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Abstract

Long-range, power law correlations across species between heart rate (HR) and body mass (BM)
have been documented. Heart rate, which varies widely across species, is determined by the frequency
and rhythm at which action potentials (APs) are generated by pacemaker cells within the hearts sinoatrial
node (SAN). The rate and rhythm of AP firing of SAN pacemaker cells depend upon the kinetics of
activation and inactivation of molecular functions operating within a coupled-clock system of chemical
(i.e. Ca®") oscillators and current oscillators that determine the cell membrane potential (Vm). Measuring
Ca?" signals and membrane potential in single pacemaker cells isolated from mouse, guinea-pig, rabbit
and human hearts, we uncover novel self-similarity (trans-species power law correlations) between phase
shifts kinetics of Ca** and Vm domains that occur during AP cycles in single pacemaker cell and (1)
AP firing rates in these SAN cells in vitro; (2) heart rate (EKG RR intervals) in vivo; and (3) body mass
(BM). These long-range correlations between subcellular events during AP cycles in SAN cells in vitro,
and the rate at which heart beats in vivo are manifestation of self-ordered criticality of heart rate
regulation across species from mouse to human within a coupled-oscillator system, i.e., phase shifting
of activation-inactivation kinetics occurring within and among molecules operating within a coupled-
oscillator system. Thus, self-ordered criticality of the pacemaker cells during an AP cycle underlies long-

range correlations between HR and BM across these species.

Introduction

Heart rate (HR), which varies widely across species, is determined by the rate at which action
potentials (APs) are generated by cells that reside within the sinoatrial node (SAN), the heart” pacemaker.
The rate and rhythm of AP firing of SAN cells, in turn, are controlled by coordinated activation-
inactivation kinetics of phase shifts among molecular functions operating within a coupled-system of

chemical (i.e. Ca*") and current oscillators that regulates surface membrane potential (Vm)'-2.

Phase transition kinetics in Vm and Ca?" domains that can be measured in SAN cells during AP
cycles reflect ensembles of phase shifts in activation-inactivation kinetics of molecules that underlie AP
cycles and determine AP cycle lengths phase transitions during AP cycle. For example, studies in rabbit
SAN cells indicate that sub-cellular, spontaneous, local oscillatory Ca** releases (LCRs) activate inward
sodium-calcium exchange (NCX) current,>* to regulate the rate of spontaneous surface membrane

t5’6

diastolic depolarization (DD) culminating in the generation of an AP, a cell-wide event™®. Differences
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in spontaneous AP firing rates among isolated rabbit SAN cells are highly correlated with differences in
periodicity of LCR signals at baseline and during autonomic receptors stimulation>’. Numerical
sensitivity analyses reveal that only models that generate intercellular calcium oscillations in addition to
ion channels are able to reproduce the full range of human heart rates®.

Intracellular Ca?* oscillations are a universal property of excitable cells throughout nature’!°.
Different models have been suggested to describe its universal properties. One of these is that long-range
correlations that manifest power law behavior throughout nature (indicating self-similarity) are
manifestations of self-ordered criticality'!. It has been previously noted that cell-wide Ca®" signals
emerge in mouse heart ventricular myocytes when self-organization of spontaneous local sub-cellular
calcium events achieves criticality'?. Similarly, spontaneous action potentials (APs) in rabbit SAN cell
emerge when self-organization of spontaneous local sub-cellular Ca*" releases (LCRs) achieves
criticality®>613,

Because the heart is the only organ in which anatomical and physiological properties have been
preserved during mammalian species evolution', it is not surprising that heart rates derived from EKG
RR intervals manifest long-range, power law correlations with body mass (BM) across a wide range of
diverse species '>!8, The rational of present study was to test the idea that (1) like self-similarity of in
vivo HR and BM across species, kinetics of phase transitions occurring within Vm and Ca*" domains
during AP cycles and AP cycle lengths are self-similar among SAN cells isolated from hearts of different
species (mouse to humans), (2) whether these long-range power law correlations across species between
sub-cellular Ca** and Vm domain phase transitions in vitro might also extend to the in vivo HR and BM
across these species.

Results

Conservation of proteins that regulate heart pacemaker cell functions

Tantamount to testing our hypothesis regarding self-similarity of pacemaker functions across species
from mouse to humans, we investigated the degree of homology of proteins that underlie these functions,
and aligned protein sequences of those involved in coupled-oscillator functions of mouse, guinea-pig,
rabbit and human SAN cells. Table 1 shows that sequences of these proteins are highly conserved from

mouse to humans.

Table 1. Homology of proteins that regulate SAN pacemaker cell functions in mouse, guinea-pig, rabbit

and human.
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%

Function domains Alias Gene Pairwise”

Identity

Vm domain
Incx Ncx1 SLC8A1 93.8%
IfHCN2 Hcn2 HCN2 77.5%"
lfHCN4 Hcn4d HCN4 88.9%
INavi 5 Navl.5 SCN5A 88.2%
INav1.1 Navl.1 SCN1A 97.0%
Ica-L alC Cav1.2 CACNA1C 92.4%
lca-L 01D Cavl.3 CACNA1D 96.6%
Icat 01G Cav3.1l CACNA1G 91.6%
Iks @ Kv7.1 KCNQ1 87.4%
Ixs B MinK KCNE1 74.8%
Ikr HERG KCNH2 94.7%
Isk1 KCal.l KCNMA1 91.3%
Iska KCa2.1 KCNN1 83.1%"
Isk2 KCa2.2 KCNN2 95.1%
Isk3 KCa2.3 KCNN3 94.1%
Icrac Orail ORAI1 89.0%
Icrac Orai2 ORAI2 94.6%
Icrac Orai3 ORAI3 89.5%
Ca** domain
CaATPase Serca2a ATP2A2 98.4%
RyR RyR2 RyR2 97.0%
Phospholamban Pln PLN 98.1%
Calsequestrin Casq2 CASQ2 89.1%
IP3-kinase

Inositol-trisphosphate 3-kinase A A ITPKA 68.3%
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FK506 binding protein 12 FKBP12 FKBP1A 98.1%

Stromal Interaction Molecule 1 Stim1 STIM1 91.8%

Stromal Interaction Molecule 2 Stim2 STIM2 91.8%
cAMP regulators

Adenylate cyclase 1 ADCY1 ADCY1 93.7%

Adenylate cyclase 8 ADCY8 ADCY8 97.6%

Phosphodiesterase 4A PDE4A PDE4A 81.3%N

*Alignment and sequence acquisition numbers are illustrated in Supplementary Table S6 and

Alignments.pdf; ™ not mapped to rabbit genome.

