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Abstract

This work aims to assess: I) the effects of the
I479V/A485E HCN4 channel double mutation (DM), II)
the role of cellular coupling (ρ) and III) the role of cellu-
lar heterogeneity (σ) on systems of increasing complexity:
ionic channel, single cell, 1D fibre and 2D tissue of the hu-
man SAN. The Fabbri et al. model was used to describe
the human SAN cell and to build the 1D and 2D models,
which are constituted of 100 and 2500 (50x50) cells, re-
spectively. σ = 0.05, 0.1, 0.1873, 0.3, 0.4 and ρ = 10,
100, 1000, 10000 and∞ MΩ ·m were simulated, in order
to test their effect on the heart rate (HR).
The reduction of If current due to the heterozygous condi-
tion (gf (WT0.5 + DM) = 45% of gf (WT )) leads to
an increase of the cycle length of the simulated action
potential of a single cell (924 vs 814 ms; +14%). This
WT0.5+DM bradycardic effect is confirmed also by the
1D model (802 vs 690 ms; +14%) as well as by the 2D
one (908 vs 794 ms; +14%). These results were obtained
for σ = 0.1873 and ρ = 100 MΩ ·m (50 MΩ ·m in 1D).
Other combinations of σ and ρ can provide changes in HR
greater than 50%, highlighting the importance of these two
parameters in the establishment of a physiologic pacing in
the human SAN.

1. Introduction

The sinoatrial node (SAN), is a small and complex-
shaped tissue, known to be the source of the electrical
pulse in the heart, under physiological conditions. Its cells
present indeed autorhythmicity, and have thus the ability
to cyclically depolarize and trigger the propagation of the
Action Potential (AP) through the entire myocardium. A
central role in the onset of the AP is held by the If current,
which governs the diastolic depolarization phase. This cur-
rent flows through the HCN4 channels, and any mutation
affecting these channels can either bring to a loss or gain
of function in this current [1,2]. The propagation of the AP
through the cells is mediated by gap junctions. These are

indeed channels through which ions can flow, thus propa-
gating the stimulus from one cell to another. Besides the
coupling, another fundamental feature of biological tissues
is the cellular heterogeneity: all the cells composing the
SAN have different dimensions and electrical properties.
This determines a different behaviour in terms of pacing:
some cells will have a higher intrinsic pacing frequency,
whereas others will have a lower one. The lack of anatom-
ical and electrophysiological data about the human SAN
increases the importance of in silico simulations, which
provide a valuable tool in order to promote hypotheses or
test previous ones. The aims of this work are therefore
those of investigating: I) the effects of the I479V/A485E
HCN4 channel double mutation (DM, [3]), II) the role of
cellular coupling (ρ) and III) the role of cellular hetero-
geneity (σ). To achieve this, the decrease in HCN4 channel
conductance due to the DM, in the heterozygous condition
(WT0.5+DM) presented by the patient and relative to the
WT condition, is estimated as first. We included the new
value of gf in the single cell model and we measured the
cycle length of the mutant cell. Finally, 1D and 2D models
were built, and simulations were run to assess the effect of
DM, ρ and σ on CL and Conduction Velocity (CV).

2. Methods

2.1. HCN4 channel conductance

The conductance of the funny channel (gf ) in WT and
WT0.5+DM conditions was estimated as the slope of the
regression line of the I/V graphs at hyperpolarized volt-
ages (between −160 and −115 mV), from Servatius et al.
(See Figure 2, panel C [3]) and subtracting the slope of the
I/V of the cells transfected with GFP (Green Fluorescent
Protein) in order to remove non-specific leak:

scalingfactor =
slope(WT0.5 +DM)− slope(GFP )

slope(WT )− slope(GFP )

The loss of function due to the WT0.5+DM was in-
cluded in the single cell SAN model downscaling the nom-
inal gf according to this scaling factor.
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2.2. Cellular Coupling

Starting from the single cell human SAN model by Fab-
bri et al. [4], the 1D and 2D models were obtained by mod-
ifying the membrane voltage Vm update equation, adding
the gap junction current term:

δVm
δt

=
−itot
Cm

+
Vnet

ρgap · Cm

where itot is the sum of all the intracellular ionic currents
present in the single cell model, Cm is the membrane ca-
pacitance (57 pF), ρgap is the gap junction resistivity and
Vnet is the voltage difference between 2 (in 1D) or 4 (in
2D) neighbouring cells. Different values of ρ were used:
10, 100, 1000, 10000 and ∞ MΩ ·m in order to test the
coupling strength.

