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ABSTRACT

The transient receptor potential Melastatin 4 (TRPM4) channel is a calcium-activated non-selective
cation channel expressed widely. In the heart, using a knock-out mouse model, the TRPM4 channel has
been shown to be involved in multiple processes, including f-adrenergic regulation, cardiac conduction,
action potential duration and hypertrophic adaptations. This channel was recently shown to be involved
in stress-induced cardiac arrhythmias in a mouse model overexpressing TRPM4 in ventricular car-
diomyocytes. However, the link between TRPM4 channel expression in ventricular cardiomyocytes, the
hypertrophic response to stress and/or cellular arrhythmias has yet to be elucidated. In this present
study, we induced pathological hypertrophy in response to myocardial infarction using a mouse model of
Trpm4 gene invalidation, and demonstrate that TRPM4 is essential for survival. We also demonstrate that
the TRPM4 is required to activate both the Akt and Calcineurin pathways. Finally, using two hypertrophy
models, either a physiological response to endurance training or a pathological response to myocardial
infarction, we show that TRPM4 plays a role in regulating transient calcium amplitudes and leads to the
development of cellular arrhythmias potentially in cooperation with the Sodium-calcium exchange
(NCX).

Here, we report two functions of the TRPM4 channel: first its role in adaptive hypertrophy, and second
its association with NCX could mediate transient calcium amplitudes which trigger cellular arrhythmias.

1. Introduction

2014; Pironet et al., 2019; Simard et al., 2013; Uhl et al., 2014; Wang
et al,, 2013). In human, numerous mutations in the TRPM4 gene,

The Transient Receptor Potential Melastatin 4 (TRPM4) member
of the TRP channels superfamily is a calcium-activated non-selec-
tive cationic channel (NSCc¢,). Previously, we and others have re-
ported its important role in cardiac physiology, including electrical
conduction, arrhythmias, heart size and adaptive hypertrophy in
mouse, human and rabbit models (Abriel et al., 2012; Gueffier et al.,
2017; Guinamard et al., 2006a, 2014; Hof et al., 2013; Jacobs et al.,
2015; Kruse et al.,, 2009; Liu et al, 2010; Mathar et al., 2010,
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leading to a loss or a gain of function of the TRPM4 channel, are
associated with inherited isolated cardiac conduction disorders,
right bundle-branch block, tachycardia or Brugada syndrome
(Duthoit et al., 2012; Kruse et al., 2009; Liu et al., 2010, 2013;
Stallmeyer et al., 2012). The Trpm4~/~ mouse model has been very
useful for understanding the implication of the TRPM4 channel in
many cardiac functions such as the p-adrenergic reserve and the
hypertrophic response to Angiotensin Il treatment or endurance
training. More recently, an elegant study has evaluated the conse-
quences of a gain-of-function in a mouse model by injecting AAV9
particles encoding TRPM4 (Pironet et al., 2019). These mice were
more vulnerable to develop premature ventricular ectopic beats
during exercise induced B-adrenergic stress.



The link between TRPM4 expression and cardiac hypertrophy or
electrical disorders remains unclear. Regarding arrhythmias,
TRPM4 has been implicated in atrial action potential duration as
well as in transient inward currents (Iti) responsible for diastolic
arrhythmias. This suggests a role for this channel in early and
delayed after-depolarizations (Hu et al., 2017; Simard et al., 2012,
2013; Wang et al., 2013).

Concerning cardiac hypertrophic adaptation, it has been
demonstrated that TRPM4 channels are involved in the shift be-
tween physiological and pathological hypertrophy by regulating
the calcineurin-NFAT (Nuclear Factor of Activated T-lymphocytes)
pathway. Indeed, by negatively regulating the store-operated cal-
cium entry (SOCE), TRPM4 channels are able to inhibit calcineurin
activation and thus the translocation of NFAT into the nucleus. In
parallel, the decrease in calcineurin phosphatase activity allows the
Akt pathway to be fully activated, which can in turn inhibit the
calcineurin pathway (Dai et al., 2014; DeBosch et al., 2006; Kemi
et al.,, 2008; Kim et al., 2008; Martin et al., 2012; Matsui et al,,
2003; Oliveira et al., 2009; Wilkins et al., 2004).

In this study, we have tried to demonstrate how TRPM4 is able
to link cellular arrhythmias and hypertrophic signaling pathways
by using two types of cardiac hypertrophic remodeling: one
physiological and one pathological.

Indeed, in a previous study, we have shown that TRPM4 chan-
nels are functionally expressed at the ventricular level and thus
negatively regulate SOCE. We subsequently postulated that the
SOCE inhibition favors the physiological versus the pathological
signaling pathway by activating Akt and inhibiting the Calcineurin-
NFAT pathway.

Here, we used a mouse model of myocardial infarction to induce
a cellular pathological hypertrophic remodeling in order to i) vali-
date the functional expression of the TRPM4 channel at the ven-
tricular level in conditions of induced pathological cellular
hypertrophy, ii) confirm the importance of TRPM4 for Akt and/or
calcineurin signaling, and iii) understand the role TRPM4 plays in
the regulation of excitation-contraction coupling.

