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Abstract: Patients carrying the heterozygous A414G mutation in the HCN4 gene, which encodes
the HCN4 protein, demonstrate moderate to severe bradycardia of the heart. Tetramers of HCN4
subunits compose the ion channels in the sinus node that carry the hyperpolarization-activated
‘funny’ current (If), also named the ‘pacemaker current’. It plays an essential modulating role in sinus
node pacemaker activity. To assess the mechanism by which the A414G mutation results in sinus
bradycardia, we first performed voltage clamp measurements on wild-type (WT) and heterozygous
mutant HCN4 channels expressed in Chinese hamster ovary (CHO) cells. These experiments were
performed at physiological temperature using the amphotericin-perforated patch-clamp technique.
Next, we applied the experimentally observed mutation-induced changes in the HCN4 current of
the CHO cells to If of the single human sinus node cell model developed by Fabbri and coworkers.
The half-maximal activation voltage V; /, of the heterozygous mutant HCN4 current was 19.9 mV
more negative than that of the WT HCN4 current (p < 0.001). In addition, the voltage dependence
of the heterozygous mutant HCN4 current (de)activation time constant showed a —11.9 mV shift
(p < 0.001) compared to the WT HCN4 current. The fully-activated current density, the slope factor of
the activation curve, and the reversal potential were not significantly affected by the heterozygous
A414G mutation. In the human sinus node computer model, the cycle length was substantially
increased, almost entirely due to the shift in the voltage dependence of steady-state activation, and
this increase was more prominent under vagal tone. The introduction of a passive atrial load into
the model sinus node cell further reduced the beating rate, demonstrating that the bradycardia of
the sinus node was even more pronounced by interactions between the sinus node and atria. In
conclusion, the experimentally identified A414G-induced changes in I can explain the clinically
observed sinus bradycardia in patients carrying the A414G HCN4 gene mutation.

Keywords: sinoatrial node; HCN4 channels; hyperpolarization-activated current; action potential;
cellular electrophysiology; patch-clamp recordings; Chinese hamster ovary cells; human; computer

simulations

1. Introduction

The ‘funny’ current (If), also named the ‘pacemaker current’, is a key player in the
pacemaker activity in the sinus node of the heart. I; is a current of mixed ionic nature
and is activated upon hyperpolarization. It is a (mainly) inwardly directed current and,
consequently, it is important for the spontaneous depolarization that underlies sinus node
pacemaker activity. Furthermore, cyclic AMP (cAMP), the (intracellular) level of which
is lowered by acetylcholine (ACh), affects the current density and gating properties of I,
and thus, I is an essential modulator of the cardiac pacing rate, as reviewed previously
in detail [1-6]. The ion channel of I; in the sinus node cell membrane is composed of
four hyperpolarization-activated, cyclic-nucleotide-gated (HCN) subunits. The protein of
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HCN4, which is encoded by the HCN4 gene, is the main isoform of HCN in human and
rabbit sinus node cells [7-10].

Two decades ago, Schulze-Bahr and colleagues [11] were the first to present a case of a
patient with marked sinus bradycardia that could be attributed to a (heterozygous) loss-of-
function mutation in HCN4. The loss-of-function phenotype of this particular mutation
was demonstrated using patch-clamp methodology on COS-7 cells that were transiently
transfected with wild-type (WT) and/or mutant HCN4 complementary DNA (cDNA) to
make them express WT or mutant HCN4 channels. In the following years, a number of
studies were published in which idiopathic or familial sinus bradycardia was associated
with a (heterozygous) mutation in HCN4, as reviewed by us and by others [12-16]. Of
note, the in vitro data on the mutation of interest, if provided, were regularly incomplete
or not fully consistent with the clinical phenotype [14,15]. Generally speaking, HCN4
mutations associated with cardiac bradycardia are heterozygous dominant-negative (or
dominant-negative-like) loss-of-function mutations.

In 2014, Milano and coworkers [17] and Schweizer and coworkers [18] were the first
to present a number of loss-of-function mutations in HCN4 that were not only associ-
ated with sinus bradycardia but also with mitral valve prolapse (MVP) and left ventric-
ular non-compaction (LVNC). Since then, several more such mutations have been pre-
sented, together with more structural abnormalities, like right ventricular non-compaction,
biventricular non-compaction, hypertrabeculation, left atrial dilatation, aortic dilation,
and pulmonary artery dilation [19-24]. However, the exact mechanism by which these
mutations in HCN4 lead to LVNC, MVP, and other structural abnormalities remains
to be resolved. The mutations known today are summarized in Figure 1 and include
the R375C [23,25,26], A414G [17], G480R [27], Y481H [17,20], G482R [17-19,22,24-28],
A485V [25,27], and G811E [29] missense mutations, the 1479V + A485E double mutation [21],
and the 695X truncation mutation [18]. As can be directly inferred from Figure 1, many of
these mutations are located in the pore-forming loop of the HCN4 channel. Of note, this
figure is limited to mutations that have been classified as loss-of-function mutations, not tak-
ing into account that some of the loss-of-function effects may not be large enough to explain
the bradycardic effects of the mutation, as in the case of the G811E mutation [29]. More
mutations have been associated with the combined phenotype of LNVC and bradycardia of
the heart, but in these cases, electrophysiological data are either lacking, like for the G480C
missense mutation [26] and the R483_V487del deletion mutation [30], or gain-of-function
characteristics rather than loss-of-function ones have been revealed, like for the P883R
mutation [18,31], thus (partly) explaining the clinically observed tachycardia-bradycardia
syndrome rather than the also observed sinus bradycardia.

