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Abstract The atrioventricular node (AVN) is a crucial component of the cardiac conduction
system. Despite its pivotal role in regulating the transmission of electrical signals between atria
and ventricles, a comprehensive understanding of the cellular electrophysiological mechanisms
governing AVN function has remained elusive. This paper presents a detailed computational
model of mouse AVN cell action potential (AP). Our model builds upon previous work and
introduces several key refinements, including accurate representation of membrane currents and
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exchangers, calcium handling, cellular compartmentalization, dynamic update of intracellular ion
concentrations, and calcium buffering. We recalibrated and validated the model against existing
and unpublished experimental data. In control conditions, our model reproduces the AVN AP
experimental features, (e.g. rate = 175 bpm, experimental range [121, 191] bpm). Notably, our study
sheds light on the contribution of L-type calcium currents, through both Ca, 1.2 and Ca, 1.3 channels,
in AVN cells. The model replicates several experimental observations, including the cessation of
firing upon block of Cay1.3 or Iy, current. I; block induces a reduction in beating rate of 11%. In
summary, this work presents a comprehensive computational model of mouse AVN cell AP, offering
a valuable tool for investigating pacemaking mechanisms and simulating the impact of ionic current
blockades. By integrating calcium handling and refining formulation of ionic currents, our model
advances understanding of this critical component of the cardiac conduction system, providing a
platform for future developments in cardiac electrophysiology.
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Marconi,” University of Bologna, Via dell'Universita 50, 47521 Cesena (FC), Italy. ~ Email: stefano.severi@unibo.it

Abstract figure legend The abstract figure illustrates the process of creating and validating a new numerical model for
a single atrioventricular node (AVN) cell. The steps are as follows: (1) cells from the AVN were isolated from the mice
hearts; (2) they underwent patch-clamp experiments to measure the L-type calcium current (I, 3); (3) experimental
data and the new numerical model were fitted to generate the I-V (current-voltage) relationship; (4) the new numerical
model was built incorporating various ionic currents and was able to simulate the electrical activity (membrane potential,
Vi) and intracellular calcium dynamics (Ca;) in the AVN cells; (5) the model was validated by comparing simulated
action potentials and calcium transients under control conditions and after currents block and by generating a population
of AVN models.

Key points

e This paper introduces a comprehensive computational model of mouse atrioventricular node
(AVN) cell action potentials (APs).

¢ Our model is based on the electrophysiological data from isolated mouse AVN cells and exhibits
an action potential and calcium transient that closely match the experimental records.

e Bysimulating the effects of blocking specific ionic currents, the model effectively predicts the roles
of L-type Ca,1.2 and Ca,1.3 channels, T-type calcium channels, sodium currents (TTX-sensitive
and TTX-resistant), and the funny current (I) in AVN pacemaking.

e The study also emphasizes the significance of other ionic currents, including Ix,, Iio, Ikur> in
regulating AP characteristics and cycle length in AVN cells.

e The model faithfully reproduces the rate dependence of action potentials under pacing, opening
the possibility of use in impulse propagation models.

® The population-of-models approach showed the robustness of this new AP model in simulating
a wide spectrum of cellular pacemaking in AVN.
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Introduction

Since its discovery by Sunao Tawara and Karl Albert
Aschoff in 1906 (Cavero & Holzgrefe, 2022), the
atrioventricular node (AVN) (named, at that time,
‘Aschoff-Tawara node’) has been identified as a key
component of the cardiac pacemaker-conduction system
in mammalian hearts. The primary function of the
AVN is to conduct the action potential from the atria
to the ventricles, being normally the sole pathway for
impulse propagation between them. Its slow conduction
properties set the proper delay between atrial and
ventricular activation and can also serve a protective
function during some supraventricular tachyarrhythmias
(Meijler & Janse, 1988). However, it also provides back-up
pacemaker activity in case of failure of the sino-atrial node
(Dobrzynski et al., 2003). The AVN is also an important
pharmacological target for controlling ventricular rate
upon atrial tachyarrhythmias. Despite its physiological
importance, our current understanding of the cellular
electrophysiological basis of the pacemaker activity of the
AVN is still incomplete. In particular, besides well-known
pacemaker mechanisms such as the ‘funny’ (If) current
and ryanodine receptor 2 (RyR2) -dependent Ca** release
(Ridley et al., 2008), the L-Type Ca,1.3, T-Type Ca,3.1
calcium currents and the TTX-sensitive (Inas, Navl.l)
and TTX-resistant (I, Navl.5) sodium currents have
been shown to be important for cellular automaticity in
the AVN (Marger et al., 2011a). Notably, the quantitative
contributions of these additional jonic currents still need
to be elucidated.

Computational models are well-established and
powerful tools for the quantitative analysis of cardiac cell
electrophysiology. However, although many AP models
have been developed for most heart regions (Amuzescu
etal., 2021; Trayanova et al., 2023), the AVN has not been
widely studied. In 2009, the first biophysically detailed
model of the AVN was published by Inada et al., based on
experimental data from rabbit AVN (Inada et al., 2009).
To identify and distinguish general and species-specific
properties, however, it is desirable to have AVN cellular
electrophysiology data from additional model species,
accessible to gene targeting techniques. In 2011, Marger
et al. (2011b) proposed a preliminary numerical model
of mouse AVN cell automaticity, based on the mouse
sinoatrial node (SAN) cell model (Mangoni et al., 2006;
Zhang et al., 2000) to provide insights into the roles of
L-type (Cay1.3), T-type, and I currents. This model
simulated the AP of isolated mouse AVN myocytes but
did not integrate intracellular compartments preventing
simulation of intracellular Ca** and ionic dynamics along
the pacemaker potential and the action potential upstroke
and repolarization phases.

The purpose of this work was to obtain a more detailed,
complete, and species-specific computational model of
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the AP of mouse single AVN cells, by building from
the Marger et al. model (Marger et al., 2011b) and
fitting both old and previously unpublished experimental
data. The introduction of calcium handling is paramount
to generating a full set of AVN single-cell APs, due
to the role that calcium has in cellular pacemaker
activity. Implementation of cellular compartments and
computation of intracellular Ca®* dynamics allowed us
to create a second-generation model of mouse AVN
pacemaking. The model reproduced experimental AVN
AP and automaticity hallmarks. We used the model
to simulate experimentally observed genetic deletion
or blockade of ionic currents involved in pacemaker
activity of AVN cells. In addition, we computed the
rate-dependence of AVN APs by simulating the cell’s
stimulation at physiological pacing rates. Finally, we
provide an in-depth characterization of model behaviour
by applying the population-of-models approach.

Methods

Ethical approval

The study is in accordance with the Guide for the Care
and Use of Laboratory Amimals published by the US
National Institute of Health (NIH Publication No. 85-23,
revised 1996) and European directives (2010/63/EU).
Experimental procedures for isolating AVN myocytes
were approved by the Ethical Committee of the University
of Montpellier and the French Ministry of Agriculture
(protocol no: 30176) and comply with the policies of
The Journal of Physiology regarding the use of animals
in research Grundy (2015). Animals were housed in the
Institute of Functional Genomics animal facility with
free access to food and water and were exposed to
12 h light/dark reverse cycles (light, 08.00 to 20.00) in a
thermostatically controlled room (21°C-22°C).

Isolation of mouse AVN cells

AVN myocytes were isolated from 2- to 4-month-old
wild-type, Ca,3.17'~ (Kim et al., 2001), or Ca,1.2PH"/~
mice, in which dihydropyridine (DHP) sensitivity in
Cay1.2 o1 subunits was eliminated by knock-in of a point
mutation in the DHP binding site to the channel «1 sub-
unit (Sinnegger-Brauns et al., 2004).