2. Methods
2.1. Animals

Knock-out mice (Trpm4’/ ~) and littermate controls (Trpm4+/+)
were obtained as previously described (Barbet et al., 2008; Demion
et al., 2014). All procedures conformed to the Directive 2010/63/EU
of the European Parliament and the Council of the September 22,
2010 on the protection of animals used for scientific purposes
(agreement number: A34-172-38) and were approved by the
“comité Ethique pour IExpérimentation Animale - Région Lan-
guedoc-Roussillon” (protocol number: CEEA-LR-12110). Mice were
housed in a pathogen free, controlled environment (21 + 1 °C; 60%
humidity; lights on from 08:00 a.m. to 8:00 p.m.; food and water
available ad libitum; enriched environment) with 5 mice per cage,
except for ECG experiments, where mice with telemetric device
were isolated in individual cages for recordings.

We separated the mice (8 old weeks) into 2 groups: the “trained
group”, where physiological hypertrophy was induced, and the
“surgical (myocardial infarction-MI) group”, where pathological
hypertrophy was induced with Sedentary and Sham mice as a
control, respectively.

-Surgical group: The MI model was obtained by performing a
ligature of the left coronary artery at 10 weeks of age under general
anesthesia and mechanical ventilation. Briefly, the chest was
opened by left lateral thoracotomy. The left coronary artery was
isolated with surrounding myocardium using a 7—0 Prolene suture
(Ethicon, Johnson and Johnson) with a tapered needle and the

suture was tightened over the artery to induce ischemia and ne-
crosis of the left ventricular anterior wall. The same protocol of
anesthesia and surgery was used for the surgical control group
(Sham) with thoracotomy and pericardial incision but without
coronary ligature.

The cellular hypertrophy in the peri-infarct zone was assessed
by measuring the cellular capacitance of isolated cardiomyocytes
(see above for methods) which reflects the cell surface area (see
supplementary Fig. 1).

-Trained group: all mice underwent 2 weeks of familiarization
with treadmill and experimenter (15 min at 12 m/min, 5% slope, 5
days/week) and were then divided into 2 subgroups: sedentary
mice and trained mice. The trained mice ran at 70% of their
Maximal Aerobic Speed for 4 weeks for 1 h/day, 5 days/week, on a
treadmill with a 5% slope (the hypertrophy was validated by the
measurement of heart size using echocardiography in
supplementary Fig. 2).

2.2. Echocardiography

Echocardiography analyses were performed using Vivid7Pro
system (GE Healthcare, Chalfont St Giles, UK) equipped with a
14 MHz linear transducer (i13L, GE Healthcare) in conscious mice.

A two-dimensional view of the left ventricle (LV) was obtained at
the level of the papillary muscles in a parasternal short-axis view. LV
morphological parameters were measured from M-mode traces
recorded through the anterior and posterior walls. The LV shortening
fraction (LVSF) was calculated as [(LVIDd — LVIDs)/LVIDd x 100],
where LVIDd and LVIDs are the end-diastolic and end-systolic Left
Ventricle Internal Dimensions respectively. The LV mass (LVM) was
calculated following the Devereux’s formula: [(AWTd + LVIDd
+ PWTd)® — PWTd?| x 1.04, where AWTd and PWTd are the anterior
and posterior wall thickness of the LV in diastole respectively.

Echocardiograms were used for the validation of the PMI (we
excluded mice without left ventricle remodeling) on one hand, and
for the study of the morpho-functional adaptations on trained
mice, on another hand (Gueffier et al., 2017).

2.3. Electrocardiograms (ECGs)

For long-term ECG recordings in conscious and unrestrained
mice, telemetry devices (model TA10ETA-F20, Data Sciences Inter-
national St. Paul, MN, USA) were implanted under general anesthesia
(2% inhaled isoflurane in 02, Aerrane®, Baxter, France). ECGs were
recorded using a telemetric receiver (model RPC-1) located below
the animal cage and connected to a data acquisition system (I0X2,
EMKA Technologies, Paris, France). Data were collected continuously
over 24 h at 2 KHz. Recordings were digitally pass-filtered between
0.1 and 1000 Hz and analyzed off-line with the ECG-auto software,
version 1.5.12.22 (EMKA Technologies). Twelve-hour nocturnal ECG
signals were scanned by hand to detect, identify and count the ab-
solute spontaneous rhythm disorders.

2.4. Enzymatic cells dissociation

Cardiac ventricular myocytes were enzymatically dissociated
using standard procedures (Fauconnier et al., 2010). Succinctly, the
mouse was euthanized by cervical dislocation, the heart was
quickly excised and retrogradely perfused at 37 °C for 6—8 min with
a modified Tyrode solution (in mM): NaCl 113, KCL 4.7, KH,PO4 0.6,
NapHP4 0.6, MgS04 1.2, NaHCO3 12, KHCO3 10, HEPES 10, Taurine 30
(pH 7.4) containing 0.1 mg mL~! of Liberase (Roche). Isolated
myocytes were isolated from the free wall of the left ventricle after
the resection of the scare and then transferred to the same enzyme-
free solution containing 1 mM CaCl,.



