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Abstract
TRPM4 is a Ca2+-activated nonselective cation channel involved in cardiovascular physiology and pathophysiology. Based on
cellular experiments and numerical simulations, the present study aimed to explore the potential arrhythmogenicity of CaMKII-
mediated TRPM4 channel overactivation linked to Ca2+ dysregulation in the heart. The confocal immunofluorescence micros-
copy, western blot, and proximity ligation assay (PLA) in HL-1 atrial cardiomyocytes and/or TRPM4-expressing TSA201 cells
suggested that TRPM4 and CaMKII proteins are closely localized. Co-expression of TRPM4 and CaMKIIδ or a FRET-based
sensorCamui in HEK293 cells showed that the extent of TRPM4 channel activation was correlated with that of CaMKII activity,
suggesting their functional interaction. Both expressions and interaction of the two proteins were greatly enhanced by angiotensin
II treatment, which induced early afterdepolarizations (EADs) at the repolarization phase of action potentials (APs) recorded from
HL-1 cells by the current clamp mode of patch clamp technique. This arrhythmic change disappeared after treatment with the
TRPM4 channel blocker 9-phenanthrol or CaMKII inhibitor KN-62. In order to quantitatively assess howCaMKII modulates the
gating behavior of TRPM4 channel, the ionomycin-permeabilized cell-attached recording was employed to obtain the voltage-
dependent parameters such as steady-state open probability and time constants for activation/deactivation at different [Ca2+]i.
Numerical simulations incorporating these kinetic data into a modified HL-1 model indicated that > 3-fold increase in TRPM4
current density induces EADs at the late repolarization phase and CaMKII inhibition (by KN-62) completely eliminates them.
These results collectively suggest a novel arrhythmogenic mechanism involving excessive CaMKII activity that causes TRPM4
overactivation in the stressed heart.
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Introduction

Cardiac arrhythmia is a common disease with high morbidity
and mortality in the developed world, some of which is still
intractable lacking effective treatments. Electrical and struc-
tural remodeling has been regarded as one of crucial processes
of arrhythmogenesis, where aberrant calcium signaling and
downstream mechanisms play pivotal roles [12].

Recently, transient receptor potential (TRP) channels have
attracted growing attention because of their involvement in
many stress-induced dysfunctions including cardiac arrhyth-
mias [15]. A notable example is a melastatin subfamily mem-
ber, a Ca2+-activated nonselective cation channel TRPM4.
TRPM4 is ubiquitously expressed in the heart, most abundant-
ly in the atrium and conduction system. Besides some hered-
itary arrhythmias (familial AV block, Brugada syndrome),
TRPM4 is responsible for secondary arrhythmic changes in
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the remodeled or injured hearts, such as action potential (AP)
prolongation, early afterdepolarization (EAD), and presum-
ably delayed afterdepolarization (DAD) [11, 27]. These
changes result from the predominance of inward over outward
currents, due to reduced K+ currents, increased inward cur-
rents (e.g., sustained Na+ currents, reactivation of Ca2+ cur-
rents), or both. TRPM4 may act as an additional but non-
trivial inward current contributing to the slow pre-upstroke
depolarization and late repolarization phases of AP [13, 14].

During structural and electrical remodeling of the heart,
Ca2+/calmodulin-dependent kinase II (CaMKII) plays multi-
faceted roles in a diverse array of pathological processes in-
cluding aberrant excitation and transcription [3]. Sustained
activation of CaMKII occurs in response to abnormal cytosol-
ic Ca2+ rise, which persists independently of Ca2+/calmodulin
through auto-phosphorylation, angiotensin II (AGII)-induced
oxidation, glycosylation in diabetic conditions, and NO-
mediated S-nitrosylation during β-adrenergic stimulation
[21]. CaMKII-mediated phosphorylation has been shown to
be central to DAD-related atrial fibrillation [25]. In our former
experiments in HL-1 cells, AGII treatment remarkably en-
hanced TRPM4 activity, causing AP prolongation and EAD
[16]. In some case, large diastolic depolarizations accompa-
nying spontaneous AP activities also occurred (unpublished
observations). It is thus tempting to assume a causal relation-
ship between enhanced CaMKII and TRPM4 activities and its
pathophysiological implications in arrhythmogenesis.

In the present study, we investigated how excessive
CaMKII activation affects TRPM4 channel activity to induce
arrhythmogenicity under altered Ca2+ handling. To address
this issue, we firstly explored the interaction between
TRPM4 and CaMKII proteins by different methodological
approaches. We then mathematically formulated CaMKII-
mediated modulation of TRPM4 channel gating to perform
numerical AP simulations and compared the results with elec-
trophysiological data obtained from HL-1 cells.

