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Abstract

TRPM7 channels participate in a variety of physiological/pathological processes. TRPM7

currents are modulated by protons but opposing effects of external pH (pHo) (potentiation vs

inhibition) have been reported. TRPM7 has been less studied in human cardiomyocytes

than in heart-derived non-cardiomyocyte cells. We used the whole-cell patch-clamp tech-

nique on isolated human atrial cardiomyocytes to investigate the impact of an acidic pHo on

the TRPM7 current. With voltage-dependent and other ion channels inhibited, cardiomyo-

cytes were challenged with external acidification in either the presence or the absence of

extracellular divalent cations. TRPM7 outward and inward currents were increased by acidic

pHo in extracellular medium containing Ca2+ and Mg2+, but suppressed by acidic pHo in the

absence of extracellular Ca2+ and Mg2+. The potentiating effect in the presence of extracel-

lular divalents occurred at pHo below 6 and was voltage-dependent. The inhibitory effect in

the absence of extracellular divalents was already marked at pHo of 6 and was practically

voltage-independent. TRPM7 current density was higher in cardiomyocytes from patients

with history of coronary vascular disease and the difference compared to cardiomyocytes

from patients without history of myocardial ischemia increased with acidic pHo. We demon-

strate that proton-induced modification of TRPM7 currents depends on the presence of

extracellular Ca2+ and Mg2+. Variability of the TRPM7 current density in human cardiomyo-

cytes is related to the clinical history, being higher in atrial fibrillation and in ischemic

cardiomyopathy.

Introduction

Mammalian cells express a diversity of transient receptor potential (TRP) channels, which

underly a multitude of functions [1,2]. Among these channels, TRPM7 (transient receptor

potential melastatin 7) appears to be ubiquitously expressed, with highest expression in tissues

such as the heart [3,4]. In the last decade, molecular biology and immunodetection techniques
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have been used successfully to demonstrate the expression of TRPM7 at the gene and protein

levels in the heart [5–7], including during embryonic development [8]. At the same time, how-

ever, the electrophysiological characterization of these or like channels in native cardiac cells

has only involved very few studies [7,9–13]. This is due in particular to problems of separating

currents carried by TRPM7 from those of different channels co-expressed in the same cell, for

lack of specific inhibitors.

TRPM7 appears to be involved in many functions (for references see [14]), but the relation-

ship between channel properties, activity or regulation and these functions remains largely

unclear. Similarly, a growing number of studies has demonstrated an altered TRPM7 protein

expression in a number of diseases, including hypertension [15] (for review see [16]), cancer

[17,18], cerebral ischemia and stroke [19] (for review see [20]), and amyotrophic lateral sclero-

sis and Parkinson dementia [21] (see however [22]). In the heart, much of our understanding

of the role of TRPM7 in cardiac pathophysiology has been obtained from studies involving

heart-derived fibroblasts [10,23–25]. While the development of a TRPM7 knock-in mouse

model has been used successfully to elucidate the role of TRPM7 channels in cellular and sys-

temic response to Mg2+ deprivation [26], the recent development of a transgenic TRPM7

knock-out mouse model has helped evaluate the implication of these channels in impaired dia-

stolic depolarization and automaticity [12] as well as in conduction defects [13]. An up-regula-

tion of TRPM7 expression and its correlation with the severity of injury during myocardial

ischemia/reperfusion have been shown in rat hearts [27].

We and others have demonstrated previously that TRPM7 currents could be measured in

human atrial cardiomyocytes [7,11,28]. Interestingly, we found that the TRPM7 current could

be already detectable immediately upon membrane patch break-in in freshly isolated human

cardiomyocytes from atrial tissues of patients with sinus rhythm [11], as also observed by oth-

ers in tissues from patients with atrial fibrillation [7]. This is in marked difference with find-

ings in healthy ventricular cells of various animal species, in which the TRPM7 current could

be induced only when a Mg2+-free pipette solution was used to dialyze the cells [9,29]. In addi-

tion, sensitivity to divalent cations was also shown to be enhanced in human atrial cardiomyo-

cytes [11].

The role and regulation of TRPM7 in human cardiomyocytes remains unknown. Many fac-

tors prevailing under pathological conditions may influence the expression and activity of these

channels. One such factor is pH, the intracellular and extracellular values of which may be mod-

ified under pathophysiological conditions. Although under normal conditions extracellular pH

(pHo) is maintained at 7.4, under pathological conditions such as ischemia a dramatic reduction

of pHo can be obtained (see [30]). TRPM7 channels have been shown to be sensitive to extracel-

lular and intracellular pH. While intracellular acidic solutions have been consistently shown to

inhibit the channel (see [31]), the effects of pHo have been variable, some studies showing stim-

ulation, others demonstrating inhibition of channel activity. In the present study, we evaluated

pHo effects on TRPM7 in human atrial cardiomyocytes, with the aim to determine the influence

of either the presence or the absence of divalent cations in the extracellular medium. The second

aim was to determine whether pre-existing pathological conditions such as atrial fibrillation

and/or ischemic heart disease could alter the properties or the expression of the TRPM7 cur-

rent. Preliminary data have been presented as abstracts [32,33].

Material and Methods

The study was carried out in accordance with the European Community guiding principles

outlined in the Declaration of Helsinki, and was approved by the Ethics Committee of Bio-

medical Research of Kaunas Region, Lithuania (2014-05-23, Nr.BE-2-21).
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Cell isolation

We used cardiomyocytes obtained from small right atrial specimen removed from human

hearts during cardiac surgery for coronary artery bypass or valve repair/replacement at the

Hospital of the Lithuanian University of Health Sciences. Most of the patients were treated

with Ca2+-channel blockers, angiotensin converting enzyme inhibitors, diuretics, which were

stopped 24 h before surgery. In addition, all patients received anaesthesia and antibiotics.

Written informed consent before surgical procedures was obtained. The patients’ characteris-

tics are presented in Table 1.

