

https://www.frontiersin.org/research-topics/10539/cardiac-pacemaking-in-health-and-disease-from-genes-to-function
https://www.frontiersin.org/research-topics/10539/cardiac-pacemaking-in-health-and-disease-from-genes-to-function
https://www.frontiersin.org/research-topics/10539/cardiac-pacemaking-in-health-and-disease-from-genes-to-function
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/cardiovascular-medicine



https://www.frontiersin.org/research-topics/10539/cardiac-pacemaking-in-health-and-disease-from-genes-to-function
https://www.frontiersin.org/journals/physiology
http://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/



https://www.frontiersin.org/research-topics/10539/cardiac-pacemaking-in-health-and-disease-from-genes-to-function
https://www.frontiersin.org/journals/physiology
http://doi.org/10.3389/978-2-88976-025-1



https://www.frontiersin.org/research-topics/10539/cardiac-pacemaking-in-health-and-disease-from-genes-to-function
https://www.frontiersin.org/journals/physiology



https://www.frontiersin.org/research-topics/10539/cardiac-pacemaking-in-health-and-disease-from-genes-to-function
https://www.frontiersin.org/journals/physiology



http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2022.913506&domain=pdf&date_stamp=2022-05-30
https://www.frontiersin.org/articles/10.3389/fphys.2022.913506/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.913506/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.913506/full
https://www.frontiersin.org/researchtopic/10539
https://www.frontiersin.org/articles/10.3389/fphys.2019.01599/full
https://www.frontiersin.org/articles/10.3389/fphys.2020.00771/full
https://www.frontiersin.org/articles/10.3389/fphys.2021.669029/full
http://creativecommons.org/licenses/by/4.0/
mailto:alicia.dsouza@manchester.ac.uk
mailto:pietro.mesirca@igf.cnrs.fr
https://doi.org/10.3389/fphys.2022.913506
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2022.913506



https://www.frontiersin.org/articles/10.3389/fphys.2021.596832/full
https://www.frontiersin.org/articles/10.3389/fphys.2020.587040/full
https://www.frontiersin.org/articles/10.3389/fcvm.2021.662410/full
https://www.frontiersin.org/articles/10.3389/fphys.2020.590534/full
https://www.frontiersin.org/articles/10.3389/fphys.2021.612770/full
https://www.frontiersin.org/articles/10.3389/fphys.2020.547577/full
https://www.frontiersin.org/articles/10.3389/fphys.2020.546508/full
https://www.frontiersin.org/articles/10.3389/fphys.2019.01314/full
https://www.frontiersin.org/articles/10.3389/fphys.2021.582037/full
https://www.frontiersin.org/articles/10.3389/fphys.2021.712666/full
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles



https://www.frontiersin.org/articles/10.3389/fphys.2020.588679/full
https://www.frontiersin.org/articles/10.3389/fphys.2021.592229/full
https://www.frontiersin.org/articles/10.3389/fphys.2020.519382/full
https://doi.org/10.1016/j.jacc.2012.12.031
https://doi.org/10.1016/j.jacep.2020.06.022
https://doi.org/10.1016/j.jacep.2020.06.022
https://doi.org/10.1038/ncomms4775
https://doi.org/10.1161/CIRCRESAHA.117.311607
https://doi.org/10.1038/s41467-020-19304-9
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles



https://doi.org/10.1016/j.celrep.2019.04.077
https://doi.org/10.1161/circresaha.120.317145
https://doi.org/10.1161/circresaha.120.317145
https://doi.org/10.1016/j.ceca.2018.07.002
https://doi.org/10.1085/jgp.201812293
https://doi.org/10.3389/fphys.2020.00809
https://doi.org/10.1073/pnas.1517181113
https://doi.org/10.1161/CIRCRESAHA.119.316386
https://doi.org/10.1038/ncomms5664
https://doi.org/10.1038/ncomms5664
https://doi.org/10.1152/physrev.00036.2019
https://doi.org/10.1016/j.pbiomolbio.2012.08.008
https://doi.org/10.7554/eLife.35753
https://doi.org/10.1126/scisignal.aap7608
https://doi.org/10.1126/scisignal.aap7608
https://doi.org/10.1242/dev.173161
https://doi.org/10.3390/molecules24010181
https://doi.org/10.3390/molecules24010181
https://doi.org/10.1038/s41598-020-67790-0
https://doi.org/10.1038/s41598-020-67790-0
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles



https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2019.01599
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2019.01599
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2019.01599&domain=pdf&date_stamp=2020-01-22
https://www.frontiersin.org/articles/10.3389/fphys.2019.01599/full
http://loop.frontiersin.org/people/29834/overview
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles



https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles



https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles



https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles



https://doi.org/10.1017/s0033583500005448
https://doi.org/10.1111/j.1540-8167.2006.00736.x
https://doi.org/10.1111/j.1540-8167.2006.00736.x
https://doi.org/10.1016/j.yjmcc.2008.12.001
https://doi.org/10.1016/j.pharmthera.2005.01.005
https://doi.org/10.1093/eurheartj/ehv582
https://doi.org/10.1093/eurheartj/ehv582
https://doi.org/10.1161/hh1201.092095
https://doi.org/10.1113/jphysiol.1980.sp013474
https://doi.org/10.1113/jphysiol.1980.sp013388
https://doi.org/10.1038/280235a0
https://doi.org/10.3389/fphys.2012.00240
https://doi.org/10.1161/circulationaha.106.617613
https://doi.org/10.1161/circulationaha.106.617613
https://doi.org/10.1161/circep.116.004508
https://doi.org/10.1016/j.jcyt.2014.02.014
https://doi.org/10.1161/01.res.0000265845.04439.78
https://doi.org/10.1161/01.res.0000265845.04439.78
https://doi.org/10.1152/ajpheart.00753.2003
https://doi.org/10.1113/jphysiol.1981.sp013713
https://doi.org/10.1016/0079-6107(85)90008-2
https://doi.org/10.1016/0079-6107(85)90008-2
https://doi.org/10.1038/324470a0
https://doi.org/10.1093/eurheartj/8.suppl_l.19
https://doi.org/10.1146/annurev.ph.55.030193.002323
https://doi.org/10.1016/s0008-6363(96)88518-x
https://doi.org/10.1016/s0008-6363(96)88518-x
https://doi.org/10.1016/j.pbiomolbio.2005.05.001
https://doi.org/10.1161/CIRCRESAHA.109.208041
https://doi.org/10.1113/jphysiol.2013.253765
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles



https://doi.org/10.1085/jgp.201912409
https://doi.org/10.1085/jgp.201912409
https://doi.org/10.2165/00003495-200767002-00003
https://doi.org/10.2165/00003495-200767002-00003
https://doi.org/10.2165/00003495-200464160-00003
https://doi.org/10.2165/00003495-200464160-00003
https://doi.org/10.1126/science.2916119
https://doi.org/10.1126/science.2916119
https://doi.org/10.1113/jphysiol.1986.sp016177
https://doi.org/10.1113/jphysiol.1986.sp016177
https://doi.org/10.1113/jphysiol.1980.sp013389
https://doi.org/10.1113/jphysiol.1980.sp013389
https://doi.org/10.1098/rstb.1985.0001
https://doi.org/10.1016/j.hrthm.2011.09.021
https://doi.org/10.1016/j.hrthm.2011.09.021
https://doi.org/10.1113/jphysiol.1979.sp013032
https://doi.org/10.1113/jphysiol.1980.sp013475
https://doi.org/10.1038/351145a0
https://doi.org/10.1038/351145a0
https://doi.org/10.1113/jphysiol.1988.sp017343
https://doi.org/10.1113/jphysiol.1988.sp017344
https://doi.org/10.1038/31248
https://doi.org/10.1152/ajpheart.00764.2010
https://doi.org/10.1016/j.stemcr.2014.11.004
https://doi.org/10.1161/circulationaha.106.634865
https://doi.org/10.1161/circulationaha.106.634865
https://doi.org/10.1113/jp275303
https://doi.org/10.1016/j.yjmcc.2009.03.022
https://doi.org/10.1016/j.yjmcc.2009.03.022
https://doi.org/10.1016/j.cell.2016.12.023
https://doi.org/10.1016/j.cell.2016.12.023
https://doi.org/10.1085/jgp.201812293
https://doi.org/10.1016/s0022-2828(03)00184-6
https://doi.org/10.1016/s0022-2828(03)00184-6
https://doi.org/10.1038/ncomms5664
https://doi.org/10.1038/ncomms5664
https://doi.org/10.3389/fphys.2015.00019
https://doi.org/10.3389/fphys.2015.00019
https://doi.org/10.1038/188495b0
https://doi.org/10.1113/jphysiol.1968.sp008454
https://doi.org/10.1007/bf01062910
https://doi.org/10.1016/j.hrthm.2007.09.028
https://doi.org/10.1161/01.cir.0000114527.10764.cc
https://doi.org/10.1161/01.res.0000123827.60210.72
https://doi.org/10.1038/nbt.3745
https://doi.org/10.1038/nbt.3745
https://doi.org/10.1161/01.cir.0000059939.97249.2c
https://doi.org/10.1016/j.pbiomolbio.2012.08.008
https://doi.org/10.1152/ajpheart.01083.2010
https://doi.org/10.1152/ajpheart.01083.2010
https://doi.org/10.1038/nrcardio.2011.120
https://doi.org/10.1016/s0092-8674(00)81434-8
https://doi.org/10.1016/s0092-8674(00)81434-8
https://doi.org/10.1073/pnas.1410389111
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles



https://doi.org/10.1093/cvr/cvw006
https://doi.org/10.1038/s41598-017-08191-8
https://doi.org/10.1016/s0167-4781(99)00092-5
https://doi.org/10.1016/s0167-4781(99)00092-5
https://doi.org/10.1161/hh0102.102271
https://doi.org/10.1161/01.res.0000122045.55331.0f
https://doi.org/10.1113/jphysiol.1951.sp004667
https://doi.org/10.1161/01.cir.0000151313.18547.a2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles













Porro et al.

CcAMP Regulation of HCN4

TRANSMISSION OF cAMP EFFECT
THROUGH THE C-LINKER

X-ray crystallography has been successfully used to obtain
the structure of the cytosolic portion of HCN channels that
include the C-linker and the CNBD (C-linker/CNBD;
Zagotta et al, 2003; Xu et al., 2010; Lolicato et al., 2011,
2014). In these structures, the C-linker adopts a tetrameric
configuration known as “elbow on shoulder,” in which the
elbow of one subunit, formed by helices A' and B', rests on
the shoulder, formed by helices C' and D' of the adjacent
subunit. Such a configuration has been confirmed by the full
length structure of HCN1 (Lee and MacKinnon, 2017, 2019).
Several hydrophilic and hydrophobic contacts connect the
elbow and the shoulder creating a network of interactions
that can easily propagate the CNBD-initiated movements
toward the TM domains. In the specific case of HCN4, in
which the C-linker/CNBD was crystallized in the presence
of the agonist cyclic GMP (cGMP), the ligand was found to
be bound to a second pocket, besides the canonical ligand
binding site in the CNBD (Lolicato et al., 2014). This result
led to the discovery of a regulatory pocket at the interface
between the CNBD and the C-linker, the C-linker pocket
(CLP; Figure 2D). In silico docking performed in the CLP,
identified a class of potential binders, cyclic-di-nucleotides
(c-di-nucleotide; Figure 2E). This is a class of regulatory
molecules originally discovered in bacteria (c-di-GMP and
c-di-AMP) but more recently found also in mammals (cGAMP;
Wu et al,, 2013). When tested in patch clamp experiments,
c-di-GMP, c-di-AMP, and cGAMP, all efficiently prevented
cAMP effect in HCN4 channels with micromolar (c-diGMP
and c-di-AMP) and submicromolar (cGAMP) affinity (Lolicato
et al., 2014). Several mutations introduced in the CLP, prevented
c-di-nucleotide action allowing normal cAMP response of
the mutants channels (Figure 2F; Lolicato et al., 2014). It is
believed that the occupancy of the CLP by c-di-nucleotides
blocks the transmission of the movement from the CNBD
to the C-linker inasmuch as the CLP corresponds to the
flexible link between the two movable parts of the C-linker,
the elbow and the shoulder. In this way, the upward movement
of the E' and F' helices of the CNBD (see Figure 2A) cannot
be converted into the expected rotation of the upper part
of the C-linker.