Methods

Cell culture and gene transfection

Human embryonic kidney cells (HEK293) or TSA201 cells
(ATCC, USA) were maintained in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and antibiotics under humidified, 5% CO2-gassed con-
ditions and passaged every 3–4 days. No specific differences
were however found between these two cell lines. For heter-
ologous expression of TRPM4 and CaMKII, the cells were
transfected with human trpm4b cDNA (pCIneo vector; origi-
nally provided by Jean-Pierre Kinet and Pierre Launay) and
pDONR223-CaMKIIδ (Addgene #23814, a gift fromWilliam
Hahn and David Root) [19] by the aid of LipoD293™

(SignaGen, SL100668), and used for electrophysiological
measurements 24–48 h later.

An immortalized atrial cardiomyocyte line HL-1 (original-
ly provided by William C. Claycomb) was maintained in a
special culture medium (Claycomb Medium; Sigma-Aldrich
#51800C) according to the optimized protocol provided by
Claycomb’s laboratory [6]. HL-1 cells were treated with an-
giotensin II (1 μM) for 72–96 h before patch clamp
experiments.

Immunofluorescence

HL-1 cells were seeded on pre-coated cover slips and cultured
in Claycomb’s medium supplemented with 10% FBS. The
cells were incubated with AGII for 4 days. After washing once
with phosphate-buffered saline (PBS), the cells were fixed
with 4% para-formaldehyde for 15 min at room temperature.
Subsequently, they were permeabilized and blocked for
60 min with blocking solution (1× PBS/5% normal serum/
0.3% Triton™ X-100), then immunolabelled. The mouse
monoclonal anti-CaMKII (Invitrogen, MA5-27735) and rab-
bit polyclonal anti-TRPM4 (Pineda, Germany) antibodies
were used as the primary antibodies. For the secondary anti-
bodies, the anti-mouse antibody labelled with Alexa Fluor 488
(Cell Signaling, 4408S) and the anti-rabbit antibody labelled
with Alexa Fluor 568 (Invitrogen, A-11036) were applied.
After rinsing with PBS, the cover slips were mounted with
the medium containing 4′,6-diamidino-2-phenylindole
(DAPI). A laser-scanning confocal microscope (LSM 880,
ZEN 2.1, Zeiss, Oberkochen, Germany) was used to detect
the immunofluorescences from Alexa Fluor 488, Alexa Fluor
568, and DAPI.

Proximity ligation assay

The Duolink® (Sigma, USA) proximity ligation assay (PLA)
was performed in both HL-1 and transfected TSA-201 cells,
according to the literature [26] as well as the manufacturer’s
recommendations. The PLA assay is a powerful tool for the in
situ detection of proteins located in close proximity (< 40 nm).
HL-1 or TSA-201 cells were fixed by blocking solution then
incubated with primary antibodies. After washing three times
with PBS, secondary antibodies conjugated to PLA probes
were added on the cells for 1-h incubation. The PLA probes
are oligonucleotide pairs that if only in close proximity hy-
bridize to form a closed circular DNA and then act as the
template primers for rolling circle amplification. Thereafter,
cell samples on cover slips were mounted with the Duolink in
situ mounting medium with DAPI and viewed by confocal
microscopy. Samples without primary antibodies were taken
as negative controls. Images were analyzed by the Duolink®
ImageTool (Sigma).
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Western blot

Total cell lysates from HL-1 cells were homogenized in
RIPA buffer with protease inhibitors on ice. The protein
concentration was measured by using the XL-Bradford pro-
tein assay kit (APRO SCIENCE, Japan). The yielded pro-
teins were boiled in Laemmli sample buffer with 5% (v/v) 2-
mercaptoethanol and 1% (w/v) bromophenol blue, separat-
ed by 10% (w/v) SDS-PAGE and electrophoretically trans-
ferred to a PVDF membrane. The membrane was blocked
with Blocking One Buffer (Nacalai Tesque, Japan), and
then incubated with anti-TRPM4 antibody (Abcam,
ab106200, diluted 1:200), anti-CaMKII (SANTA CRUZ,
sc-5306, diluted 1:200), or anti-β-actin (Cell Signaling,
4967S, diluted 1:1000). Protein expression levels were
evaluated by the LAS-3000 Imaging System (Fujifilm,
Japan) after incubating the membrane with the secondary
antibody linked to horseradish peroxidase.

Förster resonance energy transfer

To evaluate CaMKII activity, fluorescent CaMKII indica-
tor pcDNA3-Camui-CR (Addgene #40256, a gift from
Michael Lin) [20] was co-expressed into HEK293 cells.
Camui fluorescence was measured as the Förster reso-
nance energy transfer (FRET) efficiency. Firstly, excita-
tion lights filtered at 430 ± 10 nm was applied from a
computer-controlled high-speed wavelength-switching
light source (Lambda DG-4, Sutter Instrument Co.,
Novato, CA). Epifluorescence was pre-filtered through a
multi-band dichroic mirror contained in the microscope,
and then separated and filtered in a beam splitter at 464 ±
23 nm (for donor fluorescence, FCFP) and 542 ± 27 nm
(for acceptor fluorescence, FYFP). FYFP/FCFP fluorescence
ratio normalized to basal level was assumed as the FRET
singal of Camui that reflects CaMKII activity [2]. Data
acquisition and analysis were implemented by the soft-
ware MetaMorph v.7.7 (Molecular Devices, CA, USA).