Atrial tissues were transported to the laboratory in cold (8–10˚C) St. Thomas cardioplegic

solution and were dissociated immediately as previously described [11]. In short, a small atrial

specimen was fine-cut in an oxygenated nominally Ca2+-free Tyrode solution (see composition

below) supplemented with 3 mg/mL 2,3-butanedione monoxime (BDM), which was washed

out before enzyme application. The tissue chunks were transferred to a beaker with nominally

Ca2+-free Tyrode solution supplemented with 1 mg/mL bovine serum albumin (BSA; Sigma;

St. Louis, MO, USA), 1 mg/mL collagenase (215 U/mg, type 2; Worthington; Lakewood, NJ,

USA), and 0.5 mg/mL proteinase (7–14 U/mg, type XXIV; Sigma) by continuous bubbling

with 100% O2. After 30 min of shaking in a water bath at 37˚C, the solution with both enzymes

was replaced by fresh solution containing only collagenase (1 mg/mL), and shaken until cardi-

omyocytes appeared. When the yield appeared to be maximal, the leftover of tissue chunks

were resuspended in a nominally Ca2+-free Tyrode solution and gently subjected to trituration

by succion with a pipette. The cell suspension was filtered, centrifuged, and stored at room

temperature in Tyrode solution with 0.18 mM Ca2+. Experiments were performed at room

temperature (21 ± 2˚C) on rod-shaped and Ca2+-tolerant cardiomyocytes.

Table 1. Clinical characteristics of the patients.

Patient data SR AF

Age range (years) 37–84 45–85

Mean age (years) ± SEM 64.7 ± 1.6 64.2 ± 3.5

Female, n (%) 37(37.0) 22(48.9)

Male, n (%) 63 (63.0) 23 (51.1)

Total, n (%) 100 (100) 45 (100)

Surgical intervention

MV surgery, n (%) 5 (5.0) 12 (26.7)

AoV surgery, n (%) 14 (14.0) 6 (13.3)

AoV/MV surgery, n (%) 3 (3.0) 5 (11.1)

CABG surgery, n (%) 56 (56.0) 14 (31.1)

CABG and Valve surgery, n (%) 22 (21.0) 8 (17.8)

Therapy, n (%)

Aspirine 33 (31.4) 15 (33.3)

Beta-blockers 51 (48.6) 24 (53.3)

Calcium antagonists 22 (21.0) 13 (28.9)

Angiotensin-converting enzyme (ACE) inhibitors 62 (59.1) 19 (42.2)

Antiarrhythmic agents 3 (2.9) 15 (33.3)

Diuretics 16 (15.2) 19 (42.2)

Nitrates 24 (22.9) 7 (15.6)

Medication not used 44 (41.9) 13 (28.9)

SR–sinus rhythm, AF–atrial fibrillation, MV–mitral valve, AoV–aortic valve, CABG–coronary artery bypass

graft; Some patients underwent both valve and CABG surgery.

doi:10.1371/journal.pone.0170923.t001
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Electrophysiology

Experiments were performed using the VP-500 patch-clamp amplifier (Bio-Logic, Claix,

France). Visual-Patch v1.30 software (Bio-Logic) was used to control all experimental parame-

ters, cell stimulation, and current recordings. Symmetrical (4-s) voltage ramps from –120 mV

to +80 mV and back to –120 mV were applied every 10 s from a holding potential of –80 mV.

The ascending limb of the ramp allowed activation and inactivation of voltage-dependent Na+

and T-type Ca2+ channels. L-type Ca2+ currents were blocked by adding 10 μM nifedipine in

all extracellular solutions. K+ currents were blocked by replacing K+ with Cs+. The TRPM7

currents were measured during the descending limb of the voltage ramp. Currents were not

corrected for capacitive and leak components. They were filtered at 1 kHz and sampled at 5

kHz. The resistance of patch pipettes, pulled from glass capillaries with a horizontal puller

(Sutter Instruments, Model P-97), was 1.5–2.2 MΩ. For averaging purposes, currents were

normalized to the cell size and displayed as current densities (pA/pF). In all experiments extra-

cellular solutions were applied using a rapid solution changer (RSC-200; Bio-Logic).

Immunofluorescence

Enzymatically dissociated cardiomyocytes were allowed to settle on the bottom of 4-chamber

slides for 15–20 minutes in normal Tyrode. Afterwards, the cells were covered with porcine

collagen hydrogel coverslips (UAB Ferentis), fixed in 4% paraformaldehyde (PFA) for 15 min

and then washed in physiologic buffer solution (PBS). Triton X-100 (0.1%) was used for 3 min

permeabilisation. Non-specific binding of antibody was prevented by using blocking buffer

containing 10% goat serum (Thermo Fisher Scientific, Waltham, MA, USA) in PBS for 1 hour.

Cells were incubated with primary mouse monoclonal anti-TRPM7 ([S74-25] ab85016,

Abcam Cambridge, UK) or rabbit polyclonal anti-TRPM7 antibody (ACC-047, Alamone labs,

Jerusalem, Israel) diluted (1:200) in PBS containing 3% BSA in blocking buffer overnight at

4˚C, and washed thereafter with PBS. For negative controls, incubation with primary antibody

was omitted to check for non-specific binding of the secondary antibody. The cells were incu-

bated for 1 hour with fluorescently-labelled secondary antibody (goat anti-mouse IgG (H+L)

Alexa Fluor1 488 conjugate (A11029, Molecular probes, Eugene, OR, USA); dilution 1:200),

co-stained with Phalloidin-Alexa Fluor1 546 (A22283, Molecular probes) dilution 1:100; for

20 min) and with Hoechst 33342 (B2261, Sigma Aldrich, St. Louis, MO, USA; 25 μg/mL; for 10

min) for labelling of the F-actin cytoskeleton and of the nucleus, respectively. Then, the hydro-

gels and media-chambers were removed and glass slides covered with ProLong Gold Anti-fade

Reagent (P36934, Molecular probes) and coverslip glass, and sealed with clear nail polish. Car-

diomyocytes were visualized under confocal laser scanning microscope (Olympus BX61, Ham-

burg, Germany) from which images were taken and the distribution of the fluorescence was

analyzed using the Olympus Fluoview FV1000 and Image J softwares. Images are presented as

stacks of 15–30 slices at maximum intensity.