Notably, this effect is isoform-specific as only HCN4 responds
to c-di-nucleotides (Lolicato et al., 2014). This is remarkable,
given the high degree of amino acid conservation in the critical
residues of the CLP among different HCN subunits. At the
same time, this is very exciting because c-di-nucleotides constitute
the only HCN-specific inhibitors available so far. C-di-nucleotides
have been shown to reduce cAMP response and firing rate in
isolated myocytes of the SAN of mouse (Lolicato et al., 2014).
It is worth noting that, even though there is no direct evidence
of c-di-nucleotides in the heart, it is known that the key enzyme
for cGAMP production, cyclic-GMP-AMP synthase (cGAS), is
highly expressed in human cardiac tissues (Uhlen et al., 2010).

Moreover, it was demonstrated that c-di-nucleotides can be also
transferred from producing cells to neighboring cells through
gap junctions, thus rapidly spreading them in a horizontal
manner (Ablasser et al., 2013). So far, c-dinucleotides as second
messengers in mammals have been associated to the immune
system (Li et al., 2013), but the findings reported above allow
to hypothesize a possible role of endogenous c-di-nucleotides
in the control of I, either because of their direct production
in cardiomyocytes, or because of their spreading via gap junctions
following the activation of the immune response.

THE TRANSMISSION OF THE cAMP
EFFECT TO THE TM DOMAIN

The full length structure of HCN1 has shown for the first
time in the presence of three helical folded domains (helices
A-C, see Figures 2G,H), termed HCND, at the cytosolic
N-terminus of the channel, right before TM1 (Lee and
MacKinnon, 2017). In the 3D structure, the HCND wedges
in between the C-linker and the VSD possibly establishing
contacts with both of them (Figure 2G). In a recent work,
Porro et al. (2019) highlighted the network of hydrophobic
and hydrophilic interactions that physically connect the HCND
to the C-linker and the VSD, and underscored their crucial
role in mechanically transmitting the cAMP effect from the
cytosolic to the TM domain (Porro et al.,, 2019). Figure 2H
shows a top view of the tetrameric arrangement of the HCND
and the C-linker. Each HCND, in orange, establishes, via the
top part, hydrophobic contacts with the VSD, in magenta, of
its own subunit in the membrane (not shown) and with the
lower part electrostatic interactions with the C-linkers of the
adjacent (light blue) and opposite (blue) subunits. The HCND
thus forms a physical continuum between the cytosolic C-linker
and the TM VSD domain.

Mutations of the two resides on the C-linker, E436 and
K422 (human HCNI1 numbering), completely abolish the response
of the channel to cAMP, leaving the properties of the channel
unaltered. This result was reproduced in all HCN isoforms
tested, HCN1, HCN2, and HCN4 (Figure 2I shows the effect
of the double mutation in HCN4; Porro et al., 2019), confirming
the hypothesis that the HCND is involved in the transmission
of the cAMP-induced movement from the cytosolic to the
TM domain. In particular, on the basis of molecular dynamic
(MD) simulations and linear response theory calculations, it
was concluded that the HCND acts as a transmission crank
converting the circular rotation of the C-linker into a vertical
displacement in the VSD (Porro et al., 2019).

These data provide structural-based support to the view
that the C-linker must be physically connected to the VSD
to transmit cAMP-induced movements originating in the
CNBD. Experimental evidences came originally from a study
of Kusch et al. (2010) showing that, in HCN2, the movement
of the voltage sensor changes the affinity for cAMP in the
CNBD without involving the PD. This result was obtained
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(F) Vi and Ca2t.

FIGURE 10 | Means versus SDs for all cells on a linear scale for (A) Vi, (B) Ca2*, and (C) Vi and Ca?t, and using a logarithmic scale for (D) Vi, (E) Ca, and

molecular activation within each clock indirectly affects self-
organization of molecular activation of the other clock operating
within the coupled-clock system. And because scaling of mean
APFIs among all cells is self-similar to APFIV among cells, AP
firing variability and mean APFI are determinants of the Ca?™
and Vy, cues that determine kinetic intervals during an AP: a
recursive, feed-forward process.

Mean APFI and APFIV Are Not Only
Regulated by but Also Regulate the
Degree to Which Clock Molecular
Functions Are Synchronized

Changes in Ca?T and V, cues during an AP determine not only
the characteristics of that AP but also when the next AP will occur
and the mean APFI within an AP time series.

A prolongation of the mean APFIs, itself, contributes to the
concurrent increase in the APFIV at a long mean APFI: because
an increase in mean APFI reduces net Ca?* influx and indirectly
reduces Ca>+t=CaMKII-AC-dependent phosphorylation of Ca?*
cycling proteins, reducing the SR Ca?* cycling kinetics and
increasing the variability of LCR periods.

Characteristics of the AP that are determined by availability
of M clock molecules to respond to a change in membrane

potential both directly and indirectly entrain the Ca’* and
M clock activation: as the mean AP interval shortens, less
time elapses between APs, and therefore at shorter intervals,
less time is required than at longer intervals for molecules to
retain (remember) the synchronizing influences imparted by
the preceding AP. This causes the relationship of mean APFI
to APFIV of isolated SAN cells to be non-linear (Figure 5
and Supplementary Figure 2), as originally demonstrated by
Zaza and Lombardi (2001) and later by Monfredi et al.
(2014). Conversely, as time following a prior AP increases,
the effectiveness of the Ca?™ activation cue, itself, wanes
because the cell Ca>* level and SR Ca?* load become reduced
because of time-dependent Ca?* efflux from the cell. We may
speculate therefore that during long AP cycles, fewer molecules
of some molecular species are available to respond to Ca’*
activation cues.

Gradations of self-organized molecular activation within and
between clocks regulate the APFI rhythm, i.e., the APFIV. In
other terms, the average APFI, kinetics of the AP, AP-triggered
Ca® ™ -transient, LCR periods and DD kinetics, and beat-to-beat
variability of these parameters measured in the present study
are readouts of the relative extents to which of clock molecules
become activated and the degree to which the clocks are coupled.
When the degree to which Ca?* and M clocks kinetics are
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FIGURE 11 | Plots of principal components: (A) SDs only, (B) means only, (C) means and SDs.

® isoproterenol

® control
® carbachol

coupled or synchronized is low, the AP firing rate is slow, and
APFIV is high, e.g., during CRs. Conversely, when the degree of
coupling or synchronization of the Ca?* and V', kinetics of the
two clocks is high, e.g., during BAR stimulation, AP firing is rapid,
and APFIV is low.

So, What Factors Affect the Degree of

Synchronization of Clock Molecules?
Concordant degrees of self-similar synchronization of M and
Ca%* clock kinetic functions reflect concordant gradations of
activation states of specific molecules that govern these functions
and how these cues change throughout an AP cycle.

AP Firing Rate and Rhythm
Synchronization of Clock Molecules

The AP that emerges from the diastolic ignition events is,
itself, the most potent integrator or synchronizer, not only of
surface membrane electrogenic molecules, but also of Ca’*
clock functions: a synchronized global cytosolic CaT that ensues
following synchronous activation of voltage-dependent L-type
Ca’* channels is created by synchronized Ca?*-induced, Ca?™
release from SR via ryanodine receptor activation (Song et al.,
1998; Wang et al., 2001; Lakatta, 2004; Zhou et al., 2009).

The efficacy of Vi, and Ca?™ activation cues that oscillate as
electrochemical signal that underlies the Vy, change during AP
cycle varies with the AP cycle interval or period: shorter periods
(i.e., faster AP firing rates or shorter APFIs) are more effective
than longer periods (i.e., slower AP firing rates or longer APFIs),
because during very long AP cycles, Ca?* activation states of
some molecules become more unsynchronized. At very short

times following a large voltage oscillation (i.e., an AP), many
molecules of a given molecular species in relatively inactivated
state may not optimally respond to activation cues (e.g., impaired
excitability/non-excitability). As the time following a prior
activation increases, although a subpopulation of molecules of
given species may regain full ability to respond to activation cues,
substantial variability in the activation status of other molecules
of that species still may exist, limiting the number of molecules
that can respond to (be recruited by) an activation cue. Our
results provide novel clues to the cellular basis for the observation
that an AP occurrence, itself, influences the range of APFIs that
immediately follow it (Nolasco and Dahlen, 1968). The AP, itself,
indirectly affects all Ca>* clock functions because it regulates net
cell Ca?™ balance. Functions of M clock molecules that underlie
the generation of an AP indirectly regulate the availability for
SR Ca?* cycling by modulation of the level of cell Ca?*, the SR
“oscillatory substrate.” Thus, M clock functions also indirectly
regulate LCR periods and sizes via their impact on the “steady
state” intracellular Ca?* level. When the average interval between
APs becomes prolonged, a reduction net Ca?™ influx into efflux
from the cell (Lakatta, 2004) reduces the cytosolic [Ca®T], the
rate of Ca?* pumping into SR, and the SR Ca?" load. These
reductions, in turn, prolong the average time from the prior AP
occurrence for spontaneous local diastolic ryanodine receptor
activation to occur within SAN cell local microdomains; the
randomness of spontaneous local diastolic ryanodine receptor
activation occurring within these microdomains also increases,
broadening the distribution of LCR periods and shifting these to
longer times at a long AP cycle (Figure 4).

Thus, the degree of variability in activation states of M and
Ca’* clock molecules that emerges over time following their
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synchronization by the prior AP is implicated in the cycle
length dependence of variability of Ca?* and M clock functions
measured here (Table 1 and Figures 3-5). Heartbeat variability
in vivo and APFIV of isolated SAN cells in vitro indicate that
neither autonomic input to SAN cells, nor functions intrinsic to
the SAN cell coupled-clock system, respectively, achieve a steady
state from one beat to the next.

Ca?*-Dependent Synchronization of

Clock Molecules
The local [Ca?™], itself, also serves as a powerful synchronizer
of clock molecular function: ordered/disordered Ca** regulation

has been recently reported for ryanodine receptor-mediated
Ca?™ releases (Maltsev et al., 2019).

Studies in permeabilized SAN cells, in which Ca?* clock
function is preserved, but M clock function is abolished, and
therefore APs cannot occur and do not influence LCR periodicity,
clearly demonstrate that in a fixed, physiologic, free [Ca?*], LCR
occurrences are random when the free [Ca?*] is low and that
LCR periodicity emerges as the free [Ca?T] in the system is
increased due in part to an increase in the Ca?* charge of the SR
capacitor (Sirenko et al., 2013). The intracellular concentration of
the oscillatory substrate, Ca®™, itself is regulated, in part, by the
SAN cell transmembrane Na™ gradient and membrane potential
(Sirenko et al., 2013, 2016).
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cAMP Activation or Phosphorylation of
Clock Proteins Modulates the
Synchronization of and Response to

Activation Cues

Autonomic receptor stimulation modulates both the
activation cues and responses of clock molecules to these
cues. The impact of autonomic receptor signaling on the

effectiveness of clock coupling occurs over several AP cycles
and is reflected in time-dependent transitions in the AP
firing rate and rhythm. The kinetics and stoichiometry
of increases in PKA activity in response to gradations in
BAR stimulation predict the kinetics and stoichiometry
of concurrent time-dependent increases in AP firing rate
(Yaniv et al, 2014b). Prior studies (Lyashkov etal.,2009;
Yang et al,, 2012) have demonstrated that gradations in the
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phosphorylation status of phospholamban at Ser!® across
the three autonomic state mean APFIs of cell populations
in the present study (Supplementary Figure 3) strikingly
resemble gradations of the means of APFIs and APFIVs
observed across these autonomic states measured in the present
study (Table 1).