Electrophysiology

For patch clamp experiments, heat-polished borosilicate glass
electrodes (4–6 MΩ) were used. Membrane currents and po-
tentials were recorded in the voltage clamp and current clamp
modes respectively by a low-noise, high-impedance patch
clamp amplifier (EPC10, HEKA Elektronik, Germany).
Data analysis and illustration were made by using the com-
mercially available software, Clampfit v.10. (Axon
Instruments, USA), Labchart software v.7 (AD Instruments,
Australia), and GraphPad Prism 8 (GraphPad Software,
USA).

Solutions

Standard external solution used for patch clamp experiments
consisted of the following (in mM): 140 NaCl, 5 KCl, 1.2
MgCl2, 1.8 CaCl2, 10 Hepes, 10 glucose (adjusted to pH 7.4
with Tris base). High-K+ external solution for the Iono-C/A
recording consisted of the following (in mM): 145 KCl, 1.2
MgCl2, 0.1–5 CaCl2, 10 Hepes, 10 glucose (adjusted to pH 7.4
with Tris base); internal (pipette) solution for current clamp
recording (mM): 120 K glutamate, 20 KCl, K2ATP, 2
MgCl2, 10 Hepes, 1 Na2EGTA (adjusted to pH 7.23 with
Tris base); internal solution for the Iono-C/A recording: the
standard external solution with 1 mM tetraethylammonium
(TEA) and 100 μM 4,4′-diisothiocyano-2,2′-stilbenedisulfonic
acid (DIDS) to block K and Cl channels. All drugs were ap-
plied via a custom-made fast solution change device “Y-tube”
that was controlled by electrically driven solenoid valves [17].
Time required to complete solution change was ~ 1 s.

Numerical model simulation

For numerical simulation with a modified HL-1 evoked AP mod-
el, a free simulation software Cor1.1 (Oxford; URL: http://cor.
physiol.ox.ac.uk/) was used. This model was modified so as to
suppress the spontaneous activity by removing hyperpolarization-
activated current and reducing the sensitivity (ESR50= 0.4) and
efficacy (ks = 25) of junctional Ca2+ release as well as halving the
densities of voltage-dependent L-type and T-typeCa2+ channels in
the original model with TRPM4 gating kinetics [16, 30]. The
permeabilities PNa and PK for TRPM4 current in the HL-1 model,
which correspond to the maximal conductances for Na+ and K+,
were set to be 3.51*10−8 L/F/ms, respectively. These values were
calculated from the maximum density of single TRPM4 channels
endogenous to HL-1 cells determined by the inside-out patch re-
cordings (under unstimulated conditions) as well as the whole cell
and patch membrane capacitances (Fig. 4F and supplementary
information in [16]). For Luo-Rudy 2000 ventricular AP model,
a Ca2+-activated nonselective cation current (NSCa) that was al-
ready defined in themodel [16] was replaced by a TRPM4 current
whose gating kinetics was characterized in detail in the previous
and present studies. The pre-set values forPNSCa,Na andPNSCa,K in
the original model (1.75*10−7 L/F/ms for each) were employed.
Ordinary differential equations in the model were numerically
solved by the 4th-order Runge-Kutta algorithm, and APs and cur-
rents were iterated every 0.005 ms. For data illustration, simulated
results were graphed in 1-ms resolution.

Statistical evaluation

All data are expressed as means ± s.e.m. Paired or unpaired
Student’s t tests were used for single comparison. ANOVA follow-
ed by Tukey’s or Dunnett’s post hoc tests were employed for mul-
tiple comparisons. p<0.05 was taken statistically significant.
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Results

Close localization of TRPM4 and CaMKII proteins in a
heterologous expression system and HL-1
cardiomyocytes

At first, to examine the intracellular distribution of TRPM4
and CaMKI I p ro t e i n s i n HL-1 ce l l s , con foca l

immunofluorescence microscopy was carried out. Staining
with polyclonal anti-TRPM4 and monoclonal anti-CaMKII
antibodies produced predominantly cytosolic labelling. As in-
dicated by the orange regions in merged images (upper
rightmost in Fig. 1), fluorescent dye-labelled TRPM4 and
CaMKII proteins were found to be closely localized. The de-
gree of close localization was enhanced after 4-day incubation
with AGII (lower rightmost in Fig. 1).