2.5. Cellular electrophysiology

Whole-cell patch-clamp recordings were performed (Axon In-
struments, Foster City, CA) at room temperature (22—24 °C) to re-
cord cell membrane capacitance and AP on LV myocytes
enzymatically isolated from Trpm4*/* and Trpm4~/~ mice (Demion
et al., 2014). The recording pipettes contained (in mM): KCl 120;
EGTA 8; HEPES 10; MgCl, 6.8; CaCl; 3; ATPNa, 4; and GTPNa; 0.4
(pH 7.2). The bath solution contained (in mM): NaCl 130; KCI 4;
MgCl; 1.8; CaCl; 1.8; HEPES 10; glucose 11 (pH 7.4). Cell capacitance
was measured following brief voltage steps (+10 mV) from the
holding potential to provide an estimation of cell size. The Ca®*
concentration in the pipette was estimated at 70 nM.

TRPM4-like current recording, after 5 mM caffeine application,
were performed using the whole cell configuration of the patch-
clamp technique using an Axopatch 200B (Axon instruments) as
previously published (Gueffier et al., 2017; Koster et al., 1999). Patch
electrodes had a DC resistance between 2 and 4 MQ when filled
with the different recording solutions. Currents were sampled at
2.5 kHz and filtered at 1 kHz. The protocol consisted on test pulses
which were preceded by five depolarizing prepulses from —60
to +10 mV in order to load the SR with Ca®*, followed by 5s pulse
from —40 to 40 mV with 20 mV of AVy, Data were analyzed using
the pClamp 10.0 software (Molecular Devices Corporation).

The extracellular solution contained (mM): LiCl 140, CaCl, 1.8,
MgCl; 1, 10 HEPES, glucose 10, tetraethylammonium chloride (TEA)
20; buffered at pH 7.4 with LiOH. pipette solution contained (mM):
CsCl 140, TEA-CI 20, MgCl; 1, HEPES 10 and EGTA 10, pH 7.2 with
CsOH. The Ca®* concentration in the pipette was adjusted at 60 nM
by adding appropriate amounts of CaCl, (759 uM) calculated by the
Maxchelator program (https://somapp.ucdmc.ucdavis.edu/
pharmacology/bers/maxchelator/downloads.htm). Currents were
measured in the whole-cell configuration.

To calculate the permeability ratio PCs*/PLi" we used the
modified Goldman-Hodgkin-Katz relation (Lee and Tsien, 1984).

PCs  ([Lilout — [Li]in*eErevF/RT
PLi  [Cs]in*eErevF/RT _ [Cs]out

Erev is the observed current reversal potential

Pion = permeability for that ion

[ion]Jout or in = the concentration for that ion outside or inside
R = the ideal gas constant in Joule per Kelvin per mole
F=Faraday’s constant in Coulombs per mole

And T = Temperature in Kelvin

2.6. Western blot analysis

50 ug of total proteins from whole free wall of the LV were
separated by 10% SDS-PAGE and were transferred onto nitrocellu-
lose membranes (0.2 pm, GE Healthcare, Brumath, France). Protein
expression was assessed by immunoblot analysis using anti-Phos-
phoSer473-Akt (P-Akt; #4060), anti-Akt (#9171), Pan-CalcineurinA
(#2614), Pan 14-3-4 (#8312) (Cell Signaling, Ozyme, Montigny-le-
Bretonneux, France), anti-TRPM4 (Abcam, St Aubin, France) and
anti-GAPDH (PA1-913, Fisher Scientific, Illkirch, France) primary
antibodies. All immunoblots were visualized and quantified using
the Odyssey® infrared imaging system (LI-COR Biosciences,
Lincoln, Nebraska, USA) coupled to infrared-labeled anti-goat, anti-
mouse or anti-rabbit IgG secondary antibodies (1/30 000 dilution)
(LI-COR Biosciences, Courtaboeuf, France). All primary and

secondary antibodies were diluted in StartingBlock (TBS) blocking
buffer.

2.7. PCR

Genomic PCR were performed on tail DNA with primers (Sigma-
Aldrich) specific for the wild-type and null alleles (as described in
(Barbet et al., 2008)). Total RNA was isolated from a minimum of 5
samples per group using the Nucleospin total mRNA isolation kit
(Macherey-Nagel, Hoerdt, France) according to the manufacturer’s
instructions. Total mRNA, oligo-dT and random hexamer primers
were used to generate cDNA using a Verso enzyme kit (Thermo-
Fischer, Illkirch, France). RT-PCR for the evaluation of the expression
of Trpm4, Gapdh, BNP, Serca2a and ANF were performed using gene-
specific primers and performed in duplicate. Reactions were ach-
ieved using SYBR green Mix (Roche Applied System, Meylan, France)
and commercially prepared primers (Sigma-Aldrich, Saint-Quentin
Fallavier, France) (see primer sequences in (Gueffier et al.,, 2017).

For Trpm4 gene expression comparison, we used the Gapdh gene
as a housekeeping gene.