Mice were deeply anesthetized by intraperitoneal
injection of 0.3 ml of solution constituting ketamine
(0.1 mg/g, Imalgéne) and xylazine (0.01 mg/g, Rompun
2%, Bayer), followed by a second injection of pento-
barbital (150 pL Euthasol Vet in 10 ml NaCl physiological
solution). To avoid blood clots in the heart, we injected
0.5 ml of NaCl solution containing heparin (25 000 I.U.).
Hearts were removed via thoracotomy when the tail
sensitivity test became negative.
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AVN pacemaker cells were isolated as previously
described (Marger et al., 2011b). Briefly, the AV node
region was excised in warmed (35°C) Tyrode solution
containing (in mM): NaCl, 140; KCI, 5.4; CaCl,, 1.8;
MgCl,, 1; Hepes, 5; and D-glucose, 5.5 (adjusted to
pH 7.4 with NaOH). AV node tissue was then trans-
ferred into a ‘low-Ca*"-low-Mg*"’ solution containing
(in mM): NaCl, 140; KCl, 5.4; MgCl,, 0.5 KH,POs,
1.2; taurine, 50; D-glucose, 5.5; bovine serum albumin
(BSA), 1 mg/ml; HEPES, 5 (adjusted to pH 6.9 with
NaOH). AV tissue was digested by Liberase TH (229 U/ml,
Roche) and elastase (1.9 U/ml, Boehringer) for 22-24 min.
Digestion was stopped by washing tissue strips in a
modified Kraftbrithe’ (KB) medium containing (in mM):
L-glutamic acid potassium salt, 100; potassium aspartate,
10; KCl, 25; KH,POy, 10; MgSOy, 2; taurine, 20; creatine,
5; EGTA, 0.5; p-glucose, 20; BSA, 1 mg/ml; and HEPES, 5
(adjusted to pH 7.4 with KOH).

Single AV node cells were isolated by manual agitation
using a flame-forged Pasteur’s pipette, in KB solution at
35°C for 30-50 s. To recover the automaticity of the AVN
cells, Ca** was gradually reintroduced in the cell’s storage
solution to a final concentration of 1.8 mM (Mangoni
et al., 2001). AVN cells were then left to rest for 1 h before
recording.

Electrophysiological recordings

All electrophysiological recordings were carried out at
36°C, by employing an Axopatch 700B (Axon Instruments
Inc.) patch-clamp amplifier connected to a Digidata 1550B
interface (Molecular Devices).

The automaticity of AVN cells was recorded by the
perforated patch-clamp technique with B-escin (50 uM) in
basal extracellular Tyrode solution. Patch-clamp electro-
des had a resistance of 4-5 M2 when filled with an intra-
cellular solution containing (mM): potassium aspartate,
130; NaCl, 10.0; Na-ATP, 2.0; creatine phosphate, 6.6;
Mg-GTP, 0.1; CaCl,, 0.04 (pCa 7.0); and HEPES-KOH,
10.0 (adjusted to pH 7.2 with KOH).

The whole-cell variation of the patch-clamp technique
was used to record Cayl.3-mediated (Ica13) and
Cay1.2-mediated (Icay12) Icar- The extracellular solution
contained (in mM): tetraethylammonium-chloride
(TEA-CI), 135; CaCl,, 2; MgCl,, 1; 4-amino-pyridine,
10; p-glucose, 5.5; HEPES, 10; (adjusted to pH = 7.4
with TEAOH). Tetrodotoxin (TTX, 30 uM) was added
to the extracellular solution to block Iy, current. TTX
was supplied by Latoxan (Portes Lés Valences, France).
We resuspended lyophilized toxin into a H,0/20%
citrate buffer to obtain a mother solution of 6 mM TTX.
The mother solution was then diluted in extracellular
solution to about 1/250 (1/1000 citrate buffer, 30 uM
TTX; INar+Inas block) to 1/5000 (1/10,000 citrate buffer,
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100 nM TTX; Inas block). Electrodes had a resistance of
3-4 M2 when filled with a solution containing (in mM):
CsOH, 125; TEA-CI, 20; CaCl,, 1.2; Mg-ATP, 5; Li,-GTP,
0.1; EGTA, 5 and 10 HEPES (pH adjusted to 7.2 with
CsOH). Nifedipine (3 uM) was added to the extracellular
solution with TTX to selectively inhibit Ic,y 3 in isolated
Ca,1.2PHP=/= atrioventricular cells. Nifedipine-sensitive
Icavi3 Was obtained by subtracting the current recorded
under nifedipine (Ic,y1,) from the total Ic,; recorded in
the control TEA-Cl and TTX solution.

Confocal line-scan imaging of Ca2t in AVN cells

Spontaneous [Ca’"]; transients in isolated AVN cells
were measured with confocal microscopy (Zeiss LSM
780). AVN isolated cells were seeded in a Fluoro-
dish (FD3510-100, WPI), coated overnight with laminin
(1 mg/ml, Sigma-Aldrich, St Louis, MO, USA), for 1 h
before recordings. Cells were loaded for 20 min with a
Tyrode solution containing the Ca®" indicator Fluo4-AM
(5 uM). After washing with Fluo4-AM two times, imaging
of AVN cells was performed in a standard Tyrode bath
solution pre-warmed at 37°C. Images were acquired by
scanning AVN cells with an argon laser in line-scan mode.
Fluorescence was excited at 488 nm and emissions were
collected at >505 nm. A 63-oil immersion objective was
used to record [Ca**]; in AVN cells. Spontaneous [Ca®"];
transients were analysed using Image]J software.

Model development

For developing this new model, we adapted the parent
mouse AVN single-cell model published by Mangoni in
2011 (MM2011) (Marger et al., 2011b). Since the latter
did not include computation of intracellular calcium
handling, we have taken equations governing intracellular
ionic fluxes and calcium handling from the mouse SAN
AP model published by Kharche et al. (2011).

Figure 1 shows a schematic representation of the
different elements included in the present model of
AVN automaticity. Four compartments are considered:
the sarcoplasmic reticulum (SR), divided into junctional
and network spaces (JSR and NSR, 0.12% and 1.16% of
the whole cell volume, respectively), the subsarcolemmal
calcium subspace, and the cytosol. The calcium sub-
space is considered as an independent intracellular
compartment (1% of the total cell volume) because of the
transient local calcium accumulation taking place upon
Ca’" entering through membrane Ca®" channels and
release from the SR.

The cell geometry was kept as a cylindrical structure
where the length and radius of the cell were derived from
the total membrane capacitance. This was accomplished
by fixing both the membrane capacitance to 22 pE as
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experimentally measured in AVN cells, (Marger et al,
2011a; Mesircaetal., 2014) and the cell radius to 5 um. The
cell’s length (65 pm) was calculated using the cylindrical
approximation and the specific membrane capacitance set
to 1 uF/cm?.

Formulations of membrane currents were obtained
by fitting the experimental I-V curves from the
voltage-clamp activation protocol, and they are reported
in the Results section. Currents that were not fitted to
experimental data were derived from the parent model
(MM2011) (Marger et al, 2011b) with the following
adaptations: (1) the sustained inward current I; was
reduced by 80%, (2) the maximal sodium-potassium
pump current i, max Was increased 3-fold, (3) the calcium
background current Ic, was reduced by 50%, (4) the
diffusion time constant between the cytosol and sub-
sarcolemma space Tgiic, was made slower: 0.4 ms vs.
0.04 ms, (5) the sodium background conductance gy,
was adjusted to 0.0053 nS/pE (6) the slow potassium
conductance gxs was modified to 1.88 nS/pF, (7) the
formulation of P, was updated to Kharche’s formulation
(kept to the value set in Kharche’s model).