Solutions and drugs

The composition of the standard Tyrode solution used during cell isolation was (in mM): 135

NaCl, 5.4 KCl, 0–1.8 CaCl2, 0.9 MgCl2, 0.33 NaH2PO4, 10 glucose, and 10 HEPES (pH 7.4,

adjusted with NaOH). During TRPM7 current measurements, cardiomyocytes were super-

fused with external solution of similar composition except that K+ was replaced by Cs+. Extra-

cellular nominally divalent-free solutions were prepared by simply omitting Ca2+ and Mg2+

cations from the Tyrode solution. For the acidic external solutions with pH 5 and pH 4, we

used 2-(N-morpholino)ethanesulfonic acid (MES) instead of HEPES as proton buffer. Stan-

dard internal solution contained (in mM): 130 Cs glutamate, 25 CsCl, 5 Na2ATP, 5.5 MgCl2

Divalent Cation-Dependent Regulation of TRPM7 by Extracellular pH
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(0.7 mM free [Mg2+]i), 1 EGTA, 0.1 Na2GTP, 5 HEPES (pH 7.25; adjusted with CsOH). Free

[Mg2+]i was calculated with the CaBuf software (http://jgp.rupress.org/content/146/1/51/

suppl/DC1). All chemicals were purchased from Sigma-Aldrich (St. Louis, MO). Zero-mM

[Mg2+]i (Mg2+-free) internal solution, used to up-regulate TRPM7 current, was prepared by

omitting MgCl2 and by replacing 1 EGTA with 10 EDTA.

Data analysis

Average data are presented as mean ± standard error of the mean (SEM), with nc/p indicating

the number of cells/patients studied under each experimental condition. Means were com-

pared using the two-tailed t-test or ANOVA for evaluating differences between two groups

or between multiple groups, respectively. P<0.05 was taken as threshold for statistical

significance.

Results

TRPM7 channels are known to be inhibited by intracellular Mg2+, hence their electrophysio-

logical identification usually involves dialyzing cells with low free Mg2+ concentrations ([Mg2

+]i). Fig 1A shows the time evolution of whole-cell currents measured at +80 mV and –120 mV

while dialyzing with 0-mM [Mg2+]i pipette solution, in either the presence or the absence of

extracellular divalent cations. Both outward and inward currents increased with time before

the removal of extracellular divalents, and a steady-state was reached after 20 min. The cur-

rents in the presence of extracellular Ca2+ and Mg2+ were small, due to voltage-dependent per-

meation block by the extracellular divalents [9,34]. Omitting divalent cations from the Tyrode

solution rapidly and reversibly enlarged the outward and inward currents, consistent with

large monovalent cation current flows under these conditions [3,9,35,36]. High [Mg2+]o (7.2

mM) decreased both outward and inward currents.

We have previously shown that while the TRPM7 current was detectable in ventricular car-

diomyocytes from various species (e.g. pig, rat) only during cell dialysis with 0-mM [Mg2+]i

pipette solution [9], measurable TRPM7 current can be detected in freshly isolated human

atrial cardiomyocytes even with physiological [Mg2+]i [11]. Fig 1B shows the time evolution

of whole-cell currents using essentially the same voltage and extracellular solution change

protocol as in Fig 1A, while dialyzing the cell with Mg2+-containing intracellular solution.

[Mg2+]i was set at 0.7 mM, a concentration corresponding to the physiological level. In this

case, both inward and outward currents remained small, the current-voltage relationship

became linear (probably reflecting a block of outward currents by Mg2+ entering the channels

from the intracellular side), and there was no detectable time-dependent change in current

amplitude during the 40–50 min cell dialysis in the presence of extracellular divalent cations.

Removal of extracellular divalent cations increased the outward and inward currents. The

changes were reversible upon readmission of extracellular divalent. As was the case during

dialysis with Mg2+-free internal solution, the currents were sensitive to extracellular Mg2+, and

application of 7.2 mM [Mg2+]o actually decreased both outward and inward currents to levels

lower than the initial baseline before removal of divalents (see dotted line in Fig 1B;), suggest-

ing a contribution of TRPM7 to total membrane currents in human cardiomyocytes under

physiological conditions.

TRPM7 protein expression in human atrial cardiomyocytes was confirmed by immunos-

taining. In Fig 1C the cells were viewed under confocal laser scanning microscopy. The left

panels show images of one cell co-stained for nucleus (blue), F-actin cytoskeleton (red), and

TRPM7 (green), whereas the right panels show similar images of another cardiomyocyte pro-

cessed in conditions similar to those of the left panels except that no TRPM7 primary antibody
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was added in the incubation medium (negative control). The images demonstrate that TRPM7

is inhomogenously expressed in the plasma membrane of human atrial cardiomyocytes, with

higher expression probably at lateral or end-to-end inter-connections between atrial cardio-

myocytes. Similar preferential expression at points of interconnections was obtained using

antibodies from different sources (see S1 and S2 Figs) and has also been observed in ventricu-

lar cells of various species [37].

Fig 1. Detection of TRPM7 in human atrial cardiomyocytes. (A-B) Time diaries of whole-cell TRPM7 currents measured at +80 mV and –120 mV in cells

dialyzed with either Mg2+-free internal solution (A) or with 0.7 mM [Mg2+]i (B). Periods of exposure to 7.2 mM Mg2+ and nominally divalent-free extracellular

solutions are indicated by horizontal bars. Insets: Traces from the same cells showing current voltage-relations obtained using voltage ramps from +80 mV to

–120 mV. (C) Images of labeled TRPM7 proteins. Atrial cardiomyocytes were incubated with (a, b, c) or without (negative control; a’, b’, c’) TRPM7 primary

antibody, and co-stained with Hoechst 33342 (for the nucleus; blue), Phalloidin-Alexa Fluor 546 (for F-actin cytoskeleton; red), goat anti-mouse Alexa Fluor

488 (for TRPM7; green). Uppermost row: image of F-actin staining. Middle row: image of TRPM staining. Lowermost row: merged image.

doi:10.1371/journal.pone.0170923.g001
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Opposite effects of extracellular acidic pH in the presence vs in the

absence of divalent cations

As mentioned in the Introduction either an increase or a decrease of TRPM7 current by extra-

cellular acidification have been observed. We were interested in elucidating the influence of

divalent cations on the effect of extracellular pH (pHo).