2.8. Store operated calcium entry (SOCE) measurement

Changes in intracellular Ca®>* concentration ([Ca’'];) were
determined in freshly isolated ventricular cardiomyocytes using
the ratiometric fluorescent Ca* indicator Fura-2. Cells were plated
on dishes and incubated with 2.5 pM Fura-2AM (Tef-labs) plus
0.02% pluronic acid F-127 (Molecular Probes Inc), in modified
Tyrode solution (in mM: 145 NaCl, 5.4 KCl, 1 MgClp, 10 glucose,
10 N-(hydroxyethyl)piperazine-N’-2-ethanesulfonic acid (HEPES)
and in 5 mM EGTA (pH 7.5 with NaOH)) during 30 min at 37 °Cin a
humidified air incubator. The cells were then washed with modified
Tyrode solution containing 10 pM Nifedipine and 5 uM kB-R7943
buffer and mounted on the microscope stage at room temperature
for 15 min to allow Fura-2AM de-esterification. Store depletion was
induced by 5 mM of caffeine application. Measurements of the
Fura-2 fluorescence at 510-nm were achieved from images digitally
captured every second by a cooled CCD camera (Photometrics) with
a x20 objective lens mounted on an inverted microscope (Axiovert,
Zeiss). Image acquisition was performed after excitations at 340-
and 380-nm using a lambda-DG4 excitation system (Sutter In-
strument Company, USA). Ca®* signals were then analyzed by using
the Metafluor software (Universal Imaging Corporation, USA). The
results are given as the variation from basal values of the 340/
380 nm recordings ratio after background correction.

2.9. Excitation-contraction coupling measurement

Real time Ca®* imaging was performed on freshly isolated car-
diomyocytes from left ventricle incubated in a physiological
modified Tyrode solution (in mM): 140 NaCl, 4 KCI, 1 MgCly, 5
HEPES, 1.8 CaCl, and 11 glucose, (pH 7.4). Cardiomyocytes were
loaded with the ratiometric Ca®>* dye Fura-2 AM (2 pmol/L, Life
technologies, St-Aubin, France) and cell shortening/Ca®* transients
were simultaneously recorded using electrical-field stimulation
(1 Hz). Sarcomere length (SL) and emitted fluorescence at 510-nm
after a stimulation at 340 nm (F340) and 380 nm (F380) were
simultaneously recorded using the lonOptix® system (Milton, USA)
coupled to a Zeiss microscope (40x oil, 0.36 um/pixel. When spec-
ified, B-Adrenergic receptors were stimulated by an incubation
with isoproterenol (Iso) (10 nM) with or without the TRPM4 in-
hibitor 9-Phenanthrol (9-Phe) (10 uM). Cellular ectopic Ca®* waves
defined by any spontaneous rise of intracellular Ca®>* during the
diastolic phase were considered as proarrhythmogenic cellular
activity. In all experiments, at least 10 cells were recorded per



animal. Data were analyzed using the lonWizard 6.4 software.
2.10. Statistical analysis

Statistical analysis were performed using the GraphPad Prism
software. All data are expressed as means + standard error of the
mean (SEM). N represents the number of mice and n the number of
cells when indicated. For comparisons between Trpm4+/ * and
Trpm4*/ ~ mice, a Mann-Whitney U test was performed. Compari-
son between survival rate of Trpm4~~ and Trpm4*/* PMI mice was
performed using the Log-rank (Mantel Cox) test. P-values of 0.05 or
less indicated a significant difference between groups. *P < 0.05;
**P < 0.001; ***P < 0.0001; ns: no significant.

3. Results
3.1. TRPM4 is essential for survival after myocardial infarction

In order to determine the role of TRPM4 in pathological cellular
hypertrophy, we induced a myocardial infarction (MI) in 10-week-
old knock-out (Trpm4~/~) and littermate control (Trpm4 /") mice.
After 4 weeks, unlike previous study (Jacobs et al., 2015), the sur-
vival rate was significantly reduced in the MI-Trpm4~/~ group (10/
24 death) when compared to the MI-Trpm4*/* group (1/13 death)
(n = 13 and 24 mice respectively (P = 0.0081); Fig. 1A). Cardiac
function was assessed by echocardiography at 28 days post-surgery
on MI and sham operated mice from both the Trpm4*/* and
Trpm4‘/ ~ strains. The left ventricle fractional shortening (LVFS) was
significantly reduced in the MI mice when compared to the sham
mice in both strains and this reduction was even more pronounced
in the MI-Trpm4 '~ mice (Fig. 1B and supplementary Tables 1 and
2).

We next performed echocardiograms (Supplementary Tables 1
and 2) (E€&) from which we calculated the LV mass (LV mass cor-
rected with Devereux’s Formula). The hypertrophy observed be-
tween sham mice (2.628 + 0.017 and 3.168 + 0.16 mg/g in Trpm4*/+
and Trpm4~/~mice, respectively, P = 0.0203), was amplified in MI
mice (2.499 + 0.25 and 3.855 + 0.41 mg/g in Trpm4*/* and Trpm4~/
~ mice, respectively, P < 0.01).

