase in the size of phase-plane loops over time (Figures 4B right panel, 4C right panel). The initiation of self-organizing, mutually interacting electrical and Ca2 + oscillations (i.e., Ca2+-induced Ca2+ release) and its time-dependent, feed-forward augmentation following exposure to cAMP are clearly observed in another dormant SANC (Figure 5). Note two missed ignitions of full APs during Figure 4C (the 3rd and 4th “would-be firing,” indicated by arrows) were preceded by failed escalation of LCR ensemble area (Figure 4C left panel). This finding suggests the possibility that the cAMP-induced APs in initially dormant SANC are caused by emergent coupling between the M- and Ca2 + -clocks. Later stages of β-AR activation demonstrated further extended the progressive increase in the “loop” size depicted in the Vm-Ca2 + phase plane diagram with associated shortening of CL of cAMP-induced APs, respectively (Figures 5B–D). During steady-state AP firing (Figure 5D), the LCR ensemble is synchronized in time such that the LCR ensemble forms sharp spikes immediately before the AP upstroke. The failed interactions between Ca2 + - and M-clocks that resulted in failed AP ignition observed during earlier stages (Figures 4B,C) no longer occur, and there is regular AP firing.

The isoproterenol/CPT-AMP wash-out phase is characterized by symmetrical reversal of the steps described above. The SANC gradually fail to maintain regular AP firing and eventually membrane potential depolarized to ∼ −40 mV, accompanied by loss of fluctuations in membrane potential. At the same time, the whole-cell Ca2+ signal become markedly reduced and LCRs became small and disorganized (Figure 6). Note the similarities in the transition during “wash-out” and “wash-in” shown in Figure 6 and Figure 4, respectively.
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FIGURE 6. When the intracellular cAMP level decreased by washout of BARs/CPT-cAMP, the changes described in Figure 5 reversed in order. Compared to the steady state AP firing (panel A), the AP cycle length is prolonged and LCR ensemble is decreased (panel B), suggesting the disengagement of M- and Ca2+-clocks. Shortly after cAMP washout (the panel B), spontaneous AP firing ceased, and the cell returned to dormant state again (panel C) in which the membrane potential drifted around –40 mV, ensemble LCR signal area decreased, and the voltage-Ca2+ loop demonstrated only very small fluctuation around one point, rather than crating a loop.


In summary, these results indicate that clock functions and coupling are severely reduced in dormant SANC at baseline; an increase in clock coupling underlies the cAMP-dependent AP rescue in dormant SANC.



Voltage-Dependent Ca2+, K, and Funny Current Increases in Dormant SANC in Response to Increasing cAMP

To determine the effects of increased cAMP on M clock functions in responder and non-responder SANC, we evaluated ion current densities with voltage-clamp experiments following brief Ca2+ imaging (i.e., total light exposure limited to <4 s) to classify the baseline AP firing behavior of each cell and its response to isoproterenol. ICaL, IK and If densities of initially dormant SANC increased in response to isoproterenol in both responder and non-responder cells (Figure 7), suggesting that the enhanced cAMP signaling augments M-clock function in all of these dormant cells. However, there was no difference in current density after exposure to isoproterenol between responders and non-responders, indicating that the augmentation in M-clock functions did not predict whether dormant SANC at baseline would respond to cAMP.


[image: image]

FIGURE 7. Consecutive in-series measurements of ion-current density of L-type Ca2+ current (left panels), K+ current (center panels) and funny current (right panels) from SANC revealed that M-clock function of both responder (magenta) and non-responder (purple) dormant SANC increases in response to β-AR stimulation by 100 nM isoproterenol. The voltage protocol (same to those for Figure 1C) is shown above the I-V curves. Example I–V curves for each current is shown in the bottom raw. The data shown are from different cells, one without isoproterenol (black) and one with isoproterenol (magenta).




Selective Independent Blocks of the Ca2+ and M Clock Reveal Their Different Roles in Restoration of β-AR-Induced APs in the Dormant SANC

To further characterize the relative roles of M- and Ca2+ clock mechanisms in the resumption of automaticity in initially dormant SANC, we compared the inducibility of APs in dormant cells by isoproterenol in the presence of CPA (0.5 μM, n = 11) or IVA (3 μM, n = 7) to that of control group (n = 10).

CPA, a Ca2+ clock inhibitor that acts by inhibiting SR Ca2+ ATPase (SERCA) and reducing Ca2+ pumping into the SR (Vinogradova et al., 2010), reversibly suppressed the LCR ensemble signal in dormant SANC, confirming that LCR signals observed in dormant SANC are SERCA-dependent. In response to subsequent β-AR stimulation, only 9% (1/11) of initially dormant SANC superfused with 0.5 μM CPA generated spontaneous APs, a significantly lower % than the control group (p < 0.05), in which 60% (6/10) of initially dormant SANC began to fire spontaneous APs in response to β-AR stimulation (Table 2). The baseline membrane potential of non-responder dormant SANC bathed in CPA was around −40 mV with CPA addition, and remained unchanged during and following wash out of β-AR stimulation (Table 2).


TABLE 2. Membrane potential characteristics of CPA/IVA-pretreated dormant SANC in response to β-AR stimulation.

[image: Table 2]In contrast to CPA, pretreatment of SANC with selective if inhibitor ivabradine (3 μM) did not affect the success rate (71%, 5/7) of β-AR stimulation in restoring AP firing in initially dormant SANC (Table 2). However, the AP CL of the IVA-pretreated responder dormant SANC during β-AR stimulation was longer and more irregular, and the MDP was relatively depolarized, compared to control responder SANC during β-AR stimulation (Table 2).



Phosphorylation of Coupled-Clock Proteins Is Reduced in Dormant SANC at Baseline

PLB is a protein that modulates the Ca2+ kinetics of the Ca2+ clock by controlling the pumping function of SERCA. We analyzed the phosphorylation of PLB in Serine 16, the main site of this regulatory protein activated by cAMP-dependent protein kinase A (PKA), by quantifying the phosphorylated-PLB/total PLB ratio (pS16-PLB/total PLB ratio) following measurement of Ca2 + dynamics in the same cells. Phosphorylation of Serine 16 was reduced by sixfold in dormant SANC vs SANC firing spontaneous APs in normal Tyrode under basal conditions (Figures 2A,B).

Next, we perfused a subgroup of SANC that fired APs at baseline with normal Tyrode supplemented with isoproterenol 100 nM to prove that an increase in AP firing rate in these cells is associated with an increased PLB phosphorylation. In response to β-AR stimulation, the phosphorylation level of PLB increased by an additional twofold over that level observed in the group of cells firing APs at baseline in the absence of β-AR stimulation (Figures 2A,C). We further found that in SANC we studied, including those dormant cells (firing rate = 0) the phosphorylated-PLB/total PLB ratios were positively correlated with AP firing rate (Figure 8A). In contrast, when the absolute number of PLB counts were plotted as a function of AP firing rate, they were negatively correlated (Figure 8B).
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FIGURE 8. The phosphorylated-PLB/total PLB ratios (A) and total PLB number (B) and were positively (n = 32; Y = 0.004982X + 0.3209, p = 0.0132; R2 = 0.188) and negatively (n = 31; Y = –123.5X + 30723, p = 0.0161; R2 = 0.184) associated with the firing rate, respectively.




DISCUSSION

Our results demonstrate that augmentation of cAMP-PKA signaling is capable of restoring automaticity of dormant cells via enhancements in both M- and Ca2+-clock functions and their coupling, including increases of key membrane currents ICaL, IK, and If and phosphorylation of the critical SR Ca2+-clock protein PLB.


