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1. Introduction 

TRPM4 is a member of the melastatin subfamily of the Transient Receptor Potential 

channel family. Its expression has been detected in several human organs. It is involved, 

among others, in the regulation of membrane potential and Ca2+ homeostasis in cells of both 

excitable and non-excitable tissues, insulin secretion, immune response, tumorigenesis and 

cerebral vasoconstriction. 

In the heart, TRPM4 channels are detected in both myocytes and the cardiac 

conduction system. Mutations in TRPM4 channels in the heart can lead to conduction defects 

and TRPM4 is thought to be involved in myocardial hypertrophy and ischemia-reperfusion 

injury. 

So far, the physiological and pathophysiological functions of TRPM4 have been 

investigated either in knock-out animal models or by pharmacological approaches with 

inhibitors of the channel, including 9-phenanthrol, glibenclamide or flufenamic acid. 

Unfortunately, none of these compounds are sufficiently selective. However, for functional 

studies of the channel, a selective agent or at least a combination of available TRPM4-

modulator agents with appropriate complementary pharmacological agents would be 

needed. The latter approach however requires great care. 

In my work, I present the effects of a drug developed specifically to inhibit the TRPM4 

channel, CBA, on myocardial cells in the left ventricle of dogs. CBA is thought to be a 

potentially selective TRPM4 inhibitor, however, before using it for TRPM4 functional assays, 

our working group performed selectivity assays with CBA to see if CBA affects any main 

current of the ventricular myocardial action potential (AP) and to evaluate the CBA action on 

AP morphology. In addition, we also investigated TRPM4 channel expression in a collaborative 

work, the results of which are also presented. 

The delayed rectifier potassium current plays a primary role in the repolarization of 

ventricular myocytes. In ventricular myocytes, two components have been described: the fast 

component (IKr) is responsible for phase 3 repolarization of the AP, whereas the slow 

component (IKs) is a member of the so-called repolarization reserve. The latter means that IKs 

is not involved in normal repolarization but ensures repolarization when it is increased during 

a prolonged AP. Decreased IKr current leads to long QT syndrome and early 
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afterdepolarisation (EAD), and therefore can cause potentially life-threatening arrhythmias 

and sudden cardiac death. 

Several selective inhibitors of IKr are known, such as dofetilide or E-4031. Both 

compounds contain a methanesulfonamide group in their chemical structure and also 

significantly increase the duration of ventricular AP. 

ABT-333 (dasabuvir) is an antiviral agent used in the treatment of hepatitis C. The 

molecule, like some inhibitors of hERG channels responsible for the formation of IKr (such as 

dofetilide and E-4031), contains a methanesulfonamide group. Based on this similarity, ABT-

333 also has potential IKr inhibitory activity, but the effects of the compound on the 

ventricular myocardium are not yet known. In my work, I will present the effects of ABT-333 

on the AP morphology of canine ventricular myocardial cells and its underlying effects on 

ionic currents. Thanks to our collaboration partners, the effects of ABT-333 on hERG channels 

have also been investigated in expressed cells, and the results are also presented. 
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2. Aims 

 

Based on the so far known role of TRPM4 in the heart the first aim of our research was 

• to prove the expression of TRPM4 protein. 

 

We wanted to explore the actions of a new compound (CBA) directly developed as 

TRPM4 inhibitor on: 

• the morphology of cardiac action potential 

• the short-term variability of repolarization. 

 

To investigate the channel functionally, we need a selective inhibitor, so we first 

perform selectivity assays with the compounds to see if those affect ion channels other than 

TRPM4, therefore we tested 

• the CBA-sensitive current with action potential voltage clamp (APVC) 

technique, 

• the action of CBA on repolarizing currents. 

 

Based on the chemical structure of ABT-333, the molecule has the potential to inhibit 

one of the major repolarizing currents (IKr), but the effect of this agent on ventricular AP is 

unknown. Therefore, we wished to investigate: 

• the action of 1 µM ABT-333 on left ventricular AP of the canine heart, 

• concentration-dependent actions of ABT-333 on various AP parameters, 

• the ABT-333-sensitive current with APVC technique, 

• and last but not least the action of ABT-333 on the ionic current of expressed 

hERG channels. 

 

Of course, it is not easy to obtain cells from healthy human hearts for experimental 

purposes, so for our experiments we isolated left ventricular myocytes from canine hearts, 

which are electrophysiologically one of the best models of human myocardial cells. 
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3. Materials and methods 

3.1. Isolation of Ventricular Myocytes  

Our experiments were carried out on myocardial cells enzymatically isolated from the 

left ventricle of the heart of mixed sex and breed, 1-3 years old adult dogs bred specifically for 

experimental purposes. The anterograde segment perfusion technique was used to isolate 

myocardial cells with a protocol in line with the ethical standards laid down in the Declaration 

of Helsinki in 1964 and its later amendments as well as with the Guide to the Care and Use of 

Experimental Animals (US NIH publication number 85-23, revised 1996). The experimental 

protocol was also approved by the Institutional Animal Care (licence No.: 9/2015/DEMÁB).  

3.2. Recording of Action Potentials 

The APs were triggered by an electronic stimulator with current pulses of 120-130% of 

the stimulus threshold and measured using conventional microelectrode technique. The APs 

were digitized, evaluated, the following parameters were determined in ten consecutive APs 

then averaged: APD50, APD75 and APD90 (duration of the AP from the peak to 50, 75 and 90% 

of repolarization, respectively), maximal rate of phase 0, 1, and 3  (V+
max , VPh1max and V-

max, 

respectively), resting membrane potential (RMP), overshoot potential (OSP), APA (action 

potential amplitude determined as the difference between OSP and RMP), Plateau20 and 

Plateau50 amplitude (the difference between the resting membrane potential and the 

membrane potential values measured at 20% and 50% of the time to 90% repolarization, 

respectively) and the membrane potential at the half duration of APD90 (Plateau50). 