2.3. Cellular Heterogeneity

The Ca2+ permeabilities (PCaL, PCaT ), the maximal
conductances (gKr, gKs, gKur, gNa, gf , gto), the maxi-
mal activity of Na+/K+ pump and the Na+/Ca2+ ex-
changer (INaKmax, KNaCa) of the Fabbri model were
randomized to take into account the biological variability.
A log-normal distribution was used to avoid negative val-
ues, and the randomization was executed at different levels
of σ: 0.05, 0.1, 0.1873, 0.3 and 0.4.

2.4. Features extraction

CL was computed as the difference in time between the
last two Overshoots (OS) of the AP of every cell, since at
the end of the 20 s the cells were supposed to be in steady-
state. CV describes how fast the AP propagates through
the tissue. To estimate the CV, we measured the difference
in time between the occurrence of the zero-crossing of the
AP of the earliest activation cell and that of a cell distant
20 position from it. The cells were supposed to be 50 µm
long (central SAN cell) and CV constant.

3. Results

3.1. Single Cell

The heterozygous mutation brings to a loss of function
of the HCN4 channel: the conductance gf drops to the
45% of the WT condition (Table 1). As predictable by this
result, the CL of the WT0.5+DM case is longer than the
WT one: 924 ms with respect to 814 ms (+13.5%). This is
reflected in the substantial decrease in the Heart Rate (HR),
which drops from 74 bpm to 65 bpm (-12.2%). Therefore,
at the single cell level, a bradycardic effect is obtained due
to the presence of the mutations.

Table 1. Percentage values of maximum If con-
ductance with respect to the wild type condition
(gfmax/gfmax(WT )) and correspondent absolute gf val-
ues; Cycle length (CL, in ms); Heart rate (HR, in beats per
minute) and HR percentage variation.

WT WT0.5+DM
gfmax/gfmax(WT) 100% 45%
gf [nS] 4.27 1.92
CL [ms] 814 924
HR [bpm] 74 65
∆HR - -12.2%

3.2. Dependence of CL with respect to ρ

Figure 1. Trends of CL (± std) with respect to resistivity
for different levels of cellular heterogeneity and nominal
value (CL = 814 ms, dashed line); 2D WT condition.

Figure 1 reports the mean CL at different degrees of
coupling for the 2D tissue. The increase in gap junction
resistivity provides a shortening in the mean CLs until
a threshold value (1000/10 000 MΩ ·m depending on σ)
over which CL starts to increase. Furthermore, under this
value the cells are perfectly synchronized in terms of fre-
quency independently from σ.

The trends for the WT0.5+DM condition are similar
(Figure 2); in this scenario, most of the mean CLs have
values higher than 814 ms (i.e. the duration of the single
cell CL). This is due to the reduction of available If cur-
rent, in agreement with the single cell case.

3.3. Dependence of CL with respect to σ

The increase in heterogeneity of cellular parameters pro-
vides a decrease in the mean CLs for each value of σ, con-
trarily to what happened with ρ (Figure 3). Moreover, this
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Figure 2. Trends of CL (± std) with respect to resistivity
for different levels of cellular heterogeneity and nominal
value (CL = 814 ms, dashed line); 2D WT0.5+DM condi-
tion.

increase in the mean HR is consistent with the increase in
dispersion: the higher the σ the more difficult it is for the
cells to pace at the same frequency. This is particularly
true for poor cellular coupling as ρ = 10 000 MΩ ·m and
∞ MΩ ·m (i.e. uncoupled cells), since these conditions
prevent cells from interacting with one another.

Figure 3. Trends of CL (± std) with respect to cellular
heterogeneity for different levels of cellular coupling and
nominal value (CL = 814 ms, dashed line); 2D WT condi-
tion.

In the WT0.5+DM condition, the 2D tissue (Figure 4)
showed similar trends to WT: the mutations only affect the
mean CLs values - and not the dependence from σ.

Interestingly, in both WT and WT0.5+DM condition,
for ρ = 10 000 MΩ ·m low CLs are obtained even with
small σ, but they do not decrease much even with large
standard deviations. In particular, for the WT homoge-

neous condition, with ρ = 10 000 MΩ ·m CL is not equal
to the nominal CL value (Figure 3) because in that value
synchronization (in phase) is not reached, and many lead-
ing cells drive the tissue, thus raising the frequency.

About the 1D model, CLs are shorter with respect to
the 2D condition: with σ = 0.4 and ρ = 1000 MΩ ·m
for example, CL = 370 ms for the WT condition and 455
ms for the WT0.5+DM one. With more realistic values
of the parameters (σ = 0.1873 and ρ = 100 MΩ ·m) the
obtained CLs are still shorter: 681 ms (WT) and 827 ms
(WT0.5+DM). With respect to the 2D results - with the
same values of the parameters - this means a difference of
the -14.2% for the WT condition and of the -8.9% for the
WT0.5+DM one.