Role of cAMP Signaling in SANC Normal Baseline Automaticity

As we noted in Introduction, in SANC that fire APs at baseline, intracellular cAMP-PKA signaling is maintained around the middle of the range of possible signaling levels (Vinogradova et al., 2008), resulting in a moderate degree of coupling between the roughly periodic SR Ca2+-clock and the membrane-bound, voltage- and time-dependent M clock that together drive basal AP firing. Thus, direct cAMP binding to certain clock proteins (e.g. HCN4) and cAMP mediated-PKA dependent phosphorylation of other clock proteins (e.g., PLB, RyR, K+-channels and L-type Ca2+ channels) is what drives basal SANC automaticity (Lakatta et al., 2010). This spontaneous AP firing and its attendant Ca2+ influx maintain cytoplasmic Ca2+ at a level sufficient to support the mean basal AP firing rate and rhythm by further activating Ca2+-dependent adenylyl cyclases and CaMKII. To keep this robust feed-forward system of phosphorylation in check, counteracting phosphodiesterases and protein phosphatases are simultaneously activated (Lakatta et al., 2010; Tsutsui et al., 2016). A change in the degree of the clock coupling is accompanied by changes in the mean AP firing CL.



Enhanced Clock Coupling in Response to Increased cAMP-PKA Signaling

To accelerate the mean AP firing rate of single isolated SANC, β-AR stimulation-induced augmentation of clock phosphorylation more precisely synchronizes LCRs in time. This augmented LCR ensemble Ca2+ signal produces a larger INCX earlier in diastole (Maltsev and Lakatta, 2010). This earlier and greater Ca2+-NCX interaction during β-AR stimulation occurs in addition to the cAMP-mediated augmentation of If and IK (Lyashkov et al., 2018). The β-AR-induced reduction in mean AP CL is accompanied by a reduction in the inter-AP interval variability (Monfredi et al., 2014).

Dormant SANC, studied here, however, appear to lack of effective functions M- and Ca2 + - clocks and their interactions, producing only small and disorganized LCRs (Figures 1C, 5A). M-clock functions in dormant SANC (ICaL, If, and IK densities and I–V relations) were reduced compared to those in SANC firing spontaneous AP at baseline (Figure 1B). We interpret our results to indicate that in the dormant state, a disorganized Ca2+ signal occurs but no APs are ignited, this is a manifestation of suppression of both the M- and Ca2+- clocks. The relatively depolarized dormant SANC membrane potential of ∼-38 mV will undoubtedly hamper the voltage-dependent mechanisms within the M-clock.

We observed that, as in SANC spontaneously firing APs at baseline (reviewed in Irisawa et al., 1993 and Mangoni and Nargeot, 2008), β-AR stimulation in initially dormant SANC increased three major inward and outward currents: Ca2+, K+ and funny currents. Therefore, it is reasonable to speculate that an increase in the M-clock function mediated by augmentation of the currents that we studied plays an important role in the “responder” SANC. With β-AR stimulation, density of ion currents increases, and this is the result of a phosphorylation of the channel and/or a direct action of cAMP on the channel. However, a striking finding was that the effect of β-AR stimulation on these current densities did not differ between responders and non-responders (Figure 7), that is this effect of β-AR stimulation is not sufficient to guarantee transformation from dormancy to automaticity. This indicates that there must be additional mechanisms for automaticity to be restored in dormant SANC.

Ca2+ clock function is also decreased in dormant SANC, compared to SANC that fire spontaneous APs at baseline. The absence of regular AP-induced Ca2+ influx leads to a reduction in cytosolic Ca2+ level (Figure 6) (van Borren et al., 2010; Tsutsui et al., 2018). This low Ca2+ level impacts on the robustness and rhythmicity of spontaneous LCRs. However, baseline SR Ca2+ content of guinea pig dormant SANC is comparable to that of firing SANC, and it neither increases nor decreases in response to β-AR stimulation (Kim et al., 2018). The absence of increased SR Ca2+ load in a dormant SANC demonstrated in our previous research (Kim et al., 2018) may be due to low cytosolic Ca2+ that diminishes the ratio of phosphorylated PLB to total PLB suppressing SR function (Sirenko et al., 2012). The metabolic state including ATP production would also be expected to be reduced during dormancy compared to SANC that fire APs at baseline. In such a state, Ca2+-activated AC and PKA and CaMKII signaling, which is activated in basal state in SANC, would also be expected to decrease, causing a reduction in a wide range of cell functions within SANC. Important evidence for critical roles of basal PKA and CaMKII signaling in transition to dormancy is that a selective inhibition of either signaling (AIP or PKI) results in cell dormancy with a membrane potential fluctuating at about −30 mV (Vinogradova et al., 2000; Vinogradova et al., 2006). The important role of Ca2+ for cell dormancy have been demonstrated in previous studies: Inhibition of Ca2+ cycling (ryanodine or BAPTA-AM) facilitated vagally induced SANC dormancy (van Borren et al., 2010). Our previous studies in permeabilized SANC showed that LCRs are not random openings of RyR2 and they are different from Ca2+ sparks in ventricular myocytes (Sirenko et al., 2012). LCRs exhibit a larger spatial extent (appeared manly as locally propagating wavelets) and their occurrence is partially periodic, i.e., LCRs behave as a set of heterogeneous local Ca2+ oscillators (or “clocks”), whereas occurrence of Ca2+ sparks in ventricular myocytes at the basal state is mainly random. In this regard, it has previously been reported that freshly isolated single permeabilized ventricular myocytes, exhibiting random Ca2+ sparks in a physiologic free (Ca2+), manifest a marked self-organization of Ca2+ sparks to produce robust and roughly periodic LCRs when PLB becomes highly phosphorylated during PDE and phosphatase inhibition (Sirenko et al., 2012, 2014).

Our results demonstrate that, as a marker of SANC-wide coupled clock protein PLB, phosphorylation at Serine 16 is markedly reduced in dormant SANC vs those that fire spontaneous APs in dormant SANC. Furthermore, the phosphorylated-PLB/total PLB ratios were positively correlated with AP firing rate (Figure 8A), whereas the absolute numbers of PLB were negatively correlated (Figure 8B), indicating that SR Ca2+ pumping in dormant cells is likely to be suppressed by two mechanisms: low PLB phosphorylation and high PLB expression. Insufficient SR Ca2+ pumping, in turn, could inhibit Ca2+ clock operation and contribute to cell dormancy. Increased cAMP-dependent phosphorylation of PLB enables these dormant cells to fire APs. In response to β-AR stimulation, both the baseline function of Ca2+ clock (Figures 4, 5) and M clock (Figure 7) in dormant SANC becomes enhanced. As a result, the Ca2+-membrane potential phase plane diagram (Figures 4–6), a visual representation of the Ca2+-Na+ electro-chemical gradient oscillation that underlies an AP cycle, evolves from a tight cluster of dots at baseline (Figures 4A, 5 top) to the narrow, early transition stage, to the steady state, in which the membrane potential fluctuation within the same range is accompanied by larger intracellular Ca2+ oscillations (Figure 5). This suggests that an increase in clock coupling emerges upon the cAMP-dependent activation of dormant SANC; and that clock coupling continues to increase in the context of the time-dependent increase in intracellular Ca2+ and increase in cAMP-PKA signaling that enhances function of proteins of both clocks. Note that the low R2 values between the AP firing rate and p-/total PLB ratio (Figure 8) indicates that the impact of factors that determine AP firing rate varies from cell to cell.



Specific Biophysical Mechanisms

With respect to specific biophysical mechanisms, the transition from dormancy to AP firing may be explained by impact of the enhancement of cAMP-PKA signaling on the ignition process, i.e., If, LCRs and feed-forward interactions of Ca2+ and M clock, including LCRs, NCX, and ICaL (Lyashkov et al., 2018). Following the ignition theory, increased LCRs and INCX depolarize cell membrane activating low voltage-activated Ca channels (Cav1.3 and Cav3.1) that generate both respective diastolic Ca currents (ICaL and ICaT) and attendant Ca2+ influx to activate more LCRs via Ca2+-induced-Ca2+-release (Chen et al., 2009; Torrente et al., 2016). The additional LCRs, in turn, generate more INCX and membrane depolarization, forming an explosive feed-forward loop to insure robust ignition of a new pacemaker cycle. Our previous study of dormant cells (Kim et al., 2018) featured a numerical model of this transition from dormancy to AP firing. Numerical simulations of this model illustrated that the diastolic INCX amplitude substantially increases from a steady level of about −4 pA in dormant cells to oscillations from −9 to −15 pA in firing cells (Supplementary Figures 1, 2).