Electro-chemical AP ignition phase

Subcellular events in SAN pacemaker cells during spontaneous diastolic depolarization (DD) in isolated
rabbit SAN cells have been conceptualized as the AP ignition phase'®. Ignition onset is linked to the
occurrence of oscillatory local Ca®" releases (LCRs), that undergo self-organized phase transitions
(during the diastolic depolarization) into roughly periodic, cell-wide ensemble Ca*" signals, that
culminate in the generation of an AP, a cell-wide event™>®!>!°. The AP induces a cell wide Ca®* transient
that faithfully informs on AP cycle length?’.

Using 2D imaging (Fig. 1A) and confocal microscopy (Fig. 1B-1E), we observed that spontaneous
diastolic LCRs, the hallmark diastolic Ca®" signal of the Ca" clock, are conserved in SAN cells across
species from mouse to humans. Therefore, major regulators of the coupled-oscillator system (LCRs) are
conserved from mouse to humans (Fig. 1).

Next, we determined whether the timing of phase transitions that occur in membrane potential (Vm)
and Ca?" signals during AP cycles in SAN pacemaker cells isolated from mouse, guinea-pig, rabbit and
humans hearts, and the AP cycle lengths of these cells manifest (trans-species) correlations that obey
power laws. Vm and Ca*" domains parameters were measured and reported in subsets of SAN pacemaker
cells. The diastolic LCR ensemble Ca®" signal during the ignition phase accelerates diastolic membrane
depolarization (Vm domain) due to Ca*" activation of an inward NCX current. The time at which this
Vm acceleration achieves (~0.15V/s), has been identified as ignition onset in the Vm domain'’.
Recordings of Vm in single, SAN cells isolated from hearts of species under study demonstrated that the
onset of ignition across species to AP cycle length is self-similar (obeys power law relationships) (Fig.

2A). In SAN cells in which Ca?" was measured, like the onsets of ignition in the Vm domain (Fig. 2A),
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ignition onsets in the Ca?>" domain (see methods) and AP-induced Ca?" transient (CaT) cycle lengths were
self-similar across species (Fig. 2B).

The completion of the ignition phase in Vm domain occurs when Vm depolarization markedly
accelerates (take-off potential (TOP)), creating the rapid upstroke of an AP'3. As shown in Fig. 3A, the
times to the completion of the ignition phase and AP cycle lengths were self-similar across species
(R?=0.89). In the Ca>" domain, the completion of ignition phase is reflected in a 3™ acceleration of the
diastolic whole cell Ca?" transient, i.e., the time just prior to the time of the rapid upstroke of the AP-
induced global Ca*" transient (see methods). As in the Vm domain, times of the ignition phase
completion in the Ca®>" domain were self-similar to the AP-induced Ca?" transient (CaT) cycle lengths
across species (Fig. 3B). Thus, Figures 2 and 3 demonstrate that the onset and completion of the ignition
and phase AP cycle lengths are self-similar across species.

Because the times to the beginning and completion of ignition in both Vm and Ca** domains and AP
cycle lengths were self-similar across species, we reasoned that restitution kinetics of electro-chemical
processes that determine AP cycle lengths must also be self-similar across species. The APD 90 (time
to 90% AP repolarization) and CaT90 (time to 90% of decay time of AP-induced Ca®" transient) were
taken as restitution times in Vm and Ca®" domains, respectively. We found that both APD90 and CaT90
restitution times are self-similar to AP cycle lengths across species (Fig. 4). Thus, although absolute AP
cycle lengths differ markedly from mouse to humans, relationships of the kinetics of activation and
inactivation in both in Vm and Ca®" domains to AP cycle lengths are self-similar across these species.
Ignition onsets and repolarization times measured in Vm and Ca®" domains during an AP cycle in SAN
pacemaker cells isolated from mouse, guinea-pig, rabbit and human hearts are also strongly correlated
(Supplementary Fig. S1). Further, strong correlations were observed among kinetic parameters within
Vm (Supplementary Table S2A) and Ca?* domains (Supplementary Table S2B). Because kinetic
parameters defining ignition phase onset and completion, and restitution phases within either Vm or
Ca?" domain were self-similar across species (Figs. 2-4 and Supplementary Fig. S1 and Table S2), we
reasoned that Vm domain parameters might be self-similar to Ca>" domain parameters, even though Ca**
and Vm were measured in different subsets of SAN cells. Indeed, Supplementary Table S3 revealed that
this is indeed the case.

Phase transitions in Vm and Ca?* domain parameters during AP cycles in isolated SAN cells in

vitro and heart rates in vivo are self-similar across species

We next determined whether the self-similarity of ignition and restitution kinetics, and AP firing rate in

isolated SAN cells across species in vitro (Figs. 1-4) extends to the HR in vivo (EKG RR, cycle length).
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Power law correlations demonstrated self-similarity across species between heart rates (EKG RR
intervals) in vivo and AP cycle lengths in SAN cells in vitro (Fig. 5A and Supplementary Table S4).
Atrial-ventricular conduction times (EKG PR intervals) and ventricular depolarization-repolarization
times (EKG QT intervals), and AP cycle ignition or restitution intervals in the Vm and Ca*" domains in
isolated SAN cells in vitro also were self-similar across species (Fig. 5B-5D). In addition, Supplementary
Table S4, which lists Pearson correlation coefficients between Vm and Ca?" domains parameters during
AP cycles and EKG parameters in vivo, indicated that many kinetic parameters in single isolated cells
and EKG intervals are self-similar across species. Supplementary Table S5 reports the extended results
of the linear fit between other parameters of this study and EKG intervals.