Fig. 1 Overlapped distribution of TRPM4 and CaMKII proteins is
enhanced by AGII treatment. Confocal microscopy images of TRPM4
protein (red) and CaMKII (green) in HL-1 cells. Nuclei are stained with
DAPI (blue). Rightmost columns: merged images: orange signals indicate

the overlapped distributions of TRPM4 and CaMKII proteins. Note that
the overlapped signals are stronger in strength and larger in number in
AGII-treated (1 μM for 4 days) than in normal conditions. Data are
representative of four different experiments

Fig. 2 Close localization of expressed TRPM4 with CaMKIIδ in TSA
201 cells. Representative PLA images from TSA 201 cells transiently
transfected with either CaMKIIδ (a) or TRPM4 (b) proteins or co-
expressed with both proteins together (c). Orange dot signals were

generated when the distance of two proteins is within 40 nm. Nuclei are
stained with DAPI in blue. Scale bars indicate 10 μm. (d) Quantitative
analysis of the PLA signals. ***p < 0.001 with unpaired t test (n = 4)
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To validate the above observations in situ, we next employed
the proximity ligation assay (PLA). TSA201 cells were
transfected with either CaMKIIδ or TRPM4 or both (Fig. 2a–
c). In the figure, orange dots denote that the two proteins are
present within 40 nm. While few signals were present with the
sole expression of either CaMKIIδ or TRPM4,many orange dots
appeared with TRPM4/CaMKIIδ co-expression (Fig. 2d). This
strongly suggested that the two heterologously expressed pro-
teins preferentially exist in close proximity to each other. The
close localization of endogenous TRPM4 and CaMKIIδ proteins
was also observed in non-transfected HL-1 cells by the PLA
assay (Fig. 3b). Notably, incubation of HL-1 cells with AGII
doubled the number of dot signals, facilitating the close localiza-
tion of TRPM4 and CaMKII proteins (Fig. 3c, d).

Upregulation of TRPM4 and CaMKII accounts for
arrhythmogenic changes in HL-1 cells

HL-1 cells retain many important features of cardiomyocytes
with respect to intracellular signaling and expression of ion
channels responsible for AP generation [32]. Expressions of
both TRPM4 and CaMKII proteins in HL-1 cells were signifi-
cantly increased after 4-day treatment with 1 μM angiotensin II
(AGII) (Fig. 4a, b). The same procedure was found to cause
several-fold increase in TRPM4 current density previously [16].
We tested whether the increased expressions of the two proteins
induced by AGII are arrhythmogenic at the cellular level. With
2-Hz pacing, early afterdepolarizations (EADs) occurred much
more frequently in AGII-treated than in non-treated HL-1 cells.
Strikingly, inhibition of the activities of TRPM4 channel (by

10 μM 9-phenanthrol: 9-PA) and of CaMKII (by 5 μM KN-
62) both significantly reduced the incidence of EAD (Fig. 4c, d).
These results can be interpreted that excessive activities of
TRPM4 and CaMKII are arrhythmogenic.

CaMKII positively regulates TRPM4 channel activity

In the next step, we explored the functional significance of
CaMKII in regulating TRPM4 channel activity. For this pur-
pose, we co-expressed TRPM4 and CaMKIIδ in HEK293 cells,
and recorded TRPM4-mediated current by the ionomycin-
permeabilized cell-attached (Iono-C/A) recording. This method
allowed us to stably record the current over tens of seconds [16].
Onlymarginal currents were induced by externally administered
Ca2+ after ionomycin permeabilization in mock-transfected
HEK293 cells (data not shown). As shown in Fig. 5 a and c,
administration of the CaMKII blocker KN-62 (5 μM) effective-
ly inhibited TRPM4 currents induced by bath perfusion of Ca2+

after ionomycin permeabilization. These were paralleled by
FRET changes reflecting CaMKII activity when a CaMKII sen-
sor Camui was co-expressed (Fig. 5b, d; see the “Methods”
section). These results strongly suggest that tight functional in-
teraction may exist between CaMKII and TRPM4 proteins.

Kinetic analysis of TRPM4 channel modulation by
CaMKII

To quantify CaMKII-mediated modulation of TRPM4 chan-
nel, we evaluated the voltage- and [Ca2+]i-dependent gating
kinetics of TRPM4 channel before and after application of

Fig. 3 Close localization of endogenous TRPM4 and CaMKII proteins in
HL-1 cells. Representative PLA images from HL-1 cells treated without
(b) or with (c) AGII (1 μM) for 4 days. In the negative control (a),
primary anti-TRPM4 antibody was omitted. Orange dot signals were

generated when endogenous TRPM4 and CaMKII were less than
40 nm. Nuclei are stained blue with DAPI. Scale bars indicate 10 μm.
(d) Quantitative analysis of the PLA signals. **p < 0.01with upaired t test
(n = 4)
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KN-62. The Iono-C/A recording was employed to avoid se-
vere rundown/desensitization. When currents became stable,
5 μM KN-62 was perfused until substantial CaMKII inhibi-
tion was attained. It typically required 2–3 min (Fig. 6a).