The results of ivabradine and CPA experiments (Table 2) suggest that enhanced function of the Ca2+-clock is critical for the majority of responder dormant SANCs to initiate the bona fide APs in response to β-AR stimulation, while If current, in contrast, appears to have a role in stabilization of the β-AR stimulation-induced de novo APs among responder dormant SANC. This interpretation is supported by previous studies (Vinogradova et al., 2006) that demonstrated the obligatory role of basal PKA activation for normal SANC automaticity (that is opposite to dormancy): specific inhibition of PKA-dependent phosphorylation by PKI results in AP firing failure, i.e., cell dormancy. Thus, PKA-insensitive If directly regulated by cAMP (DiFrancesco and Tortora, 1991) is expected to remain unchanged under these conditions of selective PKA inhibitions, but it is not sufficient to prevent dormancy.

One important specific question is about why dormant cells have a depolarized membrane potential fluctuating near −38 mV (Figure 1B) and what causes membrane hyperpolarization during their transition to AP firing (Figure 3B). Previous studies showed that a reduction in the electrochemical gradient by decreasing extracellular Na+ or increasing extracellular K+, pharmacological blockade of IKr (Verheijck et al., 1995) or ICaL (Verheijck et al., 1999), or a brief, subthreshold depolarizing or hyperpolarizing pulse (Jalife and Antzelevitch, 1979) induces dormancy in SANC that otherwise spontaneously fire APs at either the single cell or tissue-ball level. Dormant SANC can be reactivated by reverting the altered extracellular ion composition (Noma and Irisawa, 1975a), adrenergic agonists (Opthof et al., 1987), or subthreshold pacing to cardiac neurons that induce IKACh-driven hyperpolarization to an adjacent dormant SANC (Goto et al., 1983). The predesposition to dormancy can be also linked to substantial functional heterogeneity of key ion current densities, i.e., the M clock side of the system (Honjo et al., 1996; Monfredi et al., 2018).

The existence of “pseudo resting” potential of −30 to −40 mV, when voltage-gated channels are not active, has been thoroughly studied and discussed by Capel and Terrar (2015a, b) who noted that upon cessation of rhythmic AP firing (by multiple different reasons) many SANC fluctuate around a membrane potential in the region of −35 mV. A similar “resting potential” of −38 mV was also observed in rabbit SA node by Noma and Irisawa (1975b). It was suggested that this relatively depolarized level of membrane potential is determined by a balance of numerous ion currents of different nature (Capel and Terrar, 2015b), and INCX seems to also critically contribute to this balance (Sanders et al., 2006). The relatively depolarized membrane potential of −38 mV in dormant cells could be also explained by the absence of IK1 current in SANC combined with a lower amplitude of voltage-activated K+ currents (in the absence of their activation by APs). We tested this idea via numerical model simulations (Supplementary Figure 3) but found that in a dormant cell IKr remains relatively high, near 15 pA (blue line), i.e., larger than INCX amplitude of about 4 pA (Supplementary Figure 2), indicating that a lower K+ current amplitude is hardly the only reason of the depolarized potential observed in dormant cells.

Future studies should further address the mechanisms that drive the initial hyperpolarization in responding dormant cells. One possible mechanism is via electrogenic transporters (i.e., not ion channels) such as Na+/K+ pump. Hyperpolarization can be also driven by Ca2+-activated K+ channels [review (Clements et al., 2015)]. All three “small K” isoforms (SK1, SK2, and SK3) were identified in mouse SAN (Torrente et al., 2017) and inhibition of SK channels with apamin prolonged APs in isolated SAN cells, slowed diastolic depolarization, and reduced pacemaker rate in isolated SAN cells and intact SAN tissue (Torrente et al., 2017). Large-conductance Ca2+- and voltage-activated K+ channels (BK channels or maxi-K+ channels) also seem to play a prominent role in pacemaker function (Imlach et al., 2010; Lai et al., 2014).



Are Dormant SANC Functional Members of a Heterogeneous Pacemaker Cell Community in Intact SAN Tissue?

It has been reported that most of the SANC enzymatically isolated from guinea pig SAN do not beat spontaneously (Toyoda et al., 2018). This has traditionally been interpreted as a result of damage from the cell isolation process. However, one might consider that the AP firing behavior of a single isolated SANC would not necessarily be identical to that of intact SAN tissue. Rather than representing damaged SANC, recent research (Kim et al., 2018; Tsutsui et al., 2018) and the present study demonstrate that almost half of SANC that do not beat at baseline “wake up” in response to increased cAMP-PKA signaling and began to fire spontaneous APs at a rate that does not differ from that of isolated SANC that fire AP at baseline; and the cells return back to dormant state when the stimulus is removed. While dormant cells studied here would likely behave differently within a cellular network of SAN, the possibility remains that (i) such dormant SANC may exist in intact SAN tissue and can dynamically change the ensemble AP firing behavior, or (ii) AP firing cells become the dominant cells in certain prevailing physiological conditions that may not favor the phenotype of the SANC that beat spontaneously at baseline after isolation.

Previous studies have a bearing on this issue. Studying surgically isolated small SAN tissue preparations, Opthof et al. (1987) observed that, while the majority of small SAN tissues demonstrated spontaneous AP firing at different frequencies, some of the small SAN tissues dissected from the septal side of the SAN were electrically dormant. Some SANC within SAN tissue are electrically quiescent during normal heart function (Noma and Irisawa, 1975a,b; Goto et al., 1983; Opthof et al., 1987; Toyoda et al., 2018). This is believed to reflect a degree of functional redundancy – the SAN of cats contains about 2000 primary pacemaker cells, but can function normally with less than 500 cells (Opthof et al., 1986). A physiological implication of this phenomenon is that not all SANC contribute to all beats; this may be to optimize energy consumption at times when the participation of all SANC within SAN tissue is not required, e.g., in the basal state. Vagal nerve stimulation modulates SAN rate and rhythm and can lead to marked sinus bradycardia or even arrest (van Borren et al., 2010). Non-firing SANC may be able to serve as subsidiary pacemakers by responding differently to external stimuli, thereby resulting in a shift of the “leading pacemaker site” within the SAN (Lang et al., 2011). However, the actual physiological role of non-firing SANC in vivo remains unclear.

The function of dormant cells will be better realized within the context of evolution of our understanding of SAN tissue operation. About 40 years ago SANC automaticity has been conceptualized as initiated by small group of “strong” cells (a dictator model) with a concentric propagation from the initiation site toward atria (Sano et al., 1978; Bleeker et al., 1980). Then an idea of mutual entrainment of coupled oscillators (Winfree, 1967) was applied to the coordinated firing of the entire population of SAN cells (Jalife, 1984; Michaels et al., 1987): individual SAN cells that are loosely connected through low resistance junctions generate spontaneous excitations that differ in phase, mutually entrain each other to fire with a common period. Recently, by utilizing a newly developed whole-tissue Ca2+ imaging apparatus, we have discovered an extensive, reticular HCN4+/Cx43-cell meshwork across the posterior aspect of murine right atria along the crista terminalis that generates spontaneous regular electrical impulses (Bychkov et al., 2020). Within the network, however, we have observed highly heterogeneous AP firing behavior. Some SANC within this network discharge spontaneous APs regularly, while others had dysrhythmic AP firing, and even some subpopulations remain completely dormant. The majority of these SANC had LCRs along with the intricate and complex cell-to-cell heterogeneous Ca2+ signals. That study proposed a novel, microscopic signaling paradigm of SAN operation in which synchronized APs emerge from heterogeneous subcellular subthreshold Ca2+ signals, resembling multiscale complex processes of impulse generation within clusters of neurons in neuronal networks. Another recent study (Fenske et al., 2020) also detected non-firing cells in mouse SAN and provided evidence that a tonic and mutual interaction process (tonic entrainment) between firing and non-firing cells slows down the overall rhythm of the SAN.



