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Abstract

This work aims to investigate mouse atrioventricular
node conduction using in silico simulations. First, a 1D
cable composed of sinus node, atrium, and atrioventricu-
lar node cells was simulated to analyze conduction under
healthy and Iy block conditions. No appreciable impair-
ments in atrioventricular conduction were observed, but
a surprising increase in atrioventricular node conduction
velocity was noted. Next, the focus shifted to the atrioven-
tricular node, with increased resolution achieved by simu-
lating the fast and slow pathways. The fast pathway was
hypothesized to consist of half atrial and half atrioventric-
ular node cells, while the slow pathway was made entirely
of nodal cells. This model demonstrated the capability
of early His activation through the fast pathway, aligning
with current knowledge of the mammalian atrioventricu-
lar node. Finally, a more complex 2D setup was tested to
simulate Koch’s triangle in the mouse, including the main
atrioventricular node landmarks. In this model, two dis-
tinct insulated pathways were not observed, but a slight
delay between upper and lower His activation was found,
with earlier activation of the upper region.

1. Introduction

The atrioventricular (AV) node is the sole conduction
pathway between the atria and ventricles in a healthy heart.
In addition to this critical function, it can also pace the
heart in cases of sinus node or atrial dysfunction. Despite
its vital role, few attempts to simulate the AV node’s com-
plete electrophysiology have been made. Inada et. al.’s
work on a rabbit AV node model represents a pioneering
effort to develop a bio-physically detailed species-specific
model for the rabbit [[1]. However, no detailed models of
the mouse AV node have been reported in the literature to
date.

The aim of this work is to propose a novel multi scale
mouse AV node model, beginning with a 1D heteroge-
neous cable composed of sinus node, atrial, and AV node
cells, and extending to more complex structures that incor-
porate dual-pathway AV node electrophysiology. The sen-
sitivity of the proposed models to the funny current (I¢) is
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also analyzed, with the goal of replicating the findings of
Baruscotti et al. [2]], who reported progressive AV block
and death in mice following HCN4 knockout.

2. Materials and Methods

To build the multiscale models, three species specific
models for mouse were used:

o For the sinus node (SA), the Morotti et al. model, based
on the Kharche et. al model [|3] was used. The source code
was taken from Morotti et al. work [4]];

o For the atrial myocadium (AM), the Zhang et al. model
[5] was used, implemented from scratch;

e The atrioventricular node (AV) model is based on our
department project [6].

Two cell cables were implemented using discrete mod-
els, implemented by connecting cells through ideal resis-
tors to represent the gap junction coupling. The i-th cell is
described by a system ODEs, to compute its ion currents
I,y and the membrane voltage V,, (eq. @)).

, dval , .
O:n dt = _I'Zon + I;ap (1)

. . 1/ . .
The gap junction current, [, is computed by consid-

ering the M; neighboring cells, as showed in eq. @).
M;
Lyap =D _ i (Vi = Vi) 2)
j=1

The first setup is a 1D cable made of 100 cells which
are 20 SA cells, 50 AM cells and 30 AV cells. The gap
junction resistances values are presented in table[2] These
values were chosen in order to have the best compromise
between conduction velocity comparable to experimental
data from Castro et. al.[7] and ability to support propaga-
tion along the cable. The second setup represents the AVN
as split in a fast pathway (FP) and slow pathway (SP). The
FP was hypothesized to be made of half AM and half AV
(15 and 15 cells), in order to reproduce the fast conduction
along the FP. The SP was hypothesized to be made of only
AV cells (30 cells). Both pathways connect into a com-
mon sink make of 20 nodal cells (AV). The same number
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Figure 1. Geometries of different simulated models. (A) represents the 1D cable (B) the dual pathway AVN cable and
(C) the 2D tissue. The white regions are non-conductive areas. Here CS = Coronary Sinus Ostium, INE = Inferior Nodal

Extension, CN = Compact Node and HB = His Bundle.

Central Peripheral
Rj R ’
Sinus Node 130 8.7
Atria 3.5 3.5
Atrioventricular Node 25 25

Table 1. Gap junctions resistances values in M2 for each
district of the cable. *Central’ indicates the leftmost point
of the district, while ’peripheral’ the rightmost one.

of cells of the previous setup was maintained for the SA
node and AM, so the total number of cells is 150.

The third setup is a 2D 25x 15 matrix made of AM and
AVN cells, organized to reproduce the qualitative shape of
the Koch’s triangle, including the coronary sinus ostium
(CS). The AVN region includes the compact node (CN)
and inferior nodal extension (INE). Here all the gap junc-
tion values (table [2)) are doubled to avoid excessive fasten-
ing due to the added dimension.

The models were implemented using Julia programming
language [8]]. The chosen integrator was CVODE BDF.
The first two schemes were simulated for 2000ms, while
the latter for 1000ms. The data analysis was performed
using MATLAB R2024a.

3. Results

3.1. Sinus Node Driving Atrial and AVN
Cells

The mouse AVN model conduction capabilities were
tested by comparing different levels of I block.

The electrical propagation along the cell cable in control
conditions is shown in figure The cycle length (CL)
is 146 ms, corresponding to approximately 412 bpm. The
conduction velocities (CV) are: 3.3 cm s~ in the SA node,
43.4cms~! in the AM and 15.4cms™! in the AVN.

With a full Iy block (100%), the CL is 183ms and
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Figure 2. Action potential propagation along the cell ca-
ble. From the bottom left to the top right: sinoatrial node
(SAN), atrial myocardium (AM) and atrioventricular node
(AVN).

so 327 bpm. The CVs are: 4.4cm s~1 in the SA node,
43.4cms~ ! inthe AM and 17.4 cm s ! in the AV node.