The extent to which clock molecules respond to Ca?* or
Vm activation cues during an AP is modulated by BPAR- or CR-
dependent phosphorylation of many of the same proteins that
drive SAN cell automaticity in the absence of autonomic receptor
activation. These BARs or CRs impact on the memory of the
extent to which clock molecule activation had been synchronized
during the prior AP. AR or CR modulation has two facets:
(1) a direct effect, due to cAMP or phosphorylation-dependent
activation of clock proteins and (2) an indirect effect by
altering the APFI, which alters the cell Ca?* activation cues

that are directly modulated by autonomic receptor stimulation.
Specifically, BARs and CRs, respectively, not only reduce or
increase mean APFI, but also, respectively, shift variability within
distributions of Ca?* and V., functions in the same direction
(Sirenko et al., 2016) as the shift in mean APFI.

Numerical Modeling

Because we experimentally measured characteristics of APs
in populations of single cells that differed by autonomic
input status, we were able to glean insights not only into
APFIV in an “average” cell, but also into populations of
cells isolated from SAN tissue. Embracing SAN function
at the cell population level resonates with recent studies
of SAN function at the tissue level (Bychkov et al., 2020;
Fenske et al., 2020) that have revealed a novel understanding
of the SAN impulse as an emergent property created by
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a collective of variable interactions among heterogeneous
cell populations within the SAN tissue. On the other end,
APFIV per se also emerges at smaller, subcellular scales, due
to variability in the functions of individual molecules, such
as ion channels, transporters, and pumps, individually and
in complex cooperation with each other. These molecular
functions cannot be measured directly in our single-cell
experiments. Thus, we employed numerical modeling to
extend our perspectives from cell populations and single-
cell levels downward to the molecular scale. Such broader
consideration of variability makes sense when we approach
pacemaker function as a multiscale phenomenon (Qu et al.,
2011) featuring free scale and fractal-like characteristics (Weiss
and Qu, 2020). Considering the SAN cell as a stochastic
dynamic system, we examined variability of major ion
currents and submembrane [Ca?t] during different autonomic
states that created a broad range of APFIs, which were
measured experimentally.

Our simulations indicate that the APFIV of some ion currents
and submembrane Ca?* can be close to that of the APFI itself,
but also can be substantially lower or higher than the APFIV,
depending on the presence or absence of autonomic receptor
stimulation, and the time during the AP cycle (Figure 12):
components such as Iy, Incx, IcaT, and Ca2t exhibit substantial
cycle to cycle variability, whereas Ic,1, Ixach, and Ik show less or
moderate variability. This behavior reflects complex non-linear
recursive interactions of V,, and Ca?T that couple the clocks
that drive the system (Lyashkov et al., 2018) and as such cannot
be directly and definitively interpreted in cause-effect terms.
Nevertheless, our simulations confirmed ion channel behavior
that could have been envisioned. For example, independent of
the nature of the noise added (to It or to Ca?™ release flux):
components contributing to DD (I, Incx, and Ic,t) exhibit a
larger cycle to cycle variability, whereas components contributing
to generation of all-or-none AP characteristics exhibit less
variability (peak Ic,1 and Ik;). This result is in accord with the
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idea of order/disorder transitions during AP cycle (Figure 2,
order/disorder dash line), i.e., the DD manifests disorder and
transition to order, and hence, a larger variability, and then
following the AP upstroke, the AP itself manifests order and
hence less variability.

However, our simulations also provided some unexpected,
interesting results: Incx and submembrane Ca?t amplitudes
during DD followed a power law relationship over a wide
range of APFI under all conditions tested, indicating that self-
similar scale-free or fractal-like behavior is operative within
the coupled-clock mechanism via Incx (Figure 13). There
is also likely to be a secondary effect of Incx amplitude
itself on DD acceleration in a recursive fashion. Indeed, an
increase in Incx is expected to accelerate DD but, at the
same time, is further accelerated by the very same acceleration
it imparts to the ignition mechanism (i.e., diastolic Ic,. and
Ca’*-induced Ca?* release). This self-acceleration ignition
mechanism results in the power law behavior predicted by
the model.

Peak If also followed a power function over a broad
range of APFIs, albeit in a noisy manner manifesting some
extremely long APFIs in CCh. The current that fluctuated
most with respect to variabilities in APFI turned out to
be Ic,r, the peak amplitude of which also reflects DD
dynamics. When DD is rapidly accelerating (as it does at
shorter cycles), Ic,r peak quickly activates and achieves a
higher peak amplitude, and vice versa, when DD is slower
at longer APFIs, Ic,T becomes inactivated over time without
achieving a peak. In log-log plots, this forms a straight line
for almost the entire range of APFIs (power law behavior),
except extremely long APFIs when variations in (already) slow
DD dynamics have almost no effect on Ic,t peak. Thus,
simulations of biophysical components within the pacemaker
cell system exhibited a power law behavior over a wide
range of APFIs that encompasses the broad range of APFIs
measured experimentally.

Observation of model simulations through analytic lenses
applied to experimental data indicated that (as was the case
for the experiment data) the simulated variables are self-similar
to each other across a broad range of APFIs within the three
autonomic states (Figure 15, Supplementary Figure 4, and
Supplementary Table 3).

Model Limitation

Our Ic,, model was adopted from the Kurata model (Kurata
et al, 2002), and although it does include Ca?*-dependent
inactivation mechanism, it lacks Icap facilitation described in
2000 by Mangoni et al. (2000). Also, our numerical model of If
lacks dynamic regulation by cAMP (DiFrancesco, 1999), Ca?™

REFERENCES

Bak, P. (1999). How Nature Works: The Science of Self-Organized Criticality.
New York, NY: Springer-Verlag.

Bogdanov, K. Y., Maltsev, V. A., Vinogradova, T. M., Lyashkov, A. E., Spurgeon,
H. A, Stern, M. D., et al. (2006). Membrane potential fluctuations resulting
from submembrane Ca2+ releases in rabbit sinoatrial nodal cells impart

activated KT channels and store-operated channels that may
potentially contribute to APFIV.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Care and Use Committee of the National Institutes of Health
(protocol #457-LCS-2024).

AUTHOR CONTRIBUTIONS

EL and VM designed the project. DY, AL, IZ, YY, TV, and BZ
performed the experiments and analyzed the results. DY, CM,
and ST did the statistical analyses. DY and VM performed the
numerical simulation. DY and EL wrote the manuscript with the
support from YY and VM. All authors contributed to the article
and approved the submitted version.

FUNDING

This work was supported partially by the Intramural Research
Program of the NIH, National Institute on Aging, and by the
ISF [No. 330/19].

ACKNOWLEDGMENTS

The authors wish to acknowledge the assistance of Dr. Jia-Hua
Qu for assistance with the PC analysis illustrations, and sincerely
appreciate Loretta Lakatta, Robert Monticone, Tracy Oppel, and
Ruth Sadler for their editorial assistance. This manuscript has
been released as a pre-print at bioRxiv (https://www.biorxiv.org/
content/10.1101/2020.09.01.277756v2) (Yang et al., 2020).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2021.612770/full#supplementary- material

an exponential phase to the late diastolic depolarization that controls their
chronotropic state. Circ. Res. 99, 979-987. doi: 10.1161/01.RES.0000247933.
66532.0b

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/hh1201.09
2095

Frontiers in Physiology | www.frontiersin.org

September 2021 | Volume 12 | Article 612770


https://www.biorxiv.org/content/10.1101/2020.09.01.277756v2
https://www.biorxiv.org/content/10.1101/2020.09.01.277756v2
https://www.frontiersin.org/articles/10.3389/fphys.2021.612770/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2021.612770/full#supplementary-material
https://doi.org/10.1161/01.RES.0000247933.66532.0b
https://doi.org/10.1161/01.RES.0000247933.66532.0b
https://doi.org/10.1161/hh1201.092095
https://doi.org/10.1161/hh1201.092095
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Yang et al.

Pacemaker Ca* and Vi, Self-Similarity

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

Clay, J. R., and DeHaan, R. L. (1979). Fluctuations in interbeat interval in rhythmic
heart-cell clusters. Role of membrane voltage noise. Biophys. J. 28, 377-389.
doi: 10.1016/S0006-3495(79)85187-5

DiFrancesco, D. (1999). Dual allosteric modulation of pacemaker (f) channels by
cAMP and voltage in rabbit SA node. J. Physiol. Pharmacol. 515, 367-376.
doi: 10.1111/§.1469-7793.1999.367ac.x

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, 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/
541467-020-19304-9

Garny, A., Noble, D., Hunter, P. J., and Kohl, P. (2009). CELLULAR OPEN
RESOURCE (COR): current status and future directions. Philos. Trans. A Math.
Phys. Eng. Sci. 367, 1885-1905. doi: 10.1098/rsta.2008.0289

Ho, D., Imai, K, King, G., and Stuart, E. (2011). Matchlt: nonparametric
preprocessing for parametric causal inference. J. Stat. Softw. 42, 1-28.

Howell, D. C. (2002). Statistical Methods for Psychology, 5th Edn. Duxbury, MA:
Thomson Learning.

Huikuri, H. V., Makikallio, T. H., Peng, C. K., Goldberger, A. L., Hintze, U., and
Moller, M. (2000). Fractal correlation properties of R-R interval dynamics and
mortality in patients with depressed left ventricular function after an acute
myocardial infarction. Circulation 101, 47-53. doi: 10.1161/01.cir.101.1.47

Johnson, R. A., and Wichern, D. W. (2008). Applied Multivariate Statistical
Analysis, 6th Edn. Upper Saddle River, NJ: Pearson.

Jongsma, H. J., Tsjernina, L., and de Bruijne, J. (1983). The establishment of regular
beating in populations of pacemaker heart cells. A study with tissue-cultured
rat heart cells. J. Mol. Cell. Cardiol. 15, 123-133. doi: 10.1016/0022-2828(83)
90288-2

Jung, P., Cornell-Bell, A., Madden, K. S., and Moss, F. (1998). Noise-induced
spiral waves in astrocyte syncytia show evidence of self-organized criticality.
J. Neurophysiol. 79, 1098-1102. doi: 10.1152/jn.1998.79.2.1098

Kucera, J. P., Heuschkel, M. O., Renaud, P., and Rohr, S. (2000). Power-
law behavior of beat-rate variability in monolayer cultures of neonatal rat
ventricular myocytes. Circ. Res. 86, 1140-1145. doi: 10.1161/01.res.86.11.1140

Kurata, Y., Hisatome, I, Imanishi, S., and Shibamoto, T. (2002). Dynamical
description of sinoatrial node pacemaking: improved mathematical model for
primary pacemaker cell. Am. J. Physiol. 283, H2074-H2101.

Lakatta, E. G. (2004). Beyond Bowditch: the convergence of cardiac chronotropy
and inotropy. Cell Calcium 35, 629-642. doi: 10.1016/j.ceca.2004.01.017

Lakatta, E. G. (2021). Heartbeat music. Heart Rhythm 18, 811-812. doi: 10.1016/].
hrthm.2021.01.011

Lakatta, E. G., Maltsev, V. A., Bogdanov, K. Y., Stern, M. D., and Vinogradova, T. M.
(2003). Cyclic variation of intracellular calcium: a critical factor for cardiac
pacemaker cell dominance. Circ. Res. 92, e45-e50.

