ALMA MATER STUDIORUM - UNIVERSITA DI BOLOGNA

SCUOLA DI INGEGNERIA E ARCHITETTURA
CORSO DI LAUREA MAGISTRALE IN INGEGNERIA BIOMEDICA (LM)

TESI IN
MODELLI E METODI PER LA CARDIOLOGIA
COMPUTAZIONALE LM

Multiscale analysis of an HCN4 channel
double mutation
in a human sinoatrial computational model

Relatore: Candidato:
STEFANO SEVERI EUGENIO RICCI
Correlatori:

FILIPPO CONA

ALAN FABBRI

SESSIONE III1
ANNO ACCADEMICO 2018/2019



Ai miei genitori



Contents

Abstract I
Introduction A\
I 1
1 The sinoatrial node 3
1.1 Structure-function relationshipof the SAN . . . . . . ... .. .. 3
1.2 Mathematical modeling of the SAN . . . . .. ... ... .... 8
1.2.1 Fabbrimodel . ... ... .. ............... 10
1.3 HCNchannels . . . . . . ... ... ... ... . ... ..... 12
1.3.1  Structure and physiology . . . . . .. .. ... ... ... 12
1.3.2 HCN4 mutations . . . .. .. ... ... ......... 14
2 Elements Read GUI 17
2.1 Introduction . . . . . . . . .. . . . ... 17
211 Aims . ... 18
2.2 GUIImplementation . . ... ... .. ... ... ....... 18
221 ABFformat. . ... ... ... ... ........... 18
2.2.2  ABF file acquisition modalities . . . ... ... ... .. 20
2.2.3  Graphic interface functionalities . . . . . . ... ... .. 21
23 Results. . . . . .. 23
2.3.1 Current Features Extraction with Elements Read GUI . . . 23

2.3.2 Effects of 1479V and A485E mutations at the single cell
level . . . . . . . 27
II 33
3 Materials and Methods 35



II

3.1
3.2
3.3
3.4
3.5

Hardware and software . . . . .. .. ..
Connecting the single cell models implementing gap junctions . .
The Matlab GPU coder . . . . . . .. ..
GPU&CUDA ... ...........
Cellular coupling . . . .. ... .....

3.6 Cellular heterogeneity . . . . . ... ...
3.7 PFeatures extraction . . .. .. ... ...
4 Results
4.1 1D Model Analysis . . . . ... ... ..
4.1.1 1D Parameter Randomization . .
4.1.2 1D Wild Type condition . . . . .
4.1.3 1D WT Model Results at a glance
4.1.4 1D Double Mutant condition . . .
4.1.5 1D DM Model Results at a glance
4.2 2D Model Analysis . . . . ... ... ..
4.2.1 2D Parameter Randomization . .
4.2.2 2D Wild Type condition . . . . .
4.2.3 2D WT Model Results at a glance
4.2.4 2D Double Mutant condition . . .
4.2.5 2D DM Model Results at a glance
4.2.6  Simulations with tuned parameters

5 Conclusions

Ringraziamenti

Bibliography

CONTENTS

36
40
44
46
46
47

51
51
51
53
58
60
66
70
70
70
76
78
83
88

91

95

96



Abstract

The Double Mutation (DM) 1479V/A485E has been reported (Servatius et al.,
2018) to determine a loss of function of the funny current (l¢), which is a key
player of the onset of the action potential in the Sinoatrial Node (SAN). Thus, the
DM can result in bradycardia. This work presents a multiscale study that links the
DM (i.e. genotype) to the bradycardia (i.e. phenotype). To do this, first a tool to
display and analyse electrophysiological data was developed. Thanks to it, the de-
crease in |f conductance was quantified and used as an input for a computational
model of a human SAN cell. The simulation of the action potential of this model
gave a Cycle Length (CL) of 1019 ms (compared to 814 ms of the Wild Type con-
dition, +20.1 %). After this, a 1D and 2D model of the SAN were implemented,
in order to test the behaviour of more complex systems (fibre and tissue), since
these can show phenomena not present at the channel or single cell level. Several
values of cellular heterogeneity (S) and coupling (r) were considered, in order
to investigate the most physiologic degree of these properties. This was assessed
relying on the most realistic results obtained for CL, Action Potential Amplitude
(APA) and Conduction Velocity (CV). The results show that:1) increasing S leads
to shorter mean CLs and wider CL and APA distributions; 2) increasing I pro-
vides wider CL and APA distributions, whereas their mean values are the highest
for r = 1000 MW-m. A complete synchronization is therefore a trade-off be-
tween S and r; 3) for physiological values of S (0.1873) and r (~ 100 MW -m)
cells manage to synchronize their pacing frequency and show a conduction veloc-
ity similar to that reported in literature (~ 11 cm/s) in both 1D and 2D models.
This is true for both WT and DM but, in the last case, the mean CL is significantly
shorter. This fact proves the detrimental effect of these mutations: in 2D, the heart
rate drops from 75.6 bpm (WT) to 60.2 bpm (DM, -18.3 %).
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Introduction