Once a specific mutation has been found, it is important to test its functional effects in
extensive electrophysiological experiments to assess whether the mutation can explain the
clinical phenotype, as demonstrated for the G811E and P883R mutations. Once electrophys-
iological data are available, these can be used in computer simulations to further determine
the functional consequences of the mutation of interest. In this regard, the comprehensive
single human sinus node cell model of Fabbri et al. [32] (known as the Fabbri-Severi model)
can be a very helpful tool. Of note, this mathematical model allows different autonomic
tone levels through the simulated administration of ACh (vagal tone).

Here, we characterized in detail the functional consequences of the A414G mutation
in the 54-5S5 linker of the HCN4 protein (Figure 1) that was previously found by Milano
et al. [17] in a small family with sinus bradycardia and LVNC. Therefore, we first per-
formed voltage-clamp experiments on the WT HCN4 channels and heterozygous HCN4
mutant channels expressed in Chinese hamster ovary (CHO) cells, importantly extending
the electrophysiological data that were presented by Milano et al. [17]. Next, the experi-
mentally identified mutation-induced changes in the kinetics of the HCN4 channels were
incorporated into the Fabbri-Severi sinus node cell model. The computer simulations were
performed with the default model as well as in the simulated presence of 10-20 nM ACh to
test vagal effects. Also, we carried out computer simulations in the absence or presence of
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an additional outward current to test the effects of an atrial load. Our research had been
presented at the 46th Computing in Cardiology Conference in Singapore and appeared in
its conference proceedings [33].
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Figure 1. Schematic topology of the HCN4 protein and loss-of-function mutations that have been
associated with both sinus bradycardia and left ventricular non-compaction. Tetramers of HCN4 «-
subunits constitute the cardiac ion channel that conducts the hyperpolarization-activated ‘funny’ cur-
rent (If). The HCN4 protein possesses six transmembrane segments (51-56), of which the positively-
charged 5S4 helix forms the voltage sensor of the channel. In addition, the HCN4 protein has a
pore-forming loop (P) and intracellular N- and C-termini. The C-terminus comprises the C-linker
(indicated by the dotted line) and the cyclic nucleotide-binding domain (cNBD), which mediates
cyclic AMP (cAMP)-dependent changes in the gating properties of the HCN channel. Colored dots
indicate the location of the currently known loss-of-function mutations in the HCN4 protein that
are associated with both bradycardia of the sinus node and left ventricular non-compaction. These
include seven substitutions (R375C, A414G, G480R, Y481H, G482R, A485V, and G811E), a double
substitution (1479V + A485E), and a truncation (695X).

2. Materials and Methods
2.1. Plasmid Construction and Transfection

The mutation of A414G was introduced in WT hHCN4 complementary DNA (cDNA)
by using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) [17].
CHO cells (Sigma-Aldrich, St. Louis, MO, USA) were cultured at 37 °C in Ham’s F-12
medium with 10% fetal bovine serum (Lonza, Basel, Switzerland), 2 mM glutamine, and
1% P/S (5000 U/mL penicillin and 5000 U/mL streptomycin sulfate, Lonza). The cells were
transiently transfected with lipofectamine (Gibco BRL, Life Technologies, Grand Island, NY)
using either 2 ug WT cDNA or—in order to recapitulate a heterozygous state—1 pg of WT
and 1 ug of A414G mutant cDNA construct. Successfully transfected cells were visualized
by co-expressed green fluorescent protein (GFP) (0.5 pg eGFP plasmid; pcDNA3-eGFP; Life
Technologies, Carlsbad, CA, USA).
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2.2. Patch-Clamp Experiments

The bath solution (36 & 0.2 °C) contained (in mM): NaCl 140, KC1 5.4, CaCl, 1.8,
MgCl, 1.0, glucose 5.5, and HEPES 5.0; pH 7.4 (NaOH). The patch-clamp experiments
were performed two days after transfection using the amphotericin-perforated patch-clamp
technique and an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA, USA).
The patch pipettes (2-2.5 M) were pulled from borosilicate glass (GC100F-10; Harvard
Apparatus, Waterbeach, UK) using a custom-made pipette puller. The pipette solution
contained (in mM): K-gluconate 125, KCl1 20, NaCl 10, amphotericin-B 0.88, and HEPES 10;
pH 7.2 (KOH). Custom-made software was used for voltage control, data acquisition, and
analysis. We corrected the potentials for the estimated liquid junction potential. Signals
were low-pass filtered (cut-off frequency: 5 kHz) and digitized at 5 kHz. The cell membrane
capacitance (Cpy; 7.2 = 0.8 pF (mean £ SEM, n = 24)) was determined by dividing the decay
time constant of the capacitive transient in response to hyperpolarizing voltage-clamp steps
of 5mV (from a holding potential of —20 mV) by the series resistance. For proper voltage
control, the series resistance was compensated by 70-80%.