Vm and Ca?* domains Kinetic parameters during AP cycles in isolated, single SAN cells in vitro are

self-similar to body mass (BM) across species

Because kinetic parameters in Vm and Ca?" domains measured during AP cycles in single, isolated
pacemaker cells in vitro and HR in vivo manifested self-similarity across species in our study (Fig. 5),
and because numerous prior studies have demonstrated that HR and BM are self-similar across species
15-1821-23 " \ve hypothesized that kinetic parameters measured in single SAN cells across species in vitro
and BM must also be self-similar across species. Fig 6 revealed that this hypothesis is correct.
Specifically, we found that the ignition phase onset (Fig. 6A), end of ignition (Fig. 6B), AP cycle lengths
(Fig. 6C) and restitution times (Fig. 6D) of the AP cycle in Vm and Ca?" domains in SAN cells and BM
were self-similar across species with nearly the same (0.25) scaling exponent observed previously.
Discussion

9,10

Intracellular Ca®" oscillations are a universal property of excitable cells >!° that manifest long-range

)15-1821-23 are manifestations of self-ordered

correlations throughout nature (indicating self-similarity
criticality!!. Our results uncover novel long-range (power law) correlations between phase transitions
kinetics measured in cellular Ca** and Vm domains during AP cycles in vitro in single SAN pacemaker
cells isolated from hearts of these species and: (1) AP cycle lengths of these isolated cells in vitro; (2)
heart rates (EKG RR intervals) and (3) other EKG intervals (PR, QT intervals) in vivo; and (4) BM.
The phase transition kinetics measured during AP cycles in Vm and Ca?* domains in single, isolated
SAN cells in the present study inform on kinetics of activation and inactivation of molecular functions
that underlie our functional measurements. The sarcoplasmic reticulum (SR) is a Ca®" oscillator: acts as
a Ca?" capacitor, pumping Ca*" via a CaATPase (SERCa2), storing Ca*" and releasing Ca*" via ryanodine

receptors (RyR). The SR Ca?" charge (Ca** load) is a major determinant of spontaneous, diastolic local

RyR activation that initiates the ignition phase of AP by generating local Ca*' releases (LCRs); Ca*"
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binding to NCX in the Vm domain generates an inward current (Incx), that accelerates the rate of
spontaneous diastolic membrane depolarization. In addition to SERCa2, RyR and NCX, activation-
inactivation of other molecules’, operating together with HCN, Cav 3.1, Cav 1.3 and several K* channels
in the context of the coupled-oscillator system, generates feed-forward signaling during the ignition

3413 leading to progressive depolarization of the diastolic membrane potential. The system

phase
achieves criticality when the rate of Vm depolarization acutely accelerates (the rapid AP uptake) due
activation of Vm domain Cav 1.2 channels. Achievement of criticality in the Vm domain induces
criticality in the Ca’" domain by triggering a global activation of RyRs, via a Ca**-induced Ca*" release,
resulting in a rapid global increase in Ca*", i.e., the AP-induced Ca** transient. Restitution in the Vm
domain occurs as voltage-dependent activation of K* channels effects repolarization of the membrane
potential; and in the Ca** domain, as cytosolic Ca’" decays, due to pumping of a fraction of the Ca?"
released into cytosol from SR back to SR (Ca?" recirculation fraction) and extrusion of a fraction of the
Ca?" from the cell via NCX'°,

Sequence similarity of proteins in Vm and Ca®" domains that regulate pacemaker cell functions (e.g.
LCRs, Incx, Ik and etc. (Table 1) are highly conserved from mouse to human. Moreover, proteins
operative within coupled-oscillator system are highly conserved across phyla, from mammals to fishes,
and many of those with similar structure (defined by presence of all functional domains in protein
sequence) were also identified in insects, flies and worms (Supplementary Table S1). An exception is
SCNSA, which is only expressed in mammals and birds (Supplementary Table S1). Further, within
mammals’, sequence proteins that regulate SAN pacemaker cells are highly conserved from mouse to

human (Table 1).

In order to generate the wide range of AP cycle lengths that occur across these species studied, and
yet manifest self-similarities of AP cycle lengths and sub-cellular phase transitions across species the
same clock molecules shown in Table 1 must be differently “tuned” (e.g. differential protein expression
levels, differential alternative splicing, and differential post translational modifications e.g. for example
differential protein phosphorylation etc.) across species. Elucidating this fine-tuning across different
species from the literature is difficult, due to different experimental conditions and experimental designs
employed in different species being compared in different studies. The most quantitative comparison of

1.24, who used a comprehensive normalization

ion channels across species in SAN was reported by Liet a
method to compare ion channels among four different species. We integrated information on species
differences in the ion channel current density and channel protein gene expression levels in SAN of

different species in the Supplementary Table S7.
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In summary, we conclude that self-similarity across species (from mouse to humans) of phase
transition kinetics in Vm and Ca’>" domains in SAN cells in vitro, and the rate at which heart beats in
vivo may be conceptualized as a manifestation of self-ordered criticality of pacemaker cell molecular
functions that regulate heart rate. Self-similarity of pacemaker cell molecular functions and AP cycle
lengths in vitro and HR in vivo is linked to self-similarity of HR to BM across species'>"132!3_ Together
these long-range power law correlations stem from the reality that intra-cellular calcium oscillations are

a universal property of excitable cells throughout nature®!? .