3.3. Analysis of the action potential repolarization variability 

A series of 50 consecutive action potentials were recorded and analysed offline to 

calculate the short-term variability of repolarization (SV) using the following formula: 

𝑆𝑉 =  
∑ (|𝐴𝑃𝐷𝑛+1 − 𝐴𝑃𝐷𝑛|)𝑖

𝑛=1

𝑖√2
 

where SV is the short-term variability, APDn and APDn+1 indicate the APD90 values of 

the nth and (n + 1)th APs, respectively, and i denotes the number of consecutive beats 

analyzed. As the value of SV strongly depends on the value of APD90, SV can be best judged as 

a function of APD. To further analyzed repolarization variability, the differences between 

consecutive APD90 values were grouped in ranges (below 20 ms in 1 ms ranges and above 20 
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ms differences and 5 ms ranges) and the overall probability of their appearance was 

calculated in each cell.  

3.4. Voltage-Clamp Studies 

Membrane currents were recorded using the patch-clamp technique in whole-cell 

configuration. Our experiments were performed using conventional voltage-clamp and action 

potential voltage-clamp (APVC) techniques. In conventional voltage-clamp experiments, the 

ion channel under investigation was excited by square pulses while the other ion channels 

were inhibited. In the action potential voltage-clamp experiments, cells were stimulated with 

a so-called "canonical" AP instead of square pulses, which is a typical AP previously recorded 

on a midmyocardial cell. In cells stimulated in this way, all the ionic currents under the AP that 

are affected by the compound of interest can be examined together. CBA- or ABT-333-

sensitive currents were obtained by pharmacological subtraction: the current signals 

recorded at the end of 5 min 10 μM CBA or 15 min 10 μM ABT-333 perfusion were subtracted 

from the signals measured in control (physiological Tyrode's solution). Cells were perfused 

again with physiological Tyrode solution (washout) for 5 min after CBA or 20 min for ABT-333. 

3.5. Recording of hERG Currents 

Whole-cell currents of voltage-clamped HEK (human embryonic kidney) cells stably 

expressing hERG channels were recorded by manual patch-clamp technique. The effect of 1, 

3, 10 and 30 µM ABT-333 on the gating (activation, inactivation, deactivation) of hERG 

channels was studied by applying corresponding square pulses at room temperature (20-

24°C). 

3.6. Protein Sample Preparation and Western Blot Analysis 

For Western blot experiments, total cell lysates were prepared from canine left 

ventricular cardiomyocytes and from tissue samples (excised from the wall of the four 

chambers of the heart) by mechanical force methods. Protein concentrations were 

determined by BCA (Bicinchoninic acid) protein assay, and samples were subjected to SDS-

PAGE (Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis) and transferred to 

nitrocellulose membranes. Membranes were blocked with 5% dry milk-PBS (Phosphate 
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Buffered Saline) solution and incubated with anti-TRPM4 and anti-α-actinin primary 

antibodies followed by HRP-conjugated secondary antibody labeling. The background 

corrected optical density of the bands determined by TRPM4-specific chemiluminescence was 

determined by densitometry using ImageJ program and normalized to the optical density of 

the α-actinin specific band of the samples. 

3.7. Statistical analysis 

All values are presented as arithmetic mean ± Standard Error of the Mean (SEM). 

Given the biological variability among cells, each cell was treated as independent in the 

statistical tests, although more than one cell could be obtained from the same animal. 

Statistical significance of differences was evaluated using one-way ANOVA followed by 

Student's t-test. Differences were considered significant when p < 0.05. 

  



9 

 

4. Results 

4.1. Expression of TRPM4 Protein  

For protein expression studies, tissue samples and left ventricular isolated cells were 

obtained from five animals. Protein separation with electrophoresis and the following labeling 

with appropriate antibodies were made at least twice for each sample. TRPM4 could be 

detected in all 4 chambers of the heart as well as in isolated left ventricular cells. TRPM4 

expression was normalized to that of α-actinin in each case. The relative expression was 0.47 ± 

0.08, 0.59 ± 0.05, 0.49 ± 0.10, 0.62 ± 0.09, and 0.51 ± 0.09 in the case of tissues from the right 

atrium, left atrium, right ventricle, left ventricle, and isolated left ventricular cells, respectively. A 

significant difference could not be obtained between any of the previous samples. 

4.2. The effect of CBA on the morphology of the action potential 

APs were recorded under conditions of normal Ca2+ cycling using KCl-filled 

conventional microelectrodes believed to be the closest to the physiological situation. Eight 

cells isolated from six animals were exposed to 10 µM CBA for 5 min and a 5-min-long period 

of washout was applied at the end of the experiment. CBA exerted no effect on resting 

membrane potential (RMP), overshoot potential (OSP), membrane potential at the half 

duration of APD90 (Plateau50), and the maximal rate of phase 3 (V−
max). There was a tendency 

for AP shortening in the presence of CBA at all studied repolarization levels: 214.7 ± 22.3 

versus 191.9 ± 18.2 ms (p = 0.09), 254.2 ± 21.2 versus 229.0 ± 17.4 ms (p = 0.07) and 266.8 ± 

21.0 versus 241.1 ± 17.0 ms (p = 0.07) for APD50, APD75, and APD90, respectively. CBA 

significantly reduced the maximal rates of depolarization (V+
max: 133.2 ± 12.9 versus 113.1 ± 

13.6 V/s). The maximal rate of early repolarization of the APs of canine left ventricular 

cardiomyocytes was also significantly reduced by CBA (phase-1 slope: −5.1 ± 1.2 versus −3.9 ± 

1.0 V/s); however, the value of APA was increased (114.7 ± 1.8 versus 117.6 ± 1.4 mV). These 

changes were small but statistically significant for APA, phase-1 slope, and V+
max. In case of 

APD75 and APD90, statistical significance was only reached after normalizing the absolute 

values. APD75 was reduced to 91.0 ± 3.6% and APD90 was reduced to 91.3 ± 3.4% in the 

presence of CBA. Upon washout, almost all above-mentioned actions of CBA were reversible, 

the only exception being the maximal rate of depolarization as V+
max remained 

114.9 ± 10.4 V/s after washout. 
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4.3. Effects of CBA on Short-Term Variability of Repolarization 

Analysis of short-term variability of ventricular repolarization was also determined in 

the same eight studied cells. APD90 was used to approximate the duration of cardiac APs; the 

values of SV and relative SV were determined according to that described in methods. The 

value of SV was significantly smaller, about 27% lower in CBA compared to that of the control 

condition (4.8 ± 0.9 ms versus 3.2 ± 0.4 ms). This decrease was mostly reversible (SV after 

washout: 4.2 ± 0.9 ms). The cumulative distribution curve illustrating the dispersion of 

differences in consecutive APD90 values was shifted toward smaller beat-to-beat variability in 

the presence of CBA in a reversible manner. 