HCN4 currents were measured using the voltage-clamp protocols as shown in the
respective figures of Section 3.1.1 and 3.1.3. Currents analyzed at the end of the hyper-
polarizing steps were normalized to Cp, to obtain HCN4 current densities. To construct
the steady-state activation curves, tail current amplitudes were normalized to the maxi-
mum tail current and plotted against the test voltage. The activation curves were fitted
using the Boltzmann equation I/Imax = A/{1 + exp[(V 1= V)/Kk]}, where I is the HCN4

tail current at test potential V and Inayx is the maximum HCN4 tail current, to determine
the voltage of half-maximal activation V 1 (in mV) and slope factor k (in mV). The HCN4

activation and deactivation time course was fitted by the mono-exponential functions
I/Imax = A X [1 — exp(—t/7)] and I/Imax = A X exp(—t/T), respectively, to determine the
time constant of (de)activation 7, ignoring the variable initial delay in (de)activation [34,35].

2.3. Computer Simulations

The electrical activity of a single human sinus node cell was mathematically simu-
lated using the comprehensive Fabbri-Severi computer model of such a cell [32]. The
heterozygous A414G mutation in HCN4 was implemented in the CellML code of the
Fabbri-Severi model, which is available from the CellML Model Repository [36] at https:
/ /www.cellml.org/ (accessed on 16 April 2023), by a —19.9 mV shift in the voltage de-
pendence of the steady-state activation curve as well as a —11.9 mV shift in the voltage
dependence of its time constant of (de)activation. Either shift was based on the data from
our patch-clamp experiments.

We introduced vagal tone into the Fabbri-Severi model by setting the model ACh
concentration to 10 or 20 nM, thereby lowering the 74 beats/min beating rate of the
default model (at zero ACh concentration) to 58 and 49 beats/min, respectively. The major
consequences of the simulated ACh administration were the activation of the ACh-activated
K* current (Ix och), which was zero in the default model, and the I reduction through a
negative shift in the I; voltage dependence [32]. In order to assess the consequences of the
sinus node-atrial interactions, we introduced a passive atrial load in the computer model
through the addition of an ohmic outward current with a conductance of 0.2-0.4 pS/pF
and a —80 mV reversal potential.

The CellML code [37] was edited and run in the Cellular Open Resource (COR)
environment [38], version 0.9.31.1409. All simulations were run for 200 s, which proved
to be a sufficiently long time to reach steady-state behavior. Data from the final 10 s were
used for analysis.

2.4. Statistics

Data are presented as the mean + SEM. We compared groups using an unpaired
two-sided t-test or the two-way Repeated Measures (RM) ANOVA, which was followed
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by a pairwise comparison using the Student-Newman-Keuls test. p < 0.05 defined statisti-
cal significance.

3. Results

In the present study, we characterized the mechanism by which the HCN4 gene
mutation A414G causes sinus bradycardia. Therefore, we performed voltage-clamp mea-
surements on the WT and heterozygous mutant HCN4 channels expressed in CHO cells to
determine in detail the changes in the biophysical properties of the HCN4 channels caused
by the mutation, as set out in Section 3.1. Subsequently, the experimentally identified
mutation-induced changes were incorporated into the Fabbri-Severi model of a human
sinus node pacemaker cell to determine their functional effects. As described in Section 3.2,
our computer simulations were carried out with the default model, in the presence of
10-20 nM Ach, to test the effects of vagal tone, and in the absence or presence of an extra
outward current to test the effects of an atrial load.