Figure 6b displays overlaid traces of ITRPM4 during and
immediately after voltage step pulses in the absence and pres-
ence of 5 μM KN-62. The time courses of activation and
deactivation in response to each voltage jump were fitted to
monoexponentials to get necessary information for the kinetic
analysis (not illustrated), as performed previously [16]. At first

glance, it is obvious that deactivation of tail TRPM4 currents
at the holding potential (− 60 mV) was markedly accelerated
after KN-62 application (expanded traces in Fig. 6c). Figure 6
d and e respectively demonstrate averaged relationships of the
steady-state open probability (Po) and time constant of
voltage-dependent activation/deactivation (τ) versus mem-
brane potential (Vm) at three different [Ca

2+]o values. [Ca
2+]i

values corresponding to respective [Ca2+]o were separately
determined by Ca2+ imaging experiments [16]. We adopted
a two-state (C-O) transition model with rate constants of

Fig. 4 AGII induces early afterdepolarizations (EADs) with increased
expressions of TRPM4 and CaMKII. (a) Representative immunoblots
of TRPM4, CaMKII, and β-actin proteins (re-probed from the same
blot membrane) extracted from non-treated and AGII-treated HL-1
cells. (b) Increased expressions of TRPM4 and CaMKII proteins in
AGII-treated HL-1 cells. Data are demonstrated as fold changes relative
to respective controls (i.e., no AGII treatment) after normalization to β-

actin. *p < 0.05 with unpaired t test (n = 4). (c) Actual traces of membrane
potentials recorded from HL-1 cells in the current clamp mode. AGII
treatment induced EADs with 2-Hz pacing (con), which were abolished
by 9-PA (10 μM) or KN-62 (5 μM). (d) Statistical analysis for EAD
occurrence. ***p < 0.001 and **p < 0.01 with ANOVA followed by
Tukey’s post hoc tests (n = 5)
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opening and closing α and β to mathematically formulate
TRPM4 channel gating before and after application of KN-
62 (i.e., CaMKII inhibition), where α and β are the functions

of both Vm and Ca2+ (Fig. 7a–c and legend). The final math-
ematical expressions obtained for α and β (in s−1) are:

before application of KN-62:

α V ; Ca½ �ð Þ ¼ 3:7008 � Ca½ �0:17457 � exp 0:0071508−0:00020179 � Ca½ �ð Þ � V½ �
β V ; Ca½ �ð Þ ¼ 0:65836 � exp 3:5163−0:26304 � Ca½ �ð Þ þ −0:0045777−0:002332 � Ca½ �ð Þ � V þ 0:0000159−0:0000116 � Ca½ �ð Þ � V2

� �

after application of KN-62:

Fig. 5 CaMKII modulates TRPM4 activity through tight coupling.
TRPM4 and CaMKIIδ were co-expressed in HEK293 cells and the
membrane current was recorded by the ionomycin-permeabilized cell-
attached (Iono-C/A) recording. (a) Typical development of a TRPM4
current during cumulative administrations of 2.5 μM ionomycin, 1 mM
[Ca2+]o and 5 μM KN-62. (b) The CaMKII fluorescent indicator Camui
was co-expressed together into HEK293 cells. The ratio of fluorescences
(FYFP/FCFP) which was normalized to its initial baseline value was
obtained under the same experimental conditions as in panel (a). (c)

Averaged TRPM4 currents at − 60 mV. (d) The averaged decreases in
normalized FYFP/FCFP (ΔFYFP/FCFP) before (control; ionomycin and
Ca2+ only) and after addition of 5 μM KN-62. In panel (c), to avoid
potential contamination of leak and other endogenous Ca2+-activated
currents, the current remaining after 9-PA application is subtracted to
obtain a TRPM4 current as a 9-PA-sensitive component. The effects of
Ca2+ and KN-62 were evaluated after they reached steady levels.
**p < 0.01 with paired t test, respectively (n = 5)
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α V ; Ca½ �ð Þ ¼ 1:9469 � Ca½ �0:37586 � exp 0:010389−0:001362 � Ca½ �ð Þ � V½ �
β V ; Ca½ �ð Þ ¼ 0:76936 � exp 3:7267−0:2251 � Ca½ �ð Þ þ −0:0011664−0:0027691 � Ca½ �ð Þ � V þ 0:00000246−0:000000268 � Ca½ �ð Þ � V2

� �

where Ca in μM and V in mV.