Methods

Ethics statement. The study was performed in accordance with the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of Health. The experimental protocols have
been approved by the Animal Care and Use Committee of the National Institutes of Health (Protocol #
457-LCS-2021). Adult human hearts not required for transplantation were procured from Washington
Regional Transplant Community as previously described!®. None of the donors, age 26-65 years, had a
history of major cardiovascular diseases. LVEF: left ventricular ejection fraction. OD, drug overdose,
CVA, cerebrovascular accident, CP, cardioplegic. Experimental protocols were approved by the George
Washington University Institutional Review Board. Informed donor consents were obtained for all tissue

used in this study.

SAN cells isolation. Single, spontanecously beating SAN cells were isolated from the hearts of adult mice
(M), guinea-pigs (GP), rabbits (R) and humans (H) by enzymatic digestions as previously described
19.25.26 ° All methods were performed in accordance with the National Institutes of Health guidelines on

human research.

Transmembrane AP recordings and analyses in SAN cells. Membrane potential was measured in
another subset of SAN cells that were not loaded with the Ca®" sensitive indicator. Spontaneous AP were
recorded by perforated patch-clamp technique with 0.05 mmol/L of B-escin added to the electrode
solution that contained in mmol/L: 120 K-gluconate, 5 NaCl, 5 Mg-ATP, 5 HEPES, 20 KCI, 3 Na,ATP
(pH adjusted to 7.2 with KOH)?’. SAN cells were continuously superfused with normal Tyrode solution
at 35+0.5°C, containing in mmol/L: 140 NaCl, 5.4 KCI, 5 HEPES, 2 MgCl2, 1.8 CaCl2, 5 glucose (pH
7.4). APs were recorded by a standard zero-current-clamp technique (Axopatch 200B, Molecular
Devices). APs were corrected for the appropriate liquid junction potential by Clampex 10 Software

(Axon Instruments). The AP cycle length and AP characteristics were analyzed via a customized
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computer program™>!32?%. The AP cycle length was measured as the interval between AP peaks. The
program calculated dV/dt (V/s) and the ignition onset (ms) as a time at which Vm dv/dt during diastolic
depolarization accelerates to 0.15V/s!3 (see also Fig. 1A). Other measured of AP parameters included:
MDP (maximum diastolic potential), TOP (threshold of AP activation when dV/dt reaches 0.5 V/s),'
end of ignition (time from MDP to take off potential (TOP, ms)) and APD90 (time from AP overshoot

to 90% repolarization time, ms).

Spontaneous diastolic LCRs and AP-induced Ca?" transient (CaT) recordings and analyses in SAN
cells. SAN cells were loaded with 3-10 pM Ca?" indicator (Cal-520AM or Fluo-4AM) for 10 min, and
then were washed with normal Tyrode solution. AP-induced Ca** transients and spontaneous diastolic
local Ca?" releases (LCRs) were recorded in normal Tyrode’s solution (as above) at 35+0.5°C in
spontaneously beating SAN cells via confocal microscope. Our Ca** transient data include both Fluo-
4AM and Cal-520AM measurements. Early in our research, we had employed the commonly used Fluo-
4AM, but in recent years, a new and more robust Ca>* probe -Cal- 520AM (AAT Bioquest) with a higher
signal/background ratio became available. We find Cal-520 is more suitable for detecting Ca*" signals
in SAN cells. We did not find a significant difference in mean CaT parameters between measurements

collected with Fluo-4 and Cal-520 AM indicators in SAN cells.

The line-scan mode was executed at a rate 1.92 and 3 ms per scan-line and images were processed with
IDL (8.5) software. The scan-line was set along the border of the cell to the specific cell locations beneath
the sarcolemma where LCR are present in SAN cells. AP-induced Ca?" transient cycle length (AP cycle
length), the faithful proxy of the Vm AP cycle length?®, was defined as the time interval between the
peaks of two adjacent AP-triggered Ca>" transients (CaT). Because the use of different indicators could
potentially affect the amplitude of CaT, the amplitude of CaTs or spontaneous LCRs was expressed as
normalized fluorescence, a peak value (F) normalized to its basal fluorescence (Fo) rather than just a

peak value of (F) in our analysis.

Ignition phase onset was demonstrated in SAN cells in which membrane potential and Ca*" were
simultaneously measured, and that the ignition phase onset Vm was defined as the time when membrane
potential accelerates to ~0.15V/s!'®. Ignition phase onset in the Ca*" domain was a direct read out of the
Ca”' signal that prevailed at the Vm ignition onset. In other terms, at ignition onset in the Ca*" domain,
the individual LCR Ca®* signals became sufficiently synchronized to generate an ensemble Ca>" signal
of sufficient amplitude to accelerate the rate of DD via activation of NCX that generated inward NCX

current. In the present study, we used the same acceleration of DD as Lyashkov et al.!® to define ignition

10
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onset in the Vm domain. But since we do not have simultaneous Vm and Ca?" recordings in our study, it
is not possible to directly detect the onset of ignition in the Ca?" domain as the calcium signal at the time
of ignition onset in the Vm domain. We tested various time derivatives of the Ca?* signal during diastole
hoping to detect an onset of ignition in the calcium domain. This approach was not satisfactory due to
excessive noise in the differentiated Ca?" signal, attributable, in part at least, to LCR occurrence at
different times during DD. Therefore, based on our experience in SAN cells and our previous work'?, in
order to compare Ca*" domain ignition onset among species, we empirically defined the LCR ensemble
ignition onset as the time during DD when the integrated Ca?* signal begins to rise from the background
noise and reaches a value 1.5% of the peak value of the subsequent Ca*" transient (see also Supplementary
Figure S2). Other CaT measurements included: end of ignition (marked as time from baseline to the 3rd
dCa/dtmax (F/FO/ms?)) and restitution of AP-induced CaT, T90 (CaT duration from the peak to 90% of
CaT decay, ms) (see Supplementary Figure S2).

