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Abstract

Robust electrophysiological and functional evidence
shows the importance of L-type Ca,1.3 channels in
sinoatrial node pacemaker activity. However, little is
still known about its quantitative contribution in rabbit
sinoatrial node cells. Therefore, we developed 0D and
3D computational models of single rabbit sinoatrial node
myocytes, starting from previously validated “membrane”
and “calcium-clock” models of cardiac pacemaking. A
Sformulation for Icg,1.3 gained from mouse sinoatrial
myocytes was included, while the Ca,1.2 current was
modified so that the sum of the Cayl.2 (Icg,1.2)
and Cay1.3 (Ica,1.3) components would reproduce
the original Icar I/V  relationship. Additionally,
key ion channels (e.g. Ca,l1.3, Ca,1.2, NCX)
were spatially co-localized with Ryanodine receptors in
different amounts. Numerical simulations show that the
mathematical models reproduce basal pacemaker activity,
main Action Potential features and cell-wide Calcium
Transient features. Further validation was performed
against available experimental data on ion channel blocks
and autonomic nervous stimulation. In conclusion, we
show the relevance of Ca,1.3 channels contribution to
rabbit sinoatrial activity using a computational model
that will allow further highly detailed investigation of
pacemaking mechanisms.

1. Introduction

Ca,1.3 channels show more hyperpolarized half
activation voltage and faster activation kinetics compared
to cardiac excitation-contraction coupling C'a,, 1.2 isoform.
This allows the Ca,1.3-dependent current (Icq,1.3) to
supply inward current during the diastolic depolarization
phase, suggesting the importance of these channels in
cardiac pacemaking regulation. Indeed, genetic ablation
or pharmacologic inhibition of C'a, 1.3 in mice severely
reduce pacemaker activity [1, 2], while loss of function in
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Ca,1.3 channels leads to congenital sinoatrial dysfunction
in humans. In mice, Ca,1.3 channels were shown
to synchronize RyR release [2], thus controlling the
calcium-clock activity. However, due to the absence of
a selective blocker, no data on larger mammals, such as
rabbits, is available yet. In this work, we aim at providing
quantitative information on the role of C'a, 1.3 channels
in the generation and regulation of pacemaking by
developing detailed, 3-dimensional mathematical model of
a rabbit single sinoatrial node cell.

2. Methods

The model features detailed descriptions of 1) Calcium
Release Units (CRUs) organization from Maltsev and
colleagues [3] and 2) membrane current formulations from
the Severi-DiFrancesco (SDiF) model [4].

2.1. Structure

The cell is represented as a cylinder divided in three
different layers: the subcellular space, with 180x444
voxels of 120x120 nm of size, a middle layer with 60x148
voxels of 360x360nm (thus, with a 9:1 surface ratio
with the subspace) and a single central core compartment.
Calcium diffusion between the voxels is modeled with
the following reaction-diffusion equation, solved with
first-order finite differences:

acVasub
ot
555 CRUs, formed by clusters of 12x12 Ry R channels

that can open stochastically, are randomly distributed
along the cell surface.

= DV2Cagy — 2J (1)

22. Igq,,,, Formulation

The novel part of this work consists in the inclusion of
the mice /¢, 1.3 formulation by Mangoni and colleagues
[1, 5] for the steady-state curves. A minor shift of the
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activation curve to the right (+1mV) and a reduction
in the slope factor (from 6.3 to 4) were applied to
reproduce rabbit action potential (AP) biomarkers (Table
1). Furthermore, the kinetics adopted for /¢, 1.3 current
were borrowed from the original I,y current of the
SDiF model [4], with the voltage-dependent activation
time constants scaled by a factor 0.9. The inactivation
time constants were reduced to 40% of the original value
for both Ca,13 and Ca,1o isoforms. In addition, a
Goldman-Hodgkin-Katz formulation for the driving force
was employed for Ca,13, instead of the linear one from
mouse [1]. The ratio between Ca,13 and C'a,1o maximal
permeabilities was equal to 2.91, as in mice [I, 5].
However, to achieve an IV curve peak at positive voltages
(+10mV) for Icq,1.2, as seen in mice experiments [1],
both its steady state activation and inactivation curves
were shifted +25 mV to the right and the slope factor was
increased from 4 to 5. Fig. 1 shows the IV curves of the
total I, current, computed as the sum of the C'a,, 1.3 and
Ca,1.2 components.
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Figure 1. Comparison of I/V curves for total /¢,y current
of the original SDiF and of the present formulations. The
latter is computed as the sum of the Ca,1.3 and Ca,1.2
components.