Numerical AP models reproduce TRPM4- and CaMKII-
mediated arrhythmogenic changes

We incorporated the above rate constants into a modified
HL-1 evoked AP model (see the “Methods” section) and

simulated the impact of CaMKII inhibition on AP gener-
ation with 2-Hz pacing. In the absence of CaMKII inhi-
bition, a few-fold increase in TRPM4 current density was
sufficient to induce AP prolongation (Fig. 8a). Further
increases in TRPM4 current density highly depolarized
the diastolic membrane potential and induced EADs
(3.25-fold; Fig. 8c) and destabilized AP generation by
producing the periodic changes in the shape and pattern

Fig. 6 Voltage jump analyses of Ca2+- and voltage-dependent TRPM4
channel gating. (a) The protocol to evaluate Ca2+- and voltage-dependent
activation of TRPM4 channel with the I/O cell-attached recording. The
details of this method are described elsewhere [16]. Briefly, after the cell
membrane was permeabilized by 2.5 μM ionomycin, 0.3, 1, or 5 mMCa2+

was introduced into the bath to induce unitary TRPM4 currents (at the
holding potential of − 60 mV), and 5 μM KN-62 was cumulatively
applied at least for 2 min. (b) Overlaid traces of TRPM4-mediated
currents induced by voltage pulses from − 60 mV to − 100 to + 200 mV,
before and after application of KN-62. The time constants (τ) for the
activation and deactivation of these currents were obtained by mono-
exponential fitting. (c) Tail TRPM4 currents immediately after the voltage

jump are displayed on an expanded scale. (d, e) [Ca2+]o and voltage
dependence of steady-state open probability (Po) and τ before and after
application of KN-62. Symbols represent the averages derived from six
selected voltage jump experiments such as shown in panel (a). Solid
curves in (d) are the best fits to the Boltzmann equation: 1/[1 +
exp( − (Vm − V0.5)/s)], where Vm, V0.5, and s denote the membrane
potential, half activation voltage, and slope factor, respectively. The best-
fit values of V0.5 and s are as follows (in mV): for the control, 129.36 and
149.09, 78.39 and 86.18, and 68.44 and 95.52 for 0.3, 1, and 5mM [Ca2+]o,
respectively; for KN-62, 89.96 and 77.8, 62.20 and 51.73, and 60.86 and
73.54 for 0.3, 1, and 5 mM [Ca2+]o, respectively. Po at 200 mVwith 5 mM
[Ca2+]o is assumed to be 1.0 in each voltage jump experiment
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of EADs (3.5-fold; Fig. 8d). It is noteworthy that similar
changes were also recorded from AGII-treated HL-1 cells
during the fast pacing of 2 Hz (Fig. 4b). In contrast, after
application of KN-62, even the 3.5-fold increase in
TRPM4 density could not induce EADs and the extents
of diastolic depolarization and AP prolongation due to
excessive TRPM4 activation were much more limited
(Fig. 8b, d). In addition, the mechanism for EAD genera-
tion appears to involve the reactivation of voltage-
dependent T-type Ca current, since its temporal change
in the magnitude exactly matches up with that of the in-
ward TRPM4 current (middle and bottom traces in Fig.
8c–e).

Discussion

It is well established that CaMKII-dependent phosphorylation
greatly alters the gating behaviors of many ion channels asso-
ciated with AP generation such as voltage-dependent Ca2+

and Na+ channels and ryanodine receptors thereby inducing
arrhythmogenicity [10]. In this study, we demonstrated that
TRPM4 and CaMKII proteins are closely localized to interact
functionally, by use of immunofluorescent confocal micros-
copy, western blotting, PLA assay, FRET, and electrophysi-
ology. Furthermore, we provided for the first time the evi-
dence in vitro and in silico that when excessive, this interac-
tion can induce arrhythmogenic changes.

Fig. 7 Mathematical formulation of the Ca2+- and voltage-dependent
gating of TRPM4 channel. (a) The closed (C)-open (O) state transition
model, where α and β are the complex functions of membrane potential
(Vm) and Ca

2+ concentration. (b, c) Logarithmic plots of α and β against
Vm for different [Ca2+]o before and after application of KN-62. In each
voltage jump experiment, the values of α and β were determined,
according to the following simultaneous equations:

τ Vmð Þ ¼ 1

α Vmð Þ þ β Vmð Þ Po Vmð Þ ¼ α Vmð Þ
α Vmð Þ þ β Vmð Þ The so l id

lines are the best nonlinear fits of averaged α and β values before and
after application of KN-62 (n = 6) by the following exponential functions

of Vm with constants C0, C1, K0, K1 and K2 for each [Ca
2+]o, respectively:

α Vmð Þ ¼ C0∙exp C1∙Vmð Þ β Vmð Þ ¼ K0∙exp K1∙Vm þ K2∙Vm
2

� �
(d)