Body mass (BM) and in vivo EKG parameters. BM and in vivo EKG RR cycle lengths (RR interval),

EKG PR intervals (atrioventricular conduction times) and EKG QT intervals (ventricular depolarization

and repolarization times) of the diverse species were taken from the literature!”->*-3°,

To determine phylogenetic conservation of proteins that regulate pacemaker cell biophysical functions
in Mammalian, Birds, Amphibians, Fishes, Insects, Flies and Worms, we used NCBI Ortholog web
applet. Corresponding links provided for each compared protein in Supplementary Table S1. Alignments
of protein sequences of mouse, guinea-pig rabbit and human proteins were performed with Clustal

Omega V.1.2.2 (http://www.clustal.org/omega/) and their accession numbers provided in Supplementary

Table S6. Protein sequences were obtained from NCBI database (https://www.ncbi.nlm.nih.gov/gene/)
or from UNIPROT (https://www.uniprot.org/). When multiple isoforms were associated with one gene,
we selected the longest available or specifically expressed in the heart (if available) for each species for

comparison of Mammalian, Birds, Amphibians, Fishes, Insects, Flies and Worms phyla.

Data processing and statistical analysis. Vm (AP) and CaT parameters measured in SAN cells in vitro
data were transformed to a natural logarithm and plotted as means or as medians of data in individual
cells on double logarithmic plots versus means or medians of other Ca?>" LCR or Vm parameters or vs
medians of species BM and EKG intervals in vivo. Least squares linear regression (no weighting) was
applied to determine slopes and 95% confidence and prediction limits using Origin 9.0 software. Slope

statistics were tested by ANOVA and t-tests for coefficients. Akaike weights and F-test were used
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(Origin 9.0) to compare slope differences for multiple datasets; P<0.05 was considered statistically

significant.
Figure legends

Figure 1. The coupled Ca®" and current oscillator system that drives SAN cells automaticity. (A) Upper
panel-2D image of an isolated, single human SAN cell loaded with Ca** indicator and recorded by a high
speed 2D camera. Bright areas of fluorescence within the cell represent sub-cellular LCRs; lower panel-
simultaneous recordings of Ca?" signals and membrane potential from the same cell (redrawn from
original traces ). (B-D) Upper panels-representative examples of confocal line-scan images and LCRs
(indicated by white arrows on images) in single, spontaneously beating SAN cells; lower panels- AP-
induced Ca?" transients (CaT) from the same cells depicted in upper panels, isolated from (B) mouse,

(C) guinea-pig, (D) rabbit, (E) human hearts and loaded with Ca*" indicator (3-10uM, see methods).

Figure 2. Ignition phase onsets and AP cycle lengths across species are self-similar in Vm and Ca?"
domains. (A) Relationships of Ignition phase onset of the AP cycle in the Vm and (B) in the Ca?* domain
to AP cycle lengths in SAN cells (n=4-20 SAN cells per species, from 3-8 repetitions per species). Vm
and Ca*" domains parameters were measured in subsets of SAN pacemaker cells. Open symbols—
transmembrane AP recordings via patch-clamp in Vm domain; closed symbols-AP-induced Ca®*
transient (CaT) and LCRs recordings via confocal microscopy. Linear regression of concatenated fit, no
weighting; slopes are significantly different from zero (p<0.05). Outside dashed lines- 95% prediction
band limit; pink - 95% confidence band.

Figure 3. End of ignition and AP cycle lengths across species are self-similar in Vm and Ca*" domains.
(A) Relationships of End of ignition of the AP cycle in the Vm and (B) in the Ca*" domains to AP cycle
lengths in SAN cells across species (n=4-20 SAN cells per species, from 3-8 repetition per species).
Open symbols-transmembrane AP recordings via patch-clamp; closed symbols-CaT recordings via
confocal microscopy. Linear regression of concatenated fit, no weighting; slopes are significantly
different from zero (p< 0.05). Outside dashed lines-95% prediction band limit; pink-95% confidence
band.

Figure 4. Restitution times and AP cycle lengths across species are self-similar in Vm and Ca?* domains.
(A) Relationships of Restitution times of the AP cycle in the Vm and (B) in the Ca*" domains to AP
cycle lengths in SAN cells (n=4-20 SAN cells per species, from 3-8 repetition per species). Open

symbols-transmembrane AP recordings via patch-clamp; closed symbols-CaT recordings via confocal
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microscopy. Linear regression of concatenated fit, no weighting; slopes are significantly different from

zero (p<0.05). Outside dashed lines-95% prediction band limit; pink-95% confidence band.

Figure 5. Kinetics of ignition and restitution, and AP firing in Vm and Ca** domains in isolated SAN
cells in vitro and EKG intervals in vivo are self-similar across species. (A) AP cycle lengths in SAN cells
in vitro vs EKG RR intervals (cycle lengths) in vivo; (B) AP cycle lengths in SAN cells in vitro vs EKG
PR intervals (atrioventricular conduction time) in vivo; (C) times to ignition onset in SAN cells in vitro
vs EKG PR intervals in vivo; (D) times to APD90 and CaT90 in SAN cells in vitro vs EKG QT intervals
(ventricular depolarization-repolarization times) in vivo. Open symbols-transmembrane AP (median
values) recorded via patch-clamp; closed symbols CaT (median values) recorded via confocal
microscopy (n=4-20 SAN cells per species, from 3-8 repetition per species). (A-D) Linear regression
analysis without weighting of values; regression slopes are significantly different from zero (p< 0.05);

in vivo EKG parameters are taken from published literature (see methods).

