A Novel Computational Model of the Human Sinoatrial Action Potential
Alan Fabbri1, Matteo Fantini1, Ronald Wilders2, Stefano Severi1
1

2

University of Bologna, Cesena, Italy
Academic Medical Center, University of Amsterdam, Amsterdam, The Netherlands
progressively more complex and more reliable models [15].
Human adult SAN cell electrophysiology is still
largely unexplored. Experimental data on small tissue
samples or isolated cells are limited to studies by Drouin
[6] and Verkerk et al. [7]. Recently, Danielsson et al. [8]
collected patch-clamp data from spontaneously beating
early embryonic human cardiomyocytes.
Chandler et al. [9] characterized human SAN tissue
from the gene expression point of view. Then they built a
mathematical human SAN AP model based on the
Courtemanche et al. [10] human atrial single cell AP
model. They assumed that the maximal conductance of a
particular ionic current was roughly proportional to the
mRNA expression level for the specific ion channel,
neglecting possible non-linearities.
The modified model provided a self-oscillating AP, so
Chandler et al. [9] highlighted that the SAN behaviour is
the result of a specific gene expression.
Up to now a human SAN AP model based on
electrophysiological data is still not present; therefore the
aim of this work is the formulation of a human SAN AP
model that includes the electrophysiological studies
carried out on human SAN cells.

Abstract
The sinoatrial node (SAN) tissue is responsible
for the heart rhythm in physiological conditions.
SAN cells are self-oscillating and the phenomena
underlying this feature are well-described through
electrophysiological experiments carried out on
animals. Recently, human SAN cell data were
recorded, but a human SAN action potential (AP)
mathematical model is still lacking.
Aim of this work is the formulation of a human
SAN AP model that is able to reproduce the
available experimental data. We started from the
Severi-DiFrancesco SAN model (rabbit) and
modified ion currents and calcium handling on the
basis of available experimental data.
The AP waveform and calcium transient
generated by the model were compared to
experimental traces. We also studied the effect of If
(‘funny current’) block on cycle length.
The model generates action potentials and
calcium transients in line with experimental data. It
can provide new insights into the phenomena that
lead to the generation of SAN AP and allows us to
study the effects of drugs that modulate the
pacemaker activity.

1.

2.

The rabbit SAN cell model by Severi et al. [5] was the
starting point of our work.
The identification of currents, pumps and exchangers
was led through different approaches: we included
experimental data from electrophysiology [7,8] and gene
expression [9] where these were available; otherwise we
performed parameter tuning to reproduce as close as
possible the experimental traces (AP and Ca2+ transient).
Cell capacitance and dimensions. We considered a
membrane capacitance (Cm) of 57 pF, a cell length of 67
μm and a cell width of 7.8 μm according to Verkerk et al.
[7] .
If. The funny current If was implemented splitting it in
Na+ and K+ components with a gfNa/gfK conductance ratio
of 0.5927, which yields a reversal potential of −22 mV, in
accordance with Verkerk et al. [7].

Introduction

Pacemaker cells that constitute the sinoatrial node
(SAN) of the heart are directly responsible for the cardiac
electrical activity. They are self-oscillating, that is they
are able to provide a rhythmic action potential (AP)
without external stimuli. In experiments performed on
animal cells, mainly isolated from rabbit hearts, the
electrophysiological properties have been determined in
depth, and principal currents underlying the pacemaker
activity have been identified and characterized.
The plethora of experimental data and the ever
increasing computing power allowed the formulation of
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Verkerk et al. [7] reported, for experiments performed
on human SAN cells, a maximal conductance gf of 75
pS/pF, so we assumed the maximal conductance gf = 4.3
nS , with Cm = 57 pF.
IKr. The steady-state activation curve of IKr was fitted
on data from embryonic human cardiomyocytes by
Danielsson [8]. The conductance gKr was set to 4.2 nS
(+10% compared to [5]) to hyperpolarize the maximum
diastolic potential (MDP) towards more negative
potentials as experimentally reported in human [6,7].
IKs. Similarly to IKr the steady state activation curve of
IKs was fitted on data from embryonic human
cardiomyocytes by Danielsson [8]. We assumed a
conductance gKs of 0.65 nS,	
   reducing it by 78% with
respect the parent model.	
  