4.4. Effects of CBA Measured with a Canonic Ventricular AP Using the APVC Technique 

Based on the results of the previously mentioned experiments, we wanted to be sure 

that CBA is selective for TRPM4, and the observed effects are not due to actions of the 

inhibitor evoked on ionic currents other than TRPM4. Therefore, we conducted whole cell 

patch-clamp recordings with an internal solution containing 10 mM BAPTA to buffer [Ca2+]i 

and therefore prevent the activation of TRPM4 channels. The effect of BAPTA on AP 

morphology was observed at the beginning of each measurement to confirm its action before 

starting the application of CBA.  

CBA-sensitive currents (ICBA) were measured in five individual cells isolated from three 

animals. ICBA possessed a short outward component during the early repolarization phase of 

the AP and a much longer inward component during the rest of the AP. The densities of the 

early outward peak current and the inward peak current were 1.38 ± 0.32 and -0.53 ± 0.06 

pA/pF, respectively. The time of early outward and inward peaks measured from the peak of 

the AP were 2.33 ± 0.48 and 11.73 ± 0.67 ms, respectively. The effect of CBA was reversible, 

the ICBA peak current density values after washout were significantly lower: 0.16 ± 0.06 and -

0.25 ± 0.07 pA/pF, respectively. Reversibility was also observed for most AP parameters 

recorded with conventional microelectrodes (see above). 

4.5. Effect of CBA on Ionic Currents of Repolarization 

The results of the APVC experiments suggested that CBA modulates ion channels 

other than TRPM4. Based on the CBA-sensitive current profile, the possible targets of CBA-

induced inhibition are the transient outward K+ current (Ito) and the L-type Ca2+ current (ICa,L). 
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Therefore, to selectively study these potential candidates of CBA action, conventional voltage-

clamp recordings were conducted. Just like in our APVC experiments, a BAPTA-containing 

internal solution was used to prevent the activation of TRPM4 channels. 

Ito was recorded in the presence of ICa,L and IKr blockade (1 µM nisoldipine and 1 µM 

E4031, respectively). Ito was activated by a 200-ms-long depolarization to +60 mV from the 

holding potential of −80 mV at 0.2 Hz stimulation rate. Before clamping to the test voltage, a 

prepulse to −40 mV was applied for 5 ms in order to activate and then inactivate the fast Na+ 

current. Ito amplitude was measured as the difference between the peak and the pedestal of 

the current signal. CBA reduced Ito amplitude in the seven studied cells isolated from five 

animals by 20.4 ± 6.2% from 16.0 ± 1.8 pA/pF to 12.5 ± 1.4 pA/pF. This inhibitory effect was 

completely reversible (after the washout of CBA the current amplitude was 15.9 ± 2.0 pA/pF). 

During ICa,L recording the external Tyrode solution contained 1 µM E4031, 1 µM 

HMR1556, and 3 mM 4-AP to block IKr, IKs, and Ito, respectively. ICa,L activation was achieved by 

400-ms-long depolarizations to +5 mV arising from the holding potential of −80 mV at 0.2 Hz 

stimulation rate. The test pulse was preceded by a short (20 ms) depolarization to −40 mV to 

activate then inactivate the fast Na+ current. ICa,L amplitude was measured as the difference 

between the peak and the pedestal of the current signal. CBA had no effect on the current 

amplitude, which was −9.4 ± 0.6 pA/pF in control and −9.3 ± 0.8 pA/pF in the presence of CBA 

measured in eight cells obtained from four animals 

During INa,L recording, the Tyrode solution contained 1 µM nisoldipine, 100 nM 

dofetilide, and 100 µM chromanol-293B to eliminate any interference from Ca2+ and K+ 

currents. Test pulses were clamped to −20 mV for 2 s from the holding potential of −120 mV 

at 0.2 Hz stimulation rate. The total amount of INa,L was determined by pharmacological 

subtraction performed by a final superfusion with 20 µM TTX. The amplitude of INa,L was 

evaluated at 50 ms after the beginning of the pulse. For determination of the current integral, 

the initial 20 ms was excluded from evaluation in order to minimize the contribution of peak 

sodium current. CBA reduced INa,L in the nine studied cells isolated from five animals by 47.3 ± 

7.0% from −0.70 ± 0.12 pA/pF to −0.33 ± 0.07 pA/pF. This inhibitory effect was largely 

reversible (after the washout of CBA, the current density was −0.56 ± 0.08 pA/pF). Similar 

results were obtained when the integral of INa,L was determined (total charge values were 

−160.9 ± 36.1 mC/F, −60.0 ± 16.6 mC/F, and −117.8 ± 21.1 mC/F, in control, in the presence of 

CBA, and after its washout, respectively). 
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IK1 was defined as a 50 μM BaCl2-sensitive current and measured with a 300 ms long 

ramp protocol from 0 mV to -135 mV. CBA had no effect on IK1 in the seven test cells obtained 

from the four animals (current density values of 2.09 ± 0.33 pA/pF and 2.11 ± 0.36 pA/pF 

measured at -50 mV in control and in the presence of CBA, respectively). After the washout of 

CBA, the current density was 2.29 ± 0.44 pA/pF. 

4.6. 1 µM ABT-333 prolonged the left ventricular action potential 

First, we perfused canine left ventricular cells with 1 μM ABT-333. During these 

experiments, ABT-333 perfusion lasted for 15 min, which was followed by a 20-minute-long 

washout. The analyzed parameters of the last ten action potentials recorded before ABT-333 

perfusion were averaged to reduce the short-term variability of APs and indicated as control: 

bicarbonate buffer containing Tyrode solution (BTY). Again, the average of the last ten APs 

before the washout was considered as ABT-333, while the average of other ten APs after the 

20 min washout is indicated as washout. 

ABT-333 applied in 1 µM concentration, increased the AP duration of left ventricular 

cells from 258.3 ± 15.4 ms to 277.4 ± 15.3 ms, resulting in a 7.84 ± 3.09% increase of APD90. 