Allintracellular ionic concentrations (Na; T, Ca;>*, K; 1)
have been described with dynamic equations and calcium
buffering (troponin Ca®* site (TC) and troponin Mg*"
site (TMC) in the cytosol, calmodulin located in the sub-
space (CMj) and cytosol (CM;) and calsequestrin (CQ) in

Model of the mouse atrioventricular action potential 5

JSR) was included and taken from the model by Kharche
(Kharche et al., 2011). Because of the existence of sub-
space and SR, four fluxes controlling calcium handling
and balance have been added: the Sarco-Endoplasmic
Reticulum Calcium ATPase pump (SERCA, J,;), the flux
between NSR and JSR (J;;), the release from JSR to the sub-
sarcolemmal subspace (J1), and the Ca** diffusion from
the subspace to the whole cytosol (Jyifica)-

Apparent input resistance estimation

We have estimated the apparent input resistance in basal
conditions by stepping the voltage to +1,4£2 mV around
the MDP and fitting with a linear (ohmic) relationship the
total membrane current vs. voltage data points. The same
procedure was repeated in the three conditions for which
the cell becomes quiescent (Icay1 3/Inar and Ik, block).

Population of models

The developed model was used to construct a population
of in silico models based on the population of models
methodology (Gemmell et al., 2014; Gong & Sobie, 2018;
Muszkiewicz et al, 2016), as previously done by our
group (Paci et al.,, 2018, 2020). We sampled a total of 18
parameters in the [80-120]% range, namely all the main
ionic conductances governing the AP (gnas> ENar> gCavi 2>

Figure 1. Schematic diagram of the mouse AVN single-cell model

Ca?t currents are depicted in red, Na* currents in purple, and K* currents in green. The model features three
compartments: the cytoplasm (CYTO), the subspace (Sub-Sarcolemma), and the sarcoplasmic reticulum (SR),
divided into network (NSR) and junctional (JSR). Buffers are present in the different compartments: calmodulin
(CMIi), troponin Ca%* site (TC) and troponin Mg2* site (TMC) in the cytosol; calmodulin in the subspace (CMs);
calsequestrin (CQ) in the JSR. See Table A1 in the Appendix for currents legend.
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dcCav1.3> gCav3.1> K1> ZKr> Ks> Lto> ZKur> Zf> &bNa> LbK> LbCa>
s> gsx) and the maximal currents INag max and INacamax-
An initial population of 3000 AVN cells was generated
and then calibrated based on available experimental data
(MDP, dV/dtp,y, APDy, and rate in bpm from Choisy
et al. (2015); Marger et al. (2011a); Mesirca et al. (2014,
2021)). Only if the cell biomarkers fell into two standard
deviations around the average experimental values, was
the model selected. Biomarkers were computed at steady
state (300 s) as the average over the last 2 s. The population
was calibrated in a non-paced configuration since all of
the experimental data were acquired in non-stimulated
cells showing spontaneous activity. Block of ionic currents
was tested on the calibrated cells as was done for the basal
model to evaluate the percentage of cells composing the
population showing cessation of spontaneous activity.

Hardware and software

Model differential equations were implemented in Matlab
(Mathworks Inc., Natick, MA, USA) and solved with
a variable order solver (odel5s), based on numerical
differentiation formulas (Shampine & Reichelt, 1997),
with a maximum time step of 1 ms. Automaticity was
calculated for 500 s to ensure reaching the steady-state.
Figures show the last seconds of the simulation. The AP
biomarkers are: beating rate (beats per minute, bpm),
maximum diastolic potential (MDP), AP amplitude
(APA), and AP duration (APDyy measured once the
membrane voltage reached 90% of the resting voltage). AP
biomarkers were calculated as averaged values from the
last 2 s of the steady-state simulation at 500 s.

Results
Membrane currents

In this section, we specify sarcolemmal currents flowing
through ion channels, ionic pumps, and exchangers (see
Fig. 1), whose formulations have been tuned during model
development. In addition, we present results of fitting
experimental data derived from the literature and of
original data we collected in the framework of model
development.

The starting point for the Hodgkin-Huxley type
formulations of the currents is the preliminary mouse
AVN single-cell MM2011 model (Marger et al., 2011b). To
reformulate jonic currents in the new model and obtain an
improved description of AVN pacemaker activity, we have
used already published experimental data in the form of
current-to-voltage (I-V) curves from mouse AVN single
cells from (Choisy et al., 2015; Marger et al., 2011a) and
new data collected for this study. The full set of equations
of the new model is reported in Appendix 1.

J Physiol 0.0

L-type CaZt currents (Icav1.2 and Icav1.3)

The MM2011 model did not independently compute
Icavi2 and Icayi3. We thus employed AVN cells from
Ca,1.2P"P~/~ mice to experimentally separate the I-V
curve of I,y 5 from that of I,y 3 (see Methods). Results
are shown in panels Aa and Ab in Fig. 2. The light grey
squares show the new experimental data, while filled black
dots show the fit with the new model. The new model
satisfactorily fitted experimental data. Panels B show the
model activation (dL,, continuous lines) and inactivation
(fLso, dashed lines) gates for Icay12 (Ba) and Icay 3 (Bb),
respectively. The fit with the MM2011 current formulation
is also shown for Ic,y 3: in the new model the maximal
conductance is reduced (0.1365 vs. 0.1818 nS/pF), the
current reversal potential is computed with the Nerst
formula and the activation slope is set to 4.3 mV instead of
6.3 mV (Fig. 2Bb). For Icay 2, the fit with the parent model
is not shown because this current was not computed in
the MM2011 model. For both I,y > and Ic,y 5 the voltage
dependence of inactivation time constants was shifted of
40mV to hyperpolarized potentials respect the previous
formulation.

T-type Ca?* current (Icavs.1)

To fit the T-type Ca’" current encoded by Ca,3.1
(Icavs.1), we have used the experimental data from (Marger
et al,, 2011b). Experimental and computed I-V curve are
shown in Fig. 3A together with the activation (dTy,) and
inactivation (fTy) gates for Icasi (Fig. 3B). Figure 3
also reports the fit with the original model (dark grey
traces): in the new model the maximal conductance is
reduced (0.2658 vs. 0.3091 nS/pF), the reversal potential
is computed with the Nerst formula, the activation curve
(Fig. 3B) is shifted to the right (half maximal activation
—40 vs. —45 mV) and its slope is incremented (6 vs.
4.64 mV).

Voltage gated sodium currents - TTX-resistant (Iy, )
and TTX-sensitive components (/y, s)

Mouse SAN and AVN cells express both TTX-sensitive
(Inas) and TTX-resistant (Iy,,) Na™ currents (Lei et al.,
2005; Marger et al., 2011a). In Fig. 4 I-V curves presenting
the fit of experimental data from (Marger et al., 2011a)
(open light grey dots) with the new and original MM2011
model (black vs. dark grey filled markers) are reported,
with TTX- sensitive component in panel Aa and the
resistant component in panel Ab. Panels B show the model
activation (m.,) and inactivation (hl, and h2,) gates for
Inas (Ba) and Iy, (Bb). Moreover, for both currents, the
inactivation time constant formulations have been sub-
stituted with the one from Kharche (2011) with a small

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

850807 SUOWWOD aA1eID 3cedljdde aup Aq peusenob ale sspiie YO ‘88N Jo s8Nl 10} ArIqIT8UIIUO /8|1 UO (SUOTIPUOD-PUR-SLUBIWI0D A8 1M AleIq Ul UO//:SANY) SUORIPUOD pUe SWe | 84} 88S *[1Z0z/0T/20] uo Ariqi]auluo A8|im ezoferez 8 pepsieAlun A 0S6582dr/ETTT OT/I0p/L00 Ao im AreIq iUl |uo-oosAuyd)/sdny wo.j papeojumoa ‘0 ‘€62269%T



J Physiol 0.0

change in 71, in order to speed up the inactivation (see
equation in the Appendix). Regarding Iy, s, the maximal
conductance is reduced with respect to the MM2011
model, the activation curve (Fig. 4Ba) is shifted to the
left (half-maximal activation —38 vs. —31 mV) and its
slope increased (6 vs. 44 mV). For Iy,,, the maximal
conductance is reduced (4.25e° vs. 5e~* nS/pF), the
activation curve (Fig. 4Bb) is slightly shifted to the right
(half-maximal activation —41 vs. —43 mV), and the slope
reduced (4 vs. 7 mV). Finally, the inactivation slope of
hg is increased (6 vs. 4 mV). Since experimental data
for sodium currents were obtained at room temperature
(22°C) we used a Qqo factor equal to 2.79 for all time
constants (multiplicative factor of 0.2378) and Q9 = 1.5
for conductances from Kernick et al. (Kernik et al., 2019).