2.3. Channel Co-localization

Since data on co-localization of Ca,1.3, Ca,1.2, and
NCX channels with CRUs are not available for rabbit
SAN cells, a sensitivity analysis was performed by varying
the distribution of fluxes for these 3 channels. For
example, when Ca, channels were considered completely
co-localized with CRUs, this meant that 100% of Ca?*
influx was distributed to the volume (equal to 9 subspace
voxels) abutting each of the 555 CRUs of the model
and that 2) the channels sensed the local (i.e. of each
CRU) Ca?*t concentrations. Differently, when only a
portion of channels were co-localized with CRUs, the other
channels provided Ca?* flux to the remaining part of

the subcellular space (the one not occupied by CRUs).
Accordingly, these channels were calcium-dependently
inactivated by the average global Ca?T outside of the
CRUs. To deal with the higher local Ca?t concentrations,
the channel sensitivity to calcium-depedent inactivation
had to be lowered by increasing the K'myc, parameter
of the Hill curve by a factor 10. Three different levels
of co-localization were tested for NCX (0, 25, 50%)
and Ca,13 (60, 80 and 100%) while Ca,12 channels
co-localization was varied in the [20, 100]% range with
20% increments. A cost function was defined as in
[6] to assess the parameter combination that provided
the best reproduction of experimental AP biomarkers
and cellular responses to stimulation (explained below).
In this way, the “best fitting” model was obtained and
used for further simulations. Finally, small-conductance,
Ca®T -activated potassium channels, modeled according
to a recent formulation [7], were 100% co-localized with
CRU:s.

24. 0D Implementation

A 0-dimensional, common-pool version of the single
rabbit SAN cell model was obtained by modifying the
L-type calcium current as done for the 3D version,
starting from the original SDiF model. The slope
factor of the steady-state activation curve (4.5) and the
voltage-dependent time constants of the Ca,13 isoform
(multiplied by 0.9 and 0.75 respectively for activation
and inactivation) were again tuned to better reproduce
experimental AP biomarkers (Table 1).

All simulations were run in Matlab R2019b for 300 s
(in OD) and 15s (in 3D, which took roughly 20 hours on
a standard desktop pc). Simulations with administration
of 1 uM isoproterenol (ISO), 10 nM acetylcholine (ACh),
3 uM ivabradine (Iva) or ion channel blocks started from
15 s control conditions. Action potential biomarkers were
computed as in our previous works [8].

3. Results

The sensitivity analysis showed that the model obtaining
the lowest cost was the one with 100% Ca,1.3, 20%
Ca,1.2 and 0%NCX colocalization.  As reported
in Table 1, this model version, and the OD version
as well, closely agree with the parent SDiF model
and faithfully reproduces experimental AP biomarkers.
Interestingly, high value (50%) of NCX colocalization
lead to unphysiological behaviors due to the presence of
a large inward current in the first phases of the diastolic
depolarization (Fig. 2), while concurrent low Ca,1.3
(60%) and Ca,1.2 (20 — 40%) colocalization lead to the
absence of spontaneous beating.

Concerning ion channel blocks and autonomic stimulation,
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Table 1. Comparison between models and experimental AP features. Cycle length (C'L), Maximum Diastolic Potential
(M DP), Action Potential Amplitude (AP A), Overshoot (OS), Action Potential Duration at 50% repolarization (AP Ds),
Maximum Upstroke Velocity (dV/dt,q.). Data is shown as mean =+ std for the present model (values averaged on last 2s)

and as mean=std (range) for experimental values.