3.1. Voltage-Clamp Experiments
3.1.1. Current Density

Figure 2A shows typical HCN4 currents in CHO cells transfected with WT (blue
traces) or heterozygous mutant HCN4 channels (pink traces). To activate HCN4, the CHO
cells were voltage-clamped from a holding potential of 0 mV to various test potentials
(ranging from —160 to —20 mV, in 10 mV increments), as schematically shown in the
protocol at the top of Figure 2A. The duration of the test step to —20 mV was 12 s to
ensure full activation, and its duration was progressively reduced to 1.5s at —160 mV to
prevent membrane instability and cell death at very negative potentials. As typical for
HCN4 currents, the activation threshold was in the —40 to —50 mV voltage range and the
HCN4 current amplitude progressively increased with more hyperpolarized potentials.
Figure 2B shows the current-voltage (I-V) relationships of the current densities in 13 WT
and 11 heterozygous mutant HCN4 cells. Over the entire voltage range of the test potentials,
the densities were not significantly different between the WT and heterozygous mutant
HCN4 channels (two-way RM ANOVA with one-factor repetition). However, if the data
analysis was limited to the voltage range of diastolic depolarization (roughly —70 to
—40 mV), the current of the heterozygous mutant HCN4 channels seemed to activate at
more negative potentials (for detailed activation kinetics, see Section 3.1.2), resulting in a
lower current density during the diastolic depolarization of sinus node pacemaker cells
(Figure 2B, inset).

3.1.2. Activation Kinetics

Figure 2B suggests that the heterozygous mutant HCN4 activates at more negative
potentials than the WT. Therefore, we analyzed the voltage dependence of activation in
more detail, using the HCN4 tail currents that could be recorded upon returning from the
hyperpolarizing test potentials to the 0 mV holding potential, as illustrated in Figure 2A
(insets). The tail currents were normalized to the maximum tail current and plotted
against the preceding hyperpolarizing test potential to construct the WT and heterozygous
mutant steady-state activation curves of Figure 3A. As can be inferred from Figure 3A, the
heterozygous mutation shifted the steady-state activation curve by approximately —20 mV,
thus decreasing the voltage range over which the HCN4 current is functionally active
during a sinus node action potential (Figure 3A, inset). As a consequence of the shift, the
half-maximal activation voltage V;,, changed from —71.0 £ 3.1 mV for the WT (n = 13)
to —90.9 &£ 4.6 mV (n = 11) for the heterozygous mutation (Figure 3B; unpaired two-sided
t-test, p < 0.001). With values of —10.0 £ 1.2 mV (WT) and —11.7 £ 0.9 mV (heterozygous
mutation), the slope factor of the HCN4 steady-state activation curve was not significantly
different between the WT and WT + A414G (Figure 3C; unpaired two-sided t-test).
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Figure 2. Activation of wild-type (WT) and heterozygous A414G mutant (WT + A414G) HCN4
currents. (A) Voltage-clamp protocol (top panel) and typical WT (blue traces) and heterozygous
mutant HCN4 currents (pink traces). Insets: superimposed tail currents at 0 mV. (B) Average densities
of WT and heterozygous mutant HCN4 currents measured during the step potentials. The inset
shows current densities on an enlarged current scale, focusing on the test potentials in the voltage
range of diastolic depolarization of sinus node pacemaker cells and limiting data analysis to these
potentials. * p < 0.05 and *** p < 0.001.
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Figure 3. Voltage dependence of HCN4 current activation. (A) Average tail current—voltage (I-V)
relationships of the WT and the heterozygous A414G mutation. The dashed lines are the Boltzmann
fits to the data, and the inset represents the voltage range of the diastolic depolarization of human
sinus node pacemaker cells. (B) Average half-maximum activation voltage. (C) Average slope factor.
*p <0.05 **p <0.01, and *** p < 0.001.

The native Iy and all HCN isoforms, including HCN4, activate faster at more hyper-
polarized potentials [1], as can also be observed in the typical examples of Figure 2A. We
fitted the time course of activation by a mono-exponential function to determine the time
constant of activation. Figure 4 (filled circles) shows the thus obtained time constant of acti-
vation plotted against the hyperpolarizing test potential for the WT and the heterozygous
mutation. The heterozygous mutation significantly decreased the activation rate of the
HCN4 current at various test potentials (Figure 4; two-way RM ANOVA with one-factor
repetition). For example, at —100 mV, the time constant of activation was 697 £ 98 ms for
the WT (n = 13) and 1220 % 126 ms (n = 11) for the heterozygous mutation (p < 0.001).
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Figure 4. Voltage dependence of the time constant of HCN4 current (de)activation. Bell-shaped
curve: fit to the data according to T = 1/[Al x exp(-Vm/B1) + A2 x exp (Vm/B2)], where 7 is the
time constant of (de)activation, Vi, is the membrane potential, and Al, A2, B1, and B2 are fitting
parameters [39]. ** p < 0.01 and *** p < 0.001.