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

Lakatta, E. G., Vinogradova, T., Lyashkov, A., Sirenko, S., Zhu, W., Ruknudin,
A., et al. (2006). The integration of spontaneous intracellular Ca2+ cycling
and surface membrane ion channel activation entrains normal automaticity
in cells of the heart’s pacemaker. Ann. N. Y. Acad. Sci. 1080, 178-206. doi:
10.1196/annals.1380.016

Lakatta, E. G., Vinogradova, T. M., and Maltsev, V. A. (2008). The missing link in
the mystery of normal automaticity of cardiac pacemaker cells. Ann. N. Y. Acad.
Sci. 1123, 41-57. doi: 10.1196/annals.1420.006

Lopez, L., Piegari, E., Sigaut, L., and Dawson, S. P. (2012). Intracellular calcium
signals display an avalanche-like behavior over multiple lengthscales. Front.
Physiol. 3:350. doi: 10.3389/fphys.2012.00350

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

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. doi: 10.1152/
ajpheart.01340.2008

Maltsev, A. V., Maltsev, V. A., Mikheev, M., Maltseva, L. A., Sirenko, S. G., Lakatta,
E. G, et al. (2011). Synchronization of stochastic Ca2+ release units creates
a rhythmic Ca2+ clock in cardiac pacemaker cells. Biophys. J. 100, 271-283.
doi: 10.1016/j.bpj.2010.11.081

Maltsev, A. V., Stern, M. D., and Maltsev, V. A. (2019). Mechanisms of calcium leak
from cardiac sarcoplasmic reticulum revealed by statistical mechanics. Biophys.
J. 116, 2212-2223. doi: 10.1016/j.bpj.2019.04.031

Maltsev, V. A., and Lakatta, E. G. (2008). Dynamic interactions of an intracellular
Ca2+ clock and membrane ion channel clock underlie robust initiation and
regulation of cardiac pacemaker function. Cardiovasc. Res. 77, 274-284. doi:
10.1093/cvr/cvm058

Maltsev, V. A., and Lakatta, E. G. (2009). Synergism of coupled subsarcolemmal
Ca2+ clocks and sarcolemmal voltage clocks confers robust and flexible
pacemaker function in a novel pacemaker cell model. Am. J. Physiol. Heart Circ.
Physiol. 296, H594-H615. doi: 10.1152/ajpheart.01118.2008

Maltsev, V. A., and Lakatta, E. G. (2010). A novel quantitative explanation for the
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. doi: 10.1152/ajpheart.00783.2009

Mangoni, M. E., Fontanaud, P., Noble, P. J., Noble, D., Benkemoun, H., Nargeot,
J., et al. (2000). Facilitation of the L-type calcium current in rabbit sino-atrial
cells: effect on cardiac automaticity. Cardiovasc. Res. 48, 375-376. doi: 10.1016/
s0008-6363(00)00182-6

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:€67247. doi: 10.1371/journal.
pone.0067247

Nivala, M., Ko, C. Y., Nivala, M., Weiss, J. N., and Qu, Z. (2012). Criticality in
intracellular calcium signaling in cardiac myocytes. Biophys. J. 102, 2433-2442.
doi: 10.1016/.bpj.2012.05.001

Nolasco, J. B., and Dahlen, R. W. (1968). A graphic method for the study of
alternation in cardiac action potentials. J. Appl. Physiol. 25, 191-196. doi: 10.
1152/jappl.1968.25.2.191

Qu, Z., Garfinkel, A., Weiss, J. N., and Nivala, M. (2011). Multi-scale modeling in
biology: how to bridge the gaps between scales? Prog. Biophys. Mol. Biol. 107,
21-31. doi: 10.1016/j.pbiomolbio.2011.06.004

Shivkumar, K., Ajijola, O. A., Anand, I, Armour, J. A., Chen, P. S., Esler, M.,
etal. (2016). Clinical neurocardiology defining the value of neuroscience-based
cardiovascular therapeutics. J. Physiol. 594, 3911-3954. doi: 10.1113/JP271870

Silverman, B. W. (1986). Density Estimation for Statistics and Data Analysis.
London: Chapman & Hall/CRC.

Sirenko, S., Maltsev, V. A., Yaniv, Y., Bychkov, R., Yaeger, D., Vinogradova, T. M.,
et al. (2016). Electrochemical Na+ and Ca2+ Gradients drive coupled-clock
regulation of automaticity of isolated rabbit sinoatrial nodal pacemaker cells.
Am. J. Physiol. Heart Circ. Physiol. 311, H251-H267. doi: 10.1152/ajpheart.
00667.2015

Sirenko, S., Yang, D., Li, Y., Lyashkov, A. E., Lukyanenko, Y. O., Lakatta, E. G., et al.
(2013). Ca2+-dependent phosphorylation of Ca2+ cycling proteins generates
robust rhythmiclocal Ca2+ releases in cardiac pacemaker cells. Sci. Signal. 6:ra6.
doi: 10.1126/scisignal.2003391

Sirenko, S. T., Tsutsui, T., Tarasov, K. V., Yang, D., Wirth, A. N., Maltsev, V. A.,
et al. (2021). Self-similar synchronization of calcium and membrane potential
transitions during action potential cycles predict heart rate across species. JACC
Clin. Electrophysiol. doi: 10.1016/j.jacep.2021.02.016 [Epub ahead of print].

Song, L. S., Sham, J. S., Stern, M. D., Lakatta, E. G., and Cheng, H. (1998).
Direct measurement of SR release flux by tracking *Ca2+ spikes’ in rat cardiac
myocytes. J. Physiol. 512(Pt 3), 677-691. doi: 10.1111/j.1469-7793.1998.677bd.x

Stozer, A., Markovic, R., Dolensek, J., Perc, M., Marhl, M., Rupnik, M. S., et al.
(2019). Heterogeneity and delayed activation as hallmarks of self-organization

Frontiers in Physiology | www.frontiersin.org

September 2021 | Volume 12 | Article 612770


https://doi.org/10.1016/j.jacep.2020.06.022
https://doi.org/10.1016/S0006-3495(79)85187-5
https://doi.org/10.1111/j.1469-7793.1999.367ac.x
https://doi.org/10.1038/351145a0
https://doi.org/10.1038/351145a0
https://doi.org/10.1038/s41467-020-19304-9
https://doi.org/10.1038/s41467-020-19304-9
https://doi.org/10.1098/rsta.2008.0289
https://doi.org/10.1161/01.cir.101.1.47
https://doi.org/10.1016/0022-2828(83)90288-2
https://doi.org/10.1016/0022-2828(83)90288-2
https://doi.org/10.1152/jn.1998.79.2.1098
https://doi.org/10.1161/01.res.86.11.1140
https://doi.org/10.1016/j.ceca.2004.01.017
https://doi.org/10.1016/j.hrthm.2021.01.011
https://doi.org/10.1016/j.hrthm.2021.01.011
https://doi.org/10.1161/CIRCRESAHA.109.206078
https://doi.org/10.1196/annals.1380.016
https://doi.org/10.1196/annals.1380.016
https://doi.org/10.1196/annals.1420.006
https://doi.org/10.3389/fphys.2012.00350
https://doi.org/10.1016/j.bpj.2017.12.043
https://doi.org/10.1016/j.bpj.2017.12.043
https://doi.org/10.1152/ajpheart.01340.2008
https://doi.org/10.1152/ajpheart.01340.2008
https://doi.org/10.1016/j.bpj.2010.11.081
https://doi.org/10.1016/j.bpj.2019.04.031
https://doi.org/10.1093/cvr/cvm058
https://doi.org/10.1093/cvr/cvm058
https://doi.org/10.1152/ajpheart.01118.2008
https://doi.org/10.1152/ajpheart.00783.2009
https://doi.org/10.1016/s0008-6363(00)00182-6
https://doi.org/10.1016/s0008-6363(00)00182-6
https://doi.org/10.1161/HYPERTENSIONAHA.114.03782
https://doi.org/10.1371/journal.pone.0067247
https://doi.org/10.1371/journal.pone.0067247
https://doi.org/10.1016/j.bpj.2012.05.001
https://doi.org/10.1152/jappl.1968.25.2.191
https://doi.org/10.1152/jappl.1968.25.2.191
https://doi.org/10.1016/j.pbiomolbio.2011.06.004
https://doi.org/10.1113/JP271870
https://doi.org/10.1152/ajpheart.00667.2015
https://doi.org/10.1152/ajpheart.00667.2015
https://doi.org/10.1126/scisignal.2003391
https://doi.org/10.1016/j.jacep.2021.02.016
https://doi.org/10.1111/j.1469-7793.1998.677bd.x
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Yang et al.

Pacemaker Ca* and Vi, Self-Similarity

and criticality in excitable tissue. Front. Physiol. 10:869. doi: 10.3389/fphys.2019.
00869

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., Bogdanov, K. Y., Yang, D., Kuschel, M., Cheng, H., and Xiao,
R. P. (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

Vinogradova, T. M., Zhou, Y. Y., Maltsev, V., Lyashkov, A., Stern, M., and
Lakatta, E. G. (2004). Rhythmic ryanodine receptor Ca2+ releases during
diastolic depolarization of sinoatrial pacemaker cells do not require membrane
depolarization. Circ. Res. 94, 802-809. doi: 10.1161/01.RES.0000122045.55
331.0F

Wang, S. Q., Song, L. S., Lakatta, E. G., and Cheng, H. (2001). Ca2+ signalling
between single L-type Ca2+ channels and ryanodine receptors in heart cells.
Nature 410, 592-596. doi: 10.1038/35069083

Weiss, J. N., and Qu, Z. (2020). The sinus node: still mysterious after all these years.
JACC Clin. Electrophysiol. 6, 1841-1843.

Yang, D., Lyashkov, A. E., Li, Y., Ziman, B. D., and Lakatta, E. G. (2012). RGS2
overexpression or Gi inhibition rescues the impaired PKA signaling and slow
AP firing of cultured adult rabbit pacemaker cells. J. Mol. Cell. Cardiol. 53,
687-694. doi: 10.1016/j.yjmcc.2012.08.007

Yang, D., Morrell, C. H.,, Lyashkov, A. E., Tagirova, S., Zahanich, I, Yaniv, Y., et al.
(2020). Ca?* and membrane potential transitions during action potentials are
self-similar to each other and to variability of ap firing intervals across the
broad physiologic range of AP intervals during autonomic receptor stimulation.
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.
(2014a). 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., Ganesan, A., Yang, D., Ziman, B. D., Lyashkov, A. E., Levchenko, A.,
et al. (2015). Real-time relationship between PKA biochemical signal network
dynamics and increased action potential firing rate in heart pacemaker cells:
kinetics of PKA activation in heart pacemaker cells. J. Mol. Cell. Cardiol. 86,
168-178. doi: 10.1016/j.yjmcc.2015.07.024

Yaniv, Y., Lyashkov, A. E., and Lakatta, E. G. (2013). The fractal-like complexity
of heart rate variability beyond neurotransmitters and autonomic receptors:
signaling intrinsic to sinoatrial node pacemaker cells. Cardiovasc. Pharm. Open
Access. 2:111.

Yaniv, Y., Lyashkov, A. E., Sirenko, S., Okamoto, Y., Guiriba, T. R., Ziman, B. D.,
et al. (2014b). Stochasticity intrinsic to coupled-clock mechanisms underlies
beat-to-beat variability of spontaneous action potential firing in sinoatrial node
pacemaker cells. J. Mol. Cell Cardiol. 77, 1-10. doi: 10.1016/j.yjmcc.2014.09.008

Zaza, A., and Lombardi, F. (2001). Autonomic indexes based on the analysis of
heart rate variability: a view from the sinus node. Cardiovasc. Res. 50, 434-442.
doi: 10.1016/s0008-6363(01)00240- 1

Zaza, A., Robinson, R. B., and Difrancesco, D. (1996). Basal responses of the
L-type Ca2+ and hyperpolarization-activated currents to autonomic agonists in
the rabbit sino-atrial node. J. Physiol. Pharmacol. 491, 347-355. doi: 10.1113/
jphysiol.1996.sp021220

Zhou, P., Zhao, Y. T, Guo, Y. B, Xu, S. M,, Bai, S. H,, Lakatta, E. G,
et al. (2009). Beta-adrenergic signaling accelerates and synchronizes cardiac
ryanodine receptor response to a single L-type Ca2+ channel. Proc. Natl. Acad.
Sci. U.S.A. 106, 18028-18033. doi: 10.1073/pnas.0906560106

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Yang, Morrell, Lyashkov, Tagirova Sirenko, Zahanich, Yaniv,
Vinogradova, Ziman, 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.

