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Compelling evidence suggests that the critical cardiac Navl.5 channel
interacts with various proteins, which regulate its expression and functionality. This study has
shown a protein complex formation between Navl.5 and TRPM4 within the myocardium. Additionally, we
explored mutations in the TRPM4 channel, identified through genomic analysis of familial
atrioventricular conduction block, using both experimental and numerical simulation approaches. By
integrating the results from gating analysis into a Purkinje fiber cardiomyocyte model for
simulations, we noted that the augmented activity of TRPM4 mutant channels, along with tissue
heterogeneity, significantly modified Navl.5 function, causing complex abnormalities in excitation
propagation. These results offer valuable insights into how TRPM4 anomalies or malfunctions might
affect Navl.5 activity in cardiomyocytes, potentially leading to disturbances in normal cardiac

excitation and conduction patterns.
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Despite significant advancements in understanding cardiac channelopathies, these conditions
continue to pose challenges as complex genetic disorders with substantial morbidity and severe
complications, both within Japan and worldwide. The pivotal role of mutations and malfunction
of the Nav1.5 channel in conduction block disorders, long QT syndrome (LQTS), and Brugada
syndrome (BrS) is widely acknowledged. Dysfunctions in Nav1.5 have the potential to disrupt
the cardiac electrical system, contributing to the onset of severe arrhythmias. Furthermore,
there is compelling evidence indicating that the cardiac Nav1.5 channel interacts with various
proteins, regulating channel expression and function.

Emerging research suggests that the Ca?*-activated cation channel TRPM4 may also contribute
to cardiac arrhythmogenesis. Mutations in TRPM4 have been associated with a range of
conduction abnormalities, including LQTS, BrS, and progressive familial heart block. Activation
of the TRPM4 channel is believed to prolong action potentials (AP) or the QT interval, eliciting
broader changes in cardiac electrophysiology observed in TRPM4 transgenic mice.

These findings raise intriguing possibilities regarding the potential impact of impaired TRPM4
trafficking or function in cardiomyocytes on Nav1.5 performance, potentially disrupting normal
cardiac excitation and conduction.

In this study, building upon the aforementioned considerations, our objective is to delve deeper
into the importance of the interplay between Navl.5 and TRPM4 channels. Additionally, we
seek to elucidate their respective roles in the development of cardiac arrhythmias.

Immuno-fluorescence, Duolink proximity and Co-immunoprecipitation experiment

HL-1 cells were cultured in Claycomb medium with 10% FBS on pre-coated cover slips.
Following fixation with 4% para-formaldehyde and permeabilization, cells were immunolabeled
and analyzed using confocal microscopy. The Duolink proximity ligation assay (PLA) was
performed according to the manufacturer's instructions. Briefly, cells were fixed and incubated
with primary antibodies, followed by addition of Duolink secondary antibodies conjugated to
PLA probes. After rolling circle amplification, samples were mounted with DAPI-containing
mounting medium and analyzed using confocal microscopy. Negative controls were included
without primary antibodies. Protein extraction from cells was performed using IP lysis buffer
supplemented with a protease inhibitor cocktail. Lysates were incubated with a Nav1.5 antibody,
followed by pull-down with Dynabeads™. Finally, eluted proteins were analyzed via western
blot.

Electrophysiology

In patch clamp experiments, borosilicate glass electrodes (4-6MQ) were utilized alongside a
high impedance, low noise patch clamp amplifier, controlled by the commercial software
'Patchmaster’. Data analysis and visualization were conducted using commercial software
packages such as Origin 9 and Clampfit v.10.

Numerical model simulation

For single-cell action potential (AP) simulation, we utilized the latest human Purkinje fiber
model code from the CELLML repository, run using OpenCOR. Corrections were made for
unit definition inconsistencies. To incorporate TRPM4 channel kinetics and closely mimic the
Trovato 2020 model AP time course, 40% of the original model's background Na conductance
(Inab) Was replaced by TRPM4 channel conductance and its mutants. For 1D-cable simulations,
we employed the 'Chaste' simulation package with a 3 cm-long cable. In 2D-sheet (1x1lcm,
0.02cm internodal space) simulations, evoked and spontaneously active HL-1 models were
utilized, integrating TRPM4 channel kinetics and its mutants. Fibroblasts (CF) were randomly
arranged at specified densities.