Plots of C0, C1, K0, K1, and K2 against [Ca
2+]i. Solid curves are the best

fits of each constant’s values to either linear, exponential, or power
functions of [Ca2+]i. Elevations in [Ca2+]i induced by various
concentrations of [Ca2+]o during Iono-C/A recording were determined
by the Fura-2 fluorescence imaging in separate experiments. The
relationship between [Ca2+]i and [Ca2+]o was shown in our previous
study (Fig. 1 and supplementary Figure 3 in [16])
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TRPM4 is a Ca2+-activated cation channel tightly associ-
ated with the intracellular Ca2+ homeostasis and dynamics in
many distinct types of cells [9]. In the normal heart, this chan-
nel is presumed to be essential for pace-making depolarization
and β-adrenergic inotropy [13, 23]. However, in the stressed
heart, the channel appears to undergo pathological upregula-
tion to cause abnormal diastolic depolarization and AP pro-
longation [16, 27], both being predisposing factors to cardiac
arrhythmias. It is generally thought that considerable part of
intracellular Ca2+ signaling is mediated by a major Ca2+-bind-
ing protein calmodulin (CaM) [4]. Indeed, for TRPM4 chan-
nel, several putative CaM-binding sites are predicted and
shown to be functionally important for the channel activity
by molecular biological and electrophysiological investiga-
tions [24]. The new finding of the present study is that
CaMKII, the key enzyme at the downstream of Ca2+/CaM
signaling, may also be pivotal to TRPM4 channel regulation
via tight functional coupling. CaMKII has been suggested to
be redox sensitive and involved in cardiac failure and

arrhythmias [21]. TRPM4 is also highly expressed in stressed
or injured hearts undergoing remodeling changes [11] and
activated by ischemic insults [31]. The structural analysis of
TRPM4 protein revealed that a disulfide bond adjacent to the
glycosylation site of the S6 domain is a possible small-
molecule recognition site for redox sensitivity [8]. It is thus
plausible that both proteins functionally cooperate and would
contribute to a variety of secondary arrhythmias associated
with cardiac damage and remodeling.

It is well known that L-type calcium channel, which repre-
sents the main route for Ca2+ influx into cardiomyocytes, co-
localizes with ryanodine receptors in the junctional microdo-
main to exert the Ca2+-induced Ca2+ release [5]. This arrange-
ment is essential for tight functional cooperation between the
calcium channel and ryanodine receptor thereby driving the
excitation-contraction coupling of the heart. A similar
microdomain-dependent interaction was recently proposed
in atrial myocytes for shear stress-induced activation of
TRPM4 channel via the Ca2+ release through the type 2 IP3

Fig. 8 AP simulation with a modified HL-1 model. (a, b) A modified
HL-1 model incorporating TRPM4 channel (see the “Methods” section)
was used to simulate APs evoked by 2-Hz stimulation in the absence (a)
and presence (b) of KN-62. The density of TRPM4 channel is adjusted to
normal (1-fold) to several-fold levels and the resultant APs are overlaid.
Note that the duration of AP is prolonged by increasing TRPM4 density

and that this is greatly inhibited by the application of KN-62. (c–e) Time
courses of APs simulated with the same model as above are displayed for
the cases of 3.25-fold (c) and 3.5-fold (d) increases in TRPM4 density,
together with those of T-type Ca (CaT) and TRPM4 currents. For the
latter, inhibition of CaMKII by KN-62 completely eliminates EADs (e)
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receptor (and subsequent Ca2+ release from adjacent
ryanodine receptors) from the peripheral junctional SR.
Although the exact biological significance of this mechanism
remains to be determined, the depolarizing nature of TRPM4
channel activation caused by a local mechanical Ca2+ release
might provide a previously unidentified link to cardiac abnor-
mal excitability [28]. In an intriguing analogy with these two
studies, our confocal immunofluorescence microscopy re-
vealed that TRPM4 and CaMKII proteins endogenously
expressed in HL-1 cardiomyocytes were closely localized.
Although we did not investigate the exact site(s) of this close
localization, it is noteworthy that the maximum magnitude of
TRPM4 current measuredwith EGTA in the pipette was much
larger than that with BAPTA (Figure 2 in [16]). Like in L-type
Ca2+ channel [1], this observation most likely supports the
junctional microdomain-dependent colocalization of
CaMKII and TRPM4 and their functional coupling, where
the much weaker and slower Ca2+ chelating ability of EGTA
than of BAPTAwould hamper the effective buffering of rapid
and large [Ca2+]i elevations caused by the junctional Ca2+

release. Moreover, experiments heterologously expressing
TRPM4 and CaMKII showed that these two proteins prefer-
entially localized in a close vicinity (within 40 nm; by PLA;
Figs. 2 and 3) and tightly interacted in response to [Ca2+]i
elevations (FRET measurements; Fig. 5b, d). Similar results
were also obtained by the PLA for endogenously expressed
TRPM4 and CaMKII proteins in HL-1 cells. All these find-
ings strongly suggest that tight functional interaction is pres-
ent between these two proteins. This idea is actually corrobo-
rated by the electrophysiological data that pharmacological
inhibition of CaMKII reduced the magnitude of TRPM4-
mediated current through altered gating kinetics (Figs. 5 and
6). Importantly, the interaction of TRPM4 and CaMKII ap-
peared to become more prominent under stressed conditions
(i.e., AGII treatment) that enhanced the expressions of the two
proteins and induced arrhythmogenic changes (Fig. 4).