CONCLUSION

Our results demonstrate that cAMP-signaling awakes AP firing of dormant SANC via emergence of a coupled-clock system, i.e., the emergence of self-organized roughly periodic Ca2+ clock and concurrent oscillations of membrane potential that informs on an increase in clock synchronization in response to β-AR stimulation. The results of the present study raise, but do not prove, the possibility of the existence of dormant SANC in vivo; but if this were the case, dynamic recruitment of these cells in vivo would likely depend on cAMP-PKA signaling. In other words, some cells that are embedded in SAN tissue, but do not generate APs all the time (Bychkov et al., 2020; Fenske et al., 2020), may activate to fire APs conditionally, namely in the presence of β-AR stimulation in vivo. Other cells may deactivate upon cholinergic receptor stimulation (Goto et al., 1983; Opthof et al., 1987; Fenske et al., 2020).


Limitations and Future Directions

Although substantial evidence has recently emerged to indicate the presence of non-firing cells in intact tissue, we must emphasize that dormant cells we study in isolation are not necessarily the same dormant cells that have been observed in the intact tissue. More experimental and numerical studies are needed to clarify the role of non-firing cells in SA node and biochemical (cAMP, PKA, and CaMKII signaling) and biophysical mechanisms of dormant cell transition to AP firing, including initial hyperpolarization. Multi-cellular and multiscale numerical modeling would include dormant cells and test several new hypotheses of SAN operational paradigm that have been proposed but not validated yet, including the ideas of subthreshold signal summation among neighboring cells (Bychkov et al., 2020), stochastic resonance (Clancy and Santana, 2020), percolating criticality (Weiss and Qu, 2020), and cell silencing at lower rates (Fenske et al., 2020).
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Supplementary Movie 1 | Simultaneous measurement of Ca2 + and voltage signals from an initially dormant SANC that began to fire in response to CPT-cAMP. At the baseline, although membrane potential hovers around −40 mV, LCRs are present. During the transitions, the same cell began to fire spontaneous AP (for detailed description, see text and Figures 5, 6). Following the CPT-cAMP washout, the SANC ceases to fire spontaneous AP, turned dormant again.



REFERENCES

Bleeker, W. K., Mackaay, A. J., Masson-Pevet, M., Bouman, L. N., and Becker, A. E. (1980). Functional and morphological organization of the rabbit sinus node. Circ. Res. 46, 11–22. doi: 10.1161/01.res.46.1.11

Bogdanov, K. Y., Vinogradova, T. M., and Lakatta, E. G. (2001). Sinoatrial nodal cell ryanodine receptor and Na+-Ca2+ exchanger: molecular partners in pacemaker regulation. Circ. Res. 88, 1254–1258. doi: 10.1161/hh1201.092095

Boyett, M. R., Honjo, H., and Kodama, I. (2000). The sinoatrial node, a heterogeneous pacemaker structure. Cardiovasc. Res. 47, 658–687. doi: 10.1016/s0008-6363(00)00135-8

Bychkov, R., Juhaszova, M., Tsutsui, K., Coletta, C., Stern, M. D., Maltsev, V. A., et al. (2020). Synchronized cardiac impulses emerge from multi-scale, heterogeneous local calcium signals within and among cells of heart pacemaker tissue. JACC Clin. Electrophysiol. 6, 907–931. doi: 10.1016/j.jacep.2020.06.022

Capel, R. A., and Terrar, D. A. (2015a). Cytosolic calcium ions exert a major influence on the firing rate and maintenance of pacemaker activity in guinea-pig sinus node. Front. Physiol. 6:23. doi: 10.3389/fphys.2015.00023

Capel, R. A., and Terrar, D. A. (2015b). The importance of Ca2 + -dependent mechanisms for the initiation of the heartbeat. Front. Physiol. 6:80. doi: 10.3389/fphys.2015.00080

Chen, B., Wu, Y., Mohler, P. J., Anderson, M. E., and Song, L. S. (2009). Local control of Ca2+-induced Ca2+ release in mouse sinoatrial node cells. J. Mol. Cell Cardiol. 47, 706–715. doi: 10.1016/j.yjmcc.2009.07.007

Clancy, C. E., and Santana, L. F. (2020). Evolving discovery of the origin of the heartbeat: a new perspective on sinus rhythm. JACC Clin. Electrophysiol. 6, 932–934. doi: 10.1016/j.jacep.2020.07.002

Clements, R. T., Terentyev, D., and Sellke, F. W. (2015). Ca2+-activated K+ channels as therapeutic targets for myocardial and vascular protection. Circ. J. 79, 455–462. doi: 10.1253/circj.CJ-15-0015

Denyer, J. C., and Brown, H. F. (1990). Rabbit sino-atrial node cells: isolation and electrophysiological properties. J. Physiol. 428, 405–424. doi: 10.1113/jphysiol.1990.sp018219

DiFrancesco, D., Ferroni, A., Mazzanti, M., and Tromba, C. (1986). Properties of the hyperpolarizing-activated current (if) in cells isolated from the rabbit sino-atrial node. J. Physiol. 377, 61–88. doi: 10.1113/jphysiol.1986.sp016177

DiFrancesco, D., and Tortora, P. (1991). Direct activation of cardiac pacemaker channels by intracellular cyclic AMP. Nature 351, 145–147. doi: 10.1038/351145a0

Fenske, S., Hennis, K., Rotzer, R. D., Brox, V. F., Becirovic, E., Scharr, A., et al. (2020). cAMP-dependent regulation of HCN4 controls the tonic entrainment process in sinoatrial node pacemaker cells. Nat. Commun. 11:5555. doi: 10.1038/s41467-020-19304-9

Goto, J., Toyama, J., and Yamada, K. (1983). Effects of timing of vagal stimulation on the sinoatrial nodal cell discharge. J. Electrocardiol. 16, 45–52. doi: 10.1016/s0022-0736(83)80158-7

Honjo, H., Boyett, M. R., Kodama, I., and Toyama, J. (1996). Correlation between electrical activity and the size of rabbit sino-atrial node cells. J. Physiol. 496(Pt 3), 795–808. doi: 10.1113/jphysiol.1996.sp021728

Huser, J., Blatter, L. A., and Lipsius, S. L. (2000). Intracellular Ca2+ release contributes to automaticity in cat atrial pacemaker cells. J. Physiol. 524(Pt 2), 415–422. doi: 10.1111/j.1469-7793.2000.00415.x

Imlach, W. L., Finch, S. C., Miller, J. H., Meredith, A. L., and Dalziel, J. E. (2010). A role for BK channels in heart rate regulation in rodents. PLoS One 5:e8698. doi: 10.1371/journal.pone.0008698

Irisawa, H., Brown, H. F., and Giles, W. (1993). Cardiac pacemaking in the sinoatrial node. Physiol. Rev. 73, 197–227. doi: 10.1152/physrev.1993.73.1.197

Jalife, J. (1984). Mutual entrainment and electrical coupling as mechanisms for synchronous firing of rabbit sino-atrial pace-maker cells. J. Physiol. 356, 221–243. doi: 10.1113/jphysiol.1984.sp015461

Jalife, J., and Antzelevitch, C. (1979). Phase resetting and annihilation of pacemaker activity in cardiac tissue. Science 206, 695–697. doi: 10.1126/science.493975