Frontiers in Physiology | www.frontiersin.org

121

September 2021 | Volume 12 | Article 612770


https://doi.org/10.3389/fphys.2019.00869
https://doi.org/10.3389/fphys.2019.00869
https://doi.org/10.1161/hh0102.102271
https://doi.org/10.1161/01.res.87.9.760
https://doi.org/10.1161/01.res.87.9.760
https://doi.org/10.1161/01.RES.0000122045.55331.0F
https://doi.org/10.1161/01.RES.0000122045.55331.0F
https://doi.org/10.1038/35069083
https://doi.org/10.1016/j.yjmcc.2012.08.007
https://doi.org/10.1101/2020.09.01.277756
https://doi.org/10.1016/j.hrthm.2014.03.049
https://doi.org/10.1016/j.yjmcc.2015.07.024
https://doi.org/10.1016/j.yjmcc.2014.09.008
https://doi.org/10.1016/s0008-6363(01)00240-1
https://doi.org/10.1113/jphysiol.1996.sp021220
https://doi.org/10.1113/jphysiol.1996.sp021220
https://doi.org/10.1073/pnas.0906560106
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

',\' frontiers
in Physiology

ORIGINAL RESEARCH
published: 20 November 2020
doi: 10.3389/fphys.2020.547577

OPEN ACCESS

Edited by:

Futoshi Toyoda,

Shiga University of Medical Science,
Japan

Reviewed by:

Yael Yaniv,

Technion Israel Institute

of Technology, Israel

Wayne Rodney Giles,
University of Calgary, Canada

*Correspondence:
Henggui Zhang
henggui.zhang@manchester.ac.uk

Specialty section:

This article was submitted to
Cardiac Electrophysiology,

a section of the journal
Frontiers in Physiology

Received: 31 March 2020
Accepted: 29 October 2020
Published: 20 November 2020

Citation:

Alghamdi AM, Testrow CR,

Whittaker DG, Boyett MR, Hancox JC
and Zhang H (2020) Mechanistic
Insights Into the Reduced
Pacemaking Rate of the Rabbit
Sinoatrial Node During Postnatal
Development: A Simulation Study.
Front. Physiol. 11:547577.

doi: 10.3389/fphys.2020.547577

Check for
updates

Mechanistic Insights Into the
Reduced Pacemaking Rate of the
Rabbit Sinoatrial Node During
Postnatal Development: A Simulation
Study

Azzah M. Alghamdi’2, Craig P. Testrow’, Dominic G. Whittaker?®, Mark R. Boyett?,
Jules. C. Hancox"® and Henggui Zhang'67*

" Biological Physics Group, School of Physics and Astronomy, The University of Manchester, Manchester, United Kingdom,

2 Department of Physics, Faculty of Science, University of Jeddah, Jeddah, Saudi Arabia, ° Department of Mathematics,
University of Nottingham, Nottingham, United Kingdom, * Department of Biomediical Sciences, Faculty of Health and Medical
Sciences, University of Copenhagen, Copenhagen, Denmark, ° School of Physiology, Pharmacology and Neuroscience,

and Cardiovascular Research Laboratories, School of Medical Sciences, University of Bristol, Bristol, United Kingdom,

8 Peng Cheng Laboratory, Shenzhen, China, ” Key Laboratory of Medical Electrophysiology of Ministry of Education

and Medical Electrophysiological Key Laboratory of Sichuan Province, Institute of Cardiovascular Research, Southwest
Medical University, Luzhou, China

Marked age- and development- related differences have been observed in morphology
and characteristics of action potentials (AP) of neonatal and adult sinoatrial node (SAN)
cells. These may be attributable to a different set of ion channel interactions between
the different ages. However, the underlying mechanism(s) have yet to be elucidated.
The objective of this study was to determine the mechanisms underlying different
spontaneous APs and heart rate between neonatal and adult SAN cells of the rabbit
heart by biophysical modeling approaches. A mathematical model of neonatal rabbit
SAN cells was developed by modifying the current densities and/or kinetics of ion
channels and transporters in an adult cell model based on available experimental data
obtained from neonatal SAN cells. The single cell models were then incorporated into
a multi-cellular, two-dimensional model of the intact SAN-atrium to investigate the
functional impact of altered ion channels during maturation on pacemaking electrical
activities and their conduction at the tissue level. Effects of the neurotransmitter
acetylcholine on the pacemaking activities in neonatal cells were also investigated and
compared to those in the adult. Our results showed: (1) the differences in ion channel
properties between neonatal and adult SAN cells are able to account for differences
in their APs and the heart rate, providing mechanistic insight into understanding the
reduced pacemaking rate of the rabbit sinoatrial node during postnatal development;
(2) in the 2D model of the intact SAN-atria, it was shown that cellular changes during
postnatal development impaired pacemaking activity through increasing the activation

Frontiers in Physiology | www.frontiersin.org

122 November 2020 | Volume 11 | Article 547577


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2020.547577
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2020.547577
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2020.547577&domain=pdf&date_stamp=2020-11-20
https://www.frontiersin.org/articles/10.3389/fphys.2020.547577/full
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Alghamdi et al.

Effects of Postnatal Development on Cardiac Pacemaker

time and reducing the conduction velocity across the SAN; (3) the neonatal SAN model,
with its faster beating rates, showed a greater sensitivity to parasympathetic modulation
in response to acetylcholine than did the adult model. These results provide novel
insights into the understanding of the cellular mechanisms underlying the differences
in the cardiac pacemaking activities of the neonatal and adult SAN.

Keywords: postnatal development, sinoatrial node, sodium current, funny current, calcium current, pacemaking
action potentials, ion channel mechanisms

INTRODUCTION

In many species maturation leads to a decrease in the heart
rate (HR) (Larson et al., 2013). The HR of mammals including
humans, rabbits, rats, and dogs (Dobrzynski et al., 2007; Yanni
et al., 2010), decreases with age development; in humans, the
heart rate range is between approximately 100-150 beats/min in
the neonate (Myrnerts Hook et al., 2018), and 60-100 beats/min
in the adult (Your heart rate-British Heart Foundation, 2019).

In normal conditions, the HR is determined by the primary
pacemaker of the heart, the sinoatrial node (SAN), which
possesses intrinsic pacemaking activity (Boyett et al., 2000; Satoh,
2003; Dobrzynski et al., 2007). Spontaneous APs of sinoatrial
nodal pacemaker cells are produced by ion channels and ion
transporters, as well as by the intracellular Ca?* dynamics in
SAN myocytes (Dobrzynski et al., 2007). It has been shown
that significant developmental changes in the expression and
function of ion channels and other cellular elements may be
responsible for a postnatal alteration in the spontaneous activity
of the transmembrane potential in single cells isolated from rabbit
SAN (Yang et al., 2006; Dobrzynski et al., 2007). As compared
with neonatal SAN cells, spontaneous APs in adult SAN cells
show a reduction in spontaneous beating rate, increases in action
potential duration (APD) and the intrinsic cycle length (CL),
and an increasingly negative maximal diastolic potential (MDP)
(Roberts et al., 2012; Larson et al., 2013).

A number of studies have investigated the ionic basis of
automaticity in the adult SAN and the age-dependent factors
responsible for the changes in the intrinsic heart rate (Jose and
Collison, 1970; Toda, 1980; Campbell et al., 1992; Opthof, 2000;
Baruscotti and Robinson, 2007). However, there have been far
fewer studies on the basis of automaticity of the neonate or
immature node cells until recently (Yang et al., 2006; Baruscotti
and Robinson, 2007; Yang et al., 2002; Baruscotti et al., 1996;
Baruscotti et al., 2001; Accili et al., 1997). The mechanism(s)
that underlie the different pacemaking activities between the
neonatal and the adult SAN are unclear, though a number of
recent studies have stated categorically that the ionic basis of
automaticity in neonate mammalian cells is distinct from that
in the adult (Baruscotti and Robinson, 2007; Jones et al., 2007;
Larson et al., 2013).

Prior studies on the developing SAN in rabbits have revealed
that the sodium current, Iy, (Baruscotti et al., 1996, 2001), and
pacemaker current, Iy (Accili et al., 1997; Yang et al., 2006), are
associated with a developmental maturation-dependent decrease
of SAN automaticity, as the two currents have been shown to be
greater in the neonate than in the adult. In contrast, the opposite

was observed for L-type Ca2™ current, Ic, (Jones et al., 2007;
Protas et al., 2017), as the contribution from this current to the
automaticity increased in the central cells of adult SAN in rabbits
compared with that in the neonate. This may reflect species
differences (Adachi and Shibata, 2013).

Although experimental information regarding developmental
maturation-dependent changes in potassium and other
transmembrane currents within the sinoatrial node is lacking,
there are experimental data that have considered molecular
markers of other relevant parameters and highlighted the key
differences between neonates and adults, including an increase
in the fibroblast content of the node and a lack of expression of
connexins (Jones et al., 2004; Baruscotti and Robinson, 2007),
each of which may produce alterations to the electrophysiological
properties of the cardiac tissues.

It is unclear whether these differences could account for the
different pacemaking activities between the neonatal and adult
SAN. Computer-based modeling approaches have proved to be
powerful tools to gain a further understanding of the behavior
and complexity of electrical, mechanical, structural, and genetic
mechanisms of the pacemaker activities in healthy animals
(Fabbri et al., 2015), and during the development of arrhythmia
(Fabbri et al., 2017). They have also offered a means to predict
quantitatively the functional roles of altered molecular dynamics
and ionic channels in a systematic way that is otherwise difficult
to achieve in an experimental setting at the level of ion channels,
cells and tissues (Roberts et al., 2012). These models have usually
been constructed and validated against experimental data, and so
these approaches are considered reliable (Wilders, 2007).

This study was undertaken to provide a framework in which
to analyze the ionic mechanisms underlying the changes in
cardiac pacemaking action potentials at the single cell level
during the developmental maturation of the rabbit SAN. We have
combined different experimental findings from voltage clamp
experiments with those on gene expression of the ion-channel
currents. Through simulations, we first investigated how changes
in the expression and function of different jon channels can
contribute to the alteration of the spontaneous AP waveform of
the SAN cells and therefore slow spontaneous rate at the single-
cell level of the adult heart. This was done by simulating the
integral effect of remodeled ion channels on the pacemaking
rate and AP characteristics, which were validated by comparing
the simulation results to prior experimental data. Then, further
mechanistic analysis was conducted to investigate the functional
role of individual ion channel changes in producing the
pacemaking differences between the neonate and the adult. These
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analyses elucidated the primary ion channel that is responsible
for the pacemaking difference between the neonatal and the
adult pacemakers, adding new mechanistic insight into the
understanding of neonatal and adult pacemakers to previous
experimental studies. In addition, we have updated a 2D model
of the intact SAN and surrounding atrial tissue to determine
the functional impact of development-dependent changes in
electrical coupling through connexins on the initiation and
conduction of SAN APs, and their conduction into the atrium.

MATERIALS AND METHODS

A framework for investigating the underlying mechanism of
fast heart rhythm in the neonate rabbit SA node cells arising
from ion channel remodeling was developed by updating: (1) the
electrophysiologically detailed central and peripheral SAN cell
models developed by Zhang et al. (2000) at the single cell level; (2)
a 2D anatomical model of the intact SAN-atrium tissue developed
by Butters et al. (2010; Bai et al,, 2017), which incorporated
tissue geometry for SAN and the right atrium (RA), including
the crista terminalis (CT) (Dobrzynski et al, 2005). These
models represented the adult rabbit. Therefore, based on the
literature review of the ion channel properties of neonate heart as
summarized in Table 1, both models were modified at the single
cell and tissue level for two age groups: neonate and adult. In
simulations, we did not include postnatal development changes

in the intracellular Ca?* handling because the experimental data
of Allah etal. (2011) showed no significant change of Ca>* uptake
and Ca®™ release proteins, as determined by RyR and SERCA2a
expression levels, between the neonatal and adult SAN.