Fig 2A and 2C illustrate the effect of changing pHo on whole-cell TRPM7 current in a

human atrial cardiomyocyte dialyzed with [Mg2+]i-free internal solution and superfused with

Fig 2. Effect of extracellular pH on the TRPM7 current in physiological and nominally divalent-free medium. (A-B) Currents recorded at +80 mV and –

120 mV from two different human atrial cardiomyocytes before and during acidification of extracellular solutions either in the presence (A) or in the absence of

extracellular divalent cations (B). Periods of exposure to acidic pH and nominally divalent-free solutions are indicated by horizontal bars. (C-D) Current-

voltage relationships under steady-state conditions obtained using voltage ramps from +80 mV to –120 mV in the same cells as in A and B, respectively.

(Insets in C-D) Ratios between TRPM7 currents recorded under various pHo conditions over the current at pH 7.4. Breaks were made in the graph for

potentials were currents at pH 7.4 were close to 0, making the ratio inaccurate. Notice that both the inward and outward currents are potentiated by acidic pH

when perfusing with extracellular solution containing divalent cations, whereas they were reduced in nominally divalent-free medium.

doi:10.1371/journal.pone.0170923.g002
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extracellular solutions containing Ca2+ and Mg2+. Substantial [Mg2+]o-sensitve outward

TRPM7 current developed with time, and a steady state was reached after 15–20 min (see also

Fig 1A). Lowering pHo to 6 caused only minor changes in the currents measured at +80 mV

and at –120 mV. Further acidification to pHo 5 or pHo 4 caused marked increases in these cur-

rents. The effects were reversible upon return to physiological pHo, and reproducible upon

renewed acidification. Corresponding current-voltage relations are displayed in Fig 2C. It is to

be noticed that although the current amplitude changes in outward currents was larger in

absolute values compared to the changes of inward currents, the relative increase of inward

currents (when compared to the level at physiological pHo) was by far more pronounced. The

ratio of currents at low pHo over the current at pHo of 7.4 steeply increased at negative poten-

tials (see inset of Fig 2C), suggesting that protons exert a voltage-dependent effect on the

TRPM7 current in the presence of extracellular divalent cations.

An experimental protocol similar to the one described in the above paragraph was applied

while superfusing cells without extracellular divalent cations. In Fig 2B and 2D, after the

unmasking of the TRPM7 current had reached steady-state in the presence of extracellular

Ca2+ and Mg2+, these divalent cations were first removed and thereafter pHo was modified

in the continued absence of the divalents. As expected, the removal of extracellular divalent

enlarged both inward and outward currents (see also Fig 1A). Under such experimental

conditions, in contrast to the results obtained in the presence of divalents, subsequent extracel-

lular acidification induced a pHo-dependent suppression of the TRPM7 currents. Superim-

posed current-voltage relationships at physiological and acidic pHo in nominally divalent-free

medium are displayed in Fig 2D. As illustrated in the inset of Fig 2D, the relative change in

outward and inward current was of similar magnitude at positive and negative potentials, con-

sistent with a practically voltage-independent (or only slightly voltage-dependent) effect of

protons on the TRPM7 current in the absence of extracellular divalent cations, as also reported

in our previous study in pig ventricular myocytes [9].

Such contrasting effects of acidic pHo (voltage-dependent increase vs nearly voltage-inde-

pendent decrease) in the presence vs in the absence of extracellular divalent cations were con-

sinstently obtained on the TRPM7 current in human atrial cardiomyocytes in the present

study. Fig 3 shows the mean relative changes in membrane currents induced at +80 mV and at

-120 mV by the various pHo levels in the presence of extracellular divalent cations (Fig 3A;

nc/p = 26/18) or in the absence of the divalents cations (Fig 3B; nc/p = 19/14). These data clearly

show that, in the presence of extracellular divalent cations, the magnitude of the TRPM7 cur-

rent at both positive and negative potentials was only slightly modified with pHo 6.0 (from

4.5 ± 0.32 to 4.6 ± 0.35 pA/pF, and from –0.5 ± 0.02 to –0.5 ± 0.04 pA/pF, at +80 mV and at –

120 mV, respectively; nc/p = 26/18), and that marked changes were obtained only at lower pHo.

At these low pHo there was a large difference in relative increases caused at +80 mV vs at –120

mV. In the presence of extracellular divalent the TRPM7 current at +80 mV was increased

1.37 fold (to 6.2 ± 0.60 pA/pF; nc/p = 18/13) at pHo 5 and 1.62 fold (to 7.4 ± 0.80 pA/pF; nc/p =

13/10) at pHo 4. Under the same conditions the inward current at –120 mV was increased 1.94

fold (to -0.9 ± 0.10 pA/pF) at pHo 5 and 4.85 fold (to –2.3 ± 0.34 pA/pF) at pHo 4. In contrast,

in the absence of extracellular divalent cations, acidification-induced changes were already

well marked at pHo 6.0. In addition, there was no statistically significant difference in relative

decreases at +80 mV vs at –120 mV caused by a given pHo level. The TRPM7 current at +80

mV (18.9 ± 1.79 pA/pF) was decreased to 79% (15.1 ± 1.58 pA/pF; nc/p = 17/12) at pHo 6, to

62% (11.8 ± 1.54 pA/pF; nc/p = 11/9) at pHo 5, and to 40% (7.6 ± 1.19 pA/pF; nc/p = 5/4) at pHo

4. Under the same conditions the inward current measured at –120 mV (-17.9 ± 2.04 pA/pF at

pHo 7.4) was reduced to 62% (–11.1 ± 1.30 pA/pF; nc/p = 17/12) at pHo 6, to 46% (–8.3 ± 1.4

pA/pF; nc/p = 11/9) at pHo 5, and to 31% (–5.5 ± 1.0 pA/pF; nc/p = 5/4) at pHo 4.
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The above data confirm different orders of magnitudes for the relative changes by a given

pHo of outward vs inward TRPM7 currents in the presence of divalent cations, and similar

orders of magnitude changes of outward vs inward TRPM7 currents in nominally divalent-

free solutions. They also suggest higher sensitivity to pHo in the absence of extracellular diva-

lent cations. We also tested the effect of extracellular alkalinizing to pHo 8.0 (not illustrated).