Kim, M. S., Maltsev, A. V., Monfredi, O., Maltseva, L. A., Wirth, A., Florio, M. C., et al. (2018). Heterogeneity of calcium clock functions in dormant, dysrhythmically and rhythmically firing single pacemaker cells isolated from SA node. Cell Calcium 74, 168–179. doi: 10.1016/j.ceca.2018.07.002

Lai, M. H., Wu, Y., Gao, Z., Anderson, M. E., Dalziel, J. E., and Meredith, A. L. (2014). BK channels regulate sinoatrial node firing rate and cardiac pacing in vivo. Am. J. Physiol. Heart Circ. Physiol. 307, H1327–H1338. doi: 10.1152/ajpheart.00354.2014

Lakatta, E. G., Maltsev, V. A., and Vinogradova, T. M. (2010). A coupled SYSTEM of intracellular Ca2+ clocks and surface membrane voltage clocks controls the timekeeping mechanism of the heart’s pacemaker. Circ. Res. 106, 659–673. doi: 10.1161/circresaha.109.206078

Lang, D., Petrov, V., Lou, Q., Osipov, G., and Efimov, I. R. (2011). Spatiotemporal control of heart rate in a rabbit heart. J. Electrocardiol. 44, 626–634. doi: 10.1016/j.jelectrocard.2011.08.010

Lei, M., and Boyett, M. R. (1999). Heterogenous expression of the rapid delayed rectifier K+ current IK,r and the slow delayed rectifier K+ current IK,s in rabbit sinoatrial node cells. J. Physiol. 521, 19–20.

Lei, M., Honjo, H., Kodama, I., and Boyett, M. R. (2000). Characterisation of the transient outward K+ current in rabbit sinoatrial node cells. Cardiovasc. Res. 46, 433–441. doi: 10.1016/s0008-6363(00)00036-5

Lyashkov, A. E., Behar, J., Lakatta, E. G., Yaniv, Y., and Maltsev, V. A. (2018). Positive feedback mechanisms among local Ca2 + releases, NCX, and ICaL ignite pacemaker action potentials. Biophys. J. 114, 1176–1189. doi: 10.1016/j.bpj.2017.12.043

Lyashkov, A. E., Juhaszova, M., Dobrzynski, H., Vinogradova, T. M., Maltsev, V. A., Juhasz, O., et al. (2007). Calcium cycling protein density and functional importance to automaticity of isolated sinoatrial nodal cells are independent of cell size. Circ. Res. 100, 1723–1731. doi: 10.1161/circresaha.107.153676

Lyashkov, A. E., Vinogradova, T. M., Zahanich, I., Li, Y., Younes, A., Nuss, H. B., et al. (2009). Cholinergic receptor signaling modulates spontaneous firing of sinoatrial nodal cells via integrated effects on PKA-dependent Ca2+ cycling and IKACh. Am. J. Physiol. Heart Circ. Physiol. 297, H949–H959.

Maltsev, A. V., Parsons, S. P., Kim, M. S., Tsutsui, K., Stern, M. D., Lakatta, E. G., et al. (2017). Computer algorithms for automated detection and analysis of local Ca2+ releases in spontaneously beating cardiac pacemaker cells. PLoS One 12:e0179419. doi: 10.1371/journal.pone.0179419

Maltsev, V. A., and Lakatta, E. G. (2010). A novel quantitative explanation for autonomic modulation of cardiac pacemaker cell automaticity via a dynamic system of sarcolemmal and intracellular proteins. Am. J. Physiol. Heart Circ. Physiol. 298, H2010–H2023.

Mangoni, M. E., and Nargeot, J. (2008). Genesis and regulation of the heart automaticity. Physiol. Rev. 88, 919–982. doi: 10.1152/physrev.00018.2007

Mattick, P., Parrington, J., Odia, E., Simpson, A., Collins, T., and Terrar, D. (2007). Ca2+-stimulated adenylyl cyclase isoform AC1 is preferentially expressed in guinea-pig sino-atrial node cells and modulates the If pacemaker current. J. Physiol. 582, 1195–1203. doi: 10.1113/jphysiol.2007.133439

Mesirca, P., Torrente, A. G., and Mangoni, M. E. (2015). Functional role of voltage gated Ca2+ channels in heart automaticity. Front. Physiol. 6:19. doi: 10.3389/fphys.2015.00019

Michaels, D. C., Matyas, E. P., and Jalife, J. (1987). Mechanisms of sinoatrial pacemaker synchronization: a new hypothesis. Circ. Res. 61, 704–714. doi: 10.1161/01.res.61.5.704

Monfredi, O., Lyashkov, A. E., Johnsen, A. B., Inada, S., Schneider, H., Wang, R., et al. (2014). Biophysical characterization of the underappreciated and important relationship between heart rate variability and heart rate. Hypertension 64, 1334–1343. doi: 10.1161/HYPERTENSIONAHA.114.03782

Monfredi, O., Maltseva, L. A., Spurgeon, H. A., Boyett, M. R., Lakatta, E. G., and Maltsev, V. A. (2013). Beat-to-beat variation in periodicity of local calcium releases contributes to intrinsic variations of spontaneous cycle length in isolated single sinoatrial node cells. PLoS One 8:e67247. doi: 10.1371/journal.pone.0067247

Monfredi, O., Tsutsui, K., Ziman, B., Stern, M. D., Lakatta, E. G., and Maltsev, V. A. (2018). Electrophysiological heterogeneity of pacemaker cells in the rabbit intercaval region, including the SA node: insights from recording multiple ion currents in each cell. Am. J. Physiol. Heart Circ. Physiol. 314, H403–H414. doi: 10.1152/ajpheart.00253.2016

Noble, D. (1962). A modification of the Hodgkin-Huxley equations applicable to Purkinje fibre action and pace-maker potentials. J. Physiol. 160, 317–352. doi: 10.1113/jphysiol.1962.sp006849

Noble, D. (1984). The surprising heart: a review of recent progress in cardiac electrophysiology. J. Physiol. 353, 1–50. doi: 10.1113/jphysiol.1984.sp015320

Noma, A. (1996). Ionic mechanisms of the cardiac pacemaker potential. Jpn. Heart J. 37, 673–682. doi: 10.1536/ihj.37.673

Noma, A., and Irisawa, H. (1975a). Contribution of an electrogenic sodium pump to the membrane potential in rabbit sinoatrial node cells. Pflugers Arch. 358, 289–301. doi: 10.1007/bf00580527

Noma, A., and Irisawa, H. (1975b). Effects of Na+ and K+ on the resting membrane potential of the rabbit sinoatrial node cell. Jpn. J. Physiol. 25, 207–302.

Opthof, T., De Jonge, B., Masson-Pevet, M., Jongsma, H. J., and Bouman, L. N. (1986). Functional and morphological organization of the cat sinoatrial node. J. Mol. Cell Cardiol. 18, 1015–1031. doi: 10.1016/s0022-2828(86)80290-5

Opthof, T., Vanginneken, A. C., Bouman, L. N., and Jongsma, H. J. (1987). The intrinsic cycle length in small pieces isolated from the rabbit sinoatrial node. J. Mol. Cell Cardiol. 19, 923–934. doi: 10.1016/s0022-2828(87)80621-1

Rigg, L., Heath, B. M., Cui, Y., and Terrar, D. A. (2000). Localisation and functional significance of ryanodine receptors during beta-adrenoceptor stimulation in the guinea-pig sino-atrial node. Cardiovasc. Res. 48, 254–264. doi: 10.1016/s0008-6363(00)00153-x

Rigg, L., and Terrar, D. A. (1996). Possible role of calcium release from the sarcoplasmic reticulum in pacemaking in guinea-pig sino-atrial node. Exp. Physiol. 81, 877–880. doi: 10.1113/expphysiol.1996.sp003983

Rubenstein, D. S., and Lipsius, S. L. (1989). Mechanisms of automaticity in subsidiary pacemakers from cat right atrium. Circ. Res. 64, 648–657. doi: 10.1161/01.res.64.4.648