Figure 6. Kinetics of ignition, restitution and AP firing in Vm and Ca** domains in isolated SAN cells
and body mass (BM) are self-similar across species. Median values of BM vs median values of (A)
Ignition onset (ms), (B) End of ignition (ms), (C) Cycle lengths (ms) and (D) 90% of repolarization (ms)
in SAN cells (n=4-20 SAN cells per species, from 3-8 repetition per species); BM values are taken from
published literature, see methods). Open symbols-transmembrane AP recorded via patch-clamp; closed
symbols CaT recorded via confocal microscopy. (A-D) Linear regression analysis without weighting of
values; slopes are significantly different from zero (p<0.05). Slope differences between multiple datasets
were compared by F-test and Akaike method (see methods, p>0.05). Outer lines: black-Ca*" domain,
red-Vm domain at 95% prediction band limit; pink - 95% confidence band. Predicted values from the
equations in A-D: in VM domain (A)=330.3xBM°?3*-%: in Ca?" domain (A) =301.9xBM®200:06; in ym
domain  (B)=156xBM®3!¥0%: in  Ca?’* domain (B)=60.3xBM’?*%27: in  Vm domain
(C)=403.4xBM"%*07; in Ca?" domain (C)=391.5xBM*?>*%%: in Vm domain (D)=204.4x BM?®26:0.06,
in Ca?" domain (D)=119.1x BM®24+0:06,
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Supplementary Figure S1. Restitution times and Ignition phase onset across species are self-similar
in Vm and Ca?" domains. (A) Relationships of Restitution times of the AP cycle in the Vm and (B) in
the Ca?" domains to Ignition phase onset in SAN cells (n=4-20 SAN cells per species, from 3-8
repetition per species). Open symbols-transmembrane AP recordings via patch-clamp; closed symbols-
CaT recordings via confocal microscopy. Linear regression of concatenated fit, no weighting; slopes
are significantly different from zero (p<0.05). Outside dashed lines-95% prediction band limit; pink-
95% confidence band.
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Supplementary Figure S2. Illustration and definition of the phase transition parameters in the Ca**
domain. (A) Enlarged AP-induced Ca*" transient (CaT) (2-d trace in the inset) demonstrate and defines
the phase transition parameters measured with IDL (8.5) software. We defined the ignition onset of
LCR ensemble at the time when the integrated Ca®" signal begins to rise from the noise (background)
and reached a 1.5% of the peak value of the subsequent Ca** transient (see also Methods). The inset
shows the original confocal line-scan image and Ca?" waveform in (A). (B) Time derivates of CaT
(from baseline to CaT peak) in (A) used in our study to define the end of ignition phase and max rate

of rise of CaT.
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S1Table. Phylogeny of molecules that regulate cell pacemaker functions: mammals to worms.

Mammals

Birds

Amphibians Fishes

Insects, Flies Worms

Links to Orthologs

Genes with similar protein architectures

Alias Gene
NCX1 SLCBAL
Hen2 HCN2
Hend HCN4
Navl.5  SCNSA
Navll  SCNIA
Cav12  CACNALC
Cavl3  CACNALD
Cavdl  CACNALG
Kv71  KCNQL
MinK KCNEL
HERG KCNH2
KCall  KCNMA1L
KCa2.1  KCNN1
KCa22  KCNN2
KCa23  KCNN3
Orail ORAIL
Orai2 ORAIZ
Orai3 ORABB
Sercada  Atp2a2
RyR2 RyR2

Pln PLN
Casq2  CASQ2
IP3-kinase / ITPKA
FKBP12  FKBP1A
Stiml  STIM1
Stim2  STIM2
ADCYT  ADCY1
ADCY8  ADCYS
PDE4A  PDE4A

+ + 4+ 4+ 4+ + 4+ H+ + 4+ H+ + + + H+ + 4+ H+ + + H+ H+ H+ + + + o+ o+ o+

+ + 4+ 4+ 4+ + 4+ H+ + 4+ H+ + + + H+ + 4+ H+ + + H+ H+ H+ + + + o+ o+ o+

+ + 4+ 4+ 4+ + 4+ 4+ + + H+ + + + + + 4+ + + + + + + o+ o+

+ + 4+ + 4+ 4+ 4+ + 4+ + + + + 4+ 4+ + 4+ o+ + + + + + o+ +

+ +  + 4+

+ 4+ + + o+

+ + 4+ 4+ + + +

+ + o+ o+

+ o+ 4+ o+

+ + 4+ + 4+ o+ o+

https://www.ncbi.nlm.nih.gov/gene/6546/ortholog/?scope=117570
https:/fwww.ncbi.nlm.nih.gov/gene/610/ortholog/ ?scope=117570
https:/fwww.ncbi.nlm.nih.gov/gene/10021/ortholog/?scope=7776
https:/fwww.ncbi.nlm.nih.gov/gene/6331/ortholog/?scope=32524
https:/fwww.ncbinlm.nih.gov/gene/6323/ortholog/?scope=117570
https:/fwww.ncbinlm.nih.gov/gene/775/ortholog/ ?scope=117570
https:/fwww.ncbi.nlm.nih.gov/gene/776/ortholog/ *scope=7776
https://www.ncbi.nlm.nih.gov/gene/8913/ortholog/?scope=7776
https://www.ncbinlm.nih.gov/gene/3784/ortholog/?scope=7776
https:/fwww.ncbi.nlm.nih.gov/gene/3753/ortholog/?scope=117570
https:/fwww.ncbi.nlm.nih.gov/gene/3757/ortholog/?scope=117570
https://www.ncbi.nlm.nih.gov/gene/3778/ortholog/?scope=7776
https://www.ncbinlm.nih.gov/gene/3780/ortholog/?scope=7776
https:/fwww.ncbi.nlm.nih.gov/gene/3781/ortholog/?scope=7776
https://www.ncbinlm.nih.gov/gene/3782/ortholog/?scope=7776
https:/fwww.ncbi.nlm.nih.gov/gene/84876/ortholog/?scope=7776
https://www.ncbinlm.nih.gov/zene/80228/ortholog/?scope=117570
https:/fwww.ncbi.nlm.nih.gov/gene/93129/ortholog/?scope=117570
https://www.ncbinlm.nih.gov/gene/488 ortholog/ *scope=7776
https:/fwww.ncbi.nlm.nih.gov/gene/6262/ortholog/?scope=7776
https://www.ncbinlm.nih.gov/gene/5350/ortholog/?scope=7898
https:/fwww.ncbi.nlm.nih.gov/gene/845/ortholog/ ?scope=117570
https://www.ncbinlm.nih.gzov/gene/3706/ortholog/?scope=7776
https:/fwww.ncbi.nlm.nih.gov/gene/2280/ortholog/?scope=117570