Model Development at the Single-Cell

Level

The single-cell models developed by Zhang et al. (2000), as based
on experimental data from isolated rabbit SAN preparations,
were used as basal models. In brief, the model described
the membrane potential of rabbit SAN cells using Hodgkin-
Huxley formulations of ionic currents (see Eq. 1) at body
temperature (37°C). The model consisted of 39 coupled ordinary
differential equations (ODEs) to describe voltage-gated ion-
channel currents, exchanger currents, and an ionic pump (see
Eq. 2) for central (cell capacitance of 20 pF) and peripheral (cell
capacitance of 65 pF) SAN cells.

av, 1
7;” = —almt (1)

Lt = (INa + Ica,t + Icast + Ixr + Ixs + Tto + Lsus

+l+ 1y + Inek + INaca) (2)

In order to model the AP of the SAN cell of neonatal rabbits,
the conductances and kinetics of some ionic channels responsible

TABLE 1 | Summary of differences in current densities and kinetic parameters of ion channels between newborn and adult central SAN cells from multiple species.

lon Current density Midpoint potential for Midpoint potential for Change in relative  Species References
channel (pA/pF) the activation curve (mV) the inactivation curve abundance of
(mV) mRNAs for ion
channel in central
SAN
Neonate Adult Neonate Adult Neonate Adult
INa 68.51 £16.0 9.00+0.3 -38+22 -37.50+£09 -89.70+0.7 —-93.42+1.9 - Canine Protas et al. (2010)
180.55+16.0 0.00+£0.0 -339+0.7 —-2321+08 -6351+10 -61.75+1.1 - Rabbit Baruscotti et al. (1996)
- - - - - 1 +64% Rabbit Allah et al. (2011)
I - - —685+4.0 -63.20+0.6 - - - Rabbit Yang et al. (2006)
0.24 +1.5 0.15+ 0.1 - - - - - Rabbit Accili et al. (1997)
17283+6.2 960+10 —-829+52 —-8413+29 - - - Canine Protas et al. (2010)
- - —104.7 +£3.1 —-110.66 + 3.2 - - Mouse Larson et al. (2013)
- - - HCN21 +31% Rat Huang et al. (2016)
HCN44 +24%
lca,L 1761+25 1231+£14 —-1733+14 -2200+0.8 -3341+14 -2831+17 - Rabbit Protas et al. (2017)
- - - - - - 1 +42% Rabbit Allah et al. (2011)
9.02 + 3.1 460 + 2.6 - - - - - Mouse Larson et al. (2013)
lca,T 455+ 0.0 452+00 -3300+22 -3511+20 -65.00+21 —-65.09+24 - Rabbit Protas et al. (2017)
9.10+£ 2.6 6.36 +£ 2.7 - - - - Mouse Larson et al. (2013)
Ixr - - - 1 +36% Rabbit Allah et al. (2011)
Iks - - - 1+ 4+27% Rabbit
INaCa - - - 1 +66% Rabbit
lK,ACh - - - 1 +60% Rabbit
Cx43 - - - 1 +60% Guinea-pig  Jones et al. (2007)

Available data regarding relative abundance of mRNAs that code for some ion channels between neonatal and adult cells are also shown.

Frontiers in Physiology | www.frontiersin.org

124

November 2020 | Volume 11 | Article 547577


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Alghamdi et al.

Effects of Postnatal Development on Cardiac Pacemaker

for cellular depolarization and repolarization were adjusted,
based on a comprehensive literature review of experiment data
on some ion-channel currents, such as, Ic,,; and Iy, and gene
expression levels of ion channels, such as Iks, Ik, and Ingcg, on
the neonatal rabbit SAN (see Table 1).

The contribution of all or individual remodeled ion channels
to the genesis of different pacemaking action potentials between
neonatal and adult SAN cells were investigated by integral
(inclusive) and exclusive methods. Using the inclusive method,
the effect of all experimentally observed changes in different ion
channels on the APs was simulated, and results were compared
with (validated against) experimental data of the pacemaking rate
and the characteristics of APs obtained from experimental studies
(Baruscotti et al., 1996; Allah et al., 2011). This method helps
to answer whether these changes in ion channels are sufficient
to account for the observed differences in pacemaking activity
between the neonatal and adult SAN cells. Tables 2, 3 summarize
experimental data on the two groups current densities and
conductances of SAN cells. With the exclusive method, only
changes in the selected ion channel were considered in each
simulation to investigate the relative role of the remodeled
channel in affecting pacemaking activity. Using the exclusive
method, the major contributor(s) to the greater heart rate of the
neonate SAN cells was determined. In all simulations, the models
were solved numerically with a time step of 0.01 ms, which is
sufficiently small for stable numerical solutions.

Modeling Ij, in the Neonatal Rabbit SAN

The sodium-channel current, Iy, is considered to be the main
ion channel responsible for the upstroke phase of the APs in
non-pacemaking cells (Dobrzynski et al., 2007). However, it
is not detected in the central cells of the adult rabbit SAN
(Zhang et al, 2000; Dobrzynski et al., 2007). In contrast,
according to Baruscotti et al. (1996), voltage clamp measurements
from neonatal SAN cells revealed the presence of sodium-
channel current. This ion-channel current decreased gradually
to disappear 40 days after birth. Of further interest is the
difference of Iy, between the neonate and young rabbit SAN
cells (Baruscotti et al., 1996). In particular, as compared to
the neonate there is ~76% reduction in the sodium channel
current density in the young, which ultimately reduced to zero,
together with a rightward shift of the activation curve (midpoint

TABLE 2 | Implemented conductances of different ionic currents in the neonate
and adult central SAN cell models based on experimental data as listed in Table 1.

lon current Conductance
Neonate Adult Ratio (neonate/adult)

INa 0.5350 x 1076 1S 0 00
gcal 0.841 x 1072 uS  0.58 x 1072 uS 1.45
IK.r 10.839 x 1074 uS  7.97 x 1074 S 1.34
OK.s 6.57 x 1074 uS 518 x 1074 uS 1.27
9f.Na 95725 x 1074 uS 5.47 x 1074 uS 1.75
9k 95725 x 1074 uS 5.47 x 1074 uS 1.75
KnaCa 0.4482 x 1075 nA  0.27 x 107° nA 1.66

TABLE 3 | Current densities in the neonate and adult central SAN cell models.

lon current Current density, pA/pF

Neonate (simulation) Neonate (experimental) Adult
INa 179.56 180.5 + 16 0.0
lca.L 17.58 176+25 12.23
I 17.45 172 +£6.2 3.36
Iks 0.84 - 0.66
Ixr 1.07 - 0.97
INaCa 0.22 - 0.13

changed by 7 mV in the young) and little or no alteration of the
inactivation curve (see Table 1). Consistent with this, quantitative
PCR analysis of the mRNA of neonatal and adult SAN rabbit cells
showed a relatively greater abundance of the isoforms Navl.1
and Navl.5 in the neonatal rabbit SAN cells, which significantly
decreased during postnatal development (Allah et al., 2011). It
is not yet clear if/how such a decreased Iy, helps to explain the
slowing of the heart rate with postnatal development.

To model the postnatal development of the sodium-channel
current in rabbit SAN, maturation-dependent Iy, equations
were developed based on experimental data from both newborn
and young rabbit SAN cells. In the developed model, data
on the steady-state activation and inactivation curves for
neonate and young rabbit SAN cells reported in Baruscotti
et al. (1996) were implemented, taking into account of the
shift in the steady-state activation midpoints (as shown in
Figures 1A,B). As these experimental data were obtained at room
temperature (20-22°C) while the model was developed at body
temperature at 37°C, therefore, a Q;¢ of 1.7 correction of the
current density was considered accounting for the temperature
difference (Lindblad et al, 1996; Zhang et al., 2000). The
maximal channel conductance of the sodium current (gng, max)
was determined by reproducing the experimental data for
the I-V relationship (Baruscotti et al., 1996). The developed
equations and use of their parameters were validated by the
model’s ability to reproduce voltage-clamp data for the Iny
channel, using the same voltage-clamp protocol as used in
the experiments. In brief, Iy, was recorded from a holding
potential of —65 mV by applying a series of testing potentials
that each lasted 10 ms and were varied between —60 mV and
+45 mV in 5 mV increments (see Figure 1C). As shown in
Table 2, changes in parameters of the age-related Iy, equations
were incorporated into the Zhang et al’s (2000) SAN model.
Figure 1D shows the simulated I-V currents for both neonate
and young rabbits (black and red lines respectively), which
are compared with experimental values (the square points)
reported for both neonate and adult rabbits. Simulation data
were consistent with the experimental data in showing a
peak current density of the neonate I-V curve greater than
that of the young, similar to experimental data as shown in
Table 2. In sensitivity analysis, a systematic change in the
conductance of Iy, was implemented to investigate the role
of Ina on the pacemaking CL (see Supplementary Figure
S1A for details).
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FIGURE 1 | /,; simulation and validation. (A) Steady-state activation and inactivation curves of the Iy, in two groups: neonate (black line) and adult (red line), which
are compared with experimental data by Baruscotti et al. (1996). (B) Midpoint of the activation curve (Vg 5) for neonatal and adult. (C) Simulated traces of Iy for
neonate and young SAN cells under the voltage-clamp protocol as shown by the inset. (D) Simulated -V relationship and its validation against experimental data by

Membrane potential (mV)

Modeling /¢

The hyperpolarization activated current, I, is well known as
a pacemaking current due to its significant contribution to
the pacemaking potential during the phase 4 of the AP of
SAN cells (DiFrancesco, 1993; Baruscotti et al., 2005). This
ionic channel is permeable to Na™ and K ion fluxes, and
comprised of HCN1, HCN2, and HCN4 isoforms, which have
been found to be the most abundant isoforms among other
subunits (Brioschi et al., 2009). Postnatal changes of this ion
channel in rabbit SAN cells were identified experimentally by
Accilietal. (1997) and Yang et al. (2006). According to Accili et al.
(1997), SAN development affects Iy by decreasing the current
density and altering the slope factor of the activation curve
of the channel, though without changing the midpoint of the
activation curve. The decreased I is assumed to result from the
change to the cAMP during development. In agreement with this,
voltage clamp data recorded by Yang et al. (2006) suggested a
smaller I¢ in adult SAN cells (12-week-old group) as compared
to neonatal SAN cells (2 weeks old) in the rabbit heart. The
smaller I7 in the adult group was also associated with a negative
shift of the voltage-dependent activation relationship (Table 1).

Moreover, quantitative PCR measurements on the mRNA of the
HCN subunit confirmed a 69% reduction in HCN4 expression in
adult SAN cells compared with the numbers in neonates (Allah
et al., 2011). Similar age-induced remodeling of SAN Iy during
development was also observed in changes of HCN expression in
other species, including rats (Huang et al., 2016), mice (Larson
et al,, 2013), and canines (Protas et al., 2010). These results
indicate that the change in Iy with age may be an important
contributor to the declined SAN function and therefore the
decreased HR. However, this has not yet been shown explicitly.
The role of the remodeled Iy on the pacemaking APs of
SAN cells was assessed by incorporation of the development
maturation-dependent Iy equations into the Zhang et al.’s (2000)
model. These maturation-dependent Iy equations were developed
based on experimental data from Accili et al. (1997) and Yang
etal. (2006), and were validated by their ability to reproduce these
experimental data. Results are shown in Figure 2 for neonatal and
adult I, taking into account the maturation-related negative shift
of the midpoint of the activation curve by 7 mV as suggested by
Yang et al. (2006) (see Figures 2A,B), as well as an increase in the
maximal conductances of gr (e.g., g7 Na> g7.x) by 70%. The time
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constant for the activation of Iy in neonates was similar to that of
adults in the Zhang et al. (2000) model.