Sanders, L., Rakovic, S., Lowe, M., Mattick, P. A., and Terrar, D. A. (2006). Fundamental importance of Na+-Ca2+ exchange for the pacemaking mechanism in guinea-pig sino-atrial node. J. Physiol. 571, 639–649. doi: 10.1113/jphysiol.2005.100305

Sano, T., Sawanobori, T., and Adaniya, H. (1978). Mechanism of rhythm determination among pacemaker cells of the mammalian sinus node. Am. J. Physiol. 235, H379–H384. doi: 10.1152/ajpheart.1978.235.4.H379

Sirenko, S., Maltsev, V. A., Maltseva, L. A., Yang, D., Lukyanenko, Y., Vinogradova, T. M., et al. (2014). Sarcoplasmic reticulum Ca2 + cycling protein phosphorylation in a physiologic Ca2 + milieu unleashes a high-power, rhythmic Ca2 + clock in ventricular myocytes: Relevance to arrhythmias and bio-pacemaker design. J. Mol. Cell Cardiol. 66C, 106–115. doi: 10.1016/j.yjmcc.2013.11.011

Sirenko, S., Yang, D., Li, Y., Lyashkov, A. E., Lukyanenko, Y. O., Lakatta, E. G., et al. (2012). Ca2+-dependent phosphorylation of Ca2+ cycling proteins generates robust rhythmic local Ca2+ releases in cardiac pacemaker cells. Sci. Signal. 6:ra6. doi: 10.1126/scisignal.2003391

Torrente, A. G., Mesirca, P., Neco, P., Rizzetto, R., Dubel, S., Barrere, C., et al. (2016). L-type Cav1.3 channels regulate ryanodine receptor-dependent Ca2+ release during sino-atrial node pacemaker activity. Cardiovasc. Res. 109, 451–461. doi: 10.1093/cvr/cvw006

Torrente, A. G., Zhang, R., Wang, H., Zaini, A., Kim, B., Yue, X., et al. (2017). Contribution of small conductance K+ channels to sinoatrial node pacemaker activity: insights from atrial-specific Na+/Ca2+ exchange knockout mice. J. Physiol. 595, 3847–3865. doi: 10.1113/JP274249

Toyoda, F., Ding, W. G., and Matsuura, H. (2018). Heterogeneous functional expression of the sustained inward Na(+) current in guinea pig sinoatrial node cells. Pflugers Arch. 470, 481–490. doi: 10.1007/s00424-017-2091-y

Tsutsui, K., Monfredi, O., and Lakatta, E. G. (2016). A general theory to explain heart rate and cardiac contractility changes with age. Physiol. Mini. Rev. 9, 9–25.

Tsutsui, K., Monfredi, O., Sirenko-Tagirova, S. G., Maltseva, L. A., Bychkov, R., Kim, M. S., et al. (2018). A coupled-clock system drives the automaticity of human sinoatrial nodal pacemaker cells. Sci. Signal. 11:eaa7608.

van Borren, M. M., Verkerk, A. O., Wilders, R., Hajji, N., Zegers, J. G., Bourier, J., et al. (2010). Effects of muscarinic receptor stimulation on Ca2+ transient, cAMP production and pacemaker frequency of rabbit sinoatrial node cells. Basic Res. Cardiol. 105, 73–87. doi: 10.1007/s00395-009-0048-9

Verheijck, E. E., Van Ginneken, A. C., Bourier, J., and Bouman, L. N. (1995). Effects of delayed rectifier current blockade by E-4031 on impulse generation in single sinoatrial nodal myocytes of the rabbit. Circ. Res. 76, 607–615. doi: 10.1161/01.res.76.4.607

Verheijck, E. E., Van Ginneken, A. C., Wilders, R., and Bouman, L. N. (1999). Contribution of L-type Ca2+ current to electrical activity in sinoatrial nodal myocytes of rabbits. Am. J. Physiol. 276, H1064–H1077.

Verheijck, E. E., Wessels, A., Van Ginneken, A. C., Bourier, J., Markman, M. W., Vermeulen, J. L., et al. (1998). Distribution of atrial and nodal cells within the rabbit sinoatrial node: models of sinoatrial transition. Circulation 97, 1623–1631. doi: 10.1161/01.cir.97.16.1623

Vinogradova, T. M., Bogdanov, K. Y., and Lakatta, E. G. (2002). beta-Adrenergic stimulation modulates ryanodine receptor Ca2+ release during diastolic depolarization to accelerate pacemaker activity in rabbit sinoatrial nodal cells. Circ. Res. 90, 73–79. doi: 10.1161/hh0102.102271

Vinogradova, T. M., Brochet, D. X., Sirenko, S., Li, Y., Spurgeon, H., and Lakatta, E. G. (2010). Sarcoplasmic reticulum Ca2+ pumping kinetics regulates timing of local Ca2+ releases and spontaneous beating rate of rabbit sinoatrial node pacemaker cells. Circ. Res. 107, 767–775. doi: 10.1161/circresaha.110.220517

Vinogradova, T. M., Lyashkov, A. E., Zhu, W., Ruknudin, A. M., Sirenko, S., Yang, D., et al. (2006). High basal protein kinase A-dependent phosphorylation drives rhythmic internal Ca2+ store oscillations and spontaneous beating of cardiac pacemaker cells. Circ. Res. 98, 505–514. doi: 10.1161/01.res.0000204575.94040.d1

Vinogradova, T. M., Sirenko, S., Lyashkov, A. E., Younes, A., Li, Y., Zhu, W., et al. (2008). Constitutive phosphodiesterase activity restricts spontaneous beating rate of cardiac pacemaker cells by suppressing local Ca2+ releases. Circ. Res. 102, 761–769. doi: 10.1161/circresaha.107.161679

Vinogradova, T. M., Zhou, Y. Y., Bogdanov, K. Y., Yang, D., Kuschel, M., Cheng, H., et al. (2000). Sinoatrial node pacemaker activity requires Ca2+/calmodulin-dependent protein kinase II activation. Circ. Res. 87, 760–767. doi: 10.1161/01.res.87.9.760

Weiss, J. N., and Qu, Z. (2020). The sinus node: still mysterious after all these years. JACC Clin. Electrophysiol. 6, 1841–1843. doi: 10.1016/j.jacep.2020.09.017

Wilders, R., and Jongsma, H. J. (1993). Beating irregularity of single pacemaker cells isolated from the rabbit sinoatrial node. Biophys. J. 65, 2601–2613. doi: 10.1016/s0006-3495(93)81289-x

Wilders, R., Jongsma, H. J., and Van Ginneken, A. C. (1991). Pacemaker activity of the rabbit sinoatrial node. A comparison of mathematical models. Biophys. J. 60, 1202–1216. doi: 10.1016/s0006-3495(91)82155-5

Winfree, A. T. (1967). Biological rhythms and the behavior of populations of coupled oscillators. J. Theor. Biol. 16, 15–42. doi: 10.1016/0022-5193(67)90051-3

Yang, Y., Lyashkov, A. E., Morrell, C. H., Zahanich, I., Yaniv, Y., Vinogradova, T., et al. (2020). Self-similar action potential cycle-to-cycle variability of Ca2+ and current oscillators in cardiac pacemaker cells. bioRxiv [preprint] doi: 10.1101/2020.09.01.277756

Yaniv, Y., Ahmet, I., Liu, J., Lyashkov, A. E., Guiriba, T. R., Okamoto, Y., et al. (2014). Synchronization of sinoatrial node pacemaker cell clocks and its autonomic modulation impart complexity to heart beating intervals. Heart Rhythm. 11, 1210–1219. doi: 10.1016/j.hrthm.2014.03.049

Yaniv, Y., Ahmet, I., Tsutsui, K., Behar, J., Moen, J. M., Okamoto, Y., et al. (2016). Deterioration of autonomic neuronal receptor signaling and mechanisms intrinsic to heart pacemaker cells contribute to age-associated alterations in heart rate variability in vivo. Aging Cell 15, 716–724. doi: 10.1111/acel.12483