Figure 4. Trends of CL (± std) with respect to cel-
lular heterogeneity for different levels of cellular cou-
pling and nominal value (CL = 814 ms, dashed line); 2D
WT0.5+DM condition.

3.4. Conduction velocity

Table 2. Results for Conduction Velocity (in cm/s). In
all the simulations σ = 0.1873 was set, whereas ρ was
50 MΩ ·m in 1D and 100 MΩ ·m in 2D, in which case
velocity was computed on both x and y axes. In 1D, values
are reported as mean±std (n=5).

1D 2D
WT WT0.5 WT WT0.5

+DM +DM

CV [cm/s] x 13±1.2 13.1±1.6 10.8 -
y 12.1 10.6

Table 2 reports the estimated CV in 1D and 2D tissue.
We identified ρ and σ on the basis of CV reported in litera-
ture [5]. We adopted σ corresponding to physiological het-
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erogeneity (σ = 0.1873) in both 1D and 2D models. We
observed physiological values of CV for ρ = 50 MΩ ·m
and 100 MΩ ·m in 1D and 2D respectively.

In 1D, a paired t-test was executed on n=5 CV val-
ues extracted from simulations with different initial condi-
tions and heterogeneity to check if the mutations affected
the CV. Being the answer negative (p=0.86), it seems that
the DM only affects the HR: in 1D the obtained CLs are
690 ms and 802 ms for WT and WT0.5+DM respectively,
whereas in 2D CL is 794 ms for WT and 908 ms for
WT0.5+DM. In terms of frequency, this means 87 bpm
in WT and 75 bpm in WT0.5+DM (∆HR = −13.8%)
in 1D, 76 bpm (WT) and 66 bpm (WT0.5+DM) in 2D
(∆HR = −13.2%) .

4. Discussion and Conclusion

This work presents the investigation of the effects of
the I479V/A485E double mutation [3] on human-specific
models of the sinoatrial node. For the single cell simu-
lations, the Fabbri model [4] was used; the 1D and 2D
models were derived by combining together many of these
single cell models.

About the mutations, their effect is represented only
by a slow down in pacing frequency: at the single cell
level the HR passes from 74 bpm of the WT condition
to the 65 bpm in presence of the DM (-12.2%). This
is because of the drop in the conductance of the funny
current (gf (WT0.5 + DM) = 45% of gf (WT )) which
stretches the diastolic depolarization phase, thus determin-
ing a longer CL. This is true also in 2D, where HR passes
from 76 bpm (WT) to 66 (DM) when σ = 0.1873 and
ρ = 100 MΩ ·m. This means that, with these supposed
physiologic levels of cellular heterogeneity and coupling,
a bradycardic effect can be seen to affect the SAN. The 1D
model is no exception (HR drops from 87 bpm to 75 bpm,
with σ = 0.1873 and ρ = 50 MΩ ·m), but this case is
less reliable since the approximation is substantial. In par-
ticular, in a fibre every cell only sees 2 connections with
other cells: this represents a condition in which the resis-
tance between cells is higher than when the connections
are 4 (as in the 2D model). In the latter condition indeed,
cells have an additional ”node” in common and this makes
cells to be partially in parallel, thus contributing to lower
the actual resistance seen by them. As a consequence,
the fast-pacing cells undergo a bigger influence from their
neighbours, that in this way contribute to inhibit them by
prolonging the diastolic depolarization phase. As a result
hence, the frequency is lower. The difference between 1D
and 2D models suggest how a more accurate description
of the geometry (for example considering 3 dimensions)
could provide different values of σ and ρ (in particular mi-
nor than 0.1873 and 100 MΩ ·m), since the inclusion of 2
more connections would further lower the resistance. As a

result, the HR would be even closer to the 74 bpm of the
single cell reference value. This is of course to be con-
firmed by experimental data, but these models can provide
also more information, such as the effect of pathological
conditions as fibrosis, where ρ is incremented: the simula-
tions show how a bigger ρ tends to shift the HR to higher
values. Thus, these results could let think of a tachycardic
effect of fibrosis.
This work aimed at providing a mechanistic interpretation
of the clinic phenotype observed on a patient carrying the
I479V/A485E double mutation; for this reason a simple
geometry and constant values of ρ were used, so as to iso-
late possible confounding effects. In order to further mimic
the physiology of the SAN however, it would be appropri-
ate to extend the geometry to the 3D case and to include
a spatial gradient in cellular coupling [6], aspects that will
be hopefully taken into account in future works.
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