Hyperpolarization-activated funny current (/)

Ir was present in all spontaneously beating AVN cells
recorded in Marger et al. (2011a). The corresponding

Aa 2]

ICav1.2 (pA/pF)

-60

>
(o))
I

Icav1.3 (PA/PF)

New exp. data
-6 | —e—New model
—o—MM2011

-100 -50 0 50
Vm (mV)
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It experimental I-V curve is shown in Fig. 54 with
open light grey dots, while the new and original model
fits are shown in black and light grey filled symbols,
respectively. Figure 5B reports the activation (y,,) gate
for Ir. The I; formulation has been updated with the
one used by Kharche (Kharche et al, 2011), enabling
a much better fit of experimental data. Nevertheless,
some modifications have been made to the parameters.
In particular: the maximal conductance has been reduced
by 20%, the half-activation voltage has been shifted to
—97 mV (from -106.8 mV), and its slope factor has
been increased from 16.3 to 20. Furthermore, although
Kharche’s formulation presented different contributions
from sodium and potassium currents to I, we used
the same proportion for both as there is no evidence
for different contributions of the two components in
the AVN. The time constant (tp) was also modified
from Kharche’s formulation to give a peak at around
—50 mV and a slower activation in the diastolic
phase.

Ba 1
0.8 1
0.6 1
J
<
0.4

0.2 1

-100

Bb 1, -
0.8- \

0.6 - 4

n.c.

0.4 - 4

0.2 v - dL_ MM2011
- - -fL_ MM2011
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Figure 2. L-type Ca2* currents I-V curve fitting and activation/inactivation gates

Voltage-dependent, L-type Ca%* currents (Icav1 2, panel Aa) and (Icay1.3, panel Ab) -V curve fits with old (dark
grey) and new models (black) against new experimental data (light grey, n = 14, mean =+ SD). The inset in panel Aa
represents the voltage clamp protocol adopted for both currents. Extracellular ion concentrations (in mM): Cat,
2. Intracellular ion concentrations (in mM): Ca*, 90e~3. Panels Ba and Bb report the model activation (dLs,) and
inactivation (fL) gates for Icay1.2 and lcayr 3, respectively, with the old (grey) and new formulations (black; n.c.,
normalized conductance). For Icay1 2, the old fit is not shown because this current was not present in the original

model.
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8 C. Bartolucci and others

Rapid delayed rectifier K* current (/)

Iy, was found in all AVNCs tested in the previous work
by Marger et al. (Marger et al, 2011a). We have fitted
the new formulation of I, using experimental data by
Marger et al. Comparison of I-V curves of the former
and current models (dark grey vs. black filled markers),
and experimental data is shown in Fig. 6A. Simulations
of activation (Paf,) and inactivation (Pi.,) gates are
shown in Fig. 6B. In the new model, Iy, formulation
maximal conductance has been reduced by 70% (0.068
vs. 0.227 nS/pF), only the fast activating component has
been included, and the activation time constant has been
modified (see equation in the Appendix), in order to speed
up deactivation to obtain a less negative MDP closer to the
experimental values of spontaneous action potentials.

Ultra-rapid delayed rectifier K* current (/) and
transient outward K* current (/;,)

The 4-AP-sensitive current, sum of I, and Ik, is shown
in Fig. 7. Panel A reports the I-V curve and Panel B
the activation (7, continuous line) and inactivation (g,
dashed line) gates. The maximal conductance of both
currents has been increased: for I, the new value is
0.04 nS/pF (vs. 0.022), for I, the new value is 0.015 nS/pF
(vs.0.003).

Sodium/calcium exchange current (Iyaca)

To model the sodium/calcium exchanger, we fitted
original data published by Choisy et al. (Choisy et al,
2015) with equations taken from the human pluripotent
stem cell model from Paci et al. (Paci et al., 2012). Results
of the new fit (filled black dots) are shown in Fig. 8

A o
o 5
o
<
e
-
©
O 10
Marger et al., 2011a
—o—New model
—o—NMM2011
-15 .

Vm (mV)

-80 -60 -40 -20 0 20 40

J Physiol 0.0

with the MM2011 formulation (filled dark grey dots) and
experimental data (open light grey dots) for comparison.

Mouse AVN model behaviour in basal conditions

Figure 9 shows the behaviour of the present model
in terms of simulation of spontaneous AP, intracellular
Ca’" transients (Fig. 9B, C and G) and main ionic
currents (ICavl‘Z: ICaV1.3) ICav3.1» INa,r: INa,s: INaCa) (Flg 9D,
E) in comparison with different experimental examples
(Fig. 94, F). Simulated AP and Ca*" dynamics hallmarks
are compared to experimental data in the table embedded
in Fig. 9.

Figure 10 shows the time course of individual currents
that play a relevant role during diastolic depolarization
(DD). In the early diastolic phase, I, slowly deactivates
from 2.7 pA/pF to about 0.1 pA/pF within the first
40 ms. This slow deactivating behaviour allows the
MDP to be set at the end of repolarization phase and
diastolic inward currents then slowly take over the net
diastolic current, allowing diastolic depolarization. In
addition, the model predicts residual Ig, in the second
half of the diastolic depolarization to the action potential
upstroke phase, providing a background outward current
component slowing basal diastolic depolarization. The
model also predicts tiny Ix,, background component. In
the first part of diastolic depolarization Iy and Ic,ys 1 supply
the predominant fraction of inward current component
to promote membrane depolarization. In the second
part of diastolic depolarization, the TTX-resistant and
TTX-sensitive sodium current and Ic,;3 activate and
become more relevant. Notably, the model predicts I; to
constantly increase in diastolic depolarization.

The model was also tested under paced conditions at
different CLs: results are shown in Fig. 11.

B 1.
|
\
081
\
\
\
. 0.6 4
Q \
< I
0.4 \
\
I 2.
\‘ [o0)
0.2 \ ——dT_ MM2011
- - -fT_ MM2011
0 = . . ‘
.80 -60 -40 -20 0

Vm (mV)

Figure 3. T-type Ca?t current I-V curve fitting and activation/inactivation gates

A, T-type Ca®* current /-V curve fitting with old (dark grey) and new model (black) against experimental data (light
grey, n = 4) from Marger et al. (2011a). The inset represents the voltage clamp protocol adopted. Extracellular
ion concentrations (in mM): Ca%*, 2. Intracellular ion concentrations (in mM): Ca2*, 200e~3. B, model activation
(dTs) and inactivation (7o) gates for Icayz.4 with the old (dark grey) and new formulation (black).
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Population of models

Of the 3000 cells comprising the initial population, 370
passed the calibration. The remaining ones were discarded
due to the absence of spontaneous oscillation or because

Model of the mouse atrioventricular action potential
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Figure 4. Na*t currents I-V curve fitting and activation/inactivation gates

Na™ currents (Ina,s TTX-sensitive, panel Aa) and Iy, TTX-resistant, panel Ab)) -V curves fits with old (dark grey)
and new model (black) against experimental (light grey, n = 8) data from Marger et al. (2011a). The inset in panel
Aa represents the voltage clamp protocol adopted for both currents. Extracellular ion concentrations (in mM): Na*,
45. Intracellular ion concentrations (in mM): Na*, 19. Ba and Bb report the model activation (my) and inactivation
(h1s and h2,) gates for Iya s and Ing,r, respectively, with the old (dark grey) and new formulation (black).