The simulated current traces for the I current in both
neonate and adult SAN cells were obtained under the following
voltage-clamp protocols: the Iy current was recorded from a
holding potential of —35 mV by applying a series of testing
potentials lasting for 600 ms and were varied between —45 mV
and —105 mV in 10 mV increments at 36°C, as shown
in Figure 2C. The resultant I-V curve (Figure 2D) showed
reasonable agreement between the simulation and experimental
data obtained for both neonatal and adult cells. The peak current-
voltage relationships for Ir from the central SAN cell model
in neonates (black line) and adults (red line) are shown in
Figure 2D, and these were validated against experimental data
reported by Honjo et al. (1996) and Protas et al. (2010). In
sensitivity analysis, a systematic change in the conductance for
Iy was implemented to investigate the effect of changed I; on the
pacemaking CL (see Supplementary Figure S1B for details).

Calcium Currents and Remodeling

In the SAN cells, two types of Ca?>* current are present: L-Type
and T-Type, which are activated at relatively high and low
voltages, respectively (Verheijck et al., 1998). The contributions

made by the two currents to the pacemaking AP of the rabbit
SAN cells have been investigated previously (Dobrzynski et al.,
2007). The L-type calcium current was found to be a major
contributor to the phase 0 (upstroke) of the APs, either alone
in the central cells of adult rabbits’ SAN or in combination
with the Iy, current in peripheral SAN cells, in addition to its
contribution to the late diastolic depolarization phase of the adult
rabbit SAN cells spontaneous AP (Zaza et al., 1996; Verheijck
etal., 1999; Mangoni et al., 2003; Baruscotti and Robinson, 2007).
A comparative analysis of the postnatal changes of Ca?* ion
currents Ic, 7 and Ic,, . in central cells of the rabbit SAN was
carried out by Protas et al. (2017). It was shown that there were
no developmental changes in recorded I¢,, 1 densities, suggesting
that, although it contributes to the automaticity of rabbit SAN
cells, Ic,, 1 is not a critical determinant of age-dependent changes
of the SAN pacemaking.

There is experimental evidence for the reduction of I, 1, with
postnatal development (Protas et al., 2017); in particular, a 42%
reduction in the current density of I¢, 1 has been seen in adults
as compared to neonates. However, this was accompanied by a
rightward shift of the inactivation curve (midpoint changed by
5 mV in adults), and a leftward shift of the activation curve
(midpoint changed by 5 mV in adults), leading to an increase
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in the window current (the overlap between the activation and
inactivation steady-state curves). The increased window current
in the adult would suggest a greater contribution of this current to
pacemaking in the adult as compared to the neonate. Additional
support for this hypothesis comes from the findings of Jones
et al. (2007), who observed a progressive loss of Cavl.2 with
age in guinea-pig SAN. Moreover, molecular identification of the
ion channels at the protein level showed an association between
heartbeat decline and decrease in I¢,  transcript by 58% in
developing SAN rabbit cells (Allah et al., 2011).

To investigate if/how I¢, 1 influences age-dependent changes
SAN activity development, a model for neonatal Ic,; was
developed, based on the above-mentioned experimental data
reported by Protas et al. (2017). Figures 3A,B illustrates the
simulated steady-state activation and inactivation curves for
neonates (black lines) and adults (red lines). The I-V relationship
was computed from the model using a voltage clamp protocol
with 10 mV incrementing steps between —60 mV and 60 mV
of 300 ms duration (see Figure 3C), at a temperature of 36°C.
The established I-V relationship curve for the Ic, 1 of neonate
and adult rabbit SAN is illustrated in Figure 3D. The magnitude
of the neonate (black line) peak current density, 17.30 pA/pE,
was considerably larger than the peak current density in adults
of 12.32 pA/pF (see Table 3). This result was comparable with
values recorded experimentally (Protas et al., 2017). In sensitive

analysis, a systematic change in the conductance of I¢,  was
implemented to study the effect of altered I,y in modulating CL
(see Supplementary Figure S1C for details).

Inaca and Remodeling

NCX is believed to be functionally important for pacemaking
activity through the release of Ca?* from the SR during late
diastole and the consequent activation of the inward Na®-
Ca?t exchange current, Ingc, (Satoh, 2003). In the SAN, it was
observed that the expression of NCX1 for both mRNA and
protein levels was more abundant in the neonate than the adult
(Allah et al., 2011). In addition, the expression of NCX1 protein
was different between the neonate and the adult. This decrease
in NCX1 mRNA abundance suggests a possible contribution
to the decrease in the heart rate during postnatal development
(Allah et al., 2011). Consistent with this, several previous studies
have observed a similar postnatal decrease in NCX1 in rabbit
ventricles, (Artman, 1992; Artman et al., 1995; Chen et al., 1995;
Dan et al., 2007), rabbit whole hearts (Artman, 1992) and human
ventricles (Qu et al., 2000). In our model, the Inyc, of the rabbit
SAN cells was considered to be greater in neonates compared
to adults; therefore, based on Allah et al. (2011), the magnitude
of the Ingc, current density was adjusted by multiplying the
maximal value of the scaling factor for In,c, by a ratio of 1.66,
as summarized in Tables 1, 2.
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FIGURE 3 | Simulation of /¢, and its validation. (A) The fitted steady-state activation and inactivation curves of the I, in two age groups: neonates (black line)
and adults (red line). (B) The bar chart shows the shifted midpoints of activation and inactivation curves. (C) The simulated time traces of /4, in both neonate and
adult SAN cells with the voltage-clamp protocols as shown at the bottom of the diagram. (D) Simulated |-V relationship. Results validated against experimental data
reported by Protas et al. (2017).
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Modeling of the Rapid/Slow Delayed

Rectifier Kt Currents: I, /lks

There are two components of the delayed rectifier potassium
current in rabbit SAN cells: rapidly activating current (Ix,) and
slowly activating current (I;). These outward currents are crucial
for the repolarization phase of the APs in the SAN. For the
neonate condition, limited voltage-clamp experiments for the
two currents have been reported in the literature. However, the
postnatal developmental changes in the expression of the two
ion channels have been characterized by using quantitative PCR,
in situ hybridization and immunohistochemistry for neonatal
(2-7 days of age) and adult (~6 months of age) New Zealand
White rabbits (Allah et al., 2011). The results showed that the
mRNA expression of ERG (responsible for Ix,) and both KvLQT1
and minK (responsible for Ix;) were more abundant in the SAN
compared to the left ventricle for both neonate and adult cases. It
was also found that there was a postnatal reduction in mRNAs
associated with delayed rectifier Kt channels by 36% for the
ERG and 27% for the KvLQT1 in the SAN. Therefore, for the
purposes of our simulation, the ratios of the I, and Ix; maximal
conductances of neonate to adult were adjusted by multiplying
these ratios by 1.36 and 1.27 as factors in the conductance in the
neonatal SAN model, respectively (see Tables 1, 2).

Acetylcholine-Activated Potassium

Current: Ix ach

Acetylcholine (ACh) is a neurotransmitter which has a
chronotropic effect opposite to that of (nor)adrenaline. It is
released from the vagal nerve terminals in the SAN, leading to
a negative chronotropic effect which appears as a significant
reduction in the HR. The effects of ACh on the HR and CL in
both age groups for SAN cells in rabbits were simulated by using
a formulation of the ACh-activated potassium current, Ix achs
given by Zhang et al. (2002):

K *
Ik ach = gk, ach (ﬁ) (Vi — Ex)/(1
texpl Vi — Ex — 140)F/2.5RT])) 3)

in which gx scp is the conductance; Ix ¢y, is the ionic current;
F and R are the Faraday and universal gas constants, respectively;
[K]. is the extracellular concentration of K*; V,,, is the membrane
potential; and E is the reversal potential for K.

The conductance gx_acy is given by:

[Ach]nK,ACh

(4)
K gﬁ:gijh + [ACH]"K.ACh

8K,ACh = &K.,ACh max*jk*

where j, k refer to the inactivation variables (fast and slow,
respectively); gk ach max is the maximum value of gk ach; 7 k. ach
is the Hill coeflicient; Ko.5 x acn is the concentration of ACh
that produces a half-maximal activation; and [ACh] is the molar
concentration of ACh.

The voltage-dependent inactivation variables j and k are ODEs
of the form given in the following equations:

dj . .

d%‘:aj (j=1) = B (5)
dk
E:O(k(l—k)—ﬂkk (6)

In these equations, aj, B o, and By are rate constants. The
constants o and o represent voltage-independent constants
given by 3.7 s7! and 73.1 s7 1, respectively. However, the voltage-
dependent constants f; , and . are given by:

120
bj = 1+ exp(—(vim + 50)/15) @
B — 5.82 (8)

1+ exp(—(v, +50)/15)

The equation that describes the change of time dependence of
the membrane potential is as follows:

AV it + Ik, ach 9)
dr Cun
in which I, is the net magnitude of the various ionic currents.
The incorporation of ACh into our model incorporated two
additional effects on ionic currents: a shift in the activation curve
for the funny current, Iy, and the fractional block of I¢, 1, the
L-type Ca?* channel (Zhang et al., 2002).
Acetylcholine causes a shift in the activation curve (mV) of the
funny current Iy to a more negative potential as follows:

[ACH]Y

nf n
Kys; + [ACHY

S = Simax+ (10)

In this equation, S 4y refers to the maximum shift of the Iy
activation curve; K ¢ 5 ¢ is the ACh concentration that produces
a half-maximal shift in the funny current activation curve; and
nf is the Hill coefficient. This was factored into the model by
subtracting s from the exponent in the Boltzmann equation for
the steady-state gating variables of the funny current.

The activated ACh also leads to a partial depression of Ic, 1,
which is given by a dimensionless quantity:

[ACh]
Kos,ca+ [ACH]

b = b max * (11)
where b ,4x is the maximum fractional block of Ic,r, and
Ko.5,cq is the concentration of ACh that produces a half-maximal
block of I¢g, 1. This depression can be included in the model by
multiplying the Ic, 1, ionic current by (1 — b).

For the neonatal condition, it was found in patch clamp
experiments that the neonatal SAN cells exhibited particular
sensitivity to autonomic stimulation compared with adult SAN
cells. Accili et al. (1997) examined the activation curves of the Iy
in neonate and adult rabbit cells. It was shown that cells in both
groups exhibited similar shifts in the I activation in response
to maximal concentrations of acetylcholine. Therefore, it was
suggested that the greater heart rate and the greater sensitivity of
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the SAN to ACh was partly the result of the greater magnitude
of the hyperpolarization-activated current (If). Another study
(Allah et al., 2011), which measured changes in the mRNA
expression of Kir3.1 that is responsible for Ix _4cp, found that the
relative abundance of mRNAs for Kir3.1 in the SAN was greater
(60%) than in the right atrium and left ventricles in the neonates,
but not in the adults. In order to model the effect of ACh,
the dose dependency of ACh-affected ion channels, including
Ix.ach> Ica,L, and Iy, were considered and incorporated into our
newly developed neonate (central and peripheral) SAN models,
while taking into consideration the fact that gg acp is greater
in neonates (60%) by incorporating this percentage as a factor

in gx ach -

Tissue Model for AP Propagations

In order to investigate the consequences of postnatal changes
in different ion-channel properties on the propagation and
conduction of excitation waves in the intact SAN-atrium, the
2D anatomical model of the intact SAN-atrium tissue described
in previous study (Butters et al.,, 2010) was implemented. This
model considered the heterogeneities of the AP characteristics
and the anisotropy of the tissue, including distinct regions of
the SAN-atrium, central and peripheral cells of the SAN, which
were simulated by Zhang et al. (2000) models. For right atrial
cell APs, due to lack of a complete set of experimental data
for developing a neonatal model, the model of Aslanidi et al.
(2009) for the adult atrial cell was used for both neonatal
and adult conditions. The geometry of the 2D model was
extracted using histological and immunohistochemistry-imaging
data from anatomical models of rabbit SAN cells (Verheijck
et al., 1998). The geometry represented the whole intact SAN-
atrium meshing from the endo-cardiac surface with a high spatial
resolution of 0.04mm to form a Cartesian grid which was divided
into 385 x 250 nodes (Dobrzynski et al., 2005; Butters et al.,
2010).