Younes, A., Lyashkov, A. E., Graham, D., Sheydina, A., Volkova, M. V., Mitsak, M., et al. (2008). Ca2+-stimulated basal adenylyl cyclase activity localization in membrane lipid microdomains of cardiac sinoatrial nodal pacemaker cells. J. Biol. Chem. 283, 14461–14468. doi: 10.1074/jbc.m707540200


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Tsutsui, Florio, Yang, Wirth, Yang, Kim, Ziman, Bychkov, Monfredi, Maltsev and Lakatta. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		cAMP-Dependent Signaling Restores AP Firing in Dormant SA Node Cells via Enhancement of Surface Membrane Currents and Calcium Coupling



		INTRODUCTION



		MATERIALS AND METHODS



		SANC Isolation and Selection



		Electrophysiology



		ICaL Measurements



		If Measurements



		IK Measurements







		2D Intracellular Ca2+ Signal Measurement



		Dual Immunostaining of Phospholamban



		Confocal Imaging



		Preparation for Live Intracellular Imaging



		Statistical Analysis







		RESULTS



		Characterization of Membrane Potential, Ion Current Density Profile, and LCRs in Dormant SANC at Baseline



		Dormant SANC Begin to Generate Spontaneous AP in Response to Enhanced cAMP-PKA Signaling



		The Full Spectrum of Clock Coupling Emerges in Dormant SANC That Fire APs in Response to an Increase in cAMP



		Voltage-Dependent Ca2+, K, and Funny Current Increases in Dormant SANC in Response to Increasing cAMP



		Selective Independent Blocks of the Ca2+ and M Clock Reveal Their Different Roles in Restoration of β-AR-Induced APs in the Dormant SANC



		Phosphorylation of Coupled-Clock Proteins Is Reduced in Dormant SANC at Baseline







		DISCUSSION



		Role of cAMP Signaling in SANC Normal Baseline Automaticity



		Enhanced Clock Coupling in Response to Increased cAMP-PKA Signaling



		Specific Biophysical Mechanisms



		Are Dormant SANC Functional Members of a Heterogeneous Pacemaker Cell Community in Intact SAN Tissue?







		CONCLUSION



		Limitations and Future Directions







		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fphys-12-596832-g008.jpg
>

pS16 PLN/PLN

ratio

Firing rate (bpm)

150

total PLB

50

100
Firing rate (bpm)

200





OPS/images/fphys-12-596832-g007.jpg
lcaL (PA/PF)

lcaL (PA)

-10-

-20-

oooooooooooooooooooooooooooooooooooooooooooo

A Dormant
+ Non-responder
A Responder

-600+ —Dormant
—Responder
-800 T T 1
0.00 0.02 0.04 0.06

Time (s)

Ik (PA/PF)

Ik (PA)

50mV

<«—A10mV —>

-60mV

1000 ms

A Dormant
+ Non-responder
A Responder

SO PP O OP PP S

Voltage (mV)

—Dormant
—Responder

l¢ (PA/pF)

1000 ms

O & wsonis 5.8 snmsns svmsien 4 wosees Sanmng
-54
-104 A Dormant
+ Non-responder
A Responder
-154 P
Voltage (mV)
O
-100-
-2004
-3004
—Dormant
_400- —Responder
'500 || | 1 1 1
0.0 0.2 04 0.6 0.8 1.0
Time (s)





OPS/images/fphys-12-596832-g006.jpg
L r =
€
@ -
= >
Lo O
.
Qs -
Q I
L - (N
—
LL
F I 1 1 o
o o o o
3 S &
lamod
5
Q. 8
O o &
O NS
2
S 3
> e}
© =
O 5
: o
O
IR
(AW) jenuajod sueiqus|p
(‘'n"e) ;2D 91|0s0)AD [eqo|D M
(;wrl) eoJe a|qwasud YD1 W
w8 = =
S
© N
S @
@] o)
© £
D —
£
j—

20+

o
§ ¥ 9

(AwW) jenusjod sueiquisi\ B o0

A

-3
-
I
g
>
Lo ©
=
()]
-
o
)
| -
L
- (N
I 1 1 \ 0
o (@) (@) o
| =] (=] (]
(o] <t AN
Jamod
(o)
- O
o
A
=)
©
o —
&
()
S ®
8O
O
©
7
O
=
m 5
©
o
o
: (44 ]
T “ (@)

T T T
o) {em) (o) o) o) o)
N < © [So)

(AW) [enuajod suelqus|y

(‘n'e) ;e 21|0s0})Ad [eqo|D |
(zwrl) eRJE BIqWBSUS YD1 W

- 30
- 200
-10

Time (s)

T T (=

L)
o o o
i

(AW) [enuayod mcm_BE,_mS_ B O

40

T
o
o

10

Frequency (Hz)

600+
00+
200+

lamod

300

200

Global cytosolic Ca®* (a.u.)

i T o
o o
9]

204

T
=) o
<o) 0

-40-

(AW) jenuajod sueiqwa

(‘'n'e) ,.eQ 21|0s0}Ad |eqo|D |
(zwrl) eaJse BIqWBSUL YO W

- 30
- 20

Time (s)

o

™
1 1 1
o o o
o

o
~
1
=
9
<
3
= 0N
—
<
= =
<
T o
o
N <

(AW) jenuaod mcm_EE_m_\/_ B

60+





OPS/images/fphys-12-596832-g005.jpg
FFT - LCR ensemble

Ca-Vm loop

Time domain

g

_ O
~
I8 Z
I
N
>
Lo O
=
()
>
o
< O
| -
L
- N
T T T o
() &) o Q
Q (=) )
[{e] < N
JoMoOd
o
- O
o
=
)
©
p—
&
S ®©
& O
O
©
N
|
=
LS O
©
o
ie)
e O]
l 1 L 1 O
() o) () (=) o (o}
N N < [{e] [ee)

(Aw) jenuarod auelquiay

(‘n°e) .;eD 21j0s0})Ad [eqo|D |

(;wr) eale aiqwasua YD1 W
8 8 8 o

™ o o

1 L fap)

- 20
- 15

Time (s)

T 1
(=] o (=] o
§ ¥

(a\}
(AW) jenuajod aueiquaN B

-604

m

2
-
I
N
S
Lo O
=
@
-
o
- @O
| -
L
- o
I 1 1 O
o o o Q
[w) < (@)
[{e] < N
Jamod
o
- O
(43}
s
S
©
-
&
(e}
i ©
& O
O
©
[72]
0O
B
'S B
)
C o
o
L 1 1 1 O
o o ) (=) (o) o
N N < [{e] [e0]

(Aw) [enualod suelquay

(‘n°e) ,;eD 21j0s0)Ad [eqo|O M

(;wr) eale a|qwasua YD1 W
(=] (=)

~ o

- 30
- 200

™

Ao dal

ol
Time (s)

T 1 T 1
(=] o (=) o
S

o
N ©
(Aw) renuajod suelquaN B

(&)

10

Frequency (Hz)

6001
400+
2004

Jomod

200

Global cytosolic Ca** (a.u.)