This AP prolongation was not statistically significant (p = 0.08) for APD50, but the prolongation 

tendency was reversible upon washout, just as the ABT-333-induced APD90 increase. ABT-333 

significantly reduced the maximal rates of phase 0 and phase 1 (VPh1 max) to 82.8 ± 5.1 and 

51.6 ± 11.3%, respectively, in a non-reversible manner. Other AP parameters, such as the 

APA, the ratio of APD50 and APD90, OSP, RMP, Plateau20 and Plateau50 amplitudes, and V-
max 

values did not change. 

4.7. Concentration Dependent Actions of ABT-333 on the Ventricular Action Potential 

After detecting the 1 μM ABT-333-induced prolongation of canine left ventricular AP, 

we checked the actions of higher ABT-333 concentrations in a cumulative manner using 5-

minute-long perfusion with increasing concentrations of ABT-333 between 1 and 30 μM. We 

frequently detected early afterdepolarizations (EADs) in the presence of higher ABT-333 

concentrations.  

ABT-333, applied in increasing concentrations, prolonged the AP of left ventricular 

cells, resulting in 8.1 ± 2.7, 26.3 ± 5.9, 37.6 ± 7.6, and 54.3 ± 15.2% increases in APD50 values 

in cases of 1, 3, 10, and 30 μM, respectively. Similarly, ABT-333 increased APD90 values by 7.4 
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± 2.9, 26.2 ± 6.0, 42.6 ± 8.6, and 52.6 ± 13.6% in 1, 3, 10, and 30 μM concentrations, 

respectively. Higher ABT-333 concentrations (3–30 μM) also increased the height of early 

plateau phase as Plateau20 amplitude values were slightly, but significantly, increased by 4.3 ± 

0.7, 6.1 ± 1.7, and 9.2 ± 1.2% in 3, 10, and 30 μM concentrations, respectively.  

ABT-333 also reduced the maximal rate depolarization (phase 0; V+
max), maximal rate 

of early repolarization (phase 1; VPh1max), and maximal rate of terminal repolarization (phase 

3; V−
max). Only 10 and 30 μM ABT-333 decreased V+

max significantly to 84.4 ± 6.2 and 77.8 ± 

10.9% of the control, respectively. Higher ABT-333 concentrations also reduced V-
max values 

to 95.1 ± 0.9, 87.1 ± 4.2, and 84.4 ± 5.6% of the control in 3, 10, and 30 μM concentrations, 

respectively. ABT-333 reduced the maximal rates of phase 1 repolarization to 78.5 ± 6.3, 57.7 

± 6.8, and 40.0 ± 8.3% in the cases of 3, 10, and 30 μM, respectively. 

The standard ABT-333 dose used in therapy resulted in an approximately 1 nM 

maximum plasma concentration in volunteers. Since the studied concentrations were an 

order of magnitude higher than that, we also investigated the effects of the therapeutic 

concentration of ABT-333 (1 nM) on action potential and showed that it has no significant 

effect on any parameter of AP. 

4.8. Development of Early Afterdepolarizations in the Presence of ABT-333 

As mentioned previously, in the presence of ABT-333, we detected EADs in certain 

cells. We summarized the EAD appearance in a way that EAD presence was claimed in the 

given cell from the lowest concentration of ABT-333 in which the first EAD appeared and in all 

higher concentrations, even if the EADs did not persist. We did not observe any EADs in the 

control, and even in the presence of 1 µM ABT-333, but in higher concentrations of the drug, 

the percentage of cells developing EADs gradually increased up to 70% at 30 µM ABT-333.  

4.9. ABT-333-Sensitive Current Profile with AP Voltage Clamp (APVC) 

ABT-333-induced AP prolongation and reduction of V-
max suggest the inhibition of IKr, 

while the reduction of VPh1max suggests inhibition of Ito. To confirm this hypothesis, we 

recorded the effects of 10 μM ABT-333 during the AP voltage clamp technique using a 

canonical AP as command potential and analyzed the properties of the ABT-333-sensitive 

current. The ABT-333-sensitive current was created by deducting the current trace in the 

presence of ABT-333 from the one recorded before ABT-333 application. Therefore, the ABT-
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333-sensitive current contained all those ion currents, which was modified by ABT-333. An 

outward (positive) current was seen in the case of both the ABT-333-induced inhibition of an 

outward current as well as the ABT-333-induced increase in an inward current.  

The 10 µM ABT-333-sensitive current was outward throughout the AP. We observed 

an early outward current peak with a density of 2.76 ± 0.64 pA/pF measured at 2.90 ± 0.81 ms 

later than the time of the VPh1 max of the command AP. On the basis of the shape of the own 

AP of the studied cells, there was a negative correlation between the VPh1max values and the 

early outward peak current density values. The outward current at the half duration of the 

command AP was 0.89 ± 0.24 pA/pF. The end of the sustained outward current (Iendsus, 

measured just before the start of returning to zero) was 0.83 ± 0.16 pA/pF, and its position 

was 7.82 ± 1.64 ms before the time of the V-
max of the canonical AP. There was no correlation 

between the density of Iendsus and the V-
max values of the own AP of the measured cells. 

4.10. ABT-333 Blocked Expressed hERG Channels in a Time- and Concentration-
Dependent Manner 

ABT-333 inhibited the hERG current in 30 μM concentration as observed by a 3-

second-long depolarizing step to +20 mV followed by a repolarizing step to −40 mV, which led 

to a characteristic fast recovery of inactivated hERG channels. The holding potential was −80 

mV, and pulses were applied every 30 s. The application of ABT-333 caused a reduction of the 

hERG current both at +20 and −40 mV. The monotonic increasing control current at +20 mV 

changed into a decaying current in the presence of ABT-333, which was fit with a single 

exponential function, yielding a time constant of 0.87 ± 0.09 s. To test the concentration 

dependence of the inhibition, we applied 1, 3, 10, and 30 μM ABT-333. The remaining current 

fractions (RCFs) were 0.93 ± 0.04, 0.63 ± 0.05, 0.26 ± 0.04, and 0.15 ± 0.02, respectively (n ≥ 4 

for each concentration). The concentration–response curve yielded a half maximal inhibitory 

concentration (IC50) of 3.2 μM. The effect of ABT-333 on the voltage sensing of hERG channels 

was tested by an I-V protocol consisting of depolarizing pulses ranging from −50 mV to +50 

mV in +10 mV increments. From the normalized tail current peaks, we created the G-V curves 

of the control solution and the 30 μM ABT-333-superfused recordings. Fitting them with the 

Boltzmann equation, the V1/2 value for the control solution was 6.50 ± 1.03 mV. For ABT-333, 

the V1/2 value could not be obtained this way due to the too small current. However, visually, 

a large voltage-shift was not apparent.  
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Since ABT-333 caused time-dependent inhibition (time constant 0.87 ± 0.09 s), we 

investigated the possible effects of ABT-333 on the gating transitions of the hERG channel. 