No significant modification of TRPM7 current was obtained under these experimental condi-

tions (current change from 5.5 ± 0.28 pA/pF to 5.6 ± 0.34 pA/pF at +80 mV, and from –

0.5 ± 0.07 pA/pF to -0.7 ± 0.05 pA/pF at –120 mV; P>0.05 in both cases; nc/p = 3/2).

Effect of acidic pHo on the TRPM7 current under physiological conditions

All the results on the effect of pHo presented above were from cells dialyzed with practically 0

mM [Mg2+]i to fully unmask TRPM7. Since TRPM7 can be active in atrial cardiac myocytes

even in the presence of physiological [Mg2+]i (see Fig 1B), we also tested whether the effect of

acidic pHo under such conditions (0.7 mM [Mg2+]i, 0.9 mM [Mg2+]o, 1.8 mM [Ca2+]o). Fig 4A

shows the time diaries of currents measured at +80 mV and –120 mV, alongside with the cor-

responding current-voltage relationships (Fig 4B). As in Fig 1B, the small steady-state currents

recorded at physiological pH (7.4) could be reversibly reduced by high [Mg2+]o, indicating

they were due to TRPM7. Acidification of the extracellular medium also enhanced TRPM7

currents under such conditions. As expected, at pHo of 6.0 no obvious changes could be

detected compared to the currents at pHo of 7.4. Further decreasing the pHo to 5.0 and 4.0

potentiated the inward current amplitude (at –120 mV: from –0.3 ± 0.02 pA/pF to –0.6 ± 0.09

pA/pF (nc/p = 8/7) and to -1.0 ± 0.39 pA/pF (nc/p = 4/3), respectively; P<0.05 in both cases).

Fig 3. pHo -dependent potentiation and inhibition of the TRPM7 current in human atrial cardiomyocytes. (A) Pooled data of the effects of

extracellular acidification when perfusing with physiological solution containing divalent cations. (B) Pooled data of the effects when perfusing with

extracellular divalent-free medium. All cells in (A) and (B) were dialysed with [Mg]i-free internal solution. Currents at positive (+80 mV; unfilled circles)

and negative (-120 mV; filled circles) potentials are expressed relative to those measured pHo 7.4 (taken as 100%). Each data point represents the

mean ± SEM from 5 to 26 cells. Significant differences are denoted as *P <0.05 vs pH 7.4 for the same potential. †P <0.05 for effect at –120 mV vs effect

at -120 mV for the same pHo. Notice different scales in A vs B.

doi:10.1371/journal.pone.0170923.g003
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Variability of the TRPM7 current in human atrial cardiomyocytes.

Influence of underlying pathology

Since the cells used in the present study were obtained from tissues excised during routine car-

diac surgery from patients with different pathologies, they offer a possibility to test whether

the magnitude, properties or regulation of TRPM7 channels are affected by the underlying

clinical conditions. We were also interested in examining the influence of the underlying dis-

eases on the response to pHo.

Our earlier study on human atrial cardiomyocytes indicated that there is a large variability

of the TRPM7 current density in patients in sinus rhythm (SR) [11]. In the present study, we

checked whether there is a similar variability in cardiomyocytes obtained from patients with

atrial fibrillation (AF). Fig 5A and 5B illustrates the development of the TRPM7 current in two

different human atrial cardiomyocytes during intracellular dialysis with [Mg2+]i-free solutions

in the presence of extracellular divalent cations. Both cells were obtained from AF patients:

one with (Fig 5A), and the other without (Fig 5B) documented history of coronary artery dis-

ease. In both cases outward currents developed progressively during washout of intracellular

Mg2+. The developed current was typical of TRPM7: the current-voltage relation showed

marked outward-going rectification (see insets in Fig 5C and 5D), due to large outward mono-

valent cation fluxes in the presence of only small inward divalent cation fluxes [9,38], was sen-

sitive to block by high [Mg2+]o, and the Mg2+-sensitive current had a reversal potential close to

zero. The current was also sensitive to block by 100 μM Gd3+ or by 100 μM 2-APB. The current

density at cell membrane rupture and at steady-state was of larger magnitude and transition to

steady-state occurred faster in the cardiomyocyte derived from the ischemic cardiomypathy

heart. Thus, TRPM7 current amplitude varied among different atrial cardiomyocytes from

patients with AF, as was previously found in cardiomyocytes derived from patients in SR.

Fig 4. Effect of acidic external pH on the TRPM7 current in human cardiomyocyte under physiological conditions. (A-B) Time diaries of whole-cell

currents measured at +80 mV and -120 mV (A) and current-voltage relationships (B) in the same cell, when dialyzed with internal solution containing 5.5 mM

MgCl2 (calculated free [Mg2+]i ~0.7 mM) and perfused initially with 1.8-mM [Ca2+]o, 0.9-mM [Mg2+]o extracellular solutions at pH 7.4 and thereafter at pH 6.0,

pH 5.0, and pH 4.0. Periods of exposure to 7.2 mM Mg2+, to acidic pHo, and to nominally divalent-free solutions are indicated by horizontal bars.

doi:10.1371/journal.pone.0170923.g004
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Given that the two cells presented above were from patients with and without history of

myocardial ischemia, we examined whether ischemic cardiomyopathy has any influence on

TRPM7 current amplitude. Mean values of the currents measured from all cells are presented

in Table 2 and are grouped according to whether cells were obtained from patients with SR or