0 B 1,
+40
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S —y  new
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Figure 5. Funny current I-V curve fitting and activation gate

A, I+ -V curve fitting with MM2011 (dark grey) and new model (black) against experimental data (light grey, n =5,
mean + SEM) from Marger et al. (2011a). The inset represents the voltage clamp protocol adopted. Extracellular
jon concentrations (in mM): Na*, 145; K+, 5.4. Intracellular ion concentrations (in mM): Na™, 8; K+, 140. B, model
activation (vso) gate for /; with the old (grey dashed) and new formulation (black).

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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their AP markers were outside the experimental ranges
(see Methods). Figure 12 shows the APs of the basal model
and of the cells comprising the population, while Table 1
reports the comparison between their AP features. The
majority of the population models shows a slightly lower
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10 C. Bartolucci and others

rate than the basal model, but all the other features fall
inside the population ranges.

Model validation through the simulation of ion
channel blocks

We have employed our new model to simulate the effects
of blockade of ionic currents predicted to be involved
in AVN automaticity. In Table 2 we summarized the
simulation results of ionic current blockade in the basal
model and in the model’s population and compared
them with experimental data. The results show agreement
between simulations and experimental data and highlight
the main currents determining the AP (Table 2).

Ir is considered as one of the key pacemaker
mechanisms in the AVN (Marger et al., 2011b; Mesirca

A 10,
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81 —e MM2011 e
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x -40
60—
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-100 -50 0 50
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et al., 2021; Saeed et al., 2018; Temple et al., 2016). We
thus simulated partial (32%) blockade of Ir and compared
it to experimental observations reported by Marger et al.
(2011a) (Fig. 13C and Table 2). In the basal model,
partial blockade of I slows down the rate of pacemaker
activity (155 vs. 175 bpm), to a similar percentage as
experimentally reported (11% vs. 16%). Simulating total
(100%) block of I resulted in very slow spontaneous
activity (89 bpm) but without arrest of pacemaking
(Fig. 13C, dashed line and Table 2).

We then simulated 100% block of the two Iy,
components, Ix,r and In,s. For In,, the model predicted
arrest of pacemaker activity (Fig. 13A), consistent with
the results obtained experimentally with 20 uM TTX by
Marger et al. (Marger et al.,, 2011a). However, for Iy,
an 11% rate reduction is obtained (156 bpm) (Fig. 13B),

B 1-
0.8
0.6

9
[ =
0.4

0.2 1

Figure 6. Ik, I-V curve fitting and activation/inactivation gates

A, Ik, current fitting with MIM2011 (dark grey) and new model (black) against experimental data (light grey, n = 20)
from Marger et al. (2011a). The inset shows the voltage clamp protocol adopted. Extracellular ion concentrations
(in mM): KT, 5.4; Intracellular ion concentrations (in mM): K+, 140. B, model activation (Pafs,) and inactivation

(Pifso) gates for lg,.
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—e—MM2011
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Figure 7. 4-AP sensitive current I-V curve fitting and activation/incativation gates

A, 4-AP-sensitive current (sum of /o and /) -V curve fitting with MM2011 (dark grey) and new model (black)
against experimental data (light grey, n = 5, mean & SEM) from Marger et al. (2011a). The inset represents the
voltage clamp protocol adopted. Extracellular ion concentrations (in mM): K+, 5.4. Intracellular ion concentrations
(in mM): K*, 140. B, model activation (r~) and inactivation (o) gates for I4pp.
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Table 1. Comparison of average and (min:max) interval AP
features values of the calibrated population (n = 370) and the
basal model.

Population Present model

Mean Min Max

Rate (bpm) 148 121 191 175
CL (ms) 342
MDP (mV) —65 —67 —63 —65
APA (mV) 105 99 110 101
Eyn (MV) —28 -31 —26 —27
dV/dtmax (mV/ms) 8.6 7.1 10.3 7.3

CaTDgg (ms) 217 162 273 177

milder than available experimental data, which show
remarkable slowing of pacemaker activity by 53 & 13.6%
(Nikmaram et al., 2008).

We then simulated total blockade of I, 3. Under this
condition, our model predicts the arrest of spontaneous
AP discharge to resting membrane potential of —33.7 mV
(Fig. 14A). This result is consistent with experimental
evidence by Marger et al. (Marger et al., 2011b), which
showed that Ca,1.37/~ AVN cells had no spontaneous

50

(mV)

"4
m

-50

6 = 100 T T u
0 50 100 150 200 250
t (ms)

Choisy et al., 2015
41 —*—New model
—eo—NMM2011

I\aca (PA/PF)
N

-50 0 50
Vm (mV)

Figure 8. Nat/Ca?* exchange current I-V curve fitting
Na*/Ca®* exchange current [~V curve fitting with MM2011 (dark
grey) and new model (black) against experimental data (light grey,
n = 6, mean =+ SEM) from Choisy et al. (2015). The inset represents
the voltage ramp adopted to compute the current. Extracellular ion
concentrations (in mM): Nat, 140; Ca?*, 2. Intracellular ion
concentrations (in mM): Nat, 10; Ca2*, 5e~>.

Model of the mouse atrioventricular action potential 11

activity and stabilized to a depolarized resting potential
close to —35 mV. Simulating blockade of I,y > (Fig. 14B)
predicted an increase in spontaneous AP rate of +40%
(245 vs. 175 bpm). Since no experimental data are available
showing selective I,y block, we analysed the reasons
for such an apparently counterintuitive numerical pre-
diction. During the diastolic phase, most currents are
not modified (Fig. A1), but we observe that upon Icay
block Ic,3.1 increases due to a slower inactivation (see the
time constant in Fig. A2) which is caused by a reduced
AP amplitude (lower OS). As a consequence, the I¢,;3;
increase produces a steeper diastolic phase and thus a
shorter CL (Fig. A3). Concerning the T-type calcium
current, we also simulated Ic,y3; block (Fig. 14C). The
model shows a 9% rate reduction (160 vs. 175 bpm),
slightly lower than in our preliminary experimental data
(WT:191+8,n=6;Ca,3.17/":156 + 16, n=9. P=0.08.
18% reduction).

We have simulated 4-AP-sensitive current block by
blocking Iy, at 50% corresponding to 50 uM 4-AP used
in the experiment by Nikmaram et al. (Nikmaram et al.,
2008) (Fig. 15B). In this condition, we observe a negligible
effect on the rate (179 vs. 175 bpm), in contrast with
the slight rate increase reported experimentally (106 vs.
125 bpm) (Nikmaram et al., 2008). The last tested block is
a100% reduction in Ik, (Fig. 15A), for which the cell stops
beating. The experimental data show a CL prolongation
of 28 £ 3.4% (Nikmaram et al., 2008), and a similar CL
prolongation (370 ms vs. 286 ms, +29%) was obtained by
simulating a current block by 70%.

We have also estimated the apparent input resistance of
the model: in basal condition its value is 550 M2, in line
with experimental values found in SAN cells (Verheijck
etal., 1998). To our knowledge, there are no data on AVN
cells. Under sodium current block, the resistance was quite
similar (584 MS); when I3 is blocked, it is slightly
lower (327 M£2), which seems to confirm that upon this
block it will become more difficult to restore the cell’s
excitability. Instead upon I, block the resistance increases
(2.25 GQ).

As for the basal model, 100% Ic,13 block leads to
cessation of automaticity in every cell of the population
(Table 2). With 50% I, a more pronounced drop in
rate (33%) was obtained on average in the population,
while upon 100% block the rate further dropped to
54 + 23 bpm. Still, each cell composing the population
showed spontaneous pacing. Complete block of Iy,
- while stopping the basal model - sees half of the
population maintaining periodic oscillations. However,
simultaneous 100% block in Iy,, and Iy, lead to loss
of pacemaking in almost every model (98%) of the
population, in line with single cell experimental data
(Marger et al., 2011a). Similarly, complete block of I,
stops the beating in the basal model but only in half of the
models of the population, which is more consistent with
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12 C. Bartolucci and others

the experimental data reporting slowing of the beating rate
(Nikmaram et al., 2008).