The sinoatrial node (SAN) has been known to be the spot from which the electrical
pulse originates in the heart for a very long time ([1], [2] and [3]). In physiological
conditions indeed, the SAN is able to deliver a stimulus to the right atrium and,
through it, to the entire heart. This is possible since the cells found in the sinoatrial
node present autorhythmicity, i.e. they can depolarize - up to the threshold value
at which the action potential is triggered - without any external stimulus. Other
kinds of cardiomyocytes (e.g. atrioventricular node cells, His bundle cells and
Purkinje fibers cells) also present autorhythmicity, but at a lower frequency. For
this reason, the stimulus coming from the SAN prevails, making the latter the
responsible for the normal heart rate.

The self-pacing ability in the SAN is guaranteed by the sum of many mech-
anisms that underlie the onset of the action potential (AP), which is a change in
the membrane voltage, V. The start of this mechanism is given by the activation
of the funny current (lf) at low potentials, that causes the SAN cells to depolarize
(by the intake of Na™ ions) without any external inputs. The growth in membrane
potential makes the Ca?* channels (first the T-types, then the L-type) to open,
letting calcium ions enter the cell and further depolarize it. The outward K™ cur-
rent will at the end hyperpolarize the cell, bringing it at low potentials, where the
cycle restarts. Unlike other types of cardiomyocytes, the role of the Na* current
(Ina) was thought to be secondary in the SAN because of the slower rise in the AP
upstroke. However, a recent work by Li et al. [4], resized this belief by proving
that a block of this current impairs the functioning of the SAN, especially in dis-
eased hearts. Therefore Iyg seems to be fundamental also in the sinoatrial node,
particularly for what it concerns the AP conduction.

In the heart, the conduction of the AP is guaranteed thanks to the connection
among the cells through the intercalated discs. The electrical coupling is provided
by the gap junctions through which ions can flow, thus propagating the stimulus
from one cell to the other. As already said indeed, the electrical pulse originates
in the SAN and travels through the atria up to the AV node, the only excitable
path connecting the atria to the ventricles. From here, and through the His bun-
dle, the stimulus arrives to the Purkinje fibers, from which it is delivered to the
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VI INTRODUCTION

whole ventricles. Indeed, the action potential (in the heart but also in neurons) is
the mechanism that nature has developed in order to deliver information at long
distances. In this case, the propagation of the change of the membrane potential
(the aforementioned information) is coupled with the release of calcium from the
sarcoplasmic reticulum, that makes possible the binding of the filaments of actine
and myosine and thus the contraction of cardiac tissue.

Despite of the complexity of the mentioned mechanism and the specializa-
tion of the tissues involved, the normal function of the heart can in some cases
be altered by many diseases, such as arrhythmias. In order to predict and treat
these pathologies, a deep understanding of the physiology of the SAN is neces-
sary. Unluckily however, few structural and physiological experimental data are
available for the human SAN, since few studies explanted and analysed this very
small (12-29.5 mm in length, 3.3-6.7 mm in width and 1-1.8 mm in depth [5])
and complex-shaped tissue. This is because, apart from the technical difficulties
of explanting and preserving an intact SAN, it is hard to have available such a
precious human tissue in a good condition.