IKur. We added the formulation for IKur current in
accordance with Chandler et al. [9], who reported the
expression level of Kv1.5 channels in human SAN tissue.
Current equations were formulated as in the Maleckar et
al. [11] human atrial cell model. We set the conductance
gKur to 0.23 nS, 8% of the corresponding atrial value.
In order to mimic the experimental [Ca2+]i data
recorded by Verkerk et al. [12] (transient range and
amplitude) the following changes have been applied:
INaCa. We reduced the maximal INaCa activity by 60% to
increase diastolic Ca2+ level.
Jrel. We tuned parameters of Ca2+ release by RyR
channels to control [Ca2+]i transient amplitude,
maintaining a release flux of hundreds of mM/s.
Jup. The uptake flux was formulated through a
sigmoidal curve, leaving the Michaelis-Menten (MM)
formulation adopted by the parent model. The sigmoidal
formulation allows a higher control on Ca2+ uptake, in
particular during the diastolic phase.
Finally, we modified Ca2+ diffusion rate from
subsarcolemmal space to cytosol (+27%) and Ca2+
sequestration by calmodulin and calsequestrin.

3.

Figure 1. Comparison between AP waveform generated
by the model and experimental traces from Verkerk &
Wilders [13].
Table 1. AP features
Experimental
Present
Values [7]
Model
APA
mV
78.0 ± 4.5
78.6
MDP
mV
-61.7 ± 4.3
-58.7
CL
ms
828 ± 15
825
Vmax
V/s
4.6 ± 1.2
5.8
APD20
ms
64.9 ± 16.9
86.0
APD50
ms
101.5 ± 27.0
120.0
APD90
ms
143.5 ± 34.9
145.0
OS
mV
16.4 ± 0.7
19.9
DDR100
mV/s
48.9 ± 18
56.9
APA: action potential amplitude; MDP: maximum
diastolic potential; CL: cycle length; Vmax: maximum
upstroke velocity; APD20,50,90: action potential duration at
20, 50, and 90% repolarization; OS: overshoot; DDR100:
diastolic depolarization rate in the first 100 ms of DD.
AP features

Units

Cai transient measurements on human SAN refer to a
unique SAN single cell [12]. The Cai transient generated
by the model is close to experimental traces. The model
shows a slightly lower Cai range (98 vs 115 nM).
Diastolic and systolic [Ca2+]i were both slightly lower (98
vs 105 nM MDC, 197 nM vs 235 MC), than experimental
data (Figure 4).
The calcium dynamics generated by the model had an
upstoke steeper than the experimental one. Moreover,
TD20 and TD50 predicted by the model are close to the
experimental trace. TD90 is higher then experimental one
highlighting a slower [Ca2+]i decay. Experimental data
and predicted values are collected in Table 2.

Results

The model generates AP waveforms that are close to
those recorded from human single SAN cells by Verkerk
et al. [13], as shown in Figure 1.
All the AP features are quite close to experimental data
(see Table 1).
Figures 2 and 3 show AP, current densities (Itot, ICaL,
IKr, ICaT, If, INa, IKs, INaCa, INaK,, Ito, IKur), Ca2+ fluxes (Jup and
Jrel) and Ca2+ concentrations (Cai, Casub, Cajsr, Cansr) of the
model relative to the action potential of a human SAN
single cell in physiological conditions, with [Na+]
clamped at 5 mM according to Verkerk et al. [7]
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Figure 3. Upper panels: Ca2+ flux from cytosol to
sarcoplasmic reticulum (SR), Jup, and from SR to
subspace by ryanodine receptors (RyRs), Jrel. Lower
panels: Ca2+ concentration in the four cellular
compartments, i.e. subspace (Casub), intracellular (Cai),
junctional SR (Cajsr), and network SR (Cansr).

Figure 2. Simulation of 1600 ms of spontaneous electrical
activity in a human SAN cell. AP, total ionic current and
individual currents are plotted.
Table 2. Intracellular Ca2+ transient
Figure 4. Comparison between intracellular Ca2+ transient
generated by the model (black line) and experimental data
(red line) recorded by Verkerk et al. [12].

Experimental
Present
Values [12]
Model
Cai range
nM
105 - 220
97 - 195
TA
nM
115
98
TD20
ms
138.9
131.0
TD50
ms
217.4
209.0
TD90
ms
394.0
565.0
TA: transient amplitude; TD20,50,90: transient duration at
20, 50 and 90% decay.