3.1.3. Deactivation Kinetics and Reversal Potentials

HCN4 currents activated during hyperpolarization demonstrate deactivation upon
subsequent depolarization. Figure 5A shows typical examples of deactivation in a WT and
heterozygous mutant cell. The cells were first voltage-clamped from a holding potential
of 0 mV to —120 mV for 3 s, to ensure full activation, and this hyperpolarizing step was
followed by a 6 s step to test potentials ranging from —80 to 0 mV (in 10 mV increments),
as shown in the protocol at the top of Figure 5A. Typically, for HCN currents, deactivation
becomes faster as test potentials become more depolarized. The time course of deactivation
was fitted by a mono-exponential function to determine the time constant of deactivation.
The thus obtained time constants of deactivation are plotted against the depolarizing test
potentials in Figure 4 (filled squares). The heterozygous mutation significantly increased
the deactivation rate of the HCIN4 current at various test potentials. For example, at —60 mV,
the time constant of deactivation was 816 + 164 ms for the WT (n = 5) and 529 £ 26 ms
(n = 8) for the heterozygous mutation (p < 0.001). The combination of the HCN4 activation
and deactivation time constants usually constitutes a bell-shaped relationship [1], as is
also the case in the present study, both for WT and WT + A414G (Figure 4, dashed lines).
The heterozygous A414G mutation shifted the complete bell-shaped curve to the left by
11.9 mV.

The fully-activated I-V relationship was characterized by the determination of the
peak of the deactivating tail current. The fully-activated I-V relationship was linear for the
WT as well as for the mutation (Figure 5B). The fully-activated conductance, determined
from the slopes of the individual linear fits, was not significantly different between the
WT and the heterozygous mutation (Figure 5C). The reversal potential, determined from
linear fits to the individual I-V relationships of the cells, was —38.7 £ 2.7 mV (n = 5) and
—39.6 £ 2.3 mV (n = 8) for the WT and the heterozygous mutation, respectively (Figure 5D).



Cardiogenetics 2023, 13 125

OomV,6s

A 0mvV
\ -80 mV, A10 mV

-120mV, 3 s

0 pA/pF ——

o

30

20

10+

-104

-20

HCN4 current (pA/pF)

® WT (n=5)

—30 B WT +A414G (n=8)

—40

T T T T
-80 -60 —40 -20 0

Membrane potential (mV)

D

O

™ 07
- o 087 —
_QU) S -104
© < 06 © £
Z o o=
e o ® 204
© S 04- > i
ig 7 S5
E-Rs x £ 301
L3 021 a
Qo —40 -
©  0.0-

B WT (n=5) [l WT + A414G (n = 8)

Figure 5. Voltage dependence of HCN4 current deactivation and fully-activated I-V relationship.
(A) Voltage-clamp protocol (top panel) and typical WT (blue traces) and heterozygous mutant HCN4
currents (pink traces). (B) The average I-V relationship of the fully-activated HCN4 current as
determined from the deactivating tail currents at the test potentials ranging from —80 to 0 mV. Solid
lines are the linear fits to the experimental data. Arrows indicate the reversal potential of the HCN4
current. (C) Fully-activated conductance and (D) reversal potential, as determined from five WT and
eight heterozygous mutant I-V relationships.
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3.2. Computer Simulations

To assess the mechanism by which the heterozygous A414G mutation in HCN4 causes
sinus bradycardia, we incorporated the experimentally observed mutation-induced changes
in the HCN4 current into the comprehensive Fabbri-Severi model of a single human sinus
node cell [32], assuming that the effects of the A414G mutation on the HCN4 current in
CHO cells are similar to those on If in human sinus node cells. Accordingly, the voltage
dependence of the steady-state activation curve of the model I was shifted by —19.9 mV
and that of its time constant of (de)activation by —11.9 mV, whereas no changes were made
to other I characteristics, like its fully-activated conductance and reversal potential. The
effects of these shifts under voltage-clamp conditions are illustrated in Figure 6 for test
potentials of —160 and —70 mV, following the voltage-clamp protocol of Figure 2A. At
—160 mV, activation is slowed (Figure 2B, pink vs. blue traces), whereas deactivation upon
stepping back to the holding potential of 0 mV is fastened (Figure 2B, left inset), which is in
line with our experimental observations. At —70 mV, the shifts result in the activation of a
substantially smaller amount of current, and its deactivation is fastened (Figure 2B, right
inset, pink vs. blue traces), again in line with our experimental observations.
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Figure 6. Combined effects of a —19.9 mV shift in the voltage dependence of the steady-state
activation of the model I; and that of its time constant of (de)activation by —11.9 mV on the electrical
activity of the Fabbri-Severi model of a single human sinus node cell under voltage-clamp conditions.
(A) Voltage-clamp protocol with a 0 mV holding potential and test potentials of —70 and —160 mV
(solid and dashed lines, respectively). V, denotes the membrane potential of the model cell. (B) I
under WT conditions (blue traces) and with changes induced by the WT + A414G heterozygous
mutation in HCN4 (pink traces). Left inset: the deactivation of I in response to stepping back from
the test potential of —160 mV to the holding potential of 0 mV (slanted arrows). Right inset: the
fully-activated Iy during the test potential of —70 mV and deactivation in response to stepping back
to the holding potential of 0 mV (vertical arrows).