ABT-333 at concentrations as low as 3 µM significantly reduced the deactivation time 

constant ratio (τABT-333 / τControl = 0.46 ± 0.04, p = 0.0001), and perfusion of 30 µM ABT-333 

reduced the inactivation time constant ratio to 0.78 ± 0.15. These results suggest that ABT-

333 blocks the channel pore mainly in the open state. 
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5. Discussion 

5.1. TRPM4 Expression in the Canine Heart 

TRPM4 is abundantly expressed in many tissues, including the heart, but our group has 

shown for the first time that it is expressed in healthy canine hearts. Although we could not 

detect significant differences in TRPM4 expression between samples obtained from the walls 

of four different chambers of the canine heart, previously, a six-times-higher expression was 

reported in the right ventricle compared to that of the left in the rat. Although 

cardiomyocytes account for the vast majority of cells in cardiac tissue, excised samples also 

contain other cell types, including fibroblasts, smooth muscle, and endothelial cells. To 

minimize the interference of other cell types, the expression of TRPM4 was also determined 

directly on enzymatically isolated left ventricular cells. There was no significant difference in 

TRPM4 expression between isolated cells of the left ventricle and whole left ventricular wall 

tissue, suggesting that the source of the TRPM4 signal is mostly from cardiomyocytes. Our 

results are in agreement with a recent study where equal TRPM4 expression was shown in 

mice atrial and ventricular samples, and in isolated ventricular cardiomyocytes.  

5.2. Effects of CBA on Action Potential Morphology 

For AP measurements, the conventional sharp microelectrode technique was used to 

study the effect of the TRPM4 inhibitor CBA on canine left ventricular myocytes. This 

technique best approximates the physiological state because it does not affect the 

composition of the intracellular space of the cells under study.  

In the present study, CBA was used at 10 μM, where a previous study reported at least 

90% inhibition of TRPM4 current, but no significant effect on either hERG or L-type calcium 

channels was observed. This is the first report where the effect of CBA was studied in native 

cardiac cells—all previous studies were using either TRPM4 knockout animals or other TRPM 

inhibitors like 9-phenanthrol.  

Our results indicate that CBA reduced phase-1 slope and increased the action 

potential amplitude in a reversible manner. The CBA-induced reduction in maximal rate of 

depolarization, however, could not be reversed. There was only a tendency for AP shortening 

but after normalization of the APD90 values, to those recorded under control conditions, it 

resulted in a small (approximately 9%) but significant decrease. These changes can occur due 
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to either CBA-mediated TRPM4 inhibition or nonspecific actions of CBA evoked on ion 

channels other than TRPM4, or a combination of these. To hypothesize possible 

electrophysiological changes caused by TRPM4 inhibition, we need to imagine what the 

TRPM4-mediated current might look like during ventricular AP. To do this, we need to 

consider the Ca2+-dependent activation of TRPM4 and its selectivity for monovalent cations. 

In ventricular cells, membrane potential and intracellular Ca2+ concentration also change 

dynamically during the cardiac cycle. In addition, Ca2+ concentrations differ significantly in 

various cellular compartments. The peak Ca2+ concentrations can rise to approximately 600 

nM in the cytoplasm, up to 6 μM in the subsarcolemmal space, and up to 10-50 μM in the 

submembrane cleft (the narrow space between the sarcolemmal Ca2+ entry and sarcoplasmic 

reticulum Ca2+ release sites). Regarding the Ca2+ concentration required for TRPM4 activation, 

the EC50 values are quite variable in the literature, starting from as low as 400 nM and 

reaching to as high as 1 mM, depending on the experimental conditions. In native sinoatrial 

and ventricular cardiomyocytes, the minimal Ca2+ concentration for channel activation was 

between 0.1–1 µM and the EC50 was 10 µM in rat ventricular cells. Based on these, it is likely 

that TRPM4 can indeed be activated during the cardiac action potential by the Ca2+ influx and 

the consequent Ca2+ release. The highest activation is expected shortly after the AP peak and 

during the early plateau phase, because the peak calcium concentration is reached within a 

few ms after the AP peak in the subsarcolemmal space, and even faster in the submembrane 

cleft. Based on the fact that TRPM4 is permeable to both Na+ and K+ (but not to Ca2+), the 

expected reversal potential of its current is around 0 mV. According to these, TRPM4 

activation is expected to force the membrane potential towards 0 mV, resulting in a 

repolarizing current right after the AP peak. Therefore, upon CBA-induced TRPM4 inhibition, 

the slowing of phase-1 repolarization is anticipated, as seen in our experiments. 

The TRPM4-mediated current, on the other hand, could reduce the plateau potential 

in the early plateau phase, when the membrane potential is higher than 0 mV. Theoretically, 

the more positive the membrane potential, the larger this reduction will be. Additionally, it 

might elevate the potential of the late plateau, if the current is still active at this time, but 

based on the fast decay of calcium levels in the vicinity of the TRPM4 channels, this is quite 

unlikely. Therefore, TRPM4 blockade by CBA is expected to somewhat elevate the potential of 

the early plateau and maybe to very moderately reduce the membrane potential of the late 

plateau. In our experiments, the plateau potential was not significantly altered by CBA 
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(despite the approximately 2 mV increase of the initially slightly positive Plateau50 potential). 

This can be explained by (1) the nearly 0 value of the Plateau50 or (2) it suggests either the 

insufficient Ca2+ level for TRPM4 activation at this later phase of the AP or (3) actions of CBA 

on channels other than TRPM4, being active during that phase. 