AF, and subgrouped according to whether the patients presented ischemic cardiompyopathy

or not. TRPM7 current density both at cell membrane rupture and at steady-state were larger

in cardiomyocytes obtained from patients with AF, compared to those with SR. In every

group, the currents were larger in cells obtained from hearts of patients with a history of myo-

cardial ischemia. In addition, the kinetics of TRPM7 current unmasking during cell dialysis

with 0 [Mg2+]i was also different. The time to reach 50% of steady-state amplitude was

5.7 ± 0.26 min (nc/p = 145/80) vs 8.5 ± 0.86 min (nc/p = 52/20; P<0.0001), in cells derived from

SR patients with vs without history of ischemia, respectively. These data suggest that variability

in current density, hence in channel expression or activity, depends in part on myocardial

Fig 5. Variability of the TRPM7 current in human atrial cardiomyocytes from patients with AF. (A-B) Traces of the TRPM7 currents measured at +80

mV and –120 mV from two different human atrial cardiomyocytes, one from a patient with (A), the other from a patient without (B) history of myocardial

ischemia, respectively. (C-D) Steady-state current-voltage relations obtained using voltage ramps from +80 mV to –120 mV in the same cells as in (A-B),

respectively. (Insets C-D): Current-voltage relations of the typical Mg2+-sensitive current displaying steep outward rectification and Erev ~0 mV. Periods of

block of TRPM7 current with 7.2 mM Mg2+, 100 μM Gd3+ or 100 μM 2-APB are indicated by horizontal bars.

doi:10.1371/journal.pone.0170923.g005
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remodeling and/or treatments associated with disease conditions such as AF and ischemic

heart disease.

Because of the larger TRPM7 current in cardiac myocytes of patients with AF, especially

those with ischemic cardiomyopathy, any pathophysiological regulation of these channels by

factors such as acidosis could also be more marked in the diseased hearts. We therefore exam-

ined the sensitivity to extracellular acidification in the cardiomyocytes from patients with vs
without ischemic cardiomyopathy. Fig 6 shows the amplitudes of TRPM7 currents measured

at +80 mV and at –120mV at different pHo values. Currents at physiological pHo were already

larger in cells derived from ischemic cardiomyopathic hearts in consistence with results

described above, and the difference increased further during acidification in the presence of

Table 2. Influence of underlying disease on amplitudes of the measured currents.

Current (pA/pF) SR (nc/p = 197/100) AF (nc/p = 94/45)

Not Isch. Ischemic Not Isch. Ischemic

(nc/p = 52/20) (nc/p = 145/80) (nc/p = 39/19) (nc/p = 55/26)

At cell rupture

+80 mV 1.4 ± 0.05 1.8 ± 0.04† 2.0 ± 0.09* 2.2 ± 0.08*

–120 mV –0.2 ± 0.01 –0.3 ± 0.01† –0.4 ± 0.02* –0.4 ± 0.02*†

Steady-state

+80 mV 3.5 ± 0.2 4.7 ± 0.13† 5.3 ± 0.32* 6.1 ± 0.27*†

–120 mV –0.4 ± 0.01 –0.4 ± 0.01† –0.5 ± 0.03*† –0.6 ± 0.02*†

Densities of the currents (in pA/pF) recorded at positive (+80 mV) and negative (–120 mV) membrane potentials in human atrial cardiomyocytes: SR—

cardiomyocytes from patients with sinus rhythm; AF—from patients with atrial fibrillation; Not Isch–from patients without ischemic injury (e.g. valve disease);

Ischemic–from patients with history coronary artery disease. Each data point represents the mean ± SEM (nc/p indicates number of cells vs patients).

Statistically significant differences (P <0.05) between AF and SR patient groups are denoted by *, and differences between ischemic and not ischemic

cardiomyocytes are denoted by †.

doi:10.1371/journal.pone.0170923.t002

Fig 6. Comparison of the response to acidic pHo between cardiomyocytes from patients with vs without previous myocardial ischemia. (A-B)

Effects of acidic pHo on TRPM7 current density measured in steady-state in extracellular solution either containing Ca2+ and Mg2+ (A) or nominally free of the

divalent (B). Internal free-[Mg2+]i = ~0 mM. Measurements taken at +80 mV and –120 mV. Each data point represents the mean ± SEM in cardiomyocytes

obtained from patients with coronary artery disease (filled symbols), when superfusing with divalent cations (ncells = 8–23) or without divalents (ncells = 2–14),

and in cells obtained from patients without history of coronary disease (unfilled symbols), when superfusing with divalent cations (ncells = 5–8), and without

divalent cations (ncells = 3–5). Statistically significant differences are denoted as *P <0.05 vs pH 7.4. Notice different scales in (A) vs (B).

doi:10.1371/journal.pone.0170923.g006
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extracellular divalent cations. However currents were of similar magnitude at all pHo values in

the absence of extracellular divalent cations.

Discussion

Interest in TRPM7 channels has increased recently following the discovery that these channels

participate in a variety of physiological/pathophysiological processes (see Introduction). How-

ever TRPM7 channel function varies depending on cell type [9,38,39]. In view of the scarcity

of electrophysiological data on TRPM7 in myocardiac cells, and given the potential impor-

tance of these channels, we focussed our study on human atrial cells. Given the importance of

pH changes under pathological conditions such as ischemia, and since opposite effects have

been reported for the effect of extracellular acidosis, we sought to investigate the modulation

of TRPM7 by acidic pHo in human atrial cardiomyocytes. Our data demonstrate that both the

inward and outward components of the TRPM7 current could be potentiated by an acidic

pHo. Such proton-induced potentiation directly depends on presence of Ca2+ and Mg2+ in the

extracellular medium, since the removal of these divalent cations caused a loss of the potentia-

tion, replaced by the opposite effect, i.e. suppression of the TRPM7 current by extracellular

acidification. Our data also suggest that the density of the TRPM7 current in human atrial car-

diomyocytes highly depends on the underlying pathology, being higher in cells from patients

with AF, especially those with history of coronary artery disease.