In current clamp recordings from HL-1 cells, upregulation
of TRPM4 and CaMKII proteins induced by AGII caused a
high incidence of EAD, which was suppressed by both
TRPM4 and CaMKII inhibitors (Fig. 4). Since AGII is a major
neurohormonal stress promoting cardiac remodeling, it is
tempting to speculate that the upregulation (and consequently
enhanced interaction) of TRPM4 and CaMKII may serve as
an as-yet-unidentified substrate for remodeling-associated ar-
rhythmias. Indeed, numerical simulations based on a modified
HL-1 model clearly indicated that only a few-fold increase in
TRPM4 density (which really occurred with AGII treatment;
e.g., see Fig. 4G in [16]) can induce EADs and further in-
creases cause more complex EAD patterns in varying appear-
ance and amplitude (Fig. 8). Notably, these arrhythmogenic
changes were completely abolished by the inhibition of
CaMKII with KN-62 (Fig. 8). Consultation with literature
confirms that more than 4-fold upregulation of TRPM4 could

in fact occur in a cardiac hypertrophy model of SHR [11] as
well as in human end-stage heart failures [7], both of which
are well known to be pro-arrhythmic. In addition, there is also
good evidence that excessive activation of CaMKII is a key
cellular event involved in various remodeling-associated ar-
rhythmias [29]. Thus, the abnormally enhanced interaction
between TRPM4 and CaMKII (due to their pathological
upregulations) may be an important pathogenic mechanism
predisposing to remodeling-associated arrhythmias.

After CaMKII inhibition, tail TRPM4 currents immediate-
ly after voltage step pulses showed much faster deactivation
than those before the inhibition (Fig. 6b, c). We explored the
precise implication of this observation by detailed kinetic
analyses. As summarized in Supplementary Figure 1, in nor-
mal setting, the rate constants of opening (α) and closing (β)
in the two-state (C-O) transition model are reciprocally depen-
dent on the membrane potential, i.e., being incremental and
decremental with respect to voltage, respectively. However,
after CaMKII inhibition (except at very high [Ca2+]i values),
both α and β become poorly sensitive to voltage change,
staying at very low and high values, respectively. As a result,
the open probability of TRPM4 channel is constantly low over
the wide ranges of voltage and [Ca2+]i and the time course of
deactivation is accelerated around the resting membrane po-
tential. These simulation results strongly suggest that voltage-
dependent transitions between the closed and open states are
critically controlled by a CaMKII-mediated mechanism(s). To
seek the generality of this mechanism, we also performed
similar simulations with a well-established ventricular AP
model (Luo-Rudy 2000) [22]. As shown in Supplementary
Figure 2, increasing the TRPM4 channel density prolonged
AP duration and ultimately (more than 5.5-fold) triggered
EADs. In contrast, the inhibition of CaMKII completely
abolished all these arrhythmogenic changes. It should be not-
ed that the same degree of fold increase in TRPM4 channel
density appears to make differential impacts on ventricular
and atrial AP models. However, at repolarization phase,
TRPM4-mediated current is much smaller relative to the
sum of outward currents (IKs, IK1, etc.) in ventricular than
in atrial cardiomyocytes [18]. From these considerations, for
both ventricular and atrial arrhythmias, inhibiting excessive
TRPM4 channel activity through CaMKII inhibition might
work as a new effective anti-arrhythmic strategy.

In summary, the present study provided several lines of
evidence that TRPM4 and CaMKII proteins are closely local-
ized and functionally coupled. Electrophysiological experi-
ments in HL-1 atrial myocyte-like cells indicated that pharma-
cological CaMKII inhibition greatly suppressed the genera-
tion of EADs induced by excessive TRPM4 channel activity.
Consistent with this result, numerical simulations and kinetic
analyses suggested that CaMKII inhibition can effectively
mitigate arrhythmogenic changes via reduced TRPM4 activi-
ties and that this likely occurs through eliminating the voltage-
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dependent C-O transitions of TRPM4 channel. In conclusion,
the present study has presented the utility of combined elec-
trophysiological and numerical approaches to elucidate pleio-
tropic mechanisms underlying arrhythmogenic changes asso-
ciated with excessive CaMKII activity in the remodeled heart.
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