ECGs were also recorded for 12 h during the night in order to
count spontaneous rhythm disorders. Although sham-Trpm4~/~
mice displayed significantly more premature ventricular contrac-
tions (PVC) than the sham-Trpm4+/*(as previously described in
(Demion et al., 2014), after 4 weeks, the myocardial infarction
induced an increase in the PVC occurrence in Ml—Trpm4‘/‘ when
compared to MI-Trpm4*/* mice (Fig. 1C), while no modification of
the heart rate was observed (data not shown). To assess whether
these arrhythmias were dependent on cellular sensitivity, we iso-
lated ventricular cardiomyocytes and recorded the membrane po-
tential. After an electrical stimulation of 2Hz for 2 min, cells
underwent an electrical quiescent period, in order to count early
and delayed after depolarizations (EADs and DADs, respectively). In
accordance with our ECG data, cells isolated from sham-Trpm4~/~
mice triggered DADs as well as EADs and cells isolated from MI-
Trpm4‘/ ~ mice also displayed more EADs and DADs than MI-
Trpm4 ™" mice (Fig. 1D—E).

Altogether, these data suggest that TRPM4 is essential for sur-
vival after a myocardial infarction. Indeed, the absence of the
channel lead to a decrease in the ejection fraction and was asso-
ciated with cellular and ventricle arrhythmias.

3.2. TRPM4 expression is upregulated after myocardial infarction
and regulates store operated calcium entry

To study TRPM4 expression after myocardial infarction, we first

performed quantitative RT-PCR on extracted hearts. Trpm4 mRNA
level was significantly increased in Ml—Trpm4+/ *+when compared to
sham-Trpm4*/* ventricles, while no mRNA was detected in KO
ventricles (sham and MI mice) (Fig. 2A). We next assessed TRPM4
protein levels by Western blot. The protein was only detected in
total protein extracts from MI-Trpm4*/* mice (Fig. 2B).

To validate the functionality of increased TRPM4 expression, we
performed patch-clamp experiments using the whole cell config-
uration. In freshly isolated cardiomyocytes, TRPM4-like currents
were observed after 5 mM caffeine application (Fig. 2C). Indeed, the
TRPM4 channel is a calcium activated protein and, in our condi-
tions, the TRPM4 current was due to cesium and lithium ions. The
reversal potential observed for the caffein-induced current
was —38mV, indicating a Pcs/Py; of 4. This is consistent with the
permeability sequence described for TRPM4 channels (Nilius et al.,
2005) where K*>Na*>Cs*>Li* (Fig. 2C).

As the TRPM4 channel is known to regulate Ca** entry, we next
analyzed the Ca?* levels in cardiomyocytes from sham and MI
Trpm4™'* and Trpm4~/~ mice after application of caffeine (5 mM).
No significant difference in Ca®* release from internal stores was
observed among the different conditions (Fig. 2D and E, left his-
tograms). To determine whether Ca®* entry could be regulated
differently, we added 1 mM Ca®* 90 s later. Indeed, we found that
the amplitude of the fluorescent signal was proportional to the
number of store-operated channels opened by sarcoplasmic cal-
cium depletion following caffeine application. We observed a sig-
nificant decrease of Ca®* entry in cardiomyocytes freshly isolated
from MI-Trpm4*/* when compared to sham-Trpm4*/*, while no
difference was observed between cells isolated from sham and MI
Trpm4~'~ mice. This result suggests that TRPM4 is able to reduce
store-operated Ca®* entry (Fig. 2D and E, right histograms).

3.3. Cardiac hypertrophy induced by MI is associated with cellular
pathological markers

In a previous study, we have shown that TRPM4 was able to
maintain the balance between physiological and pathological hy-
pertrophy following endurance training (Gueffier et al., 2017). We
subsequently sought to determine whether pathological markers
could also be affected by TRPM4 after MI by measuring P-Akt
(activated during physiological hypertrophy), Calcineurin A (acti-
vated under pathological conditions) and the 14.3.3 protein chap-
erone (a protein involved in TRPM4 expression at the plasma
membrane) protein levels. We observed that these pathways were
indeed also activated in MI ventricles when compared to sham
ventricles in Trpm4+/+ mice, while no difference was observed
between sham- and MI- Trpm4~/~ mice (Fig. 3A). RT-PCR analysis of
pathological hypertrophic markers, such as increased BNP and ANF
expression or decreased Serca2a expression, revealed no difference
between extracts from Trpm4+/Jr and Trpm4*/* ventricles (Fig. 3B).
This indicates that pathological hypertrophy is triggered in both
strains and that TRPM4 is required to regulate the signaling path-
ways involved in the cell size regulation.