https://www.nchi.nlm.nih.gov/gene/6546/ortholog/similargenes/
https://www.ncbi.nlm.nih.gov/gene/610/ortholog/similargenes/
https://www.ncbi.nlm.nih.gov/gene/10021/ortholog/similargenes/?scope=33208
https://www.ncbi.nlm.nih.gov/gene/6331/ortholog/similargenes/?scope=7568
https://www.ncbi.nlm.nih.gov/gene/6323/ortholog/similargenes/?scope=6960
https://www.ncbi.nlm.nih.gov/gene/775/ortholog/?scope=117570
https://www.ncbi.nlm.nih.gov/gene/776/ortholog/similargenes/?scope=33208
https://www.ncbi.nlm.nih.gov/gene/8913/ortholog/similargenes/
https://www.ncbi.nlm.nih.gov/gene/3784 artholog/similargenes/?scope=33208
https://www.ncbi.nlm.nih.gov/gene/3753/ortholog/similargenes/?scope=117570
https://www.ncbi.nlm.nih.gov/gene/3757/ortholog/similargenes/?scope=2759
https://www.ncbi.nlm.nih.gov/gene/3778/ortholog/similargenes/
https://www.ncbi.nlm.nih.gov/gene/3780/artholog/similargenes/?scope=33213
https://www.ncbi.nlm.nih.gov/gene/3781/ortholog/similargenes/?scope=6157
https://www.ncbi.nlm.nih.gov/gene/3782/artholog/similargenes/?scope=33208
https://www.ncbi.nlm.nih.gov/gene/84876/ortholog/similargenes/?scope=6072
https://www.ncbi.nlm.nih.gov/gene/80228/ortholog/similargenes/?scope=6072
https://www.ncbi.nlm.nih.gov/gene/93129/ortholog/similargenes/?scope=6072
https://www.ncbi.nlm.nih.gov/gene/488/ortholog/similargenes/?scope=33208
https://www.ncbi.nlm.nih.gov/gene/6262/ortholog/similargenes/?scope=33213
https://www.ncbi.nlm.nih.gov/gene/5350/ortholog/similargenes/?scope=7776
https://www.ncbi.nlm.nih.gov/gene/845/ortholog/similargenes/?scope=117570
https://www.ncbi.nlm.nih.gov/gene/3706/ortholog/similargenes/?scope=2759
https://www.ncbi.nlm.nih.gov/gene/2280/ortholog/similargenes/?scope=2759

https://www.ncbi.nlm.nih.gov/zene/6786/ortholog/similargenes/ ?scope https://www.nchi.nlm.nih.gov/gene/6786 ortholog/?scope=7776

https:/fwww.ncbi.nlm.nih.gov/gene/57620/ortholog/?scope=7776
https://www.ncbinlm.nih.gov/gene/107 ortholog/*scope=7776
https:/fwww.ncbi.nlm.nih.gov/gene/114/ortholog/?scope=7776
https://www.ncbinlm.nih.zov/gene/5141/ortholog/?scope=7776

https://www.ncbi.nlm.nih.gov/gene/57620/ortholog/similargenes/?scope=6072
https://www.ncbi.nlm.nih.gov/gene/107 /ortholog/similargenes/?scope=33208
https://www.ncbi.nlm.nih.gov/gene/114/ortholog/similargenes/?scope=33208
https://www.ncbi.nlm.nih.gov/gene/5141/ortholog/similargenes/?scope=2759
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Supplementary Table S2. Correlations among kinetic parameters within (A) Vm and (B) Ca** domains
from mouse to human’ in single, isolated SAN cells.

Vm domain time to Ignition end of ignition time to APD90
parameters (ms) onset (time to TOP)
r2 r2 r2

time to Ignition onset

end of ignition (time to TOP) 0.9

time to APDS0 1.0 0.9

Cycle length 1.0 1.0 1.0

(B)
time to Ignition end of ignition time to T90

Ca?* domain (time to 3rd

parameters (ms) onset dCal/dtmax)

r r r2

time to Ignition onset
end of ignition (time to 3rd
dCaldtmax) 0.9
time to T90 0.8 0.7
Cycle length 1.0 0.9 0.9

A-B. Pearson correlations coefficients (1?) of significant values; p<<0.05, 2-tailed test; n=4-20 SAN cells per species.
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Supplementary Table S3. Correlations from mouse to human’ among kinetic parameters between Vm
and Ca?" domains in single, isolated SAN cells.

ca?* domain Vm domain parameters (ms)

parameters (ms) time to APD90 time to Ignition onset end of ignition Cycle length
(time to TOP)

time to T90 1.0 1.0 1.0 1.0
time to Ignition onset 1.0 1.0 1.0 1.0
end of ignition 1.0 1.0 1.0 1.0
(time to 3rd dCa/dtmax)

Cycle length 1.0 1.0 1.0 1.0

Pearson correlations coefficients (rz) of significant values; p<0.05, 2-tailed test; n=4-20 SAN cells per
species.
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Supplementary Table S4. Correlations from mouse to human’ between Vm and Ca?" domains kinetic
parameters in single SAN cells in vitro and EKG intervals in vivo.