In theory, a shortening of AP duration is expected from TRPM4 inhibition as observed 

in rabbit Purkinje fibers in the presence of a different TRPM4 blocker (30 µM 9-phenanthrol) 

and in murine atrial cells lacking TRPM4. Our results are similar to these, but only a tendency 

for APD90 reduction was observed (approximately 25 ms) and that was only significant after 

normalization to the initial APD90 values of each studied cell, resulting in 9% APD90 reduction. 

In rabbit ventricular cells, TRPM4 inhibition by 30 µM 9-phenanthrol was, however, without 

effect on AP amplitude and duration as well as on resting membrane potential and V+
max. 

The action of CBA on AP amplitude was statistically significant but very small (3 mV or 

2.5% increase) and might be due to the sum of the non-significant increase and decrease of 

overshoot potential and resting membrane potential, respectively. From the TRPM4 inhibition 

during the AP peak, this can be expected, as TRPM4 would tend to move the membrane 

potential towards 0 mV, therefore antagonizing depolarization, which effect is reduced by 

CBA, resulting in the increase of overshoot potential and/or AP amplitude. Regarding the 

maximal rate of depolarization, its CBA-induced reduction might be due to the inhibition of 

fast Na+ current, as V+
max is a fairly good measure of those channels. However, the 

relationship between V+
max and sodium current density is not linear; therefore, a small change 

in V+
max can be due to a larger decrease of fast Na+ current. The CBA-induced irreversible 

V+
max reduction was about 15% but not observed in murine ventricular myocardium. A recent 

study, however, described the smaller value of V+
max in ventricular myocytes of TRPM4 

knockout mice compared to that in wild-type animals. The smaller V+
max value was due to the 

reduction of peak Na+ current density as it was approximately 30% smaller in TRPM4 

knockout mice. It might be that the CBA-induced reduction of V+
max in our study reflects the 

reduction peak Na+ current, as TRPM4 and Nav1.5 were shown to interact with each other. 

Our previous results obtained with 9-phenanthrol are in good agreement with the current 

result regarding the V+
max and phase-1 slope as both drugs reduced both parameters. In 

contrast, CBA had no action on either Plateau50 or V−
max, unlike the reduction of these by 30 

µM 9-phenanthrol. Similarly, the actions of CBA and 9-phenanthrol were different on APD90 as 

a shortening tendency was seen with CBA, but APD reduction was the case in only the 
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minority of the cells with 10 and 30 µM 9-phenanthrol and the prolongation of AP was seen 

on average. It seems, therefore, that despite the similar TRPM4 inhibition of CBA and 9-

phenanthrol, their effects on the canine ventricular AP configuration are markedly different. 

This is likely due to their different actions on other, non-TRPM4 channels. 

5.3. Effects of CBA on Short-Term Variability of Repolarization  

TRPM4 channels can mediate transient inward current (like calcium-activated chloride 

and sodium-calcium exchange currents), leading to delayed afterdepolarizations (DADs) in 

calcium-overloaded cells. These can lead to cardiac arrhythmias by initiating Torsade de 

Pointes type malignant ventricular tachyarrhytmia.  

We studied the CBA-induced TRPM4 inhibition of short-term variability of 

repolarization (SV), a good predictor of cardiac arrhythmias. Since reduction of SV may have 

antiarrhythmic properties, TRPM4 appears to have a pro-arrhythmic effect, as its inhibition by 

CBA caused a reversible reduction in SV. A large, sudden change in consecutive APD values 

(especially if that happens in a non-uniform manner of the myocardium), can more effectively 

induce an arrhythmic event. Therefore, in order to detect any unusually short or long APs, 

consecutive APD values were binned and the overall probability of their appearances was 

plotted. The curve was reversibly shifted to the left, supporting again the reduction of chance 

of cardiac arrhythmia in the presence of CBA. Based on these, it seems that the native TRPM4 

current might contribute to cardiac arrhythmia, in agreement with previous studies. Our 

results, however, suggest a mechanism based on TRPM4 current mediated increase in SV, 

rather than EAD induction as it was shown previously. It must be mentioned that as CBA 

might interfere with other ion currents (discussed later), and those could also contribute to 

the overall effect of CBA on SV as well as on relative SV. Therefore, the reduction of SV might 

partially be due to the CBA-induced reduction of Ito and INa,L, as those two currents are likely 

to increase SV and parallelly, the role of the TRPM4-mediated current in SV increase might be 

smaller. Since these changes could also be due to the effects of CBA on non-TRPM4 ion 

channels, we tested this possibility using conventional voltage-clamp measurements. 

5.4. Effects of CBA Measured with APVC and Conventional Voltage Clamp 

As well as the direct inhibition of TRPM4 channels, CBA-induced changes in AP 

morphology can also be caused by nonspecific actions of the compound. For instance, the 
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reduction of V+
max can be due to inhibition of Na+ channels, reduction of phase-1 slope, and 

the increase of APA might be the result of Ito inhibition, and the tendency for AP shortening 

might be due to inhibition of INa,L or ICa,L or in theory activation of late K+ currents (IKr, IKs, 

possibly IK1). To exclude the possibility of CBA action on ion channels other than TRPM4, we 

used the whole cell configuration of patch-clamp technique where we applied the fast 

calcium chelator BAPTA in 10 mM to prevent the activation on TRPM4. This BAPTA 

concentration is able to fully eliminate not just the intracellular Ca2+ transient but also to 

prevent the systolic rise of subsarcolemmal and probably the submembrane cleft Ca2+ levels. 

Indeed, at least in arterial smooth muscle, 10 mM BAPTA was shown to reduce Ca2+ levels in 

microdomains, therefore preventing the activation of TRPM4. Although not done on direct 

TRPM4 current recordings, other studies also suggest that BAPTA can block TRPM4. 

Obviously, it has to be mentioned that the application of BAPTA not only prevents the 

activation of TRPM4 but also influences all Ca2+ sensitive currents including L-type 

Ca2+ current (where its Ca2+-dependent inactivation is lost, leading to a higher current), Ca2+-

activated Cl− current (where its activation is prevented), IKs (where its otherwise small 

activation during a normal duration AP is probably further reduced), and INCX (which will 

operate in reverse mode, resulting in Ca2+ entry leading to an outward current). These will 

certainly modify the shape of the AP, but during our measurements, the same canonic APs 

were always used to stimulate the cells. Actually, the blockade of the Ca2+-activated 

Cl− current and the reduction of the already quite small IKs were beneficial as CBA were not 

able to modify those in case of the 10 mM BAPTA-containing AP voltage clamp experiments. 