Earlier studies reported that proton-induced modulation on the TRPM7 channels is an

important biophysical feature [40] (for review see [41]). Interestingly, using various cell lines

[38,40,42–44] or human atrial fibroblasts [10], nearly all earlier studies consistently demon-

strated strong potentiating effect only of the inward TRPM7 current, at an acidic pHo set

below 6.0. It was proposed that potentiating of inward TRPM7 current most likely is due to

competition between protons and divalent cations for specific binding sites, and that binding

of the protons increases selectivity of the channel to monovalent ion permeation. The increase

of outward currents obtained in our experiments can also be explained by the same mecha-

nisms as those involved in the increase of inward currents. Consistent with data presented

here, using freshly isolated human atrial cardiomyocytes it has also been demonstrated by one

research group [7] that TRPM7 current could be potentiated by low acidic pHo at positive

potentials as well. However, in that study, the effect was attributed to contaminating Cl- cur-

rents, which can be present in human atrial cardiomyocytes and under certain circumstances

could develop alongside with the TRPM7 current. In our study we paid special attention to

identifying the typical biophysical properties of the TRPM7 current (see S3A and S3B Fig),

in order not to include data contaminated with the Cl- current. In case the developed current

was a mixture of several currents, as demonstrated in S3C and S3D Fig, the experiment was

excluded.

Our study provides a reconciliation of the apparently contradictory effects of extracellular

acidification on the TRPM7 current. Divergent results in previous studies could be tentatively

attributed to eventual species differences in the response to pHo. We show, using one cell type,

that when extracellular divalent cations were absent an inhibitory instead of potentiation effect

appears upon extracellular acidification. A similar regulation by acidic pHo in nominally diva-

lent-free extracellular medium was also found in experiments on pig ventricular cardiomyo-

cytes or rat basophilic leukemia cells [9], but pHo effects were not tested in the presence of

extracellular divalent cations. Inhibitory effects of acidosis were also obtained on currents

induced by extracellular divalent cation removal in neuronal cells (see [45]). All previous stud-

ies that reported a decrease of TRPM7 current by pHo examined the effect in the absence of

extracellular divalent but not in their presence.
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Whereas the mechanism underlying pHo effect in the presence of extracellular divalent can

be accounted for by a competition between protons and the divalents for a binding site within

the channel pore (see above), the mechanism underlying the pHo-induced decrease of TRPM7

current in the absence of extracellular divalent remains unclear. Given the reported suppres-

sive effect of intracellular acidic pH on TRPM7 currents, it may be proposed that the effect of

pHo in the absence of extracellular divalent is due to permeation of protons and their subse-

quent binding to an intracellular inhibitory site or to a site within the pore but close to the

intracellular mouth of the channel. Indeed, we previously noted that increased intracellular

proton buffering capacity did prevent the inhibitory effect of extracellular acidification [9].

This hypothesis was not further tested in the present study. Although pHo in the absence of

divalent cations effects were largely voltage-insensitive, a slight tendency to increased inhibi-

tion by low pHo was observed (compare data at –120 mV compared to +80 mV in Fig 3B; and

see non-horizontal relationships in inset of Fig 2D). If protons were to inhibit after entering

the cell via channels, some voltage-dependence may be an indirect result of larger proton

influxes at larger driving forces. However since substantial inhibition was obtained even at

potentials close or positive to the equilibrium potential for protons (EH; approximately +73

mV for pHo 6), the hypothesis of inhibition via intracellular acidification has then to assume

that protons also accumulated in the cell via other, eventually non-channel pathways, for

example via the Na+-H+ exchanger.

To date, the functional role of TRPM7 is less clearly understood in heart cells compared to

other cell types; e.g. neurons [19,46] or vascular smooth muscle cells (for review see [16]).

Molecular and electrophysiological characterizations of TRPM7 in heart have focused pre-

dominantly upon cardiac fibroblasts, where contribution of these channels to cardiac remodel-

ing, fibrosis and arrhythmogenesis has been proposed [10,25]. Atrial cardiomyocytes from a

small group of AF patients (n = 3–5) were previously reported to express larger TRPM7 cur-

rent [7]. Since our previous study demonstrated a large variability of the TRPM7 current mag-

nitude among atrial samples from different human hearts with stable cardiac rhythm [11], we

also sought to evaluate the current from larger groups of SR and AF patients. Our data, col-

lected from 45 patients with AF and 100 patients with SR are in support of previous observa-

tions that the magnitude of the TRPM7 current density is higher in AF. Nevertheless, the

TRPM7 current also displayed pronounced inter-individual variability in magnitude among

cells from AF patients, as is the case for SR patients. Despite this variability, the current density

varied less among cells from same human heart biopsy (not illustrated). This suggests that cur-

rent variability may depend on the underlying disease and/or its associated treatment. In the

present study, in support of our earlier preliminary observations [28,33] we found an increased

TRPM7 current density in atrial cardiomyocytes from patients with ischemic coronary artery

disease, independently of the presence of AF or SR. One aim of the study was also to test

whether the underlying diseases has an influence on the sensitivity of TRPM7 to acidic pHo.

The difference in TRPM7 current density between cells from patients with vs without history

of ischemic coronary artery disease became larger at acidic pHo (see Fig 6). However, the rela-

tive changes compared to the currents at pH 7.4 (increases by factors 1.7 vs 1.5 at pHo 4 in the

group with vs without history of ischemia) indicate that the current at pH 7.4 were scaled to

the similar level, implying no major difference in the response to pHo changes.