Discussion

In the pursuit of a comprehensive understanding of AVN
cellular electrophysiology, the present study aimed to
develop a novel computational model of mouse single cell
AP and automaticity, starting from the mouse SAN model
by Mangoni et al. (2006) and from a former formulation of
an AVN model, the MM2011 model (Marger et al., 2011b).
We introduced several new structural features into the
model in comparison with the parent MM2011, namely:
subcellular compartimentalization (Fig. 1), computation
of calcium handling, dynamic computation of ionic intra-
cellular concentrations and of calcium buffering. We have
paid particular attention to the critical reviewing of the
formulations of membrane currents and exchangers in
light of all the available data from native AVN mouse
cells, both from the literature and by including new ad hoc

J Physiol 0.0

experimental recordings of ionic currents. A stringent fit
of I-V curves was obtained for all the considered currents
(Figs 2-8). The model was then validated by comparing
it with several experimental results in terms of block of
individual ionic currents and by investigating their impact
on the AP.

In control conditions, the model reproduces the main
experimental AP features. The simulated AP automaticity
is characterized by a CL of 286 ms, close to experimentally
observed values (Choisy et al, 2015; Marger et al,
2011a; Mesirca et al., 2014, 2021). Critical parameters
like MDP, APA and APDy, lay within the range of the
experimental data variability (Fig. 9 and Table within).
Regarding the calcium transient, the model can reproduce
its experimental time course (Fig. 9, panels F and G) as
well as quantitative information such as CaTD at 30%,
50%, and 90% of repolarization (see Table in Fig. 9).
Although a few specific AP features do not exactly match
the experimental ones (upstroke steepness, d V/df,.x and
AP triangular shape, APDs), the model notably allowed
reproduction of almost all the experimentally reported
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Figure 9. Example of experimental AP and cytosolic Ca?* transient and the corresponding time courses

simulated together with the ionic currents

A-F, experimental AP and cytosolic Cat transients. B—£ and G, simulated action potentials of single-cell AVN
model and Ca2* transient in the cytosol. C, Ca?t transients in the cellular submembrane space. D and E,
calcium and sodium currents (Icav1 2, Icavi 3, Icav3.1, INar, INas, INaca)- Comparative tables between experimental
and simulated values for AP and Ca?* transient biomarkers are reported on the bottom right. AP biomarkers
are reported in panel B: OS: overshoot; TOP: take-off potential; MDP: maximum diastolic potential; APD:
action potential duration (at 90% of repolarization). Ca?t transient biomarkers are reported in panel G:
dCa;/dtmax: calcium transient maximum derivative; CaTD: calcium transient duration (at 30%, 50%, and 90%

of repolarization).

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

850807 SUOWWOD aA1eID 3cedljdde aup Aq peusenob ale sspiie YO ‘88N Jo s8Nl 10} ArIqIT8UIIUO /8|1 UO (SUOTIPUOD-PUR-SLUBIWI0D A8 1M AleIq Ul UO//:SANY) SUORIPUOD pUe SWe | 84} 88S *[1Z0z/0T/20] uo Ariqi]auluo A8|im ezoferez 8 pepsieAlun A 0S6582dr/ETTT OT/I0p/L00 Ao im AreIq iUl |uo-oosAuyd)/sdny wo.j papeojumoa ‘0 ‘€62269%T



J Physiol 0.0

Model of the mouse atrioventricular action potential 13

Table 2. Summary of the current block effects on the AP rate (in control condition 210 bpm) both in basal model and in the population

Current Basal model rate
block (bpm) and relative
change (%)

Non-beating cells in
the population

Mean =+ std rate
(bpm) and average
relative change (%)
in the population

Experimental rate
change (%)

100% Inas 156 (—11%) 0

100% Ina,r No beat 187 (51%)

100% Inar + No beat 363 (98%)
INa,s

100% Icavi3 No beat 370 (100%)
100% Icavia 245 (+-40%) 0

100% Icavs.1 160 (—9%) 0

50% leyr 179 (+2%) 0

100% I, No beat 194 (52%)
32% If 155 (—11%) 0

100% I¢ 89 (—49%) 0

135 + 11 (—9%) —33% (Nikmaram
et al., 2008)
167 & 25 (+13%) —
125 + 69 (—2%) No beat (Marger
etal, 2011a)
— No beat (Marger
et al.,, 2011a)
199 + 20 (+34%) —
139 +£ 11 (-7%) —18% (new exp
data)
—15% (Nikmaram
et al., 2008)
—23% (Nikmaram
et al., 2008)
—16% (Marger et al.,
2011a)
54 4 23 (—64%) —

152 + 13 (+2%)

133 £ 19 (—8%)

99 + 15 (—33%)

effects of current blockades, as evident in Figs 13-15.
In addition, even though there are no experimental data
available for the mouse AVN stimulated condition, we
tested our model by pacing it at physiological rates and
the rate dependence (shown in Fig. 11) expresses its well
known behaviour, similar to what has been reported by
Workman et al. for rabbit AVN cells (Workman et al.,
2000). The results also show CL values for which APD
alternans and 1:2 capture are obtained, demonstrating the
model’s potential for investigating such phenomena.

Key among our refinements of membrane current
formulations were the L-type Ca’" currents. Two different
L-type Ca®* channels, namely Ca,1.2 and Ca,1.3, are
differentially expressed in the atria and cardiac conduction
system (Marionneau et al., 2005) and play a central
role in the automaticity of SAN and AVN cells. The
role of Ca,1.2 in generating the cardiac AP upstroke
and that of Ca,1.3 in generating the SAN diastolic
depolarization are well established (Mesirca et al., 2015),
their function in generating AVN automaticity still needs
to be fully elucidated (Marger et al., 2011b) and it is
not fully quantified. Our new experimental data confirm
the expression of Cayl.2 in AVN cells, despite Icayi2
not being included in the parent model MM2011, as
well as providing separate computations of I,y and
Icavi 3 in generating total Ic,p in the AVN (Fig. 2), with
Cay1.3-mediated Ic, activating at slightly more negative
voltages. Our new experimental data using Ca,1.2PHP =/~
AVN cells are in line with the previous observation by
Marger et al. (2011b) that Ca,1.3 channels constitute

the predominant L-type channel isoform in these cells.
Nevertheless, a significant contribution of Ic,1, was
found, with a peak current density around 2.5 pA/pE
which is about half of Ic,3 density (5 pA/pF) (see
Fig. 2). This observation in AVN is also consistent with
our previous estimation that in mouse SAN cells Icay13
accounts for about 70% of the total Ic,; (Mangoni
et al., 2003), which indicates that Ca,l.3 expression
is up-regulated in the primary (SAN) and secondary
(AVN) pacemaker centres. Our successful fitting of new
experimental data is shown in Fig. 2. In this study, we
employed Ca,1.2P"P~/~ mice to quantitatively separate
Icay12 from Ic,y 3. These mice present the advantage of
limiting potential interference of cellular remodelling that
might have been present in Ca,1.37/~ AVN myocytes
in the work by Marger et al. (Marger et al., 2011b). In
Ca,1.37/~ SAN myocytes, we did not observe remodelling
of calcium-handling components. Indeed, SAN myocytes
express similar densities of Iy (Mangoni et al., 2003) and
similar NCX/SERCA activity (Torrente et al., 2016) in
comparison to wild-type counterparts. In addition, we
did not observe overt remodelling in Ca,1.2P°"P~/~ SAN
myocytes in relation to diastolic calcium release and
spontaneous firing (Louradour et al., 2022). In conclusion,
even though we cannot exclude a differential degree of
remodelling in SAN versus AVN myocytes, we think it
unlikely that remodelling has affected our experimental
data.