3.2. Simulating the Dual Pathways

With the dual pathway cable, the first observation is that
the fast pathway (FP) drives the downstream load by reach-
ing firstly the His bundle and blocking the pulse in the slow
pathway (SP), as shown in figure [3] The cable was tested
in control conditions and full Iy block conditions.

In control conditions, the system cycle length is 146 ms,
corresponding to 412 bpm. The conduction velocities
(CV) are: 3.3cms ™! in the SA node, 43.3cms™! in the
AM, 17.6cms~! in the SP and 27.5cms™! in the FP.
The atrial-His (74g) time is calculated between the cen-
ter of the AM and the center of the sink. In this case
Tag = 19.2ms.
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With a total Iy block (100%), the system cycle length
is 183 ms, so 327 bpm. The conduction velocities (CV)
are: 4.4cms™! in the SA node, 43.4cms™! in the AM,
19.7cms™! in the SP and 27.8cms™! in the FP. Here
TAH — 17.9ms

Figure 3. From (a) to (d): action potential propagation
along the dual pathway AVN in control conditions. The
Vin 1s proportional to color intensity. The top line is the
fast pathway (FP), and the bottom one is the slow pathway
(SP). The thick white arrow indicates the main propagation
pathways. On (d), it is possible to appreciate a wavefront
collision preventing the propagation of the pulse traveling
along the SP.

3.3. 2D Simulation of the Koch’s Triangle

To initiate the investigation of the complex AVN elec-
trophysiology we simulated a simplified 2D Koch’s trian-
gle incorporating a simple AVN that includes the inferior
nodal extension (INE), the compact node (CN) and the ini-
tial His bundle (HB). The stimulus was artificially deliv-
ered at 500bpm on the top-left semi perimeter of the rect-
angle domain to simulate the arrival from the upper atrial
part. The propagation across a portion of tissue is shown
in figure [}

This scheme was tested under both control and 100%
Iy block conditions. We computed two atrial-His times,
considering the upper and the lower cells of the HB section
(cells (21, 12) and (25, 12), figure[d) 745, = 73 — 7am
and 7% = TloY — 4.

In control conditions the two times are 7,4, = 5.53 ms
and 7% = 5.64ms. The upper-lower difference is
—0.11ms.

With full Iy block, the two times are 744, = 5.49ms

and 7% = 5.57ms. The upper-lower difference is
—0.08 ms.
4. Discussion and Conclusions

The 1D simulations demonstrated the capability of our
mouse AV model [6] to be integrated and function within
a multi scale heterogeneous structure. The adopted gap

Figure 4. Action potential propagation across the 2D tis-
sue. The arrow coming from the upper-right part, passing
from the CN, suggests the fast pathway, while the other
one, passing from the INE, suggests the slow pathway.
The colorbar indicates the V,,, level, while the cell num-
ber is indicated on the axes. The dark blue parts are non-
conductive areas.

junction values produced conduction velocity values sim-
ilar to those reported by Castro et al. [7] for AM and AV,
that are 47.0cms~! and 16.0 cm s ™1, respectively.

The insertion of the FP and SP was useful in initiating
a more detailed computational study of mouse AV nodal
electrophysiology, with the hypothesis that the dual path-
way conduction is also present in mice. The primary result
is successful replication of the state-of-the-art activation of
the His bundle from the FP [9]. Conversely, the 2D sim-
ulation of Koch’s triangle led to the hypothesis of a more
complex conduction pattern across the AVN, suggesting
the absence of two insulated pathways.

An analysis was performed on the variation of the max-
imum conductance of Iy, simulating blocks. Contrary to
expectations, the atrioventricular node did not show a re-
duction in conduction velocity; instead, an increase was
observed. This can be attributed to a hyper polarization
when I; is reduced, which might increase the degree of
activation of Ix,. The conduction block observed by Bar-
uscotti et. al [2] was not reproduced. The significant beat-
ing rate reduction of over 50% observed by the cited au-
thors was not achieved. In the one-dimensional scheme,
the maximum difference of almost 21% is observed be-
tween the control and total block case of I¢, close to what
Castro et. al. 7] found in their 1D simulation. This might
be due to the chosen SA node model, which could be too
resilient to Iy modulation. In the dual pathway scheme, a
similar qualitative pattern was recognized: decreasing Iy
led to a slight increase in the AVN conduction velocity.
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The beating rate variation is practically the same of the
mono dimensional case, suggesting that the SA node pac-
ing capability is not affected by the change of load. The
unexpected increase in conduction velocity is consistent
with A7y = —1.7ms between control and full /; block
cases.

Our 2D simulations did not reveal two insulated prop-
agation pathways. This result might strongly depend on
our setup, as a more heterogeneous tissue with conduc-
tance modulation and anisotropic gap junctions could po-
tentially lead to different results. Additionally, the early
activation of the upper His part might be amplified by in-
creasing the cell number on the vertical axis. Neverthe-
less, we were able to achieve the atrioventricular conduc-
tion with a pseudo-anatomical scheme.

As future development, longer (in time) and larger (in
space) simulations could improve the reliability of the data,
as our results might not reflect the system’s steady state.
Secondly, another area for development could involve ana-
lyzing how single-cell currents and ion concentrations be-
have under the proposed conditions, in order to study the
role of Iy, in the conduction speeding. Additionally, ac-
quiring more data on mouse AVN, including dimensions,
geometry and biophysical heterogeneities, could improve
the model’s agreement with real mouse AVN by simulating
more detailed tissue schemes.

To conclude, in our models, I did not show an appre-
ciable role in conduction. This could be due to the pres-
ence of weaknesses, e.g, the Iy or Iy, formulations. How-
ever, all the models were able to replicate the mouse AVN
electrophysiology in terms of rate and conduction veloci-
ties.
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