3.4. TRPM4 is involved in the regulation of calcium transients
following -adrenergic stimulation

TRPM4 is a calcium activated channel which in turn regulates
calcium entry. Because calcium signals are differentially regulated
depending on their source, we investigated whether TRPM4 is
involved in the regulation of calcium transients during excitation-
contraction coupling (ECC). TRPM4 is functionally expressed in
both our models of cellular hypertrophy: physiological, induced in
response to endurance training, and pathological (see
Supplementary Figure 2), induced in the border zone after MI (see
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Fig. 1. PMI-Trpm4~/~ mice display a decreased survival rate associated with ventricular arrhythmias. A. Kaplan-Meier Survival analysis in MI-Trpm4*/* (black circles) and MI-
Trpm4~/~ (white circles) mice after myocardial infarction (N = 13 and N = 24, respectively). B. Left ventricle fractional shortening (LVFS) assessed by echocardiography in vigils
sham-Trpm4*/* (N = 12), MI-Trpm4™/* (N = 13), sham-Trpm4~/~ (N = 16) and MI- Trpm4~/~ (N = 12) mice. C. Absolute Premature ventricular contractions (PVC) analysis on 12h ECG
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displayed EAD) and MI- Trpm4 7/~ (8/25 cells displayed DAD and 11/25 cells displayed EAD) mice. E. lllustration of membrane potential recording. Black arrows represent the
electrical stimulation. Middle panel illustrates EAD, while right panel illustrates EAD and then DAD. N stands for the number of animals. Data are presented as mean + SEM in B and
C, statistical analysis were performed as mentioned in methods section *P < 0.05; **P < 0.01; ***P < 0.001.

Supplementary Figure 1). To investigate whether TRPM4 expres- the channel activity during the calcium transient measurement. In
sion could influence ECC, we recorded calcium transients in freshly cardiomyocytes from sham-Trpm4*/* mice, 9-Phe application did
isolated cardiomyocytes from sham, MI, sedentary (Sed) and not modify the diastolic Ca®* level or the Ca?* transient amplitude,
trained (Tr) mice. To decipher the implication of TRPM4, we used a correlating with the fact that we did not observe expression of
specific blocker, 9-Phenanthrol (9-Phe, 10 pM), in order to inhibit TRPM4 in these mice (Fig. 4A—C and Fig. 2B). However, 9-Phe
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application significantly reduced the Ca?* transient amplitude in
cardiomyocytes from MI-Trpm4+/* mice, suggesting that during
systole, TRPM4 positively regulate Ca?* transients (Fig. 4A—D).
Because the f-adrenergic tone is increased during cardiac adapta-
tion in response to Ml in order to compensate for the loss of cardiac
output (Triposkiadis et al., 2009), we also tested the response of
cardiomyocytes to stimulation with isoprenaline (Iso, 10 nM), an
adrenoreceptor (AR) agonist (Fig. 4A). As expected, Iso application
induced a reduction of Ca®* diastolic levels in the sham group and
an increase in Ca®* transient amplitude in the sham and MI groups.
Moreover, 9-Phe application also lead to a decrease in Ca** tran-
sient amplitude in MI-mice.

We next investigated the effect of 9-Phe on the ECC in freshly
isolated cardiomyocytes from sedentary (Sed -Trpm4'/*) and
trained (Tr—Trpm4+/+) mice. As expected, 9-Phe had no effect on
diastolic Ca®* level or transient amplitude. Indeed, we have pre-
viously shown that TRPM4 is not expressed in sedentary mice
(Gueffier et al., 2017) (Fig. 4B). However, since TRPM4 is function-
ally expressed in cardiomyocytes from trained mice, 9-Phe appli-
cation had no effect on either the diastolic Ca®* level or the Ca®*
transient amplitude. The calcium concentration appears to be too
low to activate the TRPM4 channel. As B-adrenergic tone is also
increased in endurance training conditions and increases calcium
signals, we stimulated the adrenergic system using Iso. In these
conditions, 9-Phe significantly inhibited the Iso-dependent in-
crease of the diastolic Ca®* levels and the Ca®* transient amplitude
(Fig. 4B).

Altogether, these data suggest a more complex role for TRPM4
than previously thought.

3.5. Blocking TRPM4 by 9-phe significantly reduces diastolic
arrhythmias

To determine the implication of TRPM4 in arrhythmias occur-
ring during diastole, we recorded the Ca®* signal and sarcomere
length (SL) under quiescent conditions (Fig. 5A). We then counted
the spontaneous increase of intracellular Ca®* during the unsti-
mulated phase, associated with SL shortening in isolated car-
diomyocytes from sham, MI, Sed and Tr—Trpm4+/ * mice, under basal
condition or following treatment with 9-Phe. Any cell which dis-
played one or more spontaneous Ca®* increases associated with SL
shortening was considered to be arrhythmic (Fig. 5B). 9-Phe
application had no effect on the few arrhythmias recorded in
sham and sedentary groups. However, the MI and trained groups
displayed more spontaneous arrhythmias. 9-Phe application in
these groups significantly decreased the number of spontaneous
Ca* increases and associated arrhythmias (Fig. 5B and C). This
suggests that TRPM4 is pro-arrhythmic.

4. Discussion

In this study, we provide evidence that TRPM4 is expressed in
response to Ml in the ventricle. In the context of MI, this expression
is functional and allows for a negative regulation of SOCE as has
previously been shown in other cell types such as immune cells

(Barbet et al., 2008; Vennekens and Nilius, 2007) and also in car-
diomyocytes from mice following endurance training (Gueffier
et al., 2017). It generally accepted that SOCE is negligible in
healthy, normal ventricular cardiomyocytes (Heineke and
Molkentin, 2006). However, under pathological stress (increased
preload or post-load), the importance of SOCE increases, mostly
due to the increased expression of many other TRP channels
(essentially from the TRPC subfamily) (Bush et al., 2006; Goémez
et al,, 2013; Guinamard and Bois, 2007; Nakayama et al., 2006;
Xie et al,, 2012). These channels, unlike TRPM4 which is calcium
impermeable, are calcium permeable channels, and allow calcium
to enter into the cell when they are open. However, this is not
involved in the “contractile” calcium which regulates the calcium-
induced calcium released (CICR) of the ECC (Eder and Molkentin,
2011) but rather activates other signaling pathways such as IICR
(IP3R induced calcium released) (Yang et al., 2016), calcineurin
(Kuwahara et al., 2006; Luo et al., 2012; Molkentin et al., 1998;
Taigen et al., 2000; Wilkins et al., 2004), ERK (Gallo et al., 2019) or
MAPK (Bageghni et al., 2018) which will amplify the “pathological”
loop by inducing expression of the TRP channels themselves.