D
o]

(AwW) jenualod auelquisy

0
0
20-
40
60-

(‘n"e) ..eD 21|0S0}Ad [eqo|H) M
(;wr) eale a|qwasua YO W
(=] (=) (=)

(&)
s
1

- 30
- 20

o

Time (s)

1 1 T L} =

T
o © o)
©Q

N
(Aw) [enualod sueiquaN B

10

Frequency (Hz)

6001
400+
2004

lamogd

200 300

100
Global cytosolic Ca?* (a.u.)

T o
(@] o
N

(Aw) [enualod aueiquisy

204
40+
‘60

(=)
[ee]

(‘n'e) ;e 21j0s0)A0 [eqO|D M
(;wr) eale siqwasua YD1 W
(=] (=] (=]

(@] (=) o
[ap] N ™ o
L L 1 o
0
[0}
£
_I
o o n.U o o
« 8§ ¥ 9
(AW) jenuajod aueiquaN B

0





OPS/images/cover.jpg
frontiers
in Physiology

cAMP-Dependent Signaling
Restores AP Firing in Dormant
SA Node Cells via Enhancement
of Surface Membrane Currents
and Calcium Coupling





OPS/images/fphys-12-596832-g004.jpg
<

80 100

60

40
Global cytosolic Ca®* (a.u.)

20

0

1
o

I T T T
o o - -
AN AN < o

-80

(AW) _m_Em_Hon_ m__LmBE_mS_

&

(,wr) eaje a|quiasus YO m
- o o -

o0 (@) < AN

| 1 1 1
\

3

uL_.ML“_MUM.L..Hx 0
2

Time (ms)

hhmummm

l

0

T
o o o
2

-40+
604
|

(AW) [enualod mcmbEm_\,_ o

20-

(‘n-e) ,,en 2110s0}A0 [eqO|S) W
ANEzv ale a|quiasus YO m
& 3
S
m (AW) _m_EQon_ mcmbEm_\/_

Global cytosolic Ca** (a.u.)

Time (ms)

I
o
AN

T
o o
2

(AW) [enusiod mcmbEmS_

A n- mL +z8D 21|10S0}A0 |Beqo|9 =
v Bale m_nEmmcm ¥O1H
6 O
- .- - - 4
L N—=
e
L N )=
v = - (N
5 =
S
D 17
T m T | : - O
- o ) (@) -

O

(W) [enua)04 sueIquUBN

Global cytosolic Ca** (a.u.)

Time (ms)





OPS/images/fphys-12-596832-g003.jpg
380
1100

* (@]
- O
_ <r
_ (e»]
| 2 A 7
(ap] _ (&)
_ — L &
_ o 2 =30
l9 e
_ = = O | — o
| = =E | £
=l e -8 — ca
3 e 5| 2 - ”
D | ® 2]
2| = 3 | N £
_ ™ -m W_ Q —T
| S R RS 8™ | 8 2 8 °§ § 8
| (AW) [ennusjod sueiquIs|n _ (AW) [enusjod aueiqusip
_ | _ =
_ N _ L8 o
_ D) _
S | -t |
£ 2, 1\|\|\U ) -2 —
£ I
5 3 A 8 2 1 ® Py
s N LS b = el o
5§ < = [~ E © 'S E
KA - g E =
_ _ \\\U To Rl i
— D
S — o = |g
L) L] L] L) L) = 0
= T R °&§ % 8" M N ENEEERE
IO n — _ _
0 @ (AW) [enusjod suelquisi W (AW) [ENUSI0H SUBIGUIBIA
2 o & &5 < o
o = ro Q B =)
3.~ S 3 —— [®
IO S
aE 2 . ®) e
e - —
o} r— 0 =] 10
g E — ) 2 T 0
- ] 3 £ - 2 O
A= =
. i o £
o = T -
L © ) = 10
() <t - <t
L] L] “ L] L] L] L} | | | | | ] | 0
o o o
IEIENEIE N - S8 ° 5§ ¢ ’ 3 | <
r T T T T <t | | | | | | | | | | N
(AW) [enus10d SuBIqIS|A (AW) [ENUSI0H SUBIGWSIA 2 & ° § ¢ 8 & °© & § 8 T 8 ° § % 8
(AW) [enusjod sueiquId|p (AW) [enuslod sueiquisip (AW) [enuslod aueiquIsip

< g (a1 (&) L






OPS/images/fphys-12-596832-g002.jpg
A pS16-PLB Total PLB Merge

Dormant
Firing at BL
Firing in ISO
B 3 %% C 3 *%
o . o . 1
T o !
Y nd
m 2 m 2
—l —
D— D_ °
S~ S~
O 15 O 15 ]
p) p) :
m 1 m 1 o
— — z
al al 3
Q 05 ' Sl 1: '
I 2 TE—
0 A== 0 -

oFiring at BL ®Non firing at BL oFiring in ISO BFiring at BL






OPS/images/fphys-12-596832-g001.jpg
lcaL (PA/PF)

Baseline behavior B Dormant SANC at baseline Firing SANC at baseline

< 3 20, Time domain - 100 & = 5 Time domain 100 &
E S € £ S €
~ 5 — ] 20" 3_
T ‘@ 07 - 80 ® ol ®
=0 o z O g o
Q O @ O O @®©
B B 201 160 @ *g = P
AP present o & e 8 o 5-20- =
% 5‘40-W-40 8 % 5 g
8 & S & w0 =
AP absent oo % G o S
&€ ” 2 (D J l|.|n. PP w1 A aa L _j E (9-60- _'I
Dormant SANC H Nl ' ' - 30 o N =

0 1 2 0

Time (s)
FFT AC 1500-

Power
8

AC Function

2 o @ &
Power
>
3

AC Function
o

500 500 -
-05 -
0 . . : . y v v v v ] 0 A
o 1 2 3 4 5 0 1000 2000 3000 4000 5000 1 2 3 4 5 0 1000 2000 3000
Frequency (Hz) Lag period (ms) Frequency (Hz) Lag period (ms)
A Dormant SANC at baseline @ Firing SANC at baseline .
0 = 0 = T
10mv =
A £
15 S
= oy =, BN £ N
‘s 's N
4 < = v — -35mv
N £ -10- |~tU|||v
~ 2 -45mv L. ] 1
-6- 6omy  300ms 1000ms %
-15- =
i
PR DR PPN PO 6D ’,\»9 '\QQ S L ® A e

Voltage (mV) Voltage (mV)







OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-12-596832-t002.jpg
DMSO- CPA- IVA-

pretreated pretreated pretreated
n=10 n=11 n=7

Responded cells 6 (60%) 1(9%") 5(71%)
(%)
Responder
Dormant potential - —41.3+3.0 —46.2 —-38.3+0.8
Baseline (mV)
CL (ms) 435 £ 17 579 1118 £ 340"
CV (%) 0.42 +£0.04 2.3 3.3+ 1.0~
MDP (mV) —65.2+2.0 —65.0 —58.5 +£2.8™
AP amplitude (mV) 735452 70.6 64.7 £5.7
Non-responder
Dormant potential - —44.6 £0.6 —42.1 £ 3.2 —37.9+48
Baseline (mV)
- Isoproterenol (mV) —425+15 —42.7 £ 3.8 —42.3+ 21

*p < 0.05 vs DMSO-pretreated group by Fisher’s exact test.

**p < 0.05 vs DMSO-pretreated group by unpaired t-test.

CV stands for coefficient of variance (calculated as standard deviation
divided by mean).
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AP Firing SANC Dormant SANC
Overall Responder Non-responder
Baseline B-AR stimulation Baseline Baseline B-AR stimulation Baseline B-AR stimulation

n 7 7 12 6 6 6 6

CL (ms) 892 +124 484 + 39* NA NA 509 + 36~ NA NA

CV (%) 13.3+3.2 BB 4+11 NA NA 55412 NA NA

MDP (mV) —-585+1.2 —66.5 +0.8* NA NA 64.0 +£1.9* NA NA
Dormant potential (mV) NA NA —39.5 +0.9* —401+£1.5 NA —-39.0+12 —39.9+1.3
AP amplitude (mV) 72+3 89 + 4* NA NA 76+ 6 NA NA
Ignition period (ms) 802 +£ 118 402 + 46* NA NA 426 + 42* NA NA

CL, cycle length; MDP, maximum diastolic potential; NA, not applicable.
"o < 0.05 vs those of firing at baseline control by one-way ANOVA with Tukey multiple comparisons.

#b < 0.05 vs MDP of firing at baseline control by unpaired t-test.

CV stands for coefficient of variance (calculated as standard deviation divided by mean).