It is unlikely that the difference in TRPM7 current magnitude between atrial cardiomyo-

cytes from patients with vs without history of myocardial ischemia can be explained by alter-

ations in the TRPM7 biophysical properties. Despite the observed current density differences

the typical characteristics of the TRPM7 currents (steep outward-going rectification in the

presence of extracellular divalent cations, Erev close to 0 mV, block by extracellular divalent

cations, etc.) were preserved. A more likely explanation of the differences is a disease-related
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variation in the expression or activity levels of the channel. We noticed that whereas TRPM7

currents were larger in cells derived from ischemic cardiomyopathy hearts in the presence of

extracellular divalents, no difference was found compared to cells from non-ischemic hearts in

the absence of the divalents (Fig 6). The similarity in current density in extracellular nominally

divalent free conditions indicates that there was no major change in channel expression. A

recent report also indicates that TRPM7 protein expression is not modified in tissues from

ischemic cardiomyopathy despite a down-regulation of the corresponding genes [47]. The

mechanism underlying the difference in TRPM7 current density between ischemic cardiomy-

opathy and control in the presence of extracellular divalents remains unclear, but has therefore

to be related to the activity of the TRPM7 channels. Since the increased TRPM7 current den-

sity in cardiomyocytes derived from ischemic hearts were also associated with a faster unmask-

ing of TRPM7 current during cell dialysis with 0 [Mg2+]i, it is possible that the underlying

disease conditions modified the sensitivity to inhibition by intracellular Mg2+, but this hypoth-

esis will need more careful experimental testing. Also the hypotheis of a changed sensitivity to

inhibition by extracellular divalents cannot be excluded, but a decreased sensitivity to extracel-

lular divalent cations in unlikely to explain the difference between cells from ischemic and

non-ischemic hearts, since in this case the differences would tend to decrease at acidic pHo.

Finally, under normal conditions currents carried by TRPM7 are measured without contami-

nation from TRPM6 due to lack of expression of the latter channel. It would be interesting to

test whether TRPM6 expression is upregulated in ischemic cardiomyopathy, since by contami-

nating TRPM7 measurements or by forming heteromeres with TRPM7 it could confer changes

in sensitivity to modulators such as divalent cations and protons.

One question raised by the findings of the present study is the role of TRPM7 in changes of

resting and action potentials of cardiac cells under acidosis-inducing pathological conditions.

Extracellular acidification has been shown to cause resting membrane depolarization and vari-

able effects (either shortening or lengthening) on the action potential. The depolarization by

pHo has been largely attributed to an activation of Cl- currents and could be suppressed by

either dialyzing cells with low [Cl-]i or by applying Cl- channel blockers [48]. The contribution

of TRPM7 remains unknown, especially since the manipulations to block Cl- channels are

nonspecific and could by themselves affect TRPM7 currents. Under conditions of acute ische-

mia pHo decreases down to 6.0 (see [30]). In the present study such an acidic pH caused only

minor changes in TRPM7 currents in the presence of extracellular divalents, suggesting that

TRPM7 may not be a major contributor to the electrophysiological changes during acute

ischemia in the heart, especially since the channel is also blocked by intracellular acidic pH

and by the increased level of free Mg2+ following ischemia-associated ATP breakdown. How-

ever, a change in TRPM7 protein expression [27] and/or in channel modulation due to modi-

fied cellular signalling during acute ischemia may also affect the contribution the channels.

Conclusions

The effect of an acidic pHo on the TRPM7 current depends strongly on the presence or

absence divalent cations in the extracellular milieu: potentiation by acidic pHo in extracellular

medium containing Ca2+ and Mg2+, inhibition in nominally divalent-free environment.

TRPM7 current magnitude is variable among human atrial cardiomyocytes, and a large part of

this variability may be caused by the underlying cardiac pathology.

Limitations

Samples used in the present study came from inhomogeneous groups of patients. Even within

a group such as that of patients with history of ischemic cardiomyopathy, differences in
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medications will exist. In addition the level of remodelling (e.g. compensatory hypertrophy) as

well as co-morbidities due aging or other pathologies and inflammation may vary within a

group, with possible influence on TRPM7 channel expression/modulation. Data from very

large groups of patients may be needed before any observed change can be accurately linked

with a given pathology.

Supporting Information

S1 Fig. Lack of effect of a removal of extracellular divalent cations on the immunodetected

TRPM7 using a monoclonal antibody. Images of labeled TRPM7 proteins using a mouse

monoclonal TRPM7 [S74-25] antibody obtained from Abcam (catalog number: ab85016).

Atrial cardiomyocytes were first kept in the presence or absence of extracellular divalent cat-

ions for 2–12 hours, before being processed for immunostaining by incubating with TRPM7

primary antibody, and co-staining with Hoechst 33342 (for the nucleus; blue), Phalloidin-

Alexa Fluor 546 (for F-actin cytoskeleton; red), goat anti-mouse Alexa Fluor 488 (for TRPM7;

green). Leftmost image: F-actin staining. Middle image: TRPM staining. Rightmost image:

mergedF-actin and TRPM7 stainings.

(TIF)

S2 Fig. Lack of effect of a removal of extracellular divalent cations on the immunodetected

TRPM7 using a polyclonal antibody. Images of labeled TRPM7 proteins using a rabbit poly-

clonal TRPM7 antibody from Alomone (catalog number: ACC-047). Atrial cardiomyocytes

were first kept in the presence or absence of extracellular divalent cations for 2–12 hours,

before being processed for immunostaining by incubating with TRPM7 primary antibody,

and co-staining with Hoechst 33342 (for the nucleus; blue), Phalloidin-Alexa Fluor 546 (for

F-actin cytoskeleton; red), goat anti-mouse Alexa Fluor 488 (for TRPM7; green). Leftmost

image: F-actin staining. Middle image: TRPM staining. Rightmost image: merged F-actin and

TRPM7 stainings.

(TIF)

S3 Fig. Distinguishing features of typical TRPM7 current vs contaminating chloride cur-

rent in human atrial cardiomyocytes. (S3A and S3C) Time diaries of whole-cell currents

extracted at +80 mV and –120 mV in cells dialyzed with Mg2+-free internal solution. (S3B and

S3D) Current-voltage relationships (CVR) using voltage ramps from +80 mV to –120 mV in

the same cells as in S3A and S3C, respectively. In the insets (S3B and S3D): difference currents,

obtained by subtracting the CVRs at cell membrane rupture from the CVRs after total currents

had developed to new steady levels during cell dialysis. Notice the similar shape in time diaries

(S3A vs S3C) but clear differences in CVR (S3B vs S3D; also compare the inserts). The follow-

ing criteria were used to consider traces as contaminated by Cl- currents: 1) the difference cur-

rent had less marked outward-going rectification (with larger inward currents), and 2) Erev

was shifted to more negative potentials.

(TIF)
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