Cai Transient

Units

We performed the funny current block implementing
the administration of Cs+ 5mM and through a progressive
block (30%, 70%, 90%, 100%). Cs+ administration
induced a CL of 1050 ms (+27.2% compared to CTRL) in
line with the experimental observation by Verkerk [7],
who observed a 26% increase upon block of If by 2 mM
Cs+. The progressive block of If induced a CL of 917 ms
(+11.1%), 1136 ms (+37.7%), 1269 ms (+52.7.2%) and
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Figure 5. Simulation of the effects of progressive If block
(30%, 70%, 90%, 100%) and Cs+ 5 mM on CL.
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Discussion and Conclusions

Aim of this work was the formulation of a human SAN
single cell mathematical AP model based on the available
electrophysiological data on human SAN cell.
AP waveforms and Cai transient are close to
experimental traces reported by Verkerk et al. [7,12]. In
particular the model well describes AP morphology, both
during the upstroke and during the diastolic
depolarization phase. The progressive If block led to an
increasing of CL. This is caused by a lower DDR100, as in
the
experimental
observations
[7].
Increasing
progressively the If block (30%, 70%, 90%, 100%) led to
a DDR100 of 51.7 mV/s (-9.1%), 40.9 mV/s (-28.1%),
35.9 mV/s (-36.9%), 35.9 mV/s (-37.4%), respectively.
The full block of If led to a CL increase of 54.5% but it
didn’t stop the self-oscillations in the simulated SAN cell.
This can suggest that funny current is capable of a
continuous regulation of CL in the physiological range.
This work represents a first step to achieve a reliable
description of human SAN single cell behaviour.
The model will allow us to investigate in depth the
phenomena underlying the human pacemaker activity; it
will provide guidelines for further experiments and it will
allow us to study the effects of drugs that modulate
pacemaking activity.

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Acknowledgements

Yanagihara K, Noma A, Irisawa H. Reconstruction of
sino-atrial node pacemaker potential based on the voltage
clamp experiments. Jpn J Physiol. 1980;30(6):841-57.
Kurata Y, Hisatome I, Imanishi S, Shibamoto T.
Dynamical description of sinoatrial node pacemaking:
improved mathematical model for primary pacemaker cell.
Am
J
Physiol
Heart
Circ
Physiol.
2002
Nov;283(5):H2074–101.
Sarai N, Matsuoka S, Kuratomi S, Ono K, Noma A. Role
of individual ionic current systems in the SA node
hypothesized by a model study. Jpn J Physiol. 2003
Apr;53(2):125–34.
Maltsev VA, Lakatta EG. 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. 2009 Mar;296(3):H594–H615.
Severi S, Fantini M, Charawi LA, DiFrancesco D. An
updated computational model of rabbit sinoatrial action
potential to investigate the mechanisms of heart rate
modulation. J Physiol. 2012 Sep 15;590(Pt 18):4483–99.
Drouin E. Electrophysiologic properties of the adult human
sinus node. J Cardiovasc Electrophysiol. 1997
Mar;8(3):254–8.
Verkerk AO, Wilders R, van Borren MMGJ, Peters RJG,
Broekhuis E, Lam K, et al. Pacemaker current (If) in the
human sinoatrial node. Eur Heart J. 2007 Oct
1;28(20):2472–8.
Danielsson C, Brask J, Sköld A-C, Genead R, Andersson
A, Andersson U, et al. Exploration of human, rat, and
rabbit embryonic cardiomyocytes suggests K-channel
block as a common teratogenic mechanism. Cardiovasc
Res. 2013 Jan 1;97(1):23–32.
Chandler NJ, Greener ID, Tellez JO, Inada S, Musa H,
Molenaar P, et al. Molecular architecture of the human
sinus node: insights into the function of the cardiac
pacemaker. Circulation. 2009 Mar 31;119(12):1562–75.
Courtemanche M, Ramirez RJ, Nattel S. Ionic mechanisms
underlying human atrial action potential properties:
insights from a mathematical model. Am J Physiol. 1998
Jul;275(1 Pt 2):H301–21.
Maleckar MM, Greenstein JL, Giles WR, Trayanova NA.
K+ current changes account for the rate dependence of the
action potential in the human atrial myocyte. Am J Physiol
Heart Circ Physiol. 2009 Oct 1;297(4):H1398–410.
Verkerk AO, van Borren MMGJ, Wilders R. Calcium
transient and sodium-calcium exchange current in human
versus rabbit sinoatrial node pacemaker cells. Sci World J.
2013 Mar 25;2013:e507872.
Verkerk AO, Wilders R. Relative importance of funny
current in human versus rabbit sinoatrial node. J Mol Cell
Cardiol. 2010 Apr;48(4):799–801.

Address for correspondence

We thank Dr. Arie O. Verkerk (Academic Medical
Center, University of Amsterdam, Amsterdam, The
Netherlands) for providing us with the experimentally
recorded action potential and calcium transient traces.

Stefano Severi
DEI, University of Bologna, Cesena,
Via Venezia 52, 47521, Cesena (FC), Italy
stefano.severi@unibo.it

880