3.2.1. Effects of Shifts in Voltage Dependence

First, we tested the effects of the experimentally observed shift in the time constant of
(de)activation of I (Ty), both under control conditions (default model cell, no ACh) and
under vagal tone (10 nM ACh). The —11.9 mV shift reduced 7y in the voltage range of
diastolic depolarization (Figure 4). As might be expected, the amplitude of I; increased
during the first half of diastolic depolarization (Figure 7A,B, blue solid and orange dotted
lines) due to the increased rate of activation. However, the subsequent deactivation during
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the second half of diastolic depolarization was also fastened so that the amplitude of I¢
was reduced during the second half. The overall effects of the changes in the time course
of I; on the action potential are small. The action potentials in the absence and presence
of the shift in the voltage dependence of Ty almost overlap (Figure 7A, blue solid and
orange dotted lines), as illustrated by the negligible 2 ms increase in cycle length from
813 to 815 ms. Under vagal tone (10 nM ACh), the cycle length is prolonged, due to the
ACh-induced inhibition of It and the concomitant activation of Ix scp; the amplitude of I
is reduced, but the effects of the —11.9 mV shift in the voltage dependence of Ty are largely
similar (Figure 7C,D). The cycle length now shows a 12 ms increase, from 1027 to 1039 ms
(Figure 7C, blue solid and orange dotted lines).
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Figure 7. Electrical activity of the Fabbri-Severi model of a single human sinus node cell in response
to shifts in the voltage dependence of the steady-state activation (yss) or the (de)activation time
constant (Ty) of the hyperpolarization-activated current (If). (A) The membrane potential (Vi) and
(B) I; of the default model cell (no ACh) under control conditions (blue solid line) in response to a
—11.9 mV shift in the voltage dependence of Ty (orange dotted line), a —19.9 mV shift in the voltage
dependence of yss (purple dashed line), or both shifts combined (pink solid line). (C) The Vi, and
(D) If under vagal tone (simulated administration of 10 nM ACh).

Next, we assessed the effects of the experimentally observed shift in the voltage
dependence of the steady-state activation of It (yss). The —19.9 mV shift (Figure 3A,B)
reduces yss in the voltage range of diastolic depolarization, thereby reducing the amount of
I that can be maximally activated during diastolic depolarization (Figure 3A, inset). The
amplitude of the simulated I; is reduced approximately four-fold, both in the absence and
presence of ACh (Figure 7B,D, purple dashed lines vs. blue solid lines), which is associated
with a considerable increase in cycle length (Figure 7A,C), from 813 to 981 ms and from 1027
to 1227 ms in the absence and presence of ACh, respectively. We also tested the combined
effects of the two shifts, thus assessing the functional effect of the heterozygous A414G
mutation in HCN4 (Figure 7, pink vs. blue solid lines). The effects of the two shifts are near
additive but determined almost entirely by the shift in the voltage dependence of ys, as
demonstrated by the almost overlapping purple dashed and pink solid traces of Figure 7.
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3.2.2. Effects of Atrial Load

In the intact sinus node, cells in the peripheral area may have a more negative mem-
brane potential and larger functional It than the central cells, both due to their intrinsic
properties [40,41] and to the hyperpolarizing load imposed by the surrounding atrium [42].
The peripheral cells may protect themselves against this hyperpolarizing load by an in-
creased activation of their I;. To take the effects of such atrial load into account, at least
in part, we introduced a passive load (simulated by an ohmic outward current with a
conductance of 0.2-0.4 pS/pF and a reversal potential of —80 mV) into our cell model and
tested whether the effects of the A414G mutation might be enhanced by the atrial load.

Figure 8 shows how the passive atrial load increases the cycle length of the model
cell, which is only partly counteracted by an increase in If, both under the WT conditions
(Figure 8A,B) and in the presence of the WT + A414G mutation in HCN4 (Figure 8C,D).
Under the WT conditions, the cycle length increased by 9% and by 20% upon a passive
load of 0.2 and 0.4 pS/pE, respectively (Figure 8A, horizontal arrows). In the presence of
the mutation, this increase was noticeably larger, with values of 11% and 26%, respectively
(Figure 8C, horizontal arrows). Apparently, the mutation-induced decrease in Iy makes
the simulated cell less robust against the atrial load. Thus, the effects of the mutation are
indeed enhanced by the atrial load. In the absence of atrial load, the mutation causes a
21% increase in cycle length (Figure 8A,C, solid lines). However, this increase becomes 24%
(Figure 8A,C, dashed lines) and 27% (Figure 7A,C, dotted lines) in the presence of an atrial
load of 0.2 and 0.4 pS/pEF, respectively.
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Figure 8. Effects of a passive atrial load on the electrical activity of the Fabbri-Severi model of a
single human sinus node cell under WT conditions and with changes in the characteristics of the
hyperpolarization-activated current (If) induced by the WT + A414G heterozygous mutation in HCN4.
(A) The membrane potential (V) and (B) I; of the model cell under control conditions (no atrial load,
blue solid line) and in response to an atrial load with a conductance of 0.2 pS/pF (orange dashed
line) or 0.4 pS/pF (purple dotted line). (C) The V, and (D) I; in the presence of the mutation per se
(pink solid line) or in combination with the atrial load. Horizontal arrows show the increase in cycle
length induced by the atrial load.
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3.2.3. Combined Effects of Atrial Load and Vagal Tone