In the SAN-atrium tissue model, intercellular electrical
coupling via connexin between cells is modeled by the diffusive
interactions of membrane potentials, which generates the
propagation of excitation waves. In the tissue model, such
a diffusive interaction of membrane potentials is modeled
by a diffusion coeflicient (D). Since our model represents an
intact SAN-atrial tissue is anisotropic, the 2D model took into
consideration of regional differences in the intercellular electrical
coupling by using a spatially dependent diffusion coefficient,
which determines the conduction velocity of excitation
propagation within the SAN-atrium tissue. Anisotropic
conduction of the excitation waves due to cardiac fiber
orientations was modeled by implementing different values of D
in the longitudinal and transverse directions of the tissue fiber
as used in our previous studies (see Supplementary Figure S2A
and Eq. 12) (Dobrzynski et al., 2005; Butters et al., 2010).

1 1
1+e—0.5(x—x1) + 1+e0.5(x—x2)) (12)

where x is the horizontal coordinate through the 2D slice, x1
and x2 approximately correspond to the positions of the SAN

D (x) = Dc + Dp (

boundaries within the tissue, and D¢ and Dp are the diffusion
coefficients of central and peripheral SAN cells, respectively. The
regional differences in cell-membrane capacitance (Cy,) in the
SAN-atrium tissue were based on the study of Zhang et al. (2000)
model (Supplementary Figure S2B). The spatial distributions of
current densities for different ion channels were correlated with
the cell membrane capacitance (C,,), which increased gradually
from the center to the periphery of the SAN (Zhang et al., 2007).

The 2D model used the monodomain equation to simulate
the propagation of the AP and describe the transmembrane
potential changes with time. The equation was solved using the
finite partial differential equation (PDE) solver with a time step
of 0.01 ms and space step of 0.04 mm, which gave accurate
numerical solutions (Dobrzynski et al., 2005; Butters et al., 2010).

To investigate the functional impact of postnatal development
in the intact SAN-atrium at the tissue level, the 2D model for
the SAN-atrium at the tissue level was used to simulate both the
neonatal and adult conditions. In the instance of the neonate, the
electrophysiology of the cells in the 2D model was adjusted in
the same way as for the single-cell level. In addition, changes to
intercellular coupling that arose from the connexin remodeling
were considered, as explained in the following section. Further,
the pacemaking activity of the AP propagation, activation time
and conduction velocity were analyzed, as presented in the
results section.

Remodeling of Connexins

Connexins play a critical role in intercellular electrical coupling
between the cells through the movement of ion channels and
intracellular exchange via the gap junction, as explained above
(Boyett et al., 2006). In the SAN tissue, Dobrzynski et al.
(2007) found that Cx43 was present in the peripheral cells of
adult rabbits. Another study measured the relative abundance
of each Cx43, Cx40, and Cx45 in different tissues including
the SAN, right atrium and left ventricle of the rabbit heart,
from birth to adulthood. These measurements showed that
the Cx45 protein was distributed similarly in the different
tissues but at decreased levels in the adult; only 45% of that
found in adult compared to neonates (Allah et al., 2011). This
observation was corroborated by the study of Jones et al. (2004)
in guinea-pig SAN for different age groups, which revealed
a substantial rearrangement of Cx43 and a 60% decrease in
its expression level in adults compared with neonates (see
Supplementary Figure S2C). Therefore, in this simulation,
the connexin remodeling was achieved by adjustment of the
diffusion coefficient value of D within the 2D tissue model (see
Supplementary Figure S2C).

RESULTS

Effects of lon-Channel Remodeling at

the Single Cell Level

Development-related remodeling of the different ion channels
(INa> Ica,L> If, Ikrs Iks and INaca) Was incorporated into the adult
single-cell model of the central SAN developed by Zhang et al.
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(2000). Figure 4 illustrates the simulated APs and time course of
age-remodeled ionic channel currents for the neonatal condition,
which were superimposed on those from the adult condition,
for the central SAN model. The simulation results showed that
the neonatal model reproduces the characteristic AP shapes of
neonatal cells as compared with the adult equivalent.

In general, the neonatal APs had faster spontaneous rates,
shorter APD and greater amplitudes than those of the adult.

The computed CL (the time interval between two successive
pacemaking APs) for the neonatal SAN was 277 ms in the neonate
and 327 ms in the adult, which showed an 18% prolongation
of CL with developmental maturation. The computed maximal
upstroke velocity of AP (dV/dt,qx) was 11.9 V/s in the neonate,
which was reduced to 2.7 V/s in the adult condition. The greater
dV/dt e in the neonatal SAN cells can be attributed to the
presence of the In,. The action potential peak amplitude, PA,

Neonate
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TABLE 4 | AP characteristics of neonatal and adult central SAN cell model.

References PA (mV) CL (ms) MDP (mV) dV/dtmax (V/s)
Neonate Experiment (Baruscotti et al., 1996) 40.22+8 280 —59.2+22 14+45
Experiment (Allah et al., 2011) - 246 + 50 —535+22 -
Simulation (our model) 32.22 277 —63 11.99
Adult Simulation (Zhang et al., 2000) 21.2 327 —57.31 2.76

of the neonate was greater than that of the adult (32 mV
compared with 21 mV) in the central SAN model. These
simulation results are consistent with experimental observations,
as summarized in Table 4.

Our simulation showed a reduction of spontaneous AP
rate with development, with the measured pacemaking rate of
217 min~! in neonates and 170 min~! in adults (Figure 5).
The simulation results were in agreement with the experimental
observations, which showed that the heartbeat of the rabbit SAN
was around 200 & 50 min~! for neonates, but then reduced by
21.6% in the adult (Allah et al., 2011). The bar charts in Figure 5
show a comparison of the AP characteristics of the neonatal
and adult central SAN from simulations, which quantitatively
matched experimental data, validating the model development
and showing that the experimentally observed changes in
ion channels are sufficient to account for the differences in
spontaneous action potentials between the neonatal and the
adult SAN cells.

As most available experimental data were acquired from the
central SAN cells of neonatal rabbits, data on the peripheral SAN
cells were lacking. In simulations, the same modification to ion
channels as was implemented in the neonatal central cells was
assumed to be applicable to the peripheral model. The resultant
APs and the underlying ion channel currents are illustrated in
Supplementary Figure S3.

Simulation results showed that the morphology of the
neonatal APs of peripheral SAN cells was similar to that
of the adult, but with some changed characteristics. The
simulated CL in the neonate was smaller than that in the
adult: 156 ms compared with 175 ms, indicating 12% reduction
in the pacemaking rate by the development. Such heart rate
reduction was attributable to the integral actions of altered
INa> Ica,1, and Iy. The measured peak amplitude of the AP
in the neonatal condition was greater than that in the adult
condition, changing from 31 mV to 23 mV. The reduced AP
amplitude by development can be explained by the reduced
Icq,r- In addition, the peripheral cell model considered Ing,
but with a greater conductance and changes in the kinetics
in neonates as compared with adults. The remodeled Iy, also
contributed to the decreased maximal upstroke velocity of APs
with developmental maturation. Furthermore, the computed
MDP was more negative in the neonatal model than in the
adult model, which helped to produce greater In,, Ica.r, Iy
and Inyc, during the diastolic phase that help to accelerate the
pacemaker depolarization. The development-related remodeling
of Iks, Igy and NCX had only small effects on the peripheral
AP characteristics, which is discussed in the following section.
Characteristics of simulated APs for both peripheral neonatal and

adult SAN models are summarized in Supplementary Table S1
and Supplementary Figure S4.

Functional Role of Individual Remodeling

of lon Channels in the Neonate Condition
The central and peripheral cell models were used to investigate
the individual roles of each remodeled ion channel in modulating
the SAN cell APs, in order to identify the major contributor to
the fast neonatal AP rate. This was done by the exclusive method
(each individual remodeled ion channel action was considered in
turn), with results being compared to those from the inclusive
method (i.e., all remodeled ion channel currents were considered
in turn) for the neonate case. Results are shown in Figures 6A,B
and summarized in Table 5. It was shown that changes of I ' ICaLs
Ing and NCX contributed to a decrease in CL, however, changes
in I, and Ik contributed to an increase in CL of the neonatal cell
model, in both of the central and peripheral cell models.

Further analysis was conducted to evaluate possible functional
roles of the age-dependent differences of Iy, on spontaneous
APs, the results are shown in Figures 7Ai,Aii for the central and
Supplementary Figures S5Ai,Aii for the peripheral SAN cells.
In simulations, when the shift of the activation midpoint was
considered alone (the AP and time course of the Iy, represented
by green lines compared with the adult red lines), there was a
marked reduction in neonatal CL in both central (by 99 ms) and
peripheral (by 29 ms) cells compared with CL in the adult. When
a reduced I, magnitude was considered alone (the AP and time
course of Iy, are represented by blue lines compared with the
adult red lines), the recorded CL was reduced by 72 ms in the
center and 9 ms in the periphery compared with CL values in the
adult. When both developmental effects on Iy, were considered
(the AP and time course of the I, are represented by black lines
compared with the adult red lines), the resultant APs were found
to be faster than both of the previous changes, with an increase in
the diastolic depolarization (phase 0), and a smaller CL by 123 ms
in the center and 30 ms in the periphery compared to CL in the
adult condition. Thus, a combined effect of the shifted activation
curve and reduced current density of Iy, in neonatal SAN cells
played a crucial role in influencing AP rate.

Figures 7Bi,Bii and Supplementary Figures S5Bi,Bii show
the effect of age-related change of I, 1 alone on the pacemaking
APs for central and peripheral cell models. In simulations, the
shift in the activation and inactivation midpoints alone reduced
the CL by 20 ms in the center and 15 ms in the peripheral
model as compared with the adult (represented by green lines
compared with the adult red lines). When the current density
of Icq,r was increased (i.e., by modifying the conductance), a
decrease in the CL by 12 ms was observed in the center, but
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FIGURE 5 | Bar chart comparison of the main AP characteristics of central SAN. (A) MDP, (B) TOP, (C) PA, (D) dV/dtmax, (E) HR, and (F) CL in neonate (gray) and
adult (red) rabbits. All characteristics were compared against experimental values from Baruscotti et al. (1996).

an increase of the CL by 20 ms in the peripheral model were
observed (represented by blue lines) as compared to the adult
APs (represented by red lines), which was due to the regional
different contribution of Ic,; (Zhang et al, 2000). When the
shift in activation/inactivation curves and Ic, densities were
considered together, the resultant APs were faster (represented by
black lines) (CL being reduced by 24 ms in the center and by 5 ms
in the periphery) with a decreased diastolic depolarization phase.
This demonstrates that the opposite shift of the steady-state
activation and inactivation curves is an important contributor

as compared with the current density changes in modulating the
pacemaking rate. It was also noted that the PA was greater in the
neonate than in the adult by 7 mV in the center and 8 mV in
the periphery, indicative of the contribution of the Ic, 1 current
to the diastolic depolarization phase (phase 0) and the plateau
phase (phase 2).

Figures 7Ci,Cii and Supplementary Figures S5Ci,Cii
elucidate the modulatory effect of the Iy current on spontaneous
APs in the neonatal SAN. A shift of the steady-state activation
curve by —7 mV reduced the CL by 5 ms in the center and 2 ms
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