The importance of Ca, 1.3 in AVN physiology channels
has been assessed experimentally by Marger et al. (Marger
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14 C. Bartolucci and others

etal,, 2011a, 2011b) where perfusion of isradipine blocked
AP discharge and Ca,1.37/~ AVNCs did not display
spontaneous beating: the model confirms this result by
showing the cessation of firing upon 100% block of
Icayis (Fig. 14A). Our new model also predicts that
this current is also relevant in the last part of the DD

0 001 002 003 004 005
t(s)

-6
o 005 01 015 02 025
t(s)

0 0.05 0.1 0.15 0.2 0.25
t(s)

Figure 10. Close up view of computed diastolic membrane
voltage (A) and main ionic currents (B) activated during
diastolic depolarization

The inset at the top left reports a zoom on the first 50 ms showing
the amplitude of Ik, while the one on the top right reports the sum
of the outward currents (loyt), the sum of the inward currents (f;,)
and the total net current (/o) during diastole.

857
807

757

APD, (ms)

607

557

50 T T T T T T T

60 80 100 120 140 160 180 200
CL (ms)

Figure 11. Rate dependence of the baseline model

Light and dark grey areas mark CL values for which APD alternans
and 1:2 capture are obtained, respectively.

J Physiol 0.0

phase, as highlighted in Fig. 10. With 100% block of
Ca,1.2 (Fig. 14B), the AP rate increases: since there is
no experimental data to validate this result, the model
was used to investigate the mechanisms behind such
behaviour. I,y , block reduces the AP amplitude (lower
0OS), which in turn causes Ic,3; to deactivate more
slowly (Figs A2, A3). As a result, Ic,ys; increases and
produces a steeper diastolic phase and a shorter CL. Given
the unexpected behaviour of a reduced CL following
Icavi2 block, experimental validation of this prediction is
required to verify its validity.

Likewise, reformulation of T-type Ca’" current
(Icays.1) was also performed to achieve a more accurate
representation of its behaviour and it is showcased
in Fig. 3C. Ca,3.1 channels are one of the relevant
contributors to the diastolic phase (Fig. 10) and its block,
simulated with the model, indicates a slowing of the rate
in qualitative accordance with new data and in the same
direction as previous experimental evidence (Marger
etal., 2011a).

Sodium  currents, both  TTX-sensitive and
TTX-resistant, underwent meticulous recalibration
as detailed in Fig. 4. Iy, current is considered a pre-
dominant mechanism underlying the AP upstroke phase
(Marger et al,, 2011a). AVNCs expressed both Iy,, and
INas isoforms, which were consequently included in
the model: their role in the AP firing is predicted in
Fig. 13. As expected, the model showed no AP discharge
when Iy,, was blocked (Fig. 13A). The experimental
evidence on Iy, block did not show the complete arrest
of pacemaker activity, but a considerable prolongation
of the CL (Nikmaram et al., 2008), which is qualitatively
reproduced by the model (11% longer CL). Given the
relevant functional role of sodium current on AV node

60 1

(mV)

t(s)

Figure 12. Action potential traces for the population
Steady-state action potentials of the basal model (black) and of the
calibrated cell population (grey, n = 370).
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myocytes we reconstructed the reactivation time courses
of both these currents along with the functional refractory
period of the in silico myocyte. We have tested the P1/P2
protocol and the result is shown in Fig. A4. It can be
seen that after 2 ms, both Iy, components have recovered
from inactivation by more than 90%, and after 3 ms
by 100%. Due to this fast recovery, the impact on
the refractory period is minimal as shown in Fig. A5
where S1S2 protocol was performed. In this condition,

Model of the mouse atrioventricular action potential 15

a full AP is obtained for diastolic intervals (DI) longer
than 7 ms.

The role of Ir was similarly refined, incorporating
insights from Kharche’s formulation to enhance
agreement with experimental data, as exemplified in
Fig. 5. HCN channels are important for basal excitability
not only in SANCs (Ricci et al., 2023) but also in AVNCs
of the mouse, as experimentally reported (Choisy et al.,
2015; Marger et al., 2011b). The contribution of the

A 40 100% INa,r block
20
—~ 07
z
~-20
£
> 40 ——CTRL
—Block
-60
-80 : ‘ ‘ ; .
0 0.2 0.4 0.6 0.8 1
t(s)
B 100% INa,s block
20
—~ 01
£
—-20
£
-40
-60 |
-80 T T T T 1 e e e T T T T |
0 0.2 0.4 0.6 0.8 1 297.8 298 298.2 2984 298.6 298.8
t(s) t(s)
Is block i
——Control
—32% block

04 06
t(s)

----100% block

298.2 2984 298.6 298.8
t(s)

297.8 298

Figure 13. Simulated AP in control condition (grey line) and under blockade of different currents as

indicated (black line)

A, 100% Ina,r. B, 100% INas block. C, 32% (continuous lines) and 100% (dashed line) /s blocks.
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16 C. Bartolucci and others

funny current to the automaticity of AVNCs was assessed
by Marger (Marger et al, 2011b), where the specific
blocker ZD-7228 reduced the DD slope and slowed the
pacemaker activity by about 16%. We have investigated
the effect of the experimental block amount (32%) with
the model, obtaining a slight rate reduction of 11%. We
also tested the effect of a 100% I; block in the model
(Fig. 13C). The results show dramatic CL prolongation
(~49%), supporting a central role in the pacemaking
mechanisms of AVNCs, as could be expected by looking

J Physiol 0.0

at its amplitude relative to other diastolic curves (Fig. 10).
This result is also confirmed by Mesirca and co-workers
(Mesirca et al., 2014) using conditional cardiac-specific
transgenic mouse model expressing non-conducting
hHCN4, which acted as dominant negative subunits to
suppress It in order to study the importance of this current
in the generation and conduction of the cardiac impulse.
Furthermore, the model’s representation of Ik, I;,, and
Ixur was improved, as shown in Figs 6 and 7. Additionally,
the sodium/calcium exchanger underwent rigorous fitting

20
—~ 01
z
—-20
£
-40 \/
-60 —CTRL
80 —Block
0 0.2 0.4 0.6 0.8 1
t(s)
B 40 100% Icay1.2 block
20 -
—~ 01
e
—-20
£
-40 1
-60
-80 . o o0 r T : : r
0 0.2 0.4 0.6 0.8 1 298 298.2 298.4 298.6 298.8
t(s) t(s)
C 100% Icays.1 block
20 -
= 01
£
- -20
£
-40
-60
-80 r T : - . o o0
0 0.2 0.4 0.6 0.8 1 297.8 298 298.2 2984 298.6 298.8
t(s) t(s)

Figure 14. AP in control condition (grey line), and in the presence of current blocks (black line)
A, 100% Icavr.3. B, 100% Icavt 2 block. C, 100% Icavs.a block.
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efforts based on Choisy’s data (Choisy et al., 2015) by
changing its formulation, as depicted in Fig. 8.

Ixy was found in all AVNCs tested by Marger et al.
(Marger et al., 2011b), suggesting that this current is
important also in this cell type. The application of 1 uM
E-4031 in an AVN preparation increased the CL by
28 4 3.4% from 452 4 20 ms to 580 =+ 35.8 ms (Nikmaram
et al., 2008). We have simulated a 100% current block
(Fig. 15A) and obtained cessation of beating, supporting
the hypothesis of a central role for Iy, in AVNCs
repolarization. The difference between simulation and
experiment can be ascribed to both the longer basal CL
measured by Nikmaram et al. in comparison to the model
(452 vs. 286 ms) and to the repolarizing contributions of
atrial cells expressing Ix; which are present in the tissue
preparation. In fact, by testing a block percentage lower
than 80% we were also able to prolong the CL, without
stopping the beating.