Feature New 3D model New OD model SDiF model [4] Experimental values [4]
CL(ms) 29242 330 352 325442 (247-+389)
MDP(mV) -61.710.1 —59 —58 —56 + 6 (—66 +~ —52)
APA(mV) 89+0.5 82 80 8746 (78-98)
OS(mV) 27.3+0.7 23 22 2745 (20+32)
APDso(ms) 87.5+0.4 102 108 93412 (73=111)
dV /dtmax(V/s) 7.940.1 5.4 7.1 11.3+6.5 (4.8-27)

both models were in agreement with the original SDiF
model and closely reproduced experimental data, as shown
in Table 2. However, full Ca,1.3 block determined
cessation of pacemaking in both versions, contrarily to
experimental evidence in mice showing rate decreases of
—50.6% [1] and —62.5% [2]. This can be explained
by the fact that with the new formulation, I¢4,1.3 has
become the main current driving the action potential (see
Fig. 3), and completely blocking it prevents the membrane
from reaching the threshold for AP firing. Complete I
block similarly leads to loss of automaticity and profound
hyperpolarization, as in the original model. Regarding
C'a, 1.2 channels, complete blocks results in a rate increase
on both models (+5.5% and +3.5% for 0D and 3D) due to
the shortening of the action potential phase.
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Figure 2. Action potentials of the 3D model with 50%

NCX, 100% Ca,1.3 and 20% Ca,1.2 colocalization.

Finally, a progressive Ca,1.3 block was applied to
both models by reducing the maximal conductance of the
channel in 10% steps. After a mild cycle length increase
(up to +13.6% in OD and +8.6% in 3D with 40% block),
complete cessation of pacemaking is obtained with both
model versions.
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Figure 3. Action potential (top) and ionic currents

(bottom) in the present 3D model. The insert highlights
ionic currents in the last diastolic phase.

4. Discussion and Conclusion

In this work, we developed two different models of
rabbit sinoatrial cells featuring a formulation of the
Ca,1.3 current from mice. The 3-dimensional model
will allow the detailed investigation of pacemaking
mechanisms, especially regarding C'a®> fluxes and their
regulation by Ca,1.3 channels at the sub-cellular level.
The OD one will instead - given its lower computational
cost - allow to investigate the contribution of these
channels to cardiac pacemaking at the population and
tissue level.

Surely, the main limitation of the present study is the
use of mice data in a rabbit model. However, while
species-specific data will be necessary to further develop
and validate the models, interesting information can be
derived from the present results. In first instance, the
simulations show that the models well integrated the
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Table 2. Comparison between models and experimental ion channel blocks and autonomic stimulation effects (No PM: no
pacemaking activity). Percentage rate changes compared to control conditions.

Condition New 3D model New OD model SDiF model [4] Experimental values [4]
Ctrl rate (bpm) 205 182 169 range

Iva (3 uM) —-17.7% —-22% —-22% —23.84+3.9%
100% 1 block No PM No PM No PM -

100% Ca, 1.3 block No PM No PM - —50.6%, —62.5% [1,2]
100% Ca,,1.2 block +3.5% +5.5% No PM -

100% Ca, 3.1 block —-1.0% —2.7% —2.3% -

ISO (1 uM) +34.6% +36.2% +28.2% +26.3 £5.4%
ACh (10 nM) —16.6% —23.6% —-19.6% —20.8 £3.2%

new Io,r formulation, given by the sum of the C'a,1.3
and Ca,1.2 components. Indeed, both models showed
biomarkers (in terms of action potential and responses
to autonomic stimulation and ion channel blocks) in
agreement with the parent model and with experimental
data ranges. Interestingly, both model versions resulted to
be strongly dependent on C'a,,1.3 current in order to show
rhythmic depolarizations, given that 50% block lead to loss
of spontaneous activity.

The 3D model provided additional insights on
the possible ion channel arrangements in terms of
colocalization with calcium release units. First of all,
the “best fitting” model resulted to be the one with
all Ca,1.3 located in front of RyR channels but with
little (20%) Ca,1.2 and no NCX channels colocalized.
Furthermore, high NCX colocalization values (50%)
lead to unphysiologic membrane depolarizations during
early diastole, hinting at low levels of exchanger
channels abutting Ry Rs or to an overestimation of LCRs
contribution due to an inaccurate NC'X formulation. The
contribution of C'a, 1.3 channels might be overestimated
as well, especially during the upstroke and action potential
phase where these channels resulted to sustain the largest
inward current. This, and the consequent loss of
pacemaking at blocks higher than 50% (which is not seen
in mice even with complete gene knock-out), might be
explained by the species difference.

To conclude, the newly-developed rabbit SAN cell
models support a key role for Ca,1.3 in regulating
cardiac pacemaking, making the understanding of their
physiological relevance a necessity.
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