During conventional voltage protocols, we isolated the studied currents one-by-one using 

specific inhibitors and voltage pulses and studied the possible influence of CBA on the given 

current. 

As mentioned before, CBA was only applied after confirming the action of BAPTA on 

AP contour. The early short outward peak of the CBA-sensitive current could be due to CBA 

induced inhibition of transient outward current flowing during phase-1. As the activation of 

the calcium activated chloride current was prevented with 10 mM BAPTA, the inhibited 

current can only be the transient outward K+ current. Indeed, we confirmed this with 

conventional voltage clamp protocol where all other major currents were either blocked by 

inhibitors (nisoldipine and E4031) or inactivated by a voltage prepulse. The reversible 

reduction of Ito can account for the outward component of CBA-sensitive current of APVC 
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experiments and also fits well with the CBA induced reduction of phase-1 slope and the slight 

increase of AP amplitude. The long inward current seen in CBA sensitive current might be due 

to reduction of L-type Ca2+ or late sodium current. CBA induced INCX inhibition is unlikely in our 

conditions of heavy Ca2+ buffering, where that current is mainly outward. CBA had no effect 

on L-type Ca2+ current in agreement with a previous study. Late sodium current however was 

reduced by CBA, which can contribute to the small reduction of AP duration seen with AP 

measurements. As mentioned before a smaller Na+ current peak was observed in TRPM4 

knockout mice but the late sodium current was not recorded. Nevertheless, it is possible that 

the late sodium current might also be larger in the presence of TRPM4.  

From our results, it is unlikely that CBA interferes with the delayed rectifier K+ currents 

shaping the AP: IKr and IKs, as the inhibition of these would result in outward currents during 

the plateau phase of AP measured with APVC. Moreover, if these currents were reduced by 

CBA the prolongation of the AP could be expected. IK1 also plays an important role in terminal 

repolarization, but we excluded its CBA sensitivity which is in agreement with no change in 

the RMP and V−
max seen in AP measurements. In addition, during APVC experiments where 

TRPM4 could not be activated it would be even more likely to observe these nonspecific 

inhibitory effects of CBA. Again, on the CBA sensitive current traces neither diastolic current 

(characteristic marker of IK1 blockade) or outward current increasing or reaching peak towards 

the end of the AP (characteristic marker of IKr and IK1 inhibition) could be observed. As neither 

AP changes nor the CBA sensitive current suggested potential inhibition of IK1, IKr and IKs we 

can rule out the CBA inhibition of these three K+ currents even in the absence of direct 

current measurements in case of IKr and IKs. The lack of CBA action on IKr could be expected as 

cardiac hERG channels (the pore forming subunit of IKr) were not influenced by CBA as less 

than 5% reduction was detected by 10 µM CBA judged by reduction in specific antagonist 

(dofetilide) binding. 

5.5. Effects of 1 µM ABT-333 

We first tested ABT-333 actions on cardiac AP in 1 µM, where APD90 was significantly 

and reversibly increased, likely due to the expected IKr blockade of the drug. IKr is responsible 

for the initiation of phase 3 repolarization, but its maximal rate (the value of V-
max) mainly but 

not exclusively depend on the density of inward rectifier potassium current, IK1. 

Accordingly, ABT-333 did not reduce V-
max in 1 µM concentration, suggesting that it did 
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not inhibit IK1. The APD50/APD90 ratio is often used as a marker of AP triangulation. The smaller 

the value, the more triangular the shape of the cardiac APs, which is often seen during 

inhibition of IK1. As the APD50/APD90 ratio did not change significantly in the presence of ABT-

333, it also confirms that the drug did not inhibit IK1.  

The ABT-333-induced VPh1max and V+
max reductions can be caused by the inhibition of 

Ito and INa, respectively. These actions did not reverse the 20 min washout, raising the 

possibility of an irreversible channel blockade by ABT-333. 

5.6. Actions of Higher Concentrations of ABT-333 

Compared to 1 µM ABT-333, higher concentrations of the drug generated further 

changes of AP parameters. Both APD50 and APD90 values, as well as the amplitude of early 

plateau phase (Plateau20 amplitude), were increased in a concentration-dependent manner, 

suggesting again that ABT-333 reduced IKr. 

V+
max and VPh1max values were also smaller in the presence of ABT-333. These 

observations raise the possibility of Ito and INa inhibition apart from IKr blockade. 

At larger concentrations of ABT-333, EADs appeared, also suggesting the inhibition of 

IKr, as AP prolongation often leads to EAD formation. In a computer simulation study, major 

(more than 90%) IKr reduction was needed for EAD development. The APD increase, however, 

is not always due to IKr inhibition but can be due to the increase in sodium or calcium 

currents. The former one can probably be ruled out as the reduction of V+
max seen with ABT-

333 is not consistent with a larger sodium current. Calcium current increase by ABT-333 is a 

possibility, especially as it would lead to elevation of the early plateau potential, which was 

indeed detected with ABT-333. Therefore, it is possible that ABT-333 greatly reduced IKr or 

induced EADs by reduction of IKr and simultaneous increase in the calcium current, especially 

in higher concentrations. 

5.7. ABT-333-Sensitive Current Profile with APVC 

ABT-333-induced reduction of VPh1max suggested inhibition of Ito on top of the 

IKr inhibition. We tried to confirm this with the APVC measurements. The properties of the 

early outward peak of the average ABT-333-sensitive current were very similar to that shown 

earlier with the Ito inhibitor 4-AP. It was found that 1 mM 4-AP inhibits approximately 70% of 

Ito and resulted in approximately 3 pA/pF peak current density.  The ABT-333-sensitive current 
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early peak density was slightly smaller: 2.76 ± 0.64 pA/pF, probably due to the higher 

presence of cells with small Ito current in the current study. Moreover, the time of the ABT-

333-sensitive current peak was always after the time of VPh1max but before the deepest point 

of the incisura of the command potential. Further proof that ABT-333 reduces Ito is the good 

correlation between early current peak density values and VPh1max values of own APs. 