The 4-AP sensitive currents can be important in
regulating the APD in AVN cells, and their block was
experimentally tested by Nikmaram (Nikmaram et al,
2008), who has shown a mild prolongation of the CL

Model of the mouse atrioventricular action potential 17

upon 4-AP administration. Such prolongation might be
due to APD prolongation; however, no specific data
were available. Our simulations did not show any effects
on APD and consequently on CL (Fig. 15B). Finally,
we investigated the modulatory effect of SR calcium
release and uptake on beating rate and AP properties. In
particular, blocks of 50/100% and an increase of 50% were
tested for both Ca* release and uptake fluxes (/] and Jup):
there were only negligible effects on the AP whereas the
CaT90 was prolonged with both J, and J,,, block (204 ms
and 250 ms). To our knowledge, there are no experimental
data on AVN mouse cells to confirm these results, which
remain a prediction of the model.

As far as we know, the only other model that describes
the AVN cell behaviour has been published by Inada et al.
(Inada et al., 2009) in rabbit species. The focus of Inada’s
work was the propagation of electrical signals through
the AVN and for this reason, the authors developed a
one-dimensional multicellular model including the SAN,
AVN, and atrial cells. Their model can reproduce different
experimental findings, e.g. the conduction velocity of the
AVN, the effects of different drugs on AVN function, such

A 100% I, block
40
20 |
—~ 07
z
=.20
; CTRL
40 ——Block
60 |
-80 ‘ : : | ‘
0 0.2 0.4 0.6 0.8 1
t(s)
B 50% Iy, block
40
20 |
0,
3
=.20
£
-40
-60 1
-80 : : : : ‘ oo ‘ ; ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 297.8 298 298.2 298.4 298.6 298.8

t(s)

t(s)

Figure 15. AP in control condition (grey line) and in the presence of current blocks (black line)

A, 100% I, block. B, 50% fxy.
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as the slowing of AVN conduction by beta-blockers, and
different types of arrhythmias, like atrial fibrillation and
atrioventricular nodal reentry tachycardia. As a single-cell
description of an AVN cell, the present model introduces
new and different important elements. Indeed, Inada’s
model did not include Na™ current, since Munk et al.
(Munk et al, 1996) and Ren et al. (Fu-Xian et al,
2006) showed experimentally that, in the rabbit, Iy,
is absent in putative AVN cells. Regarding potassium
currents, it was assumed that I, is absent in the
AVN region and I, current was not included. They
considered only Iy, to be present in the AVN, while
we included Iy, and Ix; too. For the L-type calcium
current, Inada’s model did not distinguish between the
two isoforms (Ca,1.3/Ca,1.2), while we account for both
descriptions. They took into consideration a generic
background current, I,, while we have distinguished
the three ions (Ipna» Ibcas Ibk). For simplicity, intra-
cellular Na™ and K* concentrations were assumed to be
constant.

Limitations and future developments

Like any mathematical model, our AVN cell model
relies on simplifications and assumptions to represent
the complex biological reality. These assumptions could
potentially overlook intricate interactions and nuanced
behaviours present in real cells. For example, detailed
simulation of the effects of activation of §-adrenoceptors,
which is not included in the present model, would be
an important step forward. This model development
would require previous descriptions of the effects of
adrenergic activation on AVN ionic currents. The model
primarily draws upon data from mouse AVN cells.
However, interspecies differences could influence ion
channel kinetics and cellular behaviour. Extrapolating
findings from mouse cells to other species or human
cells might require further validation and adjustments.
The availability of high-quality experimental data for
parameter fitting is critical. The lack of comprehensive
data for all ionic currents, especially in specific conditions
or disease states, could limit the accuracy of our model’s
predictions (e.g. the relative contribution of Iio/Ixy,
should be obtained from the peak vs. end-pulse current,
but there are no such data available yet). The model
currently focuses on individual ionic currents, over-
looking potential coregulation in expression of different
currents in a cell-specific way or their modulation
by intracellular signalling pathways and connectivity
with atrial cells. These interactions could underlie
emergent properties of AVN pacemaking and impulse
conduction at the cellular and tissue-wide levels,
properties that we did not attempt to study in the present
work.

J Physiol 0.0

Conclusion

In conclusion, the present model represents a significant
step forward in understanding the complexity of the
AVN physiology and pacemaker mechanism in the
cardiac conduction system. By meticulously refining the
formulations of sarcolemmal currents flowing through
ionic channels, pumps, and exchangers, we have achieved
a more accurate representation of AVN cell behaviour.

This model not only bridges historical insights, as
exemplified by Mangoni et al.’s work, but also integrates
contemporary experimental data from Marger et al. and
Choisy et al. (Choisy et al., 2015; Marger et al., 2011a),
bringing our understanding closer to reality. In particular,
our computations highlight important roles for L-type
Cay1.3 and hyperpolarization-activated ‘funny’ channels
underlying It in the generation of pacemaking in the AVN.
It also accounts for the experimentally observed role of
TTX-resistant and TTX-sensitive Na™ currents Iy, and
Ivas in AVN automaticity.

The model’s accurate representation of ion channel
behaviour and its influence on action potentials and
pacemaker activity opens the possibility of obtaining pre-
dictive insights into cardiac dysfunctions and potential
therapeutic interventions. Moving forward, efforts to
refine the model with additional data, validate it across
different species, and accounting for more intricate
cellular dynamics will be essential for harnessing its full
potential in advancing our understanding of AVN physio-
logy and cardiac electrophysiology as a whole.

Appendix

List of model equations
Cell dimension

Cm = 22 [pF]
Regy = 0.00005 [dm

L= 1 Cm
el = 27T Reeny Cmsurf - 108

— 27TRce[12> [dm]
Vet = 3.1416 - Re” - Lo
Vi = 0.01 % V.
Vi= 0.46 - Vey — Voup
Visk = 0.0012 - Vi
Vysg = 0.0116 - Vo

Ionic concentrations (mM)

Na, = 140, K, = 5.4, Ca, = 2
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Nernst potential (mV)
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Figure A1. Comparison of computed diastolic membrane voltage and main ionic currents
Comparison of computed diastolic membrane voltage and main ionic currents in control (Aa and Ab, respectively)

and in 100% Ic4y1.2 block (Ba and Bb) conditions.

Table A1. List of currents abbreviations

INa,s

INa,r

Icav1 3
Icav1.2
ICav3.1

lea
Jrel
Jtr

Jup

2
Jaitica”t

Neuronal tetrodotoxin
(TTX)-sensitive sodium current

Cardiac TTX-resistant
voltage-dependent sodium
current

Sustained inward current

Sodium background current

Funny current

Sodium/calcium exchange current

Sodium/potassium ATPase current

Rapid delayed rectifier potassium
current

Slow delayed rectifier potassium
current

Inward rectifier potassium current

Transient outward potassium
current

Ultra-rapid delayed rectifier
potassium current

Calcium-dependent-potassium
current

Potassium background current

L-type 1.3 calcium current

L-type 1.2 calcium current

T-type calcium current

Calcium background current

SR calcium release flux

Calcium translocation from NSR to
JSR flux

Calcium uptake via SERCA pump
flux

Calcium diffusion flux
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Figure A2. Voltage dependence of the model’s Icay3.1
inactivation time constant
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Figure A3. Simulations results in control and 100% Icay1.2
block

Simulations results in control (black) and 100% /412 block (grey
dashed line) conditions: membrane voltage (top), T-type Ca®*
current (second panel), T-type Ca2* current inactivation gate (third
panel) and T-type Ca?* current inactivation gate time constant
(bottom).
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Figure A4. P1/P2 protocol results on sodium currents

After 2 ms, both Iy, components have recovered from inactivation
by more than 90%, and after 3 ms by 100%. The inset shows the
protocol adopted.
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Figure A5. S1S2 protocol results

The reference action potential was obtained in a stimulated
condition at 450 bpm. A current stimulus of 400 nA for 1 ms was
employed to excite the model. In this condition, a full AP is obtained
for diastolic intervals (DI) longer than 7 ms.
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