It has also been reported that TRPM4 is able to physically
interact with TRPC3 (Park et al., 2008). This interaction reduces the
calcium capacitive entry through the TRPC3 channel without
generating ionic currents through the TRPM4 channel itself. This
suggests a physical interaction between the two proteins leading to
a dominant-negative effect.

The TRPM4 channel seems to be essential for negatively regu-
lating the cellular “pathologic” pro-hypertrophic adaptations
induced by pathological stress (Angiotensine II infusion, or post-
myocardial adaptations for example (Guinamard et al., 2006;
Kecskeés et al., 2015)). Similar to previous reports after endurance
training (Gueffier et al., 2017), we show here that, following MI,
increased TRPM4 expression shifts the hypertrophic signaling
pathways to a physiological response (Akt activation) whereas
reduced TRPM4 expression shifts the hypertrophic signaling
pathways to a pathological response (Calcineurin-NFAT activation).

Indeed, the absence of TRPM4 expression in knock-out mice
significantly decreased the survival rate after MI. However, our
resultis in opposition of those obtained by Jacobs and collaborators.
Indeed, they observed an increase of survival rate in Trpm4’/ ~ mice
when compared to Trpm4+/* mice who underwent a MI surgery
(Jacobs et al., 2015). However, unlike us, they also observed TRPM4
channel expression and function in healthy isolated left ventricular
cardiomyocytes in wild type mice and no hypertrophy due to hy-
perplasia. Suggesting that both Knock-out mice are somehow
different (Demion et al., 2014; Jacobs et al., 2015; Mathar et al.,
2014).

Moreover, freshly isolated cardiomyocytes from MI-Trpm4 7/~
mice display an increased occurrence of cellular arrhythmias (EADs
and DADs) associated with ventricular PVC.

However, it seems that the TRPM4 channel does not only pro-
vide a beneficial effect during the ventricular remodeling. It has
previously been shown that TRPM4 overexpression can induce the
development of premature ventricular ectopic beats during
exercise-induced f-adrenergic stress (Pironet et al., 2019). In

Fig. 2. Pathological cardiac hypertrophy leads to TRPM4 channel expression and function in Trpm4‘/*mice. A. Relative Trpm4 expression in the left ventricle from sham-
Trpm4*/* (N = 10), MI-Trpm4*/* (N = 5), sham-Trpm4 7/~ (N = 7) and MI- Trpm4~/~ (N = 6) mice related to Gapdh housekeeping gene (a.u., arbitrary unit). B. TRPM4 protein
expression from LV total lysate from Sham and PMI-Trpm4*/* and Trpm4 /- mice. C. Upper panel: Representative traces obtained when the voltage clamp protocol was applied
before and after 5 mM caffeine application. Lower panel: I/V curve obtained after voltage clamp protocol presented in the upper panel in isolated cardiomyocytes from LV Sham-
(black square, n = 4) and MI- (white square, n = 3) Trpm4*/* mice after 5 mM caffeine application. D. Mean fluorescence representing intracellular Ca>* levels over time for SOCE
recording from freshly isolated left ventricular myocytes from sham-Trpm4*/* (n = 48; N = 3), MI-Trpm4*/* (n = 14; N = 3), sham-Trpm4 /= (n = 34; N = 3) and MI- Trpm4 7/~
(n = 21; N = 3) mice. E. Mean area under the curve analysis (AUC) calculated in arbitrary units (a.u.) on 5 mM caffeine signal (left) or Ca**-back signal (right). N stands for the
number of animals and n for the number of cells. Data are presented as mean + SEM, statistical analysis were performed as mentioned in methods section *P < 0.05; ***P < 0.001.
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patients, TRPM4 gene mutations leading to a gain-of-function also
induce conduction troubles (Kruse and Pongs, 2014; Kruse et al.,
2009; Liu et al., 2010). Here, we demonstrated that, in the context
of two different cellular hypertrophic remodeling, one physiolog-
ical in response to endurance training and one pathological induced
by myocardial infarction, cellular arrhythmias are significantly
reduced by the TRPM4 channel inhibitor, 9-Phe. This result suggests
that the TRPM4 channel is directly or indirectly responsible of the
triggering of such arrhythmias. Conversely, it was demonstrated
that 9-Phe was cardioprotective on isolated Langendorff-perfused
rat hearts subjected to global ischemia and followed by reperfu-
sion(Wang et al., 2013).