Moreover, the early outward current decayed very rapidly, similarly to the 4-AP-sensitive 

current. An amount of 100 µM chromanol 293B can also be used to study Ito, wherein the 

decay of the current was less rapid. Of note, the ABT-333-sensitive current did not decay to 

nearly zero, as seen with the 4-AP-sensitive one. This might have been due to the effect of 

ABT-333 on other ion channels conducting during this early plateau phase of the AP. 

Nevertheless, on the basis of the results, it seems that 10 μM ABT-333 inhibits 

Ito substantially. 

The inhibitory effect expected from ABT-333 IKr was also confirmed with APVC. The 

position of Iendsus was 7.82 ± 1.64 ms before the time of V-
max of command potential, which is 

in good agreement with earlier results. The peak value of the 1 μM E4031-sensitive current 

was approximately 0.6 pA/pF, slightly smaller than the ABT-333-sensitive current of the 

current study (approx. 0.8 pA/pF). This could have been due to larger IKr currents in cells of 

the current study than those in our previous one as 1 μM E4031 inhibits approximately 80% 

of IKr, similarly to the large reduction of hERG by 10 μM ABT-333. In addition, it is possible that 

ABT-333-sensitive current might contain an activated calcium current component besides 

Ito and IKr, as suggested previously. This activated calcium current, if still active during the late 

phase of plateau, can add to the late peak value of the ABT-333-sensitive current on top of 

the IKr, resulting in a larger last part than the E4031 sensitive current. This possibility is evident 

if one observes the fingerprints of Ito and IKr, as Ito decays to zero at the latest after 50 ms of 

the AP peak, while IKr only starts to activate about 70–80 ms after the AP peak. However, 

Ito can decay more slowly and therefore might contribute to the maintained outward 

component of the ABT-333-sensitive current during the early plateau phase. The ABT-333-

induced augmentation of late sodium or calcium current can be also responsible, as that will 

appear as an outward current. The contribution of the late sodium current is, however, 

unlikely, as ABT-333 reduced the V+
max value of the AP, which argues against sodium current 

activation. 
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5.8. ABT-333-Induced Reduction of hERG Channel Currents 

ABT-333-induced AP parameter changes, namely, the increase in APD50 and APD90, 

mainly without the alteration of their ratio; the reduction of V-
max, suggested the inhibition of 

IKr. This was expected due to the presence of the methanesulfonamide group in the structure 

of ABT-333. Moreover, the ABT-333-sensitive current was also outward during the late 

plateau phase, suggesting IKr inhibition as well. To confirm this, we carried out experiments on 

HEK cells stably expressing hERG channels. The hERG-mediated current was indeed reduced 

by ABT-333 in a concentration-dependent manner with an IC50 of 3.2 μM. Similarly, to some 

AP parameters where ABT-333-induced changes were (partly) irreversible upon washout, the 

reduction of hERG current by ABT-333 also was unable to be fully reversed. Moreover, 

applying ABT-333 in 30 µM concentration caused the time-dependent inhibition during the 

depolarizing pulse with a time constant of 0.87 ± 0.09 s. This led us to investigate the possible 

effects of the ABT-333 on the hERG channel gating transitions. On this basis, 3 µM ABT-333 

significantly decreased the deactivation time constant ratio (τABT-333/τControl = 0.46 ± 0.04), and 

the superfusion of 30 µM ABT-333 decreased the inactivation time constant ratio to 0.78 ± 

0.15. These results suggest that ABT-333 blocks the channel pore mainly during the open 

state of the channel. 

5.9. Medical relevance 

According to our hypothesis, ABT-333 indeed blocked the IKr current. This was 

supported by (1) prolongation of canine ventricular AP; (2) reduction of V-
max; (3) detecting IKr-

like profile of the late phase of the ABT-333-sensitive current with APVC; and (4) inhibition the 

current of expressed hERG channels, the pore forming protein responsible for IKr. In this 

study, we used ABT-333 between 1-30 µM, but given the large difference between the 

therapeutic dose of ABT-333 (1 nM), we also tested the therapeutic concentration of ABT-

333. Our results suggest that the therapeutic dose is safe and that ABT-333 does not 

significantly affect any of the left ventricular AP parameters.  
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6. Summary 

6.1. CBA - TRPM4 

TRPM4 protein expression was detected in the wall of all four chambers of the canine 

heart and in isolated left ventricular canine cardiomyocytes. CBA is a rather new TRPM4 

inhibitor more specific than 9-phenanthrol, and thus more suitable for studying the role of 

TRPM4 in cardiac physiology. 

CBA decreased the slope of phase-1 repolarization and slightly increased AP 

amplitude, effects probably due to the inhibitory effect of agent on Ito. The tendency of AP 

shortening can be explained by inhibition of inward currents seen in APVC measurements in 

the plateau phase. This effect is probably due to the inhibitory effect of CBA on inward INa,L 

currents. 

Our results suggest that CBA is not fully selective for TRPM4 channels and therefore 

cannot be used alone in native tissue for functional assessment of the channel, and that its 

use in pharmacological combination requires increased caution.  

6.2. ABT-333 - IKr (hERG) 

Based on its molecular structure, ABT-333 potentially blocks hERG channels and IKr 

current. Application of 1 μM ABT-333 reversibly prolonged the AP. The maximum velocity of 

phases 0 and 1 showed an irreversible decrease. Higher concentrations of ABT-333 caused 

greater AP prolongation, an increase in early plateau potential, and a decrease in the 

maximum rates of phases 0, 1 and 3. EADs appeared in some cells when ABT-333 at 

concentrations of 3-30 μM was applied.  

The 10 μM ABT-333-sensitive current measured by the APVC technique contained a 

late outward component identifiable as IKr, and an early outward component identifiable as 

Ito. ABT-333 reduced the ionic current mediated by the hERG channel in a concentration-

dependent, partially reversible manner, with a half-inhibitory concentration of 3.2 μM. 

Despite all these, ABT-333 is considered safe for cardiac arrhythmias, as its plasma 

levels do not reach high concentrations even in the case of overdose and its therapeutic 

concentration has no action on the AP. 
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