After studying the effects of vagal tone (Figure 7) and atrial load (Figure 8) separately,
we also tested the effects of ACh in the presence of an atrial load. Figure 9 shows the
effects of 0-20 nM ACh in the presence of an atrial load with a conductance of 0.2 pS/pF,
both under WT conditions (Figure 9A) and in the presence of the WT + A414G mutation
(Figure 9B).
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Figure 9. Combined effects of atrial load and vagal tone on the electrical activity of the Fabbri-Severi
model of a single human sinus node cell under WT conditions and with changes in the characteristics
of the hyperpolarization-activated current (It) induced by the WT + A414G heterozygous mutation in
HCN4. (A) The membrane potential (Vi) of the WT model cell in the presence of an atrial load at
different levels of vagal tone (0, 10, and 20 nM ACh). (B) The Vi, of the WT + A414G model cell in
the presence of an atrial load at different levels of vagal tone. Horizontal arrows indicate the increase
in cycle length in response to 10 or 20 nM ACh in the presence of the 0.2 pS/pF atrial load.

Under WT conditions, the cycle length is 885 ms in the absence of ACh (Figure 9A,
blue solid line), which increases to 1182 ms (+34%) at 10 nM ACh and 1539 ms (+74%) at
20 nM ACh (Figure 9A, horizontal arrows). The percent increase is somewhat non-linear:
it more than doubles with a doubling of the ACh concentration. In the presence of the
WT + A414G mutation, the cycle length amounts to 1093 ms (Figure 9B, pink solid line).
With 10 nM ACh, the cycle length becomes 1478 ms (+35%). Thus, the percent increase at
10 nM ACh is highly similar to that under WT conditions (Figure 9, two shortest horizontal
arrows). With 20 nM ACh, however, the cycle length rises to 2403 ms (+120%). Thus, the
response to ACh is highly non-linear in the case of the WT + A414G mutation, illustrating
the increased sensitivity to ACh and potential vulnerability to sinus bradycardia.

3.2.4. Beating Rate in the Presence of Atrial Load and Vagal Tone

Finally, to illustrate the effects of the WT + A414G mutation on beating rate at different
levels of vagal tone, we converted the cycle lengths of Section 3.2.3, which are summarized
in Figure 10A, to beating rate and created a simple bar graph (Figure 10B). Under WT
conditions, the model cell fires at 68 beats/min at baseline (no ACh), which becomes
51 beats/min at 10 nM ACh and 39 beats/min at 20 nM ACh (Figure 10B, blue bars).
In the case of the WT + A414G mutation, the beating rates are 55 beats/min at baseline,
41 beats/min at 10 nM ACh, and a poor 25 beats/min at 20 nM ACh (Figure 10B, pink
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bars). Thus, the mutant cell shows a remarkably slower beating rate at all levels of vagal
tone, in particular at 20 nM ACh.
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Figure 10. Combined effects of atrial load and vagal tone on the cycle length and beating rate of
the Fabbri-Severi model of a single human sinus node cell under WT conditions and with changes
in the characteristics of the hyperpolarization-activated current (I¢) induced by the WT + A414G
heterozygous mutation in HCN4. (A) Cycle length of the WT cell (blue bars) and the WT + A414G cell
(pink bars) at different levels of vagal tone (0, 10, and 20 nM ACh) and in the presence of a 0.2 pS/pF
atrial load. (B) Associated beating rate.

4. Discussion
4.1. Qverview

We thoroughly characterized the biophysical properties of the A414G mutation in the
HCN¢4 gene using patch-clamp methodology. We found that heterozygous mutant HCN4
channels expressed in CHO cells have a —19.9 mV shift in half-maximal activation voltage
compared to WT channels. In addition, the A414G mutation shifted the voltage dependence
of the time constant of (de)activation by —11.9 mV, whereas significant differences were not
observed in the fully-activated current density, in the reversal potential or in the slope factor
of the activation curve. Computer simulations of the effects of the experimentally identified
mutation-induced changes on human sinus node pacemaker activity demonstrated a
substantially increased cycle length, which was almost entirely due to the shift in the voltage
dependence of steady-state activation. The cycle length increase was more prominent under
vagal tone. Passive atrial load further reduced the beating rate, indicating a more prominent
bradycardia in the presence of sinus node-atrial interactions. Thus, our experiments
demonstrate that the altered gating properties of the HCN4-A414G channels are a valid
explanation for the sinus bradycardia observed in the family described by Milano et al. [17].