Close Localization of TRPM4 and Nav1l.5 Proteins in Cardiomyocytes

The co-localization of TRPM4 and Navl.5 proteins was investigated using confocal
immunofluorescence microscopy in HL-1 cardiomyocytes. To obtain more precise information
about their interaction, the Duolink PLA assay was conducted. This assay allows for the



detection of protein targets with single-molecule resolution in cells and tissues. The Duolink dot
signals indicate that TRPM4 and Navl.5 proteins are located in close proximity, within a
distance of less than 40 nm. Fluorescent images of HL-1 cells demonstrate the close proximity
of endogenous TRPM4 and Navl.5 proteins. Additionally, TRPM4 was detected in
immunoprecipitates when pulled down with Nav1.5 antibody.

Gating Analysis Reveals That E7K and Q854R Mutation Facilitates TRPM4 Channel Opening
TRPM4 WT, E7K and Q854R mutant-mediated currents were recorded using lon-C/A
recording of heterologously expressed HEK293 cells, wherein a 5p4M ionomycin-containing
Ca?*-free solution was applied to permeabilize the cell membrane immediately after giga-seal
formation. Subsequently, the membrane was exposed to solutions with varying concentrations
of Ca?* to activate the current.

To better understand the altered gating caused by the mutations, we calculated the rate
constants of opening (o) and closing ([3) based on the voltage- and Ca?*-dependent Po-Vm
and TT-Vm relationships using a two-state C-O transition model. o and [3 were empirically
fitted using exponentials with first- or second-order Vm polynomials, respectively.
Reconstructed relationships of Po, o, and 3 versus Vm and intracellular Ca?* concentration
([Ca?*]i) indicate that the E7K and Q854R mutations render the channel more prone to
opening at more negative membrane potentials and at lower [Ca?*]; by enhancing the voltage
and Ca?*" dependencies of a and decreasing those of (3. In other words, these mutations
accelerate the closed-to-open state (C-O) transition and simultaneously decelerate the reverse
(O-0C) transition of TRPM4 channels by facilitating voltage-dependent gating and increasing
Ca?* sensitivity.

Numerical Simulations Show That Preferred Opening by TRPM4 Mutation Causes Conduction
Block

Computer simulations of single-cell action potentials (APs) demonstrate that the enhanced
opening of E7TK and Q854R-mutant TRPM4 channels more readily leads to AP prolongation as
cell-membrane density increases, compared to the wild-type TRPM4 channel. When a 1D-cable
model was utilized to simulate AP conduction, varying effects of the mutations were observed.
The results depicted in the bottom left panel clearly show that while the conduction velocity
(CV) is only minimally affected by 1- to 5-fold increases in wild-type TRPM4 channel density,
the same degrees of density increase result in progressive reductions in CV for the E7K and
Q854R mutants, ultimately leading to complete conduction block. This effect is more
pronounced in Q854R than in E7K, particularly with faster pacing.

In 2D sheet simulations, augmenting the density of fibroblasts (CF) facilitates the fission,
meander and fusion of excitation fronts, leading to heightened activity in the pacemaker region,
as well as complete and partial blocks, and ectopic activities in the neighboring area.

Coupled with the findings on the proximity of TRPM4 and Nav1.5 proteins in cardiomyocytes,
the aforementioned results shed light on the functional interplay, particularly the anomalous
alterations induced by TRPM4 mutations. Integrating the modified gating of the E7K and
Q854R mutant into a single-cell Purkinje fiber model illustrated that augmenting the channel
density by 1 to 5-fold results in density-dependent AP prolongation, eventually leading to
partial depolarization. Conversely, similar increases have minimal impact on the shape, duration
of AP, and the resting membrane potential (RMP) in the wild-type TRPM4 channel. These
divergent effects on AP and RMP are distinctly manifested in AP conduction. While the velocity
of AP conduction along the 1D-cable remains relatively stable in the wild-type, it progressively
diminishes with increasing density (maximal activity) of the E7K and Q854R mutant. The
decrease in conduction velocity (CV reduction) correlates well with the reduction in dV/dtmax,
which reflects the magnitude of the voltage-dependent Na channel (i.e. Navl1.5) current
primarily contributing to AP upstroke. Although tissue-level complexity arises from local
loading effects and structural discontinuities, this observation aligns with the general principle
that the velocity of AP propagation correlates with the magnitude of local Nav1.5 current flow
originating from the excited region. Additionally, reductions in dV/dtmax and CV coincide with
depolarizing shifts of the membrane potential before AP upstroke, i.e., RMP. The level of RMP
crucially determines Nav1l.5 availability just before AP generation, and indeed, the extent of the
observed RMP shift reasonably explains the decrease in Navl.5 availability at AP upstroke, as
estimated from its voltage-dependent inactivation curve. Overall, these findings offer
compelling evidence supporting previous speculation that excessive gain-of-function mutation
of TRPM4 channel activities under resting conditions would promote Navl.5 inactivation
during diastole, thereby slowing the generation and subsequent propagation of AP.
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