Computational models and computer simulations can therefore provide a valu-
able solution to this deficiency, since they allow to test hypothesis and to suggest
new ones, without the necessity of handling human tissue. This was demonstrated
by Joyner et al. [6], who used a computational model to explain how a small
number of SAN cells can drive all the atrium by keeping a balanced source-sink
relationship. From the very first work of Hodgkin and Huxley [7], which opened
the era of the mathematical description of ionic currents, many steps forward have
been made in the direction of an accurate mathematical modeling of the electro-
physiology of the heart. The history of this progress, and what has been so far
understood, can be found in the works of Denis Noble [8] and Yoram Rudy [9],
respectively. Many models have indeed been proposed in the past for every type
of cardiomyocytes (sinoatrial, atrial, ventricular, Purkinje fibers), especially for
animal APs (since there are more electrophysiological data available). The single
cell models have also been extended to 1D and 2D models, in order to study the
propagation between different cells and the effects of both gap junction coupling
and cellular heterogeneity. Very importantly indeed, the main aspect of the action
potential is that it is not a phenomenon driven by a single factor. Instead, it ap-
pears as a complex mechanism to which lower-level events participate in different
extent. This concept is known as emergent behaviour: only at higher levels (i.e.:
tissue or organ level) it is possible to appreciate phenomena not present at smaller
scales (e.g.: channel or cell level), since they are the result of many combined
factors. The AP and its conduction are examples of emergent behavior as all of
the cellular currents contribute to the functioning of the first one and the second
one is the result of the interaction between many different cells.
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The starting point of this thesis is the study by Servatius, Porro et al. [10].
This work presented the case of a patient with a double HCN4 channel isoform
mutation, which provided an almost complete loss of function of the It current in
a HEK-293 cellular line (that only expressed this type of channel). As it is known
from literature, a loss of function in I determines a decrease in the heart rate; the
patient reported in the study showed indeed a deep bradycardia. The aim of this
thesis is therefore to assess this bradycardic effect on systems of increasing com-
plexity: single channel, single human SAN cell, SAN fiber (1D model) and SAN
tissue (2D model). This is in order to study the mutations in more physiologic
conditions, taking for example into account the cellular heterogeneity at the fiber
and tissue level, to see if their consequences are different from those observed in
a single cell. Indeed, the interaction between cells with different properties can
show phenomena that are not predictable at the single cell level.

This work therefore started from the assessment of the effects at the channel
level, by developing a Graphical User Interface (GUI) that could serve as a tool
for analysing electrophysiological data. The data of the cited study were anal-
ysed in order to obtain the parameters (specifically the conductance of the funny
current, g¢) with which to feed a computational model of the human SAN cell.
The single cell model by Fabbri et al. [11] was used to evaluate the consequences
of the mutations on the whole cell. Finally, starting from the single cell model,
1D and 2D human SAN models were implemented in MATLAB and simulated
(at several levels of cellular heterogeneity and coupling) taking advantage of the
computational power offered by the GPUs.

The thesis is divided in two parts: Part I illustrates the building of the graphical
user interface (GUI) and the analysis of in vitro data regarding the characteriza-
tion of loss of function of HCN4 channels. Part II reports the in silico experiments
carried out to observe the effects of the HCN4 at tissue level. In Part I, Chapter
1 will discuss the SAN anatomy and physiology, the HCN4 channel structure and
the mathematical modeling of the SAN. Chapter 2 will present the Elements Read
GUI tool, realized during an internship at Elements srl, and the results that could
be achieved thanks to it (in terms of the evaluation of the effects of the mutations
on the ls current). The effects of the mutation at the single cell level are also
presented. In Part II, Chapter 3 will explain how the 1D and 2D models were
designed and obtained, whereas in Chapter 4 the results of these models will be
shown and discussed. Finally, Chapter 5 will summarize and highlight the most
interesting results of the whole work.
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Chapter 1

The sinoatrial node

In this Chapter the anatomy and physiology of the sinoatrial node, with special
attention to its structure-function relationship, will be briefly presented. Also, the
mathematical description of SAN cells will be discussed, with reference to the
work of Fabbri et al. [11]. Finally, the structure and the importance of the HCN
channel family (and specifically of the HCN4 isoform) will be discussed.

1.1 Structure-function relationship of the SAN

The sinoatrial node "is a compact mass of specialized cardiomyocytes enmeshed
in a dense matrix of collagen, fibroblasts and fatty tissue" [5]. It is located in the
intercaval region of the right atrium, adjacent to the crista terminalis, a muscular
tissue. Its dimensions (12-29.5 mm in length, 3.3-6.7 mm in width and 1-1.8
mm in depth), and its banana-like shape, are quite agreed upon, but many micro-
structural aspects are still debated [5].