Vm and Ca®* domains EKG Intervals (ms)

parameters (ms) RR PR QT
Vm Cycle length 1.0 1.0 1.0
Vm time to APD90 1.0 1.0 1.0
Vm time to MDP 1.0 ns ns
Vm time to Ignition onset 1.0 1.0 1.0
Vm end of ignition (time to TOP) 1.0 1.0 1.0
Ca” Cycle length 1.0 ns 1.0
Ca*" time to T90 1.0 ns 1.0
Ca” time to Ignition onset 1.0 ns ns
Ca2+ end of ignition 1.0 1.0 1.0
(time to 3rd dCa/dtmax)

Pearson correlations coefficients (r2) of significant values; p<0.05, 2-tailed test; n=4-20 SAN cells per
species; in vivo EKG parameters are taken from published literature (see methods).


https://doi.org/10.1101/2020.10.26.355412

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.26.355412; this version posted October 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Supplementary Table S5. Results of the linear fitting between Vm and Ca’" domains parameters in

vitro of and in vivo

EKG intervals.

EKG intervals (ms)

RR PR QT
Vmand Ca™ domains (ms) Equaton R SqE;re Q(;jI.JJaRI'e sslgp(;f Equation R SqE;re Q(;jI.JJaRI'e sSIEpi Equation R SqE;re Q(;jI.JJaRI'e sslcfp?ef
Cycle length y=1.11x-1.16 0977 00966 0.959 0.097 |y=0.86x-1.12 0.949 0.901 0.884 0.116 [y=1.12x-1.94 0965 0931 0919 0.124
times to Ignition onset y=1.10x-0.78 0.957 0.916 0.902 0.135 |y=0.84x-0.81 0.925 0.856 0.832 0.141 [y=1.10x-1.56 0.944 0.891 0.873 0.156
times to APD90-T90 y=0.60x+1.16 0.931 0.867 0.845 0.137 [y=0.67x+0.63 0.911 0.830 0.802 0.123 [y=0.87x+0.39 0.925 0.856 0.832 0.144
times to end of ignition y=0.70x+2.34 0.812 0.660 0.603 0.204 |y=0.55x+1.48 0.815 0.664 0.610 0.161 [y=0.71x+1.49 0.820 0.671 0.620 0.203
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Supplementary Table S6. NCBI/Uniprot Accession IDs of sequences used for alignments.

Symbol mouse guinea-pig rabbit human
SLC8A1 NP_035536 NP_001166490 NP_001164429 sp|P32418|NAC1_HUMAN
HCN2 088703 HOWDP7 A QI9UL51
HCN4 NP_001074661 XP_003462239 NP_001076176 sp|Q9Y3Q4|HCN4 HUMAN
SCN5A Q9JIvV9 HOov4z8 G1S1Z7 Q14524
SCN1A A2APX8 HOUZ29 G1SSP8 P35498
CACNA1C NP_033911 NP_001166394 NP_001129994 sp|Q13936|CAC1C_HUMAN
CACNAI1D NP_001289566 XP_005008320 XP_017199370 NP_000711.1
CACNA1G NP_033913 XP_013004978 XP_008269518 sp|043497|CAC1G_HUMAN
KCNQ1 P97414 070344 QIMYS6 P51787
KCNE1 P23299 Q60409 Q28705 P15382
KCNH2 035219 Q8WNY2 HOVZT8 Q12809
KCNMA1 Q08460 AOA286XP95 Q9BGI98 Q12791
KCNN1 Q9EQR3 HOW7E2 n Q92952
KCNN2 P58390 HOUUD3 G1T862 Q9H2s1
KCNN3 P58391 HOVUO3 AOAS5SF9CAT7 Q9UGI6
ORAI1 Q8BWG9 HOWG6ES G1TJL6 Q96D31
ORAI2 Q8BH10 AOA286Y0K4 G1lU3B1 Q96SN7
ORAI3 Q6P8G8 AOA286XUS9 G1TRG3 Q9BRQ5
ATP2A2 NP_733765 XP_003462979 NP_001082790 NP_001103610
RyR2 NP_076357 XP_023422283 NP_001076226 sp|Q92736|RYR2_HUMAN
PLN NP_001135399 XP_012998839 NP_001076090 sp|P26678|PPLA_HUMAN
CASQ2 009161 AOA286Y396 P31235 014958
ITPKA Q8R0O71 HOUZF9 G1TMC6 P23677
FKBP1A P26883 AOA286XID4 P62943 P62942
STIM1 P70302 AOA286Y154 G1T594 Q13586
STIM2 P83093 HOVOT4 G1T6eVv7 Q9P246
ADCY1 NP_033752 XP_005001973 XP_008260055 NP_066939
ADCYS8 NP_033753 XP_003467396 XP_002710595 NP_001106
PDE4A NP_899668 XP_003460919 A P27815

~ Not mapped to rabbit genome.
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Supplementary Table S7. Comparison of ion current channel density and channel proteins gene
expression levels in SAN of different species.

Current/Gene Current Density (ratio) Expression level (ratio)
Ignition M R RB H M R RB H

I/HCN4 5xvs H 18xvsH 3.3xvsH 7x vs H 2xvsH 8xvsH

Inox/NCX1 - 4xvs RB IxvsH 1.4xvs H Ixvs H 5xvs H

I car/Cav3.1 2x vs RB 16xvs H 17xvs H 1xvsH

Ica/Cavl.3 1xvsH 1xvs H 4xvs H

INa/Nav1.1-1.4 7.5xH 2xvs H

RyR 6xvs H 5xvs H IxvsH

SERCA 70vs H 14xvs H 5xvs H

End of Ignition

lca/Cavl.2 1xvs H 1xvs H 1xvs H 1xvsH Ixvs H 1xvsH

Repolarizatiuon

I (activation)/hERG 1xvsRB 1xvs M 1xvs RB 1xvs M

lo/KCNQ1

leke/KCNMA1

lsk1-3/KCNN1-3 1xvs RB

SERCA®

Data were collected from the literature from Li et al*. and other studies®*”’. M-mouse, R-rat, RB-rabbit, H-
human. &see above (ignition). Values that were 1 or <1, we assigned as 1- no difference. Empty cells - no
quantitative comparison was found.
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