4.2. Bradycardia and LVNC

The A414G mutation in HCN4 was found in 2014 by Milano et al. [17] in a small family
with sinus bradycardia and LVNC. Since then, no further clinical data on HCN4-A414G
mutation carriers have been published, in contrast to, for example, the G482R mutation,
which was also originally presented in 2014 as the mutation in index families of Milano
et al. [17] as well as Schweizer et al. [18]. Thereafter, further patient data on the latter
mutation were presented by Millat et al. [19], Chanavat et al. [25], Ishikawa et al. [28],
Richard et al. [26], Hanania et al. [22], Brunet-Garcia et al. [24], and Paszkowska et al. [27].
Starting with the findings by Milano et al. [17] and Schweizer et al. [18], the association
of mutations in HCN4 and LVNC is now almost ten years old. LVNC is a genetically
heterogeneous structural abnormality of the left ventricular myocardium [43,44]. Over one
hundred genes have so far been reported in association with LVNC [45], including HCN4.
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Although outside the scope of the present study, it remains intriguing how mutations
in HCN4 can lead to LVNC, or at least be associated with LVNC. Cannie and Elliott [44]
suggested that non-compaction (or hypertrabeculation) may be a physiological response to
bradycardia, as was also proposed by Milano et al. [17].

The intriguing association of functional mutations in a cardiac ion channel gene with
LVNC is not limited to HCN4. In 2008, Shan et al. [46] screened patients with LVNC for
genetic variants in the SCN5A gene, which encodes the pore-forming «-subunit of the
cardiac fast sodium channel. They observed a high frequency of variants in SCN5A in their
patients, which was significantly higher in the patients with cardiac arrhythmias, including
sick sinus syndrome, than those without (50% vs. 7%: p < 0.001). On the one hand, this
suggests that these variants represent a risk factor for the arrhythmias, and on the other
hand, that mutations in SCN5A are somehow involved in LVNC [46].

Several studies have revealed an association between LVNC and mutations in the
KCNH?2 gene, which encodes the pore-forming x-subunit of the cardiac ion channel that
conducts the rapid delayed rectifier potassium current (Ix;). Ogawa et al. [47] reported
two cases of young children with LVNC, in combination with long QT syndrome (LQTS),
carrying the D501IN or A561V missense mutation in KCNH2. The D501N mutation had al-
ready been identified in two unrelated patients with LQTS by Jongbloed et al. [48], whereas
Bellocq et al. [49] identified the A561V mutation in an LQTS patient and demonstrated the
loss-of-function effects of this mutation in patch-clamp experiments as well as in computer
simulations. Recently, Xu et al. [50] and Caiffa et al. [51] each reported a small family in
which a novel missense mutation in KCNH2 (T273M and V630G, respectively) was not
only associated with LQTS but also with LVNC. Also recently, Maddali et al. [52] presented
a case report of the well-known T613M mutation in KCNH2 in combination with LVNC.
Interestingly, Sun et al. [53] recently reported a fetal case of a de novo mutation in KCNH2
(Y616C) that was not only associated with LQTS and biventricular non-compaction but
also with sinus bradycardia.

In 2013, Nakashima et al. [54] presented a case report of the LQTS-related D611T
mutation in the KCNQ1 gene, which encodes the pore-forming a-subunit of the cardiac
ion channel that conducts the slow delayed rectifier potassium current (Ixs), in combina-
tion with LVNC. A few years later, Kharbanda et al. [55] reported a family showing an
association between LVNC and the LQTS-related L273F mutation in KCNQ1. Since Igg
modulates pacemaker activity [56] and KCNQ1 loss-of-of function mutations may result
in sinus bradycardia [57], the association between KCNQ1 mutations and LVNC may be
somehow related to the bradycardia.

4.3. Limitations

In our study, we used the original If equations of the Fabbri-Severi model, thus
describing the kinetics of I¢ with a first-order Hodgkin and Huxley-type kinetic scheme [58],
with identical time constants of activation and deactivation of I; at a given voltage. Yet,
experimental studies in which the activation and deactivation of (rabbit) Iy were measured
at identical voltages demonstrated that I showed more complex kinetics, with differences
in the time constants of activation and deactivation at a given voltage [35,59]. In the
absence of sufficient quantitative data on the (de)activation of human I, we refrained
from introducing the more complex kinetics of I into the Fabbri-Severi model. Also, we
used recombinant heterologous expression systems for electrophysiological testing, and
we simplified the complex interactions of the peripheral sinus node and the surrounding
atrium to a passive atrial load. Although heterologous expression systems have been
instrumental in the comparison of the electrical activity of the WT and mutant HCN4
channels [6], and the passive atrial load method has been applied for decades [60-63], the
determined characteristics may not fully reflect the in vivo behavior underlying the clinical
phenotype. The use of more advanced atrial cell models [64] or experimental studies using
sinus node-like induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) [65-68]
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from patients with HCN4 mutations may prove helpful to better understand the mechanism
underlying the clinically observed phenotype.
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