The main dispute concerns the way the SAN is electrically connected to the
right atrium: some researchers think that the stimulus is delivered thanks to dis-
crete SinoAtrial Conduction Pathways (SACPs) , whereas other state that the SAN
is entirely connected to the atrial tissue through diffuse interdigitations. This is a
crucial topic, since the structure of the SAN deeply influences its function, namely
its pacemaking activity. Evidence of both hypotheses have been proposed in the
past ([13]), but lately many works ([5], [17]) provided proofs in favour of a dis-
crete conduction system. In the study of Csepe et al. [5], an integrative approach
combining functional and structural analysis at high resolution, allowed them to
identify different SACPs in the SAN of two human hearts - one healthy and one
diseased. This was achieved thanks to high-resolution optical mapping and 3D
computer reconstruction of the SAN complex. As can be seen from Figure 1.2a,
these evidences are both histological and functional, since the existence of SACPs
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4 CHAPTER 1. THE SINOATRIAL NODE
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Figure 1.1: Histological section of the SAN [12].

allows to explain the different sites through which the electrical stimulus is deliv-
ered by the SAN to the atrium. Despite this, the authors report how the functional
block zone correlates to the anatomical border (made of fibrosis, fat, discontinuous
myofiber) in a degree dependent from the region considered. Therefore, the alter-
native hypothesis of an extensive connection between sinoatrial node and atrium
can not be discarded, as precisely no evidence of the complete insulation of the
structural border has been obtained so far. Nevertheless, for Li et al [17] SACPs
allow to explain how the SAN maintains its pacemaking function even in patho-
logical condition: by blocking signals coming from the atrium during fibrillation,
they protect the SAN from overdrive suppression.

Another important characteristic of the SAN, for what it concerns its function,
is its heterogeneity: this highly specialized tissue is not homogeneous, but on the
contrary presents a transition from central SAN cells to atrial ones. Also in this
case, two theories have been proposed, as can be seen in Figure 1.3. The first
hypothesis, called the "mosaic" model (Figure 1.3a), suggests that the density of
SAN cells decreases away from the center, while at the same time the number
of atrial ones grows. For the second hypothesis, known as the "gradient" model
(Figure 1.3b), there is a progressive transition in cellular properties from the SAN
center to the crista terminalis [18].

A study from Inada et al. [14], reports these trends in the rabbit SAN according
to the gradient model:

e Dimensions: central cells are smaller (~ 63 mm in length, Cy, ~ 40 pF),
whereas peripheral ones are bigger (~ 101 mm, Cy,, ~ 64 pF);
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Figure 1.2: Results of the study from Csepe et al. [5].

e Maximum upstroke velocity (dVm=dtmnax): this parameter is low in central
cells (~ 2V =s), but rises in the periphery (~ 50V =s);

e Maximum Diastolic Potential (MDP): central cells are more depolarized

(MDP ~ —60 mV) with respect to the peripheral ones, which have a more
negative MDP (~ —75 mV).
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Figure 1.3: Main theories for the transition in cellular properties from the SAN to the
atrium: (a) Mosaic model, (b) Gradient model [18].

e Gap junctions: conductance is low (0:5 — 25 nS) at the center of the SAN,
compared to that in the atrium (30 — 635 nS). This is because electrical
coupling is granted in the atrium by Cx43 and Cx40 connexin isoforms,
which respectively form medium (60 — 100 pS) and high conductance gap
junctions. In the center of the SAN, Cx43 and Cx40 are not expressed,
leaving the place for the low conductance Cx45 (20 — 40 pS). This also
causes the conduction velocity (CV, in cm/s) to be low in the center (~
2 cm=s) and high in the atria (~ 70 cm=s). Peripheral cells are coupled via
both Cx43 and Cx45 and therefore show halfway properties (~ 30 cm=Ss).

Regarding human SAN, new CV measures were found in literature: while
Riera et al. [15] and Desplantez et al. [16] reported indicative values of 5 and 3-5
cm/s respectively, Fedorov’s group reported a CV of 11.8 &£ 3.1 cm/s in a healthy
heart [5]. This value was obtained thanks to a voltage activation map using a high-
resolution near-infrared optical mapping, and showed a substantial decrease in a
diseased heart: 3.6 £+ 1.1 cm/s.