Many years ago, a calcium-activated non-selective cationic
current (NSCc, or CNRS) was found to be partially responsible of the
pro-arrhythmic Iti current in multiple cardiac preparations
(Colquhoun et al., 1981; Guinamard et al., 2002, 2004, 2006).
Indeed, spontaneous release of calcium is believed to generate a
transient inward current which is arrhythmogenic. Among the
numerous conductances present at the plasma membrane, the 3
most probable candidates are: a calcium-activated chloride current,
an electrogenic activation of the Na*/Ca** exchange (NCX) and a

non-selective cation current (Ins or ICNRS or INSCca) (Cannell et al.,
1986; Fedida et al., 1987; Lipp and Pott, 1988; Matsuura and
Shattock, 1991; Tsien et al., 1978; Zygmunt et al., 1998).

It is now established that NSCc, is carried by the TRPM4 channel
(Demion et al., 2007). Therefore, the TRPM4 channel, when open,
participates to the Iti current and is then able to trigger arrhyth-
mias. During cardiac remodeling induced by pathological condi-
tions, the cytosolic basal calcium concentration tends to increase.
The sources of this calcium are multiple: the leaky state of the
ryanodine receptor, the decreased expression of the sarco-
endoplasmic reticulum ATPase (SERCA) or the increase of the
NCX (Bers, 2014; Bers et al., 2002; Frank et al., 2002; Pogwizd and
Bers, 2002; Stammers et al., 2015). As the TRPM4 channel is calcium
activated, during diastole, Na* ions enter into the cell, participating
to the Iti current.

The more surprising results come from the effect of 9-Phe on
Ca®* transient amplitude. The TRPM4 channel inhibition induced a
decreased amplitude in cardiomyocytes from MI-Trpm4*/* mice.
Since TRPM4 is known to negatively regulate SOCE, the positive
regulation of Ca®" transient amplitude, not observed in sham-
Trpm4+/ * mice, is intriguing. As reported before (Bers et al., 2002),



the ventricular remodeling induced by MI includes the increase of
NCX expression. In a very recent study, Cantero-Recasens et al. have
demonstrated that the TRPM4 channel and the NCX are able to
cooperate to control Ca®® signal in bronchial epithelial cells
(Cantero-Recasens et al., 2019). The proposed mechanism is the
following: Na* ions enter by the TRPM4 channel and are then
extruded by NCX which in turn allows Ca®* ions to enter. Our re-
sults are in line with this hypothesis. Indeed, in freshly isolated
ventricular cardiomyocytes from Tr-Trpm4+/*, 9-Phe has no effect
on Ca?* transient amplitude, but when stimulated with an adren-
ergic agonist, 9-Phe significantly reduces the Ca?* transient
amplitude. In this type of remodeling, we have previously pub-
lished that the SERCA expression is increased (Gueffier et al., 2017).
Therefore, in normal conditions, diastolic Ca** concentration is
perfectly regulated and is not high enough to activate the TRPM4
channel. However, during Iso stimulation, the diastolic Ca®>* con-
centration increases, activates the TRPM4 channel and this could
allow the NCX to work, amplifying the Ca®* transient.

Other data comforting this hypothesis come from the fact that
the activity of NCX is increased by the Protein Kinase A (Zhang and
Hancox, 2009; Pulina et al., 2006; Ruknudin et al., 2007). In B-
adrenergic stimulation, NCX activity is also likely enhanced by itself
in response to protein Kinase A activation.

These results are also in line with those obtained recently
(Pironet et al., 2019) with the TRPM4 channel overexpression
mouse model, which develops premature ventricular ectopic beats
during exercise-induced B-adrenergic stress.

Limitations of the study: Since our Ml—Trpm4‘/ ~ animals showed
a survival rate of 50%, we could only conduct our study on a low
number of animals, which could potentially exert a different
phenotype from those who died. Although this could induce a bias
in our work, here we only focused on living animals and it would be
interesting to perform autopsy on the dead ones to know whether
their hearts display a similar phenotype or not.

Because of the afore-mentioned survival rate and the fact that we
worked with littermate, some of our experiments, in particular
Western blot analysis or qPCR, were perform with a relatively low N
number. Although this brings a limitation of our study and could
benefit from expended number of samples, our results were statis-
tically significant due to weak variability and comforts our hypoth-
esis that the lack of TRPM4 expression alters the pro-hypertrophic
signaling pathways. Finally, in our model of myocardial infarction,
we observed a ventricular dilation (eccentric hypertrophy), an ex-
pected consequence of a permanent occlusion(lismaa et al., 2018). In
particular, we observed cellular hypertrophy of isolated car-
diomyocytes in the periinfarct area. In the endurance training model,
we also observed hypertrophy which was in this case reflected by a
harmonious growth. Although, our study did not focus on all types of
hypertrophies (concentric and/or eccentric and/or harmonious), our
results show that TRPM4 plays a role in establishing hypertrophic
signaling pathways (pathological or physiological).

In summary, this study shows for the first time that TRPM4
channel expression is not good or bad, but more likely both, acting
to shift the cellular hypertrophic signaling pathways from patho-
logical to physiological, but also probably participating to the Iti
current in cooperation with the NCX to generate cellular
arrhythmias.
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