Going back to the transition theories, the fact that central cells show a lower
conductance is because they have to be uncoupled from the atrium, because oth-
erwise the latter would have an inhibitory effect on them: the lower MDP and the
significant load it represents, would cause the SAN to fail in the rhythm genera-
tion ([13], [14]). Thus, in silico simulations show how a transition layer of cells
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with a bigger expression of Ina and a stronger cell-to-cell coupling, is needed in
order to supply enough depolarizing current to the whole atrium and to deliver it
efficiently. For these reasons, peripheral cells show a higher expression of Nav1:5
(an Iy channel subunit) and Cx43 [14]. This study also proposes a cause to the
absence of Ina in central cells: AP of Purkinje fibres relies on lya, and for this
reason they can be subject to overdrive suppression. This means that if a high-
frequency source (such as an ectotopic focus) stimulates them, their activity is
interdicted, since intracellular Na* concentration grows and therefore Na* — K™
pump current rises. Being this current an outward (hyperpolarizing) current, it
prevents the cells from depolarizing, blocking the onset of the AP. To avoid this
potentially lethal mechanism, pacemaking activity in the SAN centre is entrusted
to lcg instead of Ing [14].

Despite this, the role of Ina in the SAN seems to be crucial, especially in
diseased hearts. As reported by a recent study [4] indeed, voltage-gated sodium
channels (Nav) are fundamental in preventing conduction failure. If blocked, both
cardiac and neuronal Nav isoforms (CNav and nNav) lead to beat-to-beat variabil-
ity and reentry by impairing and depressing nodal conduction. These conditions
can bring to Sinus Node Dysfunction (SND), which can only be treated with pace-
maker implantation. This disease has indeed been linked to loss-of-function mu-
tations in SCN5A [14], the gene encoding for the cardiac Nav1:5 channel subunit.
Although this gene is more expressed in the atria (Figure 1.4a) than in the SAN,
its block via tetrodotoxin (TTX) or the administration of adenosine to mimic a
stress condition, caused rhythm generation failure, thus highlighting its roles in
pacemaking and conduction. NNav is more abundant in the SAN instead (Figure
1.4b), and its blocking showed an increased probability of failure in intranodal
conduction.

In conclusion, these facts demonstrate an only suspected importance of Iy in
the SAN, even though its implications, and the whole SAN functioning, have not
been fully understood yet.
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Figure 1.4: lya genes expression in SAN and atrium [4].

1.2 Mathematical modeling of the SAN

The action potential generation is a complex and dynamic phenomenon. In the
sinoatrial node, three phases of the action potential can be distinguished [15], as
shown in Figure 1.5:

e Phase 4: spontaneous diastolic depolarization, due to the slow intake of
Na* and K* (It current) and Ca2* (Icat) ions. This phase ends with the
AP triggering, when Vy, is in the range of -40/-30 mV;

e Phase 0: depolarization phase, driven by Ca?* currents: L-type channels
- which are activated at higher potentials with respect to the T-type ones -
determine the upstroke. In addition, L-type current is also important in the
other types of cardiomyocytes, since it is responsible for the plateau phase.
In working cardiac myocytes (atrial and ventricular), Phase 0 is instead due
to Ina which, having faster kinetics and a larger maximum current, deter-
mines a steeper upstroke with respect to that of SAN cells;

e Phase 3: repolarization phase, characterized by the closing of L-type cal-
cium channels, and the rise of rectifying potassium currents (Igy and Iks).
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Figure 1.5: Action potential of the rabbit SAN (red trace) and involved currents for both
membrane clock (green bracket) and calcium clock (dark blue bracket) theories (LCRs:
Local Calcium Releases). The three phases of the sinoatrial AP are also labeled. [19].

The autorithmicity lies in the spontaneous depolarization during phase 4 of
the AP. Two theories have been proposed to explain this phenomenon: one is
called the membrane clock and it is the oldest and most accepted one, even if
it has been lately questioned by a novel hypothesis, named calcium clock. The
first says that: I) all of the involved mechanisms are located in the membrane; II)
diastolic depolarization is mainly due to the |s current, which is responsible of
bringing Vy, to the threshold value at which the AP is triggered. For this reason,
It is believed to determine the heart rate. The latter theory resizes the role of both
the membrane and the funny current, in favour of the rhythmic and spontaneous
Local Calcium Releases (LCRs, mediated by the ryanodine receptors) from the
sarcoplasmic reticulum ([19], [20]). This release brings into play the Na* — Caz*
(NCX) exchanger, and can therefore change the membrane voltage and trigger
the AP. So far, it is not clear what the predominant mechanism is; however, the
membrane clock and the calcium